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Top partners & Searches

Naturalness => new colored partners, potentially within the CLIC reach.
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Figure 1. Quadratically divergent one-loop contribution to the Higgs mass parameter in the SM

(a), canceled by scalar superpartner contributions in a SUSY model (b).

I. INTRODUCTION

The recent discovery of a Higgs-like boson at the LHC, while being a breakthrough in

the understanding of electroweak symmetry breaking (EWSB), leaves a lot of questions

unanswered. One of the most pressing problems is the stabilization of the EWSB scale,

which in the Standard Model requires an unnaturally fine-tuned cancellation between tree-

level and loop contributions to the Higgs potential. One of the most popular solutions to

this problem is supersymmetry, which allows to cancel the dangerous quadratically divergent

contributions from the SM particles by their respective superpartners with opposite spin-

statistics. Most important from the point of view of naturalness is the cancellation of

the top quadratic divergence, which is governed by the large top Yukawa coupling. In

supersymmetry this contribution is canceled by the corresponding loop contribution of its

supersymmetric partners, the stops, as depicted in Figure 1.

While the cancellation of the quadratically divergent contribution is independent of the

stop masses, the remaining logarithmically divergent contributions are mass dependent—

therefore naturalness in the Higgs potential generally requires light stops. This common lore

however is being put under severe pressure by the non-observation of stops at the LHC and

the increased bounds on their masses.

This simplified picture however contains the intrinsic assumption of complete alignment

between the up quark and up squark mass bases. While this is a very good approximation

for the left-handed sector, where due to the SU(2)L symmetry the stringent constraints from

K and B decays are relevant, the situation is di↵erent in the right-handed up sector. Here

the only relevant constraints are related to the D system so that the third generation is

much less constrained. In fact it is su�cient to assume the 12 and 13 mixings to be samll in

order to comply with data; the mixing angle ✓R
23

describing stop-scharm mixing. Constraints

from flavor violating top decays on the other hand are still fairly weak. There should be
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Supersymmetry,
top partners=stops

Composite Higgs
top partners = ”T”
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Top partners &  LHC Searches

Naturalness => new colored partners, potentially within the LHC reach.
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Figure 5: Expected and observed exclusion limits at 95% CL for the model of (pp → t̃1t̃∗1 →
t χ̃0

1 t χ̃0
1 ) with 100% branching ratio of t̃1 → t χ̃0

1 . The top quark produced in the decay has a right-
handed polarization in 95% of the decays. The band around the median expected limit shows
the ±1σ variations on the median expected limit, including all uncertainties except theoretical
uncertainties on the signal. The dotted lines around the observed limit indicate the sensitivity
to ±1σ variations on these theoretical uncertainties. The expected limit from the previous
ATLAS search [29] with the same final state is also shown.
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t̃1t̃∗1 . The conservative assumption is made here that this analysis is sensitive only to the decay
channel t̃1 → t χ̃0

1 and has no sensitivity to other decay modes.

13

m
stop

& 700GeV

2 leading frameworks 
of naturalness

Figure 1. Quadratically divergent one-loop contribution to the Higgs mass parameter in the SM

(a), canceled by scalar superpartner contributions in a SUSY model (b).

I. INTRODUCTION

The recent discovery of a Higgs-like boson at the LHC, while being a breakthrough in

the understanding of electroweak symmetry breaking (EWSB), leaves a lot of questions

unanswered. One of the most pressing problems is the stabilization of the EWSB scale,

which in the Standard Model requires an unnaturally fine-tuned cancellation between tree-

level and loop contributions to the Higgs potential. One of the most popular solutions to

this problem is supersymmetry, which allows to cancel the dangerous quadratically divergent

contributions from the SM particles by their respective superpartners with opposite spin-

statistics. Most important from the point of view of naturalness is the cancellation of

the top quadratic divergence, which is governed by the large top Yukawa coupling. In

supersymmetry this contribution is canceled by the corresponding loop contribution of its

supersymmetric partners, the stops, as depicted in Figure 1.

While the cancellation of the quadratically divergent contribution is independent of the

stop masses, the remaining logarithmically divergent contributions are mass dependent—

therefore naturalness in the Higgs potential generally requires light stops. This common lore

however is being put under severe pressure by the non-observation of stops at the LHC and

the increased bounds on their masses.

This simplified picture however contains the intrinsic assumption of complete alignment

between the up quark and up squark mass bases. While this is a very good approximation

for the left-handed sector, where due to the SU(2)L symmetry the stringent constraints from

K and B decays are relevant, the situation is di↵erent in the right-handed up sector. Here

the only relevant constraints are related to the D system so that the third generation is

much less constrained. In fact it is su�cient to assume the 12 and 13 mixings to be samll in

order to comply with data; the mixing angle ✓R
23

describing stop-scharm mixing. Constraints

from flavor violating top decays on the other hand are still fairly weak. There should be
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The Battle for Naturalness

“micro energy frontier”:
keep pushing bound; 
boosted massive jets.

“micro intensity frontier”:
partners are elusive;
why? how to search?

(RPV, compression)

LHC8: where are the partners ??
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2 complementary 
routes for top partners discovery -

(i) Heavy partners: region of 
    boosted quasi-naturalness.

• Higgs mass & EW scale are ultra sensitive to quantum corrections. 

 The top & the fine tuning problem

Largest contributions are due to the top couplings.

    085  |  

על הבעיה הדמיונית הנ"ל, אם ניתן להראות שחיים על כדור הארץ לא 
ייתכנו כלל אם לא יתקיים הקשר הייחודי והנדיר בין מסלול הירח סביב 
ידוע  (למשל,  שלהם  והרדיוסים  השמש  סביב  הארץ  למסלול  הארץ 
שהירח מסייע לייצוב האקלים על פני כדור הארץ). כלומר, אם לא היה 
מתקיים יחס כזה בדיוק בין השמש, הירח וכדור הארץ, ממילא לא היינו 
כאן ולא יכולנו לזהות ולגלות אותו. מדובר בכוונון עדין שרק בזכותו יש 

חיים על כדור הארץ, והעולם שלנו לא יכול היה להיראות אחרת. 

בעיית הקבוע הקוסמולוגי
כמו שכבר ציינו, הכוונון העדין קשור גם לנושא הכוח החלש וגם 
כפי  זו,  בעיה  בקצרה  להבין  ננסה  הקוסמולוגי.  הקבוע  לשאלת 
הקוסמולוגי  הקבוע  בהקשר  התיאורטית  בפיזיקה  מטופלת  שהיא 

(המתקשים יכולים לדלג על השורות הבאות אל ראש הפרק הבא).
שמשלבת  שדות,  תורת  על–ידי  מתוארת  חלקיקים  של  פיזיקה 
היחסות  תורת  את  בתוכה 
הקוונטים.  תורת  עם  הפרטית 
פיזיקליים  גדלים  זו,  במסגרת 
הקוסמולוגי  הקבוע  כדוגמת 
(ובמסגרת "המודל הסטנדרטי" 
גם עוצמת הכוח החלש) רגישים באופן דרמטי לאפקטים קוונטיים 

(הנקראים תיקונים קרינתיים), וערכם מוגדר רק כאשר אפקטים 
אלו נלקחים בחשבון.

לדוגמה, תופעות הקשורות לכבידה קוונטית צפויות להתאפיין בסקלת 
 10109eV4 מסת פלנק השקולה למנת צפיפות אנרגיה פנטסטית של
מצפים  אנו  גס,  ובאופן  ברביעית),  אלקטרון–וולט  (מיליארד–גוגול 
שהתיקונים הקוונטיים לקבוע הקוסמולוגי יהיו מסדר גודל של מסה 
זו. אבוי, כי כמו שמתואר בהמשך, ערך זה של הקבוע הקוסמולוגי 
גדול פי 10 בחזקת 120 מגודלו הנצפה במדידות של הקבוע, השווה 

 .(0.001eV)4 בערך למילי אלקטרון–וולט ברביעית
יוצא מכך שעלינו להוסיף לתיאוריה שלנו קבוע נוסף מסדר גודל 
של מיליארד–גוגול אלקטרון–וולט ברביעית, ובסימן הפוך לתרומה 
המצופה מהתיקונים הקוונטיים, כך ששתי התרומות האסטרונומיות 
בגודלן יבטלו זו את זו עד כדי השארית הקטנטנה המתאימה לתצפית 
- כמו במקרה הדמיוני של גודלם הנצפה של השמש והירח. בצורה 

סכמטית, אם כן, הכוונון העדין של הקבוע הקוסמולוגי נראה כך: 
 

(0.001eV)4 = (10000000000000000000000000000000000000
000000000000000000000000000000000000000000000000000
0000000000000000000.000000000001 - 1000000000000000
000000000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000) eV4

כינוי שניתן על–ידי פיזיקאים של 
אנרגיות גבוהות לתיאוריה המקובלת 

כיום, אשר מתארת את הכוחות 
הבסיסיים והחלקיקים היסודיים 

המרכיבים את עולמנו.   

מדענים נבוכים  לנוכח החפיפה המדוייקת של הירח את השמש. 
אנלוגיה לכוונון העדין בעולם הדמיוני

<<

The moon subtends an angle of ~ 0.54° while the sun of ~ 0.52°.

What if they were equal to 1:1032 ??

It would raise two questions:
(i) What set their precise distance?  <=> Tuning problem ().
(ii) Why perturbations not destabilize the system? <=> Fine tuning problem

(why is �⇥/⇥
max

⌧ 1 ?)
(why is m2

H/m2
Pl ⌧ 1 ?)

t
t’

• Higgs mass & EW scale are ultra sensitive to quantum corrections. 

 The top & the fine tuning problem

Largest contributions are due to the top couplings.
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על הבעיה הדמיונית הנ"ל, אם ניתן להראות שחיים על כדור הארץ לא 
ייתכנו כלל אם לא יתקיים הקשר הייחודי והנדיר בין מסלול הירח סביב 
ידוע  (למשל,  שלהם  והרדיוסים  השמש  סביב  הארץ  למסלול  הארץ 
שהירח מסייע לייצוב האקלים על פני כדור הארץ). כלומר, אם לא היה 
מתקיים יחס כזה בדיוק בין השמש, הירח וכדור הארץ, ממילא לא היינו 
כאן ולא יכולנו לזהות ולגלות אותו. מדובר בכוונון עדין שרק בזכותו יש 

חיים על כדור הארץ, והעולם שלנו לא יכול היה להיראות אחרת. 

בעיית הקבוע הקוסמולוגי
כמו שכבר ציינו, הכוונון העדין קשור גם לנושא הכוח החלש וגם 
כפי  זו,  בעיה  בקצרה  להבין  ננסה  הקוסמולוגי.  הקבוע  לשאלת 
הקוסמולוגי  הקבוע  בהקשר  התיאורטית  בפיזיקה  מטופלת  שהיא 

(המתקשים יכולים לדלג על השורות הבאות אל ראש הפרק הבא).
שמשלבת  שדות,  תורת  על–ידי  מתוארת  חלקיקים  של  פיזיקה 
היחסות  תורת  את  בתוכה 
הקוונטים.  תורת  עם  הפרטית 
פיזיקליים  גדלים  זו,  במסגרת 
הקוסמולוגי  הקבוע  כדוגמת 
(ובמסגרת "המודל הסטנדרטי" 
גם עוצמת הכוח החלש) רגישים באופן דרמטי לאפקטים קוונטיים 

(הנקראים תיקונים קרינתיים), וערכם מוגדר רק כאשר אפקטים 
אלו נלקחים בחשבון.

לדוגמה, תופעות הקשורות לכבידה קוונטית צפויות להתאפיין בסקלת 
 10109eV4 מסת פלנק השקולה למנת צפיפות אנרגיה פנטסטית של
מצפים  אנו  גס,  ובאופן  ברביעית),  אלקטרון–וולט  (מיליארד–גוגול 
שהתיקונים הקוונטיים לקבוע הקוסמולוגי יהיו מסדר גודל של מסה 
זו. אבוי, כי כמו שמתואר בהמשך, ערך זה של הקבוע הקוסמולוגי 
גדול פי 10 בחזקת 120 מגודלו הנצפה במדידות של הקבוע, השווה 

 .(0.001eV)4 בערך למילי אלקטרון–וולט ברביעית
יוצא מכך שעלינו להוסיף לתיאוריה שלנו קבוע נוסף מסדר גודל 
של מיליארד–גוגול אלקטרון–וולט ברביעית, ובסימן הפוך לתרומה 
המצופה מהתיקונים הקוונטיים, כך ששתי התרומות האסטרונומיות 
בגודלן יבטלו זו את זו עד כדי השארית הקטנטנה המתאימה לתצפית 
- כמו במקרה הדמיוני של גודלם הנצפה של השמש והירח. בצורה 

סכמטית, אם כן, הכוונון העדין של הקבוע הקוסמולוגי נראה כך: 
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אנרגיות גבוהות לתיאוריה המקובלת 

כיום, אשר מתארת את הכוחות 
הבסיסיים והחלקיקים היסודיים 

המרכיבים את עולמנו.   

מדענים נבוכים  לנוכח החפיפה המדוייקת של הירח את השמש. 
אנלוגיה לכוונון העדין בעולם הדמיוני
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The moon subtends an angle of ~ 0.54° while the sun of ~ 0.52°.

What if they were equal to 1:1032 ??
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flavourful naturalness.

boosted quasi-naturalness.

• Higgs mass & EW scale are ultra sensitive to quantum corrections. 

 The top & the fine tuning problem

Largest contributions are due to the top couplings.

    085  |  

על הבעיה הדמיונית הנ"ל, אם ניתן להראות שחיים על כדור הארץ לא 
ייתכנו כלל אם לא יתקיים הקשר הייחודי והנדיר בין מסלול הירח סביב 
ידוע  (למשל,  שלהם  והרדיוסים  השמש  סביב  הארץ  למסלול  הארץ 
שהירח מסייע לייצוב האקלים על פני כדור הארץ). כלומר, אם לא היה 
מתקיים יחס כזה בדיוק בין השמש, הירח וכדור הארץ, ממילא לא היינו 
כאן ולא יכולנו לזהות ולגלות אותו. מדובר בכוונון עדין שרק בזכותו יש 
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(המתקשים יכולים לדלג על השורות הבאות אל ראש הפרק הבא).
שמשלבת  שדות,  תורת  על–ידי  מתוארת  חלקיקים  של  פיזיקה 
היחסות  תורת  את  בתוכה 
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על הבעיה הדמיונית הנ"ל, אם ניתן להראות שחיים על כדור הארץ לא 
ייתכנו כלל אם לא יתקיים הקשר הייחודי והנדיר בין מסלול הירח סביב 
ידוע  (למשל,  שלהם  והרדיוסים  השמש  סביב  הארץ  למסלול  הארץ 
שהירח מסייע לייצוב האקלים על פני כדור הארץ). כלומר, אם לא היה 
מתקיים יחס כזה בדיוק בין השמש, הירח וכדור הארץ, ממילא לא היינו 
כאן ולא יכולנו לזהות ולגלות אותו. מדובר בכוונון עדין שרק בזכותו יש 

חיים על כדור הארץ, והעולם שלנו לא יכול היה להיראות אחרת. 

בעיית הקבוע הקוסמולוגי
כמו שכבר ציינו, הכוונון העדין קשור גם לנושא הכוח החלש וגם 
כפי  זו,  בעיה  בקצרה  להבין  ננסה  הקוסמולוגי.  הקבוע  לשאלת 
הקוסמולוגי  הקבוע  בהקשר  התיאורטית  בפיזיקה  מטופלת  שהיא 

(המתקשים יכולים לדלג על השורות הבאות אל ראש הפרק הבא).
שמשלבת  שדות,  תורת  על–ידי  מתוארת  חלקיקים  של  פיזיקה 
היחסות  תורת  את  בתוכה 
הקוונטים.  תורת  עם  הפרטית 
פיזיקליים  גדלים  זו,  במסגרת 
הקוסמולוגי  הקבוע  כדוגמת 
(ובמסגרת "המודל הסטנדרטי" 
גם עוצמת הכוח החלש) רגישים באופן דרמטי לאפקטים קוונטיים 

(הנקראים תיקונים קרינתיים), וערכם מוגדר רק כאשר אפקטים 
אלו נלקחים בחשבון.

לדוגמה, תופעות הקשורות לכבידה קוונטית צפויות להתאפיין בסקלת 
 10109eV4 מסת פלנק השקולה למנת צפיפות אנרגיה פנטסטית של
מצפים  אנו  גס,  ובאופן  ברביעית),  אלקטרון–וולט  (מיליארד–גוגול 
שהתיקונים הקוונטיים לקבוע הקוסמולוגי יהיו מסדר גודל של מסה 
זו. אבוי, כי כמו שמתואר בהמשך, ערך זה של הקבוע הקוסמולוגי 
גדול פי 10 בחזקת 120 מגודלו הנצפה במדידות של הקבוע, השווה 
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המצופה מהתיקונים הקוונטיים, כך ששתי התרומות האסטרונומיות 
בגודלן יבטלו זו את זו עד כדי השארית הקטנטנה המתאימה לתצפית 
- כמו במקרה הדמיוני של גודלם הנצפה של השמש והירח. בצורה 

סכמטית, אם כן, הכוונון העדין של הקבוע הקוסמולוגי נראה כך: 
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000000000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000) eV4

כינוי שניתן על–ידי פיזיקאים של 
אנרגיות גבוהות לתיאוריה המקובלת 

כיום, אשר מתארת את הכוחות 
הבסיסיים והחלקיקים היסודיים 

המרכיבים את עולמנו.   

מדענים נבוכים  לנוכח החפיפה המדוייקת של הירח את השמש. 
אנלוגיה לכוונון העדין בעולם הדמיוני

<<

The moon subtends an angle of ~ 0.54° while the sun of ~ 0.52°.

What if they were equal to 1:1032 ??

It would raise two questions:
(i) What set their precise distance?  <=> Tuning problem ().
(ii) Why perturbations not destabilize the system? <=> Fine tuning problem

(why is �⇥/⇥
max

⌧ 1 ?)
(why is m2

H/m2
Pl ⌧ 1 ?)

t
t’

• Higgs mass & EW scale are ultra sensitive to quantum corrections. 

 The top & the fine tuning problem

Largest contributions are due to the top couplings.
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(ii) Light partners: region of 
     flavourful naturalness. 

How?Why?
How?
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   Outline 

♦ Summary.

♦ Commenting on: quasi-natural, boosted tops.

♦ Flavorful naturalness & the charm front:  

   (i) Light non-degenerate partners (squarks or c’s) at the LHC;

   (ii) Impact of stop-scharm mixing on effective/visible fine tuning.

   (iii) H → cc. (+ extra on CP violation & general lesson ...)
_
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Flavorful Naturalness
(some implications of split first two generation squark spectrum)
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Standard Model known quarks;      
3 replicas <=> flavours.   

up           charm           top           

Supersymmetric partners, also 
come in 3 replicas <=> flavours.   

 sup          scharm         stop

♦ Standard model: 3 copies (flavours) of quarks;

     same holds for new physics. (say supersymmetry)

♦ “Hardwired” assumption: 

     top partner (stop) is mass eigenstate. 
Dine, Leigh & Kagan, Phys.Rev. D48 (93); Dimopoulos & Giudice (95); 
Cohen, Kaplan & Nelson (96) > 1000 citations !

Flavourful naturalness
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Standard Model known quarks;      
3 replicas <=> flavours.   

up           charm           top           

Supersymmetric partners, also 
come in 3 replicas <=> flavours.   

 sup          scharm         stop
dark matter

m̃t

Standard Model known quarks;      
3 replicas <=> flavours.   

up           charm           top           

Supersymmetric partners, also 
come in 3 replicas <=> flavours.   

 sup          scharm         stop
dark matter

Standard Model known quarks;      
3 replicas <=> flavours.   

up           charm           top           

Supersymmetric partners, also 
come in 3 replicas <=> flavours.   

 sup          scharm         stop

m̃1, m̃2

Standard Model known quarks;      
3 replicas <=> flavours.   

up           charm           top           

Supersymmetric partners, also 
come in 3 replicas <=> flavours.   

 sup          scharm         stop

Standard Model known quarks;      
3 replicas <=> flavours.   

up           charm           top           

Supersymmetric partners, also 
come in 3 replicas <=> flavours.   

 sup          scharm         stop

Standard Model known quarks;      
3 replicas <=> flavours.   

up           charm           top           

Supersymmetric partners, also 
come in 3 replicas <=> flavours.   

 sup          scharm         stop

 Signatures dramatically change, opening the charm front at high energy &  
 in  D-meson CP violation!
Grossman, Nir & Perez, PRL (09); Gedalia, Kamenik, Ligeti & Perez, PLB; Mahbubani, Papucci, Perez, Ruderman & Weiler, PRL (12);
                                                                            Blanke, Giudice, Paradisi, Perez & Zupan JHEP (13).

♦ Standard model: 3 copies (flavours) of quarks;

     same holds for new physics. (say supersymmetry)

♦ “Hardwired” assumption: 

     top partner (stop) is mass eigenstate. 
Dine, Leigh & Kagan, Phys.Rev. D48 (93); Dimopoulos & Giudice (95); 
Cohen, Kaplan & Nelson (96) > 1000 citations !

♦ This need not be the case, top-partner => “stop-scharm” admixture.

Flavourful naturalness

Standard Model known quarks;      
3 replicas <=> flavours.   

up           charm           top           

Supersymmetric partners, also 
come in 3 replicas <=> flavours.   

 sup          scharm         stopx
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♦ Flavor: only                              sizable mixing is allowed.  

What is the impact of adding flavor violation on stop 
searches ? (flavored naturalness)

Figure 1. Quadratically divergent one-loop contribution to the Higgs mass parameter in the SM

(a), canceled by scalar superpartner contributions in a SUSY model (b).

I. INTRODUCTION

The recent discovery of a Higgs-like boson at the LHC, while being a breakthrough in

the understanding of electroweak symmetry breaking (EWSB), leaves a lot of questions

unanswered. One of the most pressing problems is the stabilization of the EWSB scale,

which in the Standard Model requires an unnaturally fine-tuned cancellation between tree-

level and loop contributions to the Higgs potential. One of the most popular solutions to

this problem is supersymmetry, which allows to cancel the dangerous quadratically divergent

contributions from the SM particles by their respective superpartners with opposite spin-

statistics. Most important from the point of view of naturalness is the cancellation of

the top quadratic divergence, which is governed by the large top Yukawa coupling. In

supersymmetry this contribution is canceled by the corresponding loop contribution of its

supersymmetric partners, the stops, as depicted in Figure 1.

While the cancellation of the quadratically divergent contribution is independent of the

stop masses, the remaining logarithmically divergent contributions are mass dependent—

therefore naturalness in the Higgs potential generally requires light stops. This common lore

however is being put under severe pressure by the non-observation of stops at the LHC and

the increased bounds on their masses.

This simplified picture however contains the intrinsic assumption of complete alignment

between the up quark and up squark mass bases. While this is a very good approximation

for the left-handed sector, where due to the SU(2)L symmetry the stringent constraints from

K and B decays are relevant, the situation is di↵erent in the right-handed up sector. Here

the only relevant constraints are related to the D system so that the third generation is

much less constrained. In fact it is su�cient to assume the 12 and 13 mixings to be samll in

order to comply with data; the mixing angle ✓R
23

describing stop-scharm mixing. Constraints

from flavor violating top decays on the other hand are still fairly weak. There should be

2

♦ Naively sounds crazy ... 

˜tR � ũR or

˜tR � c̃R

Dine, Leigh & Kagan (93); Dimopoulos & Giudice (95).
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What is the impact of adding flavor violation on stop 
searches ? (flavorful naturalness)

♦ Flavor: only                              sizable mixing is allowed.  

Figure 1. Quadratically divergent one-loop contribution to the Higgs mass parameter in the SM

(a), canceled by scalar superpartner contributions in a SUSY model (b).

I. INTRODUCTION

The recent discovery of a Higgs-like boson at the LHC, while being a breakthrough in

the understanding of electroweak symmetry breaking (EWSB), leaves a lot of questions

unanswered. One of the most pressing problems is the stabilization of the EWSB scale,

which in the Standard Model requires an unnaturally fine-tuned cancellation between tree-

level and loop contributions to the Higgs potential. One of the most popular solutions to

this problem is supersymmetry, which allows to cancel the dangerous quadratically divergent
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statistics. Most important from the point of view of naturalness is the cancellation of

the top quadratic divergence, which is governed by the large top Yukawa coupling. In

supersymmetry this contribution is canceled by the corresponding loop contribution of its

supersymmetric partners, the stops, as depicted in Figure 1.

While the cancellation of the quadratically divergent contribution is independent of the

stop masses, the remaining logarithmically divergent contributions are mass dependent—

therefore naturalness in the Higgs potential generally requires light stops. This common lore

however is being put under severe pressure by the non-observation of stops at the LHC and

the increased bounds on their masses.

This simplified picture however contains the intrinsic assumption of complete alignment

between the up quark and up squark mass bases. While this is a very good approximation

for the left-handed sector, where due to the SU(2)L symmetry the stringent constraints from

K and B decays are relevant, the situation is di↵erent in the right-handed up sector. Here

the only relevant constraints are related to the D system so that the third generation is

much less constrained. In fact it is su�cient to assume the 12 and 13 mixings to be samll in

order to comply with data; the mixing angle ✓R
23

describing stop-scharm mixing. Constraints

from flavor violating top decays on the other hand are still fairly weak. There should be

2

c̃R

♦ Naively sounds crazy as worsening the fine tuning problem.  

♦ However, as you’ll see soon the scharm can be light...  

♦ The                          production is suppressed by              .  ”t̃R t̃⇤R” ! tR t⇤R
�
cos ✓R23

�4

Potentially: new hole in searches, possibly improve naturalness 

˜tR � ũR or

˜tR � c̃R

�m2
Hu = � 3y2t

8⇡2

⇣
m2

t̃L
+ cos

2 ✓RR
23 m2

1 + sin

2 ✓RR
23 m2

2

⌘
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What if first 2 generation squark not degenerate?
Mahbubani, Papucci, GP, Ruderman & Weiler (12). 
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(c̃, s̃)L, c̃R, s̃R

Everything degenerate         

M
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(ũ, d̃)L, ũR, d̃R,
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ũR, c̃R

d̃R, s̃R

Split, but MFV !
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(ũ, d̃)L, ũR, d̃R,
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Producing Top Quarks 
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Tevatron  

Fermilab 

1 km 

CDF 
D0 

Main Injector 

PIC 2009 – Kobe, Japan Bernd Stelzer, Simon Fraser University 

- The Energy Frontier -!

LHC 

CERN 

•! 1.96 TeV pp collider 

•! Run II started in 2001 

•! Record Inst. Lum. 3.6!1032 [cm-2sec-1] 

Most of the results 

•! 14 TeV pp collider 

•! Restart in Nov 2009 at 7 TeV 

•! Inst. Lum. 1032-1034 [cm-2sec-1] 

ATLAS 

CMS 

Brief outlook 

??

??
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Constraining flavorful naturalness

♦ RH stops dominates naturalness,   
ATLAS (12), now new bound.

mt̃R & m0 = 570GeV

♦ To constrain, look for: tt, cc & tc + MET (very qualitative).

14



Constraining flavorful naturalness

♦ RH stops dominates naturalness,   
ATLAS (12), now new bound.

mt̃R & m0 = 570GeV

♦ To constrain, look for: tt, cc & tc + MET (very qualitative).

4

0.1

0.2

0.5

2

5

10

1

1

500 1000 1500 2000

500

1000

1500

2000

msRé @GeVD

m
u L
,Ré
=
m
d L
,Ré
=
m
c L
,Ré
=
m
s Lé
@Ge

V
D

séR v. 7 qé

s ê slim

CMS
L = 4.98 fb-1

mgé = 1.5 TeV
mNé = 50 GeV

0.1

0.2

0.5

2

5

10

1

1

500 1000 1500 2000

500

1000

1500

2000

mcL,Ré = msL,Ré @GeVD

m
u L
,Ré
=
m
d L
,Ré
@Ge

V
D

Sea v. Valence

s ê slimDmD

CMS
L = 4.98 fb-1

mgé = 1.5 TeV
mNé = 50 GeV

0.1

0.2

0.5

2

5

1

400 600 800 1000 1200 1400 1600 1800

400

600

800

1000

1200

1400

1600

1800

muRé = mcRé @GeVD

m
d Ré
=
m
s Ré
@Ge

V
D

U1,2 v. D1,2

s ê slim
CMS
L = 4.98 fb-1

mgé = 1.5 TeV
mN1
é = 50 GeV

FIG. 3: Squark mass limits in three phenomenologically interesting scenarios with non-degenerate first- and second-generation
squarks. The left panel contains the least constrained scenario, with a single second-generation squark flavor split from all others;
the middle panel corresponds to an alignment-type scenario with first-generation squarks split from the second-generation. The
shaded blue region is excluded by flavor and CP violation constraints which apply to electroweak doublet squarks only, while
the singlet spectrum remains completely unconstrained; the right panel corresponds to an MFV-type scenario with split up-type
and down-type singlets and doublets formally decoupled. The red dashed (dotted) lines represent the exclusion contour if the
LO mixed up-down squark production cross section is multiplied by a K-factor of 1.5 (2.0).

plot include the full dependence on the squark masses,
crucial when the splitting is large [29]. Although the sin-
glet squarks are kept degenerate with the corresponding
doublets for simplicity, their splittings are unconstrained
by flavor, and they could also be decoupled, resulting
in weaker LHC bounds (corresponding to the contour
�/�lim ⇠ 2), with unchanged flavor bounds. The right-
hand panel contains the limits in an MFV-type scenario,
with split up-type and down-type singlets, and doublets
formally decoupled. The red dashed (dotted) lines rep-
resent the exclusion contour if the LO mixed up-down
squark production cross section is multiplied by a K-
factor of 1.5 (2.0).

The surprisingly weak limits, in particular for squarks
of the second generation, demonstrate how ine↵ective
current searches are for light squarks. Re-optimizing
the ATLAS 2-6 jets plus MET search using only the
me↵ cut is not e↵ective: while the background grows
like m6

e↵ , the signal grows much more slowly, ensuring
that decreasing the me↵ cut makes things worse. It is
possible that the limits would improve on performing ei-
ther a full re-optimization including all cut variables, or
a shape analysis; such a study, however, is beyond the
scope of this paper. Instead, in Fig. 4, we compare the
limits for squark cross sections from various 7 TeV AT-
LAS and CMS jets plus MET searches (which have limits
for degenerate squarks that are competetive with those
of recent 8 TeV searches [33, 34]). We find indeed that
the most stringent bounds come from the more complex
shape-based analyses, such as the CMS razor search.

Conclusion: We have argued that a combination of
reduced e�ciencies and suppression due to PDFs leads
to constraints on non-degenerate squark masses (for the
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MET searches [15, 30–32]. We use the o�cial experimental
limits, except for the ATLAS search where we use our esti-
mate of the limit, simulating the search with ATOM (solid)
and PGS (dotted).

first two generations) that are significantly weaker than
those assuming eightfold degeneracy. For instance, an
O(400GeV) squark belonging to the second generation
can be buried in the LHC jets plus MET data. In the
above analysis we have neglected for simplicity the e↵ects
of squark mixing, which could be sizable in alignment
models. In addition, our reinterpreted limits, while as-
suming the bino is the lightest SUSY particle (LSP), are
still applicable for singlino or gravitino LSPs, or when ad-
ditional electroweak (e.g. higgsinos) and leptonic states
are present, but do not drastically alter the light squark
branching ratios. In spite of the dramatic increase of

Mahbubani, Papucci, GP, Ruderman & Weiler (12). 
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1 ) with 100% branching ratio of t̃1 → t χ̃0

1 . The top quark produced in the decay has a right-
handed polarization in 95% of the decays. The band around the median expected limit shows
the ±1σ variations on the median expected limit, including all uncertainties except theoretical
uncertainties on the signal. The dotted lines around the observed limit indicate the sensitivity
to ±1σ variations on these theoretical uncertainties. The expected limit from the previous
ATLAS search [29] with the same final state is also shown.
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Constraining flavorful naturalness

♦ RH stops dominates naturalness,   
ATLAS (12), now new bound.

mt̃R & m0 = 570GeV

♦ To constrain, look for: tt, cc & tc + MET (very qualitative).
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FIG. 3: Squark mass limits in three phenomenologically interesting scenarios with non-degenerate first- and second-generation
squarks. The left panel contains the least constrained scenario, with a single second-generation squark flavor split from all others;
the middle panel corresponds to an alignment-type scenario with first-generation squarks split from the second-generation. The
shaded blue region is excluded by flavor and CP violation constraints which apply to electroweak doublet squarks only, while
the singlet spectrum remains completely unconstrained; the right panel corresponds to an MFV-type scenario with split up-type
and down-type singlets and doublets formally decoupled. The red dashed (dotted) lines represent the exclusion contour if the
LO mixed up-down squark production cross section is multiplied by a K-factor of 1.5 (2.0).

plot include the full dependence on the squark masses,
crucial when the splitting is large [29]. Although the sin-
glet squarks are kept degenerate with the corresponding
doublets for simplicity, their splittings are unconstrained
by flavor, and they could also be decoupled, resulting
in weaker LHC bounds (corresponding to the contour
�/�lim ⇠ 2), with unchanged flavor bounds. The right-
hand panel contains the limits in an MFV-type scenario,
with split up-type and down-type singlets, and doublets
formally decoupled. The red dashed (dotted) lines rep-
resent the exclusion contour if the LO mixed up-down
squark production cross section is multiplied by a K-
factor of 1.5 (2.0).

The surprisingly weak limits, in particular for squarks
of the second generation, demonstrate how ine↵ective
current searches are for light squarks. Re-optimizing
the ATLAS 2-6 jets plus MET search using only the
me↵ cut is not e↵ective: while the background grows
like m6

e↵ , the signal grows much more slowly, ensuring
that decreasing the me↵ cut makes things worse. It is
possible that the limits would improve on performing ei-
ther a full re-optimization including all cut variables, or
a shape analysis; such a study, however, is beyond the
scope of this paper. Instead, in Fig. 4, we compare the
limits for squark cross sections from various 7 TeV AT-
LAS and CMS jets plus MET searches (which have limits
for degenerate squarks that are competetive with those
of recent 8 TeV searches [33, 34]). We find indeed that
the most stringent bounds come from the more complex
shape-based analyses, such as the CMS razor search.

Conclusion: We have argued that a combination of
reduced e�ciencies and suppression due to PDFs leads
to constraints on non-degenerate squark masses (for the
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FIG. 4: Comparison between upper limits on squark pair-
production cross sections with a decoupled gluino and mass-
less neutralino, from 7TeV 5 fb�1 ATLAS and CMS jets plus
MET searches [15, 30–32]. We use the o�cial experimental
limits, except for the ATLAS search where we use our esti-
mate of the limit, simulating the search with ATOM (solid)
and PGS (dotted).

first two generations) that are significantly weaker than
those assuming eightfold degeneracy. For instance, an
O(400GeV) squark belonging to the second generation
can be buried in the LHC jets plus MET data. In the
above analysis we have neglected for simplicity the e↵ects
of squark mixing, which could be sizable in alignment
models. In addition, our reinterpreted limits, while as-
suming the bino is the lightest SUSY particle (LSP), are
still applicable for singlino or gravitino LSPs, or when ad-
ditional electroweak (e.g. higgsinos) and leptonic states
are present, but do not drastically alter the light squark
branching ratios. In spite of the dramatic increase of

Mahbubani, Papucci, GP, Ruderman & Weiler (12). 
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Figure 5: Expected and observed exclusion limits at 95% CL for the model of (pp → t̃1t̃∗1 →
t χ̃0

1 t χ̃0
1 ) with 100% branching ratio of t̃1 → t χ̃0

1 . The top quark produced in the decay has a right-
handed polarization in 95% of the decays. The band around the median expected limit shows
the ±1σ variations on the median expected limit, including all uncertainties except theoretical
uncertainties on the signal. The dotted lines around the observed limit indicate the sensitivity
to ±1σ variations on these theoretical uncertainties. The expected limit from the previous
ATLAS search [29] with the same final state is also shown.
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FIG. 3: Squark mass limits in three phenomenologically interesting scenarios with non-degenerate first- and second-generation
squarks. The left panel contains the least constrained scenario, with a single second-generation squark flavor split from all others;
the middle panel corresponds to an alignment-type scenario with first-generation squarks split from the second-generation. The
shaded blue region is excluded by flavor and CP violation constraints which apply to electroweak doublet squarks only, while
the singlet spectrum remains completely unconstrained; the right panel corresponds to an MFV-type scenario with split up-type
and down-type singlets and doublets formally decoupled. The red dashed (dotted) lines represent the exclusion contour if the
LO mixed up-down squark production cross section is multiplied by a K-factor of 1.5 (2.0).

plot include the full dependence on the squark masses,
crucial when the splitting is large [29]. Although the sin-
glet squarks are kept degenerate with the corresponding
doublets for simplicity, their splittings are unconstrained
by flavor, and they could also be decoupled, resulting
in weaker LHC bounds (corresponding to the contour
�/�lim ⇠ 2), with unchanged flavor bounds. The right-
hand panel contains the limits in an MFV-type scenario,
with split up-type and down-type singlets, and doublets
formally decoupled. The red dashed (dotted) lines rep-
resent the exclusion contour if the LO mixed up-down
squark production cross section is multiplied by a K-
factor of 1.5 (2.0).

The surprisingly weak limits, in particular for squarks
of the second generation, demonstrate how ine↵ective
current searches are for light squarks. Re-optimizing
the ATLAS 2-6 jets plus MET search using only the
me↵ cut is not e↵ective: while the background grows
like m6

e↵ , the signal grows much more slowly, ensuring
that decreasing the me↵ cut makes things worse. It is
possible that the limits would improve on performing ei-
ther a full re-optimization including all cut variables, or
a shape analysis; such a study, however, is beyond the
scope of this paper. Instead, in Fig. 4, we compare the
limits for squark cross sections from various 7 TeV AT-
LAS and CMS jets plus MET searches (which have limits
for degenerate squarks that are competetive with those
of recent 8 TeV searches [33, 34]). We find indeed that
the most stringent bounds come from the more complex
shape-based analyses, such as the CMS razor search.

Conclusion: We have argued that a combination of
reduced e�ciencies and suppression due to PDFs leads
to constraints on non-degenerate squark masses (for the
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FIG. 4: Comparison between upper limits on squark pair-
production cross sections with a decoupled gluino and mass-
less neutralino, from 7TeV 5 fb�1 ATLAS and CMS jets plus
MET searches [15, 30–32]. We use the o�cial experimental
limits, except for the ATLAS search where we use our esti-
mate of the limit, simulating the search with ATOM (solid)
and PGS (dotted).

first two generations) that are significantly weaker than
those assuming eightfold degeneracy. For instance, an
O(400GeV) squark belonging to the second generation
can be buried in the LHC jets plus MET data. In the
above analysis we have neglected for simplicity the e↵ects
of squark mixing, which could be sizable in alignment
models. In addition, our reinterpreted limits, while as-
suming the bino is the lightest SUSY particle (LSP), are
still applicable for singlino or gravitino LSPs, or when ad-
ditional electroweak (e.g. higgsinos) and leptonic states
are present, but do not drastically alter the light squark
branching ratios. In spite of the dramatic increase of
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Figure 5: Expected and observed exclusion limits at 95% CL for the model of (pp → t̃1t̃∗1 →
t χ̃0

1 t χ̃0
1 ) with 100% branching ratio of t̃1 → t χ̃0

1 . The top quark produced in the decay has a right-
handed polarization in 95% of the decays. The band around the median expected limit shows
the ±1σ variations on the median expected limit, including all uncertainties except theoretical
uncertainties on the signal. The dotted lines around the observed limit indicate the sensitivity
to ±1σ variations on these theoretical uncertainties. The expected limit from the previous
ATLAS search [29] with the same final state is also shown.
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1 and has no sensitivity to other decay modes.
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Light scharms at the LHC
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Figure 7: 95% CLs exclusion limits obtained by using the signal region with the best expected sensitiv-
ity at each point in a simplified MSSM scenario with only strong production of gluinos and first- and
second-generation squarks, and direct decays to jets and neutralinos (left); and in the (m0 ; m1/2) plane of
MSUGRA/CMSSM for tan � = 10, A0 = 0 and µ > 0 (right). The red lines show the observed limits, the
dashed-blue lines the median expected limits, and the dotted blue lines the ±1� variation on the expected
limits. ATLAS EPS 2011 limits are from [17] and LEP results from [59].

7 Summary

This note reports a search for new physics in final states containing high-pT jets, missing transverse
momentum and no electrons or muons, based on the full dataset (4.7 fb�1) recorded by the ATLAS
experiment at the LHC in 2011. Good agreement is seen between the numbers of events observed in the
data and the numbers of events expected from SM processes.

The results are interpreted in both a simplified model containing only squarks of the first two genera-
tions, a gluino octet and a massless neutralino, as well as in MSUGRA/CMSSM models with tan � = 10,
A0 = 0 and µ > 0. In the simplified model, gluino masses below 940 GeV and squark masses be-
low 1380 GeV are excluded at the 95% confidence level. In the MSUGRA/CMSSM models, values of
m1/2 < 300 GeV are excluded for all values of m0, and m1/2 < 680 GeV for low m0. Equal mass squarks
and gluinos are excluded below 1400 GeV in both scenarios.
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MSUGRA/CMSSM for tan � = 10, A0 = 0 and µ > 0 (right). The red lines show the observed limits, the
dashed-blue lines the median expected limits, and the dotted blue lines the ±1� variation on the expected
limits. ATLAS EPS 2011 limits are from [17] and LEP results from [59].

7 Summary

This note reports a search for new physics in final states containing high-pT jets, missing transverse
momentum and no electrons or muons, based on the full dataset (4.7 fb�1) recorded by the ATLAS
experiment at the LHC in 2011. Good agreement is seen between the numbers of events observed in the
data and the numbers of events expected from SM processes.

The results are interpreted in both a simplified model containing only squarks of the first two genera-
tions, a gluino octet and a massless neutralino, as well as in MSUGRA/CMSSM models with tan � = 10,
A0 = 0 and µ > 0. In the simplified model, gluino masses below 940 GeV and squark masses be-
low 1380 GeV are excluded at the 95% confidence level. In the MSUGRA/CMSSM models, values of
m1/2 < 300 GeV are excluded for all values of m0, and m1/2 < 680 GeV for low m0. Equal mass squarks
and gluinos are excluded below 1400 GeV in both scenarios.
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Light squarks > 1.4 TeV?

Assumptions?

What is driving the limit?

Holes in the net?

Putting stops aside, what are the bounds on first 2-
generation “light” squarks?         

Summer bounds from ATLAS & CMS : 
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What drives the experimental limits?

♦ Signal efficiencies;

♦ Production rate, PDFs.

♦ Squark multiplicity; 
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ũR, c̃R

d̃R, s̃R

Split, but MFV !
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E�ciencies

Signal e�ciency falls very rapidly with decreasing squark mass
Below ≥ 600 GeV ‘‡ = 1
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Squark searches
• Relaxing degeneracy assumption:

• naively: σ ∝ 1/m6                                  
→ from 8→2 light squarks mass limit 
change by 41/6-1~ 25%

• but:

• efficiencies have hard thresholds  
(and current limits are on the 
thresholds) 

• P.d.f’s have large effects                      
(u vs. d vs. c vs. s…) 

• large effects on mass limits!! 
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PDFs: all 4 flavor “sea” squarks can be rather light!
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Figure 12: Diagrams which cause flavor violation in models with arbitrary soft masses.

Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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FIG. 3: Squark mass limits in three phenomenologically interesting scenarios with non-degenerate first- and second-generation
squarks. The left panel contains the least constrained scenario, with a single second-generation squark flavor split from all others;
the middle panel corresponds to an alignment-type scenario with first-generation squarks split from the second-generation. The
shaded blue region is excluded by flavor and CP violation constraints which apply to electroweak doublet squarks only, while
the singlet spectrum remains completely unconstrained; the right panel corresponds to an MFV-type scenario with split up-type
and down-type singlets, and doublets formally decoupled. The red dashed (dotted) lines represent the exclusion contour if the
LO mixed up-down squark production cross section is multiplied by a K-factor of 1.5 (2.0).

plot include the full dependence on the squark masses,
crucial when the splitting is large [29]. Although the sin-
glet squarks are kept degenerate with the corresponding
doublets for simplicity, their splittings are unconstrained
by flavor, and they could also be decoupled, resulting
in weaker LHC bounds (corresponding to the contour
�/�lim ⇠ 2), with unchanged flavor bounds. The right-
hand panel contains the limits in an MFV-type scenario,
with split up-type and down-type singlets, and doublets
formally decoupled. The red dashed (dotted) lines rep-
resent the exclusion contour if the LO mixed up-down
squark production cross section is multiplied by a K-
factor of 1.5 (2.0).

The surprisingly weak limits, in particular for squarks
of the second generation, demonstrate how ine↵ective
current searches are for light squarks. Re-optimizing
the ATLAS 2-6 jets plus MET search using only the
me↵ cut is not e↵ective: while the background grows
like m6

e↵ , the signal grows much more slowly, ensuring
that decreasing the me↵ cut makes things worse. It is
possible that the limits would improve on performing ei-
ther a full re-optimization including all cut variables, or
a shape analysis; such a study, however, is beyond the
scope of this paper. Instead, in Fig. 4, we compare the
limits for squark cross sections from various 7 TeV AT-
LAS and CMS jets plus MET searches (which have limits
for degenerate squarks that are competetive with those
of recent 8 TeV searches [33, 34]). We find indeed that
the most stringent bounds come from the more complex
shape-based analyses, such as the CMS razor search.

Conclusion: We have argued that a combination of
reduced e�ciencies and suppression due to PDFs leads
to constraints on non-degenerate squark masses (for the
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FIG. 4: Comparison between upper limits on squark pair-
production cross sections with a decoupled gluino and mass-
less neutralino, from 7TeV 5 fb�1 ATLAS and CMS jets plus
MET searches [15, 30–32]. We use the o�cial experimental
limits, except for the ATLAS search where we use our esti-
mate of the limit, simulating the search with ATOM (solid)
and PGS (dotted).

first two generations) that are significantly weaker than
those assuming eightfold degeneracy. For instance, an
O(400GeV) squark belonging to the second generation
can be buried in the LHC jets plus MET data. In the
above analysis we have neglected for simplicity the e↵ects
of squark mixing, which could be sizable in alignment
models. In addition, our reinterpreted limits, while as-
suming the bino is the lightest SUSY particle (LSP), are
still applicable for singlino or gravitino LSPs, or when ad-
ditional electroweak (e.g. higgsinos) and leptonic states
are present, but do not drastically alter the light squark
branching ratios. In spite of the dramatic increase of
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Single squark can be as light as 400-500GeV!
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FIG. 3: Squark mass limits in three phenomenologically interesting scenarios with non-degenerate first- and second-generation
squarks. The left panel contains the least constrained scenario, with a single second-generation squark flavor split from all others;
the middle panel corresponds to an alignment-type scenario with first-generation squarks split from the second-generation. The
shaded blue region is excluded by flavor and CP violation constraints which apply to electroweak doublet squarks only, while
the singlet spectrum remains completely unconstrained; the right panel corresponds to an MFV-type scenario with split up-type
and down-type singlets and doublets formally decoupled. The red dashed (dotted) lines represent the exclusion contour if the
LO mixed up-down squark production cross section is multiplied by a K-factor of 1.5 (2.0).

plot include the full dependence on the squark masses,
crucial when the splitting is large [29]. Although the sin-
glet squarks are kept degenerate with the corresponding
doublets for simplicity, their splittings are unconstrained
by flavor, and they could also be decoupled, resulting
in weaker LHC bounds (corresponding to the contour
�/�lim ⇠ 2), with unchanged flavor bounds. The right-
hand panel contains the limits in an MFV-type scenario,
with split up-type and down-type singlets, and doublets
formally decoupled. The red dashed (dotted) lines rep-
resent the exclusion contour if the LO mixed up-down
squark production cross section is multiplied by a K-
factor of 1.5 (2.0).

The surprisingly weak limits, in particular for squarks
of the second generation, demonstrate how ine↵ective
current searches are for light squarks. Re-optimizing
the ATLAS 2-6 jets plus MET search using only the
me↵ cut is not e↵ective: while the background grows
like m6

e↵ , the signal grows much more slowly, ensuring
that decreasing the me↵ cut makes things worse. It is
possible that the limits would improve on performing ei-
ther a full re-optimization including all cut variables, or
a shape analysis; such a study, however, is beyond the
scope of this paper. Instead, in Fig. 4, we compare the
limits for squark cross sections from various 7 TeV AT-
LAS and CMS jets plus MET searches (which have limits
for degenerate squarks that are competetive with those
of recent 8 TeV searches [33, 34]). We find indeed that
the most stringent bounds come from the more complex
shape-based analyses, such as the CMS razor search.

Conclusion: We have argued that a combination of
reduced e�ciencies and suppression due to PDFs leads
to constraints on non-degenerate squark masses (for the
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FIG. 4: Comparison between upper limits on squark pair-
production cross sections with a decoupled gluino and mass-
less neutralino, from 7TeV 5 fb�1 ATLAS and CMS jets plus
MET searches [15, 30–32]. We use the o�cial experimental
limits, except for the ATLAS search where we use our esti-
mate of the limit, simulating the search with ATOM (solid)
and PGS (dotted).

first two generations) that are significantly weaker than
those assuming eightfold degeneracy. For instance, an
O(400GeV) squark belonging to the second generation
can be buried in the LHC jets plus MET data. In the
above analysis we have neglected for simplicity the e↵ects
of squark mixing, which could be sizable in alignment
models. In addition, our reinterpreted limits, while as-
suming the bino is the lightest SUSY particle (LSP), are
still applicable for singlino or gravitino LSPs, or when ad-
ditional electroweak (e.g. higgsinos) and leptonic states
are present, but do not drastically alter the light squark
branching ratios. In spite of the dramatic increase of

Mahbubani, Papucci, GP, Ruderman & Weiler (12). 

20



Are non-degenerate first 2-generation squarks 
consistent with flavor bounds?
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Surprisingly: answer is yes both from low energy & UV 
perspectives!

Let us focus on the low energy, model indep’, effective story.
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 In new ATLAS search for stop decay to charm + neutralino (               ), 
 charm jet tagging has been employed for the first time at LHC

Charm tagging at the LHC   ATLAS EPS 2013

t̃ ! c+ �0

ATLAS-CONF-2013-068

charm jets identified by combining “information from the impact 
parameters of displaced tracks and topological properties of 
secondary and tertiary decay vertices” using multivariate techniques
 

    ‘medium’ operating point:  c-tagging efficiency = 20%,  
rejection factor of 5 for b jets, 140 for light jets.
#’s obtained for simulated      events for jets with 
                     ,  and calibrated with data

tt̄
30 < pT < 200
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rejection factor of 5 for b jets, 140 for light jets.
#’s obtained for simulated      events for jets with 
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♦

♦

Open parenthesis (CLIC can do better ...)
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Composite light quarks & pseudo-NGB 
(pNGB) Higgs
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Composite light quarks

♦ Drastic change to pheno’: large production rates, top 

forward-backward asymmetry, non-standard flavor signals ...

♦ Custodial sym’ for Z->bb  => allow for composite light 

Delaunay, Gedalia, Lee, GP & Ponton x 2 (10)  Redi & Weiler (11); Da Rold, Delaunay, Grojean & GP; Weiler CKM12 talk (12); Atre, Chala & Santiago (13).

And: 

(i) LHC implications for non-degenerate first 2-gen’ partners. 

(ii) non-standard modification to Higgs decays. 

Agashe, Contino, Da Rold & Pomarol (06)

Delaunay, Gedalia, Lee, GP & Ponton x 2 (10)  Redi & Weiler (11)

quarks \wo tension with precision tests. 

Delaunay, Fraille, Flacke, Lee, Panico & GP Perez in prep.

Delaunay, Grojean & GP (13)
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♦ Structure of minimal composite Higgs model SO(5)/SO(4): 

   pNGB Higgs & composite light RH quarks

Agashe, Contino & Pomarol (05).

Typically (anarchy): �i ⌧ �q3,u3 ⇠ M , i = 1, 2 .

composite,
 full non-linear SO(5) /SO(4) massive content

elementary, 
SM-like massless quarks

×q, u, d
�q,u,d

Q±, U± + ...+ EW +H

♦ What if the first two generations of RH quarks are composite but not at 

the same level, for instance: 

yif = �i (f , decay constant for the SO(5)/SO(4) breaking )

yu . yc ⇠ yt ⇠ 1
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Collider implications for split 2 gen’ (similar to SUSY case)

Mc ⌧ MU

yc � yu

Delaunay, Fraille, Flacke, Lee, Panico & GP Perez in prep.

26



   H → cc_
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♦ SM: charm Yukawa 1/5 of bottom one, Higgs charm BR~3%.    
♦ However, moderate cancellation => enhance Yukawa coupling,

Effective Field  Theory ex.:

   H → cc_

4
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FIG. 3: µcc̄ vs. µbb̄ for case b) where both cc and cgg are not
SM-like. E�ciencies of the ATLAS analysis [10] are assumed
for both signal strengths. The red (brown) region is consistent
within 68.3% and 95.4% CL with Higgs data. The black dot
represents the best fit point.

tional to each other, µcc̄ = |cc|2µbb̄ . We find that this
strong anti-correlation remains also in the presence of an
additional new physics source of gluon fusion production
(cgg 6= 0), as illustrated in Fig. 3. Fig. 3 shows the re-
gions of the µbb̄ � µcc̄ plane consistent within 68.3% and
95.4% CL with Higgs data. The signal strengths in Fig. 3
are evaluated assuming the ATLAS bb̄ search e�ciencies
in associated Higgs production [10].

Finally, we find that the combined signal strength into
bottom and charm pairs can be relatively enhanced com-
pared to that of only bottom pairs, despite the smaller
charm-tagging e�ciency. We define the combined signal
strength into bb̄ and cc̄ as

µbb̄+cc̄ ⌘
�pp!h

�
✏2bBRh!bb̄ + ✏2cBRh!cc̄

�

�SM
pp!h

�
✏2bBR

SM
h!bb̄ + ✏2cBR

SM
h!cc̄

� (10)

where ✏b ' 0.7 [10] and ✏c are the tagging e�ciencies
for bottom and charm jets. We implicitly assumed in
Eq. (10) that the only di↵erence between cc̄ and bb̄ anal-
yses is the tagging e�ciency, and that, in particular, the
production cross-section is the same in both cases. [CD:

comment more on charm tagging experimental

delicacies here?] We also define the ratio of the com-
bined and bottom only signal strengths as

R ⌘ µbb̄+cc̄

µbb̄
=

1 + |cc|2 rcb
1 + rcb

, (11)

where rcb ⌘ ✏2c/✏
2
b ⇥ (BRSM

h!cc̄/BR
SM
h!bb̄) and we explicitly

use cb = 1. Assuming a 40% charm-tagging e�ciency and
using recommended branching ratio values for a 126GeV
SM Higgs [16], the upper bound Eq. (8) derived from
fitting current Higgs data implies

R < 1.3(2.1) , at 95.4% CLs , (12)

for the case a) (b)) defined above.
We showed that the bottom pair signal strength in as-

sociated Higgs production can be significantly reduced,
relative to the SM, in the presence of a largely enhanced
charm Yukawa coupling, since the Higgs decay to charm
pairs is becoming as important. Eq. (12) shows that
charm-tagging can then be used to bring the associated
Higgs production signal back to its SM level where only
b-jets are tagged.

IV. CHARM COUPLING BEYOND THE SM

Modified Higgs couplings to fermions typically arise in
many theories beyond the SM. We consider here di↵erent
theoretical frameworks which illustrate the possibility
of charm Yukawa couplings significantly larger than its
SM value. We begin with an e↵ective field theory (EFT)
discussion, where new physics above the weak scale is
described by a set of higher-dimensional operators, in
order to stress that Higgs coupling to charm is a priori

not necessarily related to the small charm mass. We
then discuss how large the charm Yukawa coupling can
deviate from the SM within specific new physics scenar-
ios. In particular, we show that it is possible to obtain
cc � 1, with all other couplings SM-like, in a two Higgs
doublet model (2HDM) with minimal flavor violation
(MFV) and in a General MFV (GMFV) [19] scenario
with only one Higgs doublet. We finally comment on
composite models where the Higgs field is realized as
pseudo-Nambu–Goldstone boson (pNGB).

Within the EFT framework the Higgs to charm cou-
pling is modified in the presence of dimension six opera-
tor. The relevant operators in the up-type quark sector
are

LEFT � �u
ijQ̄iH̃Uj +

guij
⇤2

Q̄iH̃Uj

�
H†H

�
+ h.c. , (13)

where the first term is the marginal up-type Yukawa
operator of the SM and the second term is a dimen-
sion six operator suppressed by the new physics scale
⇤. Qi and Ui, with i = 1, 2, 3, are the SM quark left-
handed doublets and right-handed singlets, respectively,
and H is the Higgs doublet, with H̃ = i�2H

⇤. �u and
gu are generic complex 3 ⇥ 3 matrices in flavor space.
Setting the Higgs field to its vacuum expectation value
H = (0, (v+h)/

p
2)T , the mass and linear Higgs coupling

5

matrices are respectively

Mu
ij =

vp
2

✓
�u
ij + guij

v2

2⇤2

◆
, (14)

Y u
ij =

1p
2

✓
�u
ij + 3guij

v2

2⇤2

◆
. (15)

We assume for convenience that �u and gu are aligned
and that only gu22 6= 0 in the mass basis. In this case the
deviation from the SM Higgs to charm coupling is simply

cc = 1 +
3

2

v2

⇤2

gu22
yc

, (16)

where we defined yc ⌘ p
2mc/v ' 7.5 ⇥ 10�3. Naive

dimension analysis suggests that the e↵ective description
breaks down at the scale ⇤ for gu22 ⇠ 16⇡2. As a function
of charm Yukawa modification this scale is

⇤ ' 44TeVp
cc � 1

. (17)

Assuming the upper bound on cc in Eq. (8), we find
that cuto↵ scale can be as high as ⇤ . 25 (16)TeV for
case a) (b)). These scales are su�ciently high so that it
is possible that the associated new physics dynamics at
the cut-o↵ leaves no direct signatures at the LHC other
than a significantly enhanced Higgs to charm Yukawa.

We now focus on some specific new physics scenar-
ios. Consider a 2HDM with MFV. In this setup, the
MFV ansatz allows to write the SM-like Higgs couplings
to fermions as an expansion in the spurionic parameters
which break the flavor symmetry group. Following nota-
tions of Ref. [17], the charm and top quark couplings to
the SM-like Higgs boson are

ct ' AU
S +BU

S y2t + CU
S y2b |Vtb|2 ,

cc ' AU
S +BU

S y2c + CU
S

⇣
y2b |Vcb|2 + y2s |Vcs|2

⌘
, (18)

where yi ⌘
p
2mi/v, Vij are the CKM matrix elements

and AU
S , BU

S and CU
S are O(1) coe�cients. O(y4i )

and higher contributions were neglected in Eq. (18).
Assuming for instance AU

S ' 4 and BU
S ' �3, Eq. (18)

yields cc ' 4 and ct ' 1. Moreover, in the limit where all
the heavier Higgs states are decoupled, the cV ' 1 [18].
Therefore, a significantly larger charm coupling, with all
other couplings close to their SM values, can be obtained
at the expense of a mild cancellation, at the level of one
part in few, among unknown O(1) coe�cients.

Consider now a model with one Higgs doublet in the
GMFV framework [19], in which large top Yukawa ef-
fects are resummed to all orders. We define our nota-
tions in Appendix B. In the mass basis, the up-type
quark mass and linear Higgs interaction matrices become
Mu ' �v/

p
2⇥diag

�
yu(� + ⇣x), yc(� + ⇣x), 1 + rx

�
and

[CD: is there an implicit relation �(� + ⇣x) = 1?],
[YS: also should be yt = �(1+rx)? up to order x2

.]

Y u ' �p
2

0

@
yu(� + 3⇣x) 0 2�3

C(� ↵r)x
0 yc(� + 3⇣x) 2�2

C(� ↵r)x
2yu�3

Cwx 2yc�2
Cwx 1 + 3rx

1

A ,

(19)

where w ⌘ ⌘��r+↵⇤(⇣��r) and to leading order in �C '
0.23, the sine of the Cabibbo angle and in x ⌘ v2/(2⇤2) ,
with ⇤ the GMFV scale. Eq. (19) yields the following
ratio between Higgs to charm coupling in GMFV and in
the SM

cc = �(� + 3⇣x) ' 1 + 2�⇣x . (20)

For �, ⇣ ⇠ O(1) and x . 1, cc > 1 can be obtained.
Note that the GMFV scale is constrained through the
o↵-diagonal entries in Eq. (19) by a series of flavor
changing observables analysed in Ref. [20]. However
constraints from single-top production, neutral D meson
mixing, flavor changing top decay t ! hj and neutron
electric dipole moment (assuming O(1) phases in the
fundamental parameters) are satisfied for x . 1 since
GMFV contributions are suppressed by �2

C , �
5
C , �

2
C and

yu�
6
C , respectively.

Consider finally composite pNGB Higgs models. Mod-
ifications of Higgs couplings to up-type quark in compos-
ite Higgs models is parameterized by the e↵ective La-
grangian in Eq. (13) with ⇤ remplaced by the global
symmetry breaking scale f [21]. The dimension six co-
e�cient in Eq. (13) receives two types of contributions
from the composite dynamics, gu = guh + gu . The first
term is a direct contribution from the non-linear Higgs
dynamics and it is aligned with the marginal operator
guh / �u. The second term arises from the presence of
light fermionic resonances from the strong dynamics. It
is generically misaligned with �u and its entries scale like
gu ⇠ �u✏2(g f/m )2, where g < 4⇡ and m are respec-
tively a typical strong coupling and a resonance mass of
the strong dynamics, and ✏ < 1 is the degree of the com-
positeness of the SM quarks. Neglecting flavor violation
for simplicity and assuming relatively composite right-
handed charm quark, the charm Yukawa coupling is [22]

cc ' 1 +O
✓
v2

f2

◆
+O

 
✏2c
g2 v

2

m2
 

!
, (21)

where ✏c is the right-handed charm degree of composite-
ness. The symmetry breaking scale f is constrained by
EW precision parameters to be f & 750GeV []. Hence in
absence of light composite resonances associated with the
charm quark, the Higgs to charm coupling is not expected
to deviate significantly from its SM value. However,
if light charm partner resonances are present a larger
charm Yukawa can be obtained. Current bounds on the
charm partner mass from direct searches at the LHC are
m & O(500GeV) []. Hence, for a fully composite charm
quark ✏c ' 1, g ⇠ 4⇡ a largely enhanced charm Yukawa
coupling is possible.
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ifications of Higgs couplings to up-type quark in compos-
ite Higgs models is parameterized by the e↵ective La-
grangian in Eq. (13) with ⇤ remplaced by the global
symmetry breaking scale f [21]. The dimension six co-
e�cient in Eq. (13) receives two types of contributions
from the composite dynamics, gu = guh + gu . The first
term is a direct contribution from the non-linear Higgs
dynamics and it is aligned with the marginal operator
guh / �u. The second term arises from the presence of
light fermionic resonances from the strong dynamics. It
is generically misaligned with �u and its entries scale like
gu ⇠ �u✏2(g f/m )2, where g < 4⇡ and m are respec-
tively a typical strong coupling and a resonance mass of
the strong dynamics, and ✏ < 1 is the degree of the com-
positeness of the SM quarks. Neglecting flavor violation
for simplicity and assuming relatively composite right-
handed charm quark, the charm Yukawa coupling is [22]

cc ' 1 +O
✓
v2

f2

◆
+O

 
✏2c
g2 v

2

m2
 

!
, (21)

where ✏c is the right-handed charm degree of composite-
ness. The symmetry breaking scale f is constrained by
EW precision parameters to be f & 750GeV []. Hence in
absence of light composite resonances associated with the
charm quark, the Higgs to charm coupling is not expected
to deviate significantly from its SM value. However,
if light charm partner resonances are present a larger
charm Yukawa can be obtained. Current bounds on the
charm partner mass from direct searches at the LHC are
m & O(500GeV) []. Hence, for a fully composite charm
quark ✏c ' 1, g ⇠ 4⇡ a largely enhanced charm Yukawa
coupling is possible.
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FIG. 1: ��2 = �2 � �2
min as a function of the charm Yukawa

coupling cc. The black and red curves correspond respectively
to case a), where all Higgs coupling but the charm Yukawa
are SM-like, case b), where only cc and cgg deviate from the
SM and marginalizing over the latter. Horizontal dashed lines
denotes the 68% and 95.4% CL (��2 = 1 and 4, respectively).

for the first (second) cases defined above. The bound
in case b) is obtained upon marginalizing over the cgg
coupling. Larger charm Yukawa coupling is allowed in
case b), relative to case a), due to a further enhance-
ment of the Higgs production cross-section from cgg > 0.
��2 ⌘ �2��2

min as a function of cc for both cases is shown
in Fig. 1. For case b), we also show in Fig. 2 the 68.3%
and 95.4% CLs region in the cc � cgg plane. h ! WW ⇤

is the most significant channel which dominantly drives
the �2 fit. Since µWW⇤ . 1 at both ATLAS and CMS
experiments, a total Higgs width slightly larger than in
the SM is favored. This reflects into the fact the �2 is
minimized by a larger charm Yukawa, cc & 1, as shown in
Fig. 1. Excluding the h ! WW ⇤ channel, the remaining
average signal strength becomes & 1 and the �2 fit favors
lower values of cc.

We conclude that without additional new physics con-
tributions to Higgs production (other than charm fusion)
a charm Yukawa as large as about four times its SM
value, is consistent with current Higgs data within 95.4%
CL. Even larger charm Yukawa couplings are allowed at
95.4% CL, provided that there is a conjoint O(1) en-
hancement in gluon fusion production from a new physics
source. Such a large charm Yukawa would significantly
reduce h ! bb̄ signals in vector-boson associated Higgs
production.

III. OBSERVABILITY OF h ! cc̄ AT THE LHC

We showed in the previous section that a Higgs cou-
pling to cc̄ significantly larger than in the SM is allowed
by current Higgs data. We argue here that such a large
coupling yields important e↵ects in channels where the
Higgs boson decays into bottom pairs. In particular, one
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FIG. 2: 68.3% (solid) and 95.4% (dashed) CL regions in the
cc � cgg plane in case b) where only the charm Yukawa and
Higgs to gluon couplings are allowed to deviate from their
SM values. The red dot represents the best fit point. ĉSMgg '
0.012 .

expects a significant suppression of µbb̄ in vector-boson
associated prodution, due to a sizable enhancement of
BRh!cc̄ relative to the SM. We also demonstrate that
the associated production signal can be partially recov-
ered by using the recently developed charm-tagging tech-
nique [5] YS: is it the right ref?. We identify three
interesting phenomenological aspects of having a large
charm Yukawa coupling. YS: should we break to a

new paragraph here? First of all, bb̄ signal strengths
in associated production are suppressed due to the larger
Higgs width which reduces the branching ratio into bot-
tom pairs as

BRh!bb̄ =
BRSM

h!bb̄

1 + (|cc|2 � 1)BRSM
h!cc̄

. (9)

We obtain from Eqs. (8) and (9) that µbb̄ can be as low as
⇠ 0.7 and ⇠ 0.3, assuming pure vector-boson associated
production, and still be consistent at 95.4% CL with all
other Higgs data. (We neglected in case b) the subdom-
inant increase in the Higgs width coming from cgg > 0
which would further suppress in BRh!bb̄.)
Then, we stress that there is an anti-correlation be-

tween µbb̄ and µcc̄ signal strengths. Indeed production
cross-sections are the same for both channels, while in-
creasing the charm Yukawa coupling (cc > 1) lead to a
suppressed branching ratio into bb̄ and an enhanced one
into cc̄. More precisely, in case a) where only the charm
coupling has non-standard value, the signal strengths
into bottom pairs and charm pairs are simply propor-
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We follow the approach of Ref. [3] to globally fit avail-
able Higgs data. We consider both direct data from
Higgs rate measurements at the LHC and indirect con-
straints from EW precision measurements at LEP. We
assume that there is only one Higgs scalar h of mass mass
mh = 126GeV, which is a singlet of the custodial symme-
try preserved by the EW symmetry breaking (EWSB).
The Higgs interactions with other SM particles are as-
sumed to be flavor-conserving and parameterized by the
e↵ective Lagrangian

Le↵ = L0 + L2 , (1)

where interactions to zeroth-order in derivatives are

L0 =
h

v

h
cV

�
2m2

WW+
µ Wµ� +m2

ZZµZ
µ
�

�
X

q

cqmq q̄q �
X

`

c`m`
¯̀̀
i
, (2)

and interactions to next-to-leading order in derivatives
are

L2 =
h

4v

h
cggG

a
µ⌫G

µ⌫a � c��Fµ⌫F
µ⌫ � 2cWWW+

µ⌫W
µ⌫�

�2cZ�Fµ⌫Z
µ⌫ � cZZZµ⌫Z

µ⌫
i
. (3)

q = u, d, s, c, b, t and ` = e, µ, ⌧ are the SM massive
quarks and charged leptons, v = 246GeV is the EWSB
scale, Wµ, Zµ, Aµ and Gµ are the SM gauge fields with
the corresponding fields strength tensors. The underly-
ing custodial symmetry imposes the following relations
among couplings in L2 [3]

cWW = c�� +
gL
gY

cZ� , cZZ = c�� +
g2L � g2Y
gY gL

cZ� , (4)

where gL and gY are the SU(2)L and U(1)Y gauge
couplings, respectively. The SM limit is achieved by
cV = cq = c` = 1 and c�� = cgg = cZ� = 0. In con-
trast with existing Higgs fits, as in e.g. Refs [3, 4, 6, 7],
we leave the charm Yukawa coupling as a free parame-
ter of the fit. Current Higgs data are very unlikely to
be sensitive to Higgs couplings to e, µ, and u, d, s, as
the latter are already very small in the SM. We thus set
ce,µ = cu,d,s = 1 in the following. We are left with at
most eight independent free parameters: cV , cc,b,t, c⌧ ,
cgg, c�� and cZ� .

The Higgs rates measurements at the LHC are pre-
sented in the form of signal strengths defined as

µf ⌘ �pp!h BRh!f

�SM
pp!h BR

SM
h!f

, (5)

for each final state f , where �pp!h and BRh!f are the
Higgs production cross-section and branching ratio, re-
spectively, while the SM label denotes their correspond-
ing SM predictions. Similar signal strengths measured at
the Tevatron are obtained from Eq. (5) through the re-
placement pp ! pp̄. We perform a standard �2 analysis

in order to fit the coe�cients in Eq. (1) to current Higgs
data. The total �2 function is

�2 =
X

f,i

⇣
µth
f,i � µex

f,i

⌘2

�2
f,i

, (6)

where the index i runs over all measurements of the chan-
nel f and correlations between di↵erent channels are ne-
glected. µex

f,i and �f,i denote the experimental central val-
ues and their corresponding standard deviations, respec-
tively. Asymmetric experimental errors are symmetrized.
We consider the most updated set of Higgs measurements
in h ! WW ⇤, ZZ⇤, �� and ⌧ ⌧̄ channels from ATLAS [9],
CMS [11] and Tevatron [15] collaborations. We include
the recent h ! bb̄ search in vector-boson associated pro-
duction at ATLAS [10] and CMS [13] and in vector-
boson fusion at CMS [12], and the h ! Z� search at
CMS [14]. µth

f,i are the theoretical signal strength pre-
dictions, which incorporate the e�ciencies quoted by the
experimental collaborations, whenever available. The-
oretical predictions for Higgs signal strengths in terms
of the e↵ective coe�cients in Eq. (1) can be found in
Ref. [3] (the recommended SM Higgs production cross
sections and branching ratios are taken from [16]). We
however add the following two modifications in order to
implement a charm Yukawa coupling significantly di↵er-
ent than in its SM value. First of all, we include the
charm loop contribution in the gluon fusion cross-section

as �gg!h/�
SM
gg!h ' |ĉgg|2 /

��ĉSMgg
��2 with

ĉgg = cgg + 10�2
h
1.28ct � (0.066� 0.088i) cb

� (0.014� 0.011i) cc
i
, (7)

and ĉSMgg ' 0.012 . Then, we include the charm fusion
cross-section as �cc̄!h ' 0.008 c2c �

SM
gg!h, where the

charm fusion to gluon fusion cross-section ratio is eval-
uated at next-to-leading order in QCD. We transposed
the NLO bottom fusion cross-section obtained in Ref. [8]
in order to estimated �SM

cc̄!h.

We mainly focus on two di↵erent scenarios, where

a) all Higgs couplings but the charm Yukawa are SM-like.

b) all the Higgs couplings but the charm Yukawa and cgg
are SM-like.

(The general case, where all indepedent parameters are
allowed to deviate from the SM is discussed in Ap-
pendix A.) In both cases, �2 only depends on |cc|2, up to
a small interference e↵ect with top and bottom loops in
gluon fusion production. Hence, there is almost no sen-
sitivity to the sign of the charm Yukawa coupling. For
simplicity we consider positive cc in the following. �2

minimization yields

cc  4.1 (8.3) , at 95.4% CLs , (8)
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couplings, respectively. The SM limit is achieved by
cV = cq = c` = 1 and c�� = cgg = cZ� = 0. In con-
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ter of the fit. Current Higgs data are very unlikely to
be sensitive to Higgs couplings to e, µ, and u, d, s, as
the latter are already very small in the SM. We thus set
ce,µ = cu,d,s = 1 in the following. We are left with at
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We consider the most updated set of Higgs measurements
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f,i are the theoretical signal strength pre-
dictions, which incorporate the e�ciencies quoted by the
experimental collaborations, whenever available. The-
oretical predictions for Higgs signal strengths in terms
of the e↵ective coe�cients in Eq. (1) can be found in
Ref. [3] (the recommended SM Higgs production cross
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however add the following two modifications in order to
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uated at next-to-leading order in QCD. We transposed
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in order to estimated �SM
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We mainly focus on two di↵erent scenarios, where

a) all Higgs couplings but the charm Yukawa are SM-like.

b) all the Higgs couplings but the charm Yukawa and cgg
are SM-like.

(The general case, where all indepedent parameters are
allowed to deviate from the SM is discussed in Ap-
pendix A.) In both cases, �2 only depends on |cc|2, up to
a small interference e↵ect with top and bottom loops in
gluon fusion production. Hence, there is almost no sen-
sitivity to the sign of the charm Yukawa coupling. For
simplicity we consider positive cc in the following. �2

minimization yields

cc  4.1 (8.3) , at 95.4% CLs , (8)
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FIG. 1: ��2 = �2 � �2
min as a function of the charm Yukawa

coupling cc. The black and red curves correspond respectively
to case a), where all Higgs coupling but the charm Yukawa
are SM-like, case b), where only cc and cgg deviate from the
SM and marginalizing over the latter. Horizontal dashed lines
denotes the 68% and 95.4% CL (��2 = 1 and 4, respectively).

for the first (second) cases defined above. The bound
in case b) is obtained upon marginalizing over the cgg
coupling. Larger charm Yukawa coupling is allowed in
case b), relative to case a), due to a further enhance-
ment of the Higgs production cross-section from cgg > 0.
��2 ⌘ �2��2

min as a function of cc for both cases is shown
in Fig. 1. For case b), we also show in Fig. 2 the 68.3%
and 95.4% CLs region in the cc � cgg plane. h ! WW ⇤

is the most significant channel which dominantly drives
the �2 fit. Since µWW⇤ . 1 at both ATLAS and CMS
experiments, a total Higgs width slightly larger than in
the SM is favored. This reflects into the fact the �2 is
minimized by a larger charm Yukawa, cc & 1, as shown in
Fig. 1. Excluding the h ! WW ⇤ channel, the remaining
average signal strength becomes & 1 and the �2 fit favors
lower values of cc.

We conclude that without additional new physics con-
tributions to Higgs production (other than charm fusion)
a charm Yukawa as large as about four times its SM
value, is consistent with current Higgs data within 95.4%
CL. Even larger charm Yukawa couplings are allowed at
95.4% CL, provided that there is a conjoint O(1) en-
hancement in gluon fusion production from a new physics
source. Such a large charm Yukawa would significantly
reduce h ! bb̄ signals in vector-boson associated Higgs
production.

III. OBSERVABILITY OF h ! cc̄ AT THE LHC

We showed in the previous section that a Higgs cou-
pling to cc̄ significantly larger than in the SM is allowed
by current Higgs data. We argue here that such a large
coupling yields important e↵ects in channels where the
Higgs boson decays into bottom pairs. In particular, one
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FIG. 2: 68.3% (solid) and 95.4% (dashed) CL regions in the
cc � cgg plane in case b) where only the charm Yukawa and
Higgs to gluon couplings are allowed to deviate from their
SM values. The red dot represents the best fit point. ĉSMgg '
0.012 .

expects a significant suppression of µbb̄ in vector-boson
associated prodution, due to a sizable enhancement of
BRh!cc̄ relative to the SM. We also demonstrate that
the associated production signal can be partially recov-
ered by using the recently developed charm-tagging tech-
nique [5] YS: is it the right ref?. We identify three
interesting phenomenological aspects of having a large
charm Yukawa coupling. YS: should we break to a

new paragraph here? First of all, bb̄ signal strengths
in associated production are suppressed due to the larger
Higgs width which reduces the branching ratio into bot-
tom pairs as

BRh!bb̄ =
BRSM

h!bb̄

1 + (|cc|2 � 1)BRSM
h!cc̄

. (9)

We obtain from Eqs. (8) and (9) that µbb̄ can be as low as
⇠ 0.7 and ⇠ 0.3, assuming pure vector-boson associated
production, and still be consistent at 95.4% CL with all
other Higgs data. (We neglected in case b) the subdom-
inant increase in the Higgs width coming from cgg > 0
which would further suppress in BRh!bb̄.)
Then, we stress that there is an anti-correlation be-

tween µbb̄ and µcc̄ signal strengths. Indeed production
cross-sections are the same for both channels, while in-
creasing the charm Yukawa coupling (cc > 1) lead to a
suppressed branching ratio into bb̄ and an enhanced one
into cc̄. More precisely, in case a) where only the charm
coupling has non-standard value, the signal strengths
into bottom pairs and charm pairs are simply propor-
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FIG. 3: µcc̄ vs. µbb̄ for case b) where both cc and cgg are not
SM-like. E�ciencies of the ATLAS analysis [10] are assumed
for both signal strengths. The red (brown) region is consistent
within 68.3% and 95.4% CL with Higgs data. The black dot
represents the best fit point.

tional to each other, µcc̄ = |cc|2µbb̄ . We find that this
strong anti-correlation remains also in the presence of an
additional new physics source of gluon fusion production
(cgg 6= 0), as illustrated in Fig. 3. Fig. 3 shows the re-
gions of the µbb̄ � µcc̄ plane consistent within 68.3% and
95.4% CL with Higgs data. The signal strengths in Fig. 3
are evaluated assuming the ATLAS bb̄ search e�ciencies
in associated Higgs production [10].

Finally, we find that the combined signal strength into
bottom and charm pairs can be relatively enhanced com-
pared to that of only bottom pairs, despite the smaller
charm-tagging e�ciency. We define the combined signal
strength into bb̄ and cc̄ as

µbb̄+cc̄ ⌘
�pp!h

�
✏2bBRh!bb̄ + ✏2cBRh!cc̄

�

�SM
pp!h

�
✏2bBR

SM
h!bb̄ + ✏2cBR

SM
h!cc̄

� (10)

where ✏b ' 0.7 [10] and ✏c are the tagging e�ciencies
for bottom and charm jets. We implicitly assumed in
Eq. (10) that the only di↵erence between cc̄ and bb̄ anal-
yses is the tagging e�ciency, and that, in particular, the
production cross-section is the same in both cases. [CD:

comment more on charm tagging experimental

delicacies here?] We also define the ratio of the com-
bined and bottom only signal strengths as

R ⌘ µbb̄+cc̄

µbb̄
=

1 + |cc|2 rcb
1 + rcb

, (11)

where rcb ⌘ ✏2c/✏
2
b ⇥ (BRSM

h!cc̄/BR
SM
h!bb̄) and we explicitly

use cb = 1. Assuming a 40% charm-tagging e�ciency and
using recommended branching ratio values for a 126GeV
SM Higgs [16], the upper bound Eq. (8) derived from
fitting current Higgs data implies

R < 1.3(2.1) , at 95.4% CLs , (12)

for the case a) (b)) defined above.
We showed that the bottom pair signal strength in as-

sociated Higgs production can be significantly reduced,
relative to the SM, in the presence of a largely enhanced
charm Yukawa coupling, since the Higgs decay to charm
pairs is becoming as important. Eq. (12) shows that
charm-tagging can then be used to bring the associated
Higgs production signal back to its SM level where only
b-jets are tagged.

IV. CHARM COUPLING BEYOND THE SM

Modified Higgs couplings to fermions typically arise in
many theories beyond the SM. We consider here di↵erent
theoretical frameworks which illustrate the possibility
of charm Yukawa couplings significantly larger than its
SM value. We begin with an e↵ective field theory (EFT)
discussion, where new physics above the weak scale is
described by a set of higher-dimensional operators, in
order to stress that Higgs coupling to charm is a priori

not necessarily related to the small charm mass. We
then discuss how large the charm Yukawa coupling can
deviate from the SM within specific new physics scenar-
ios. In particular, we show that it is possible to obtain
cc � 1, with all other couplings SM-like, in a two Higgs
doublet model (2HDM) with minimal flavor violation
(MFV) and in a General MFV (GMFV) [19] scenario
with only one Higgs doublet. We finally comment on
composite models where the Higgs field is realized as
pseudo-Nambu–Goldstone boson (pNGB).

Within the EFT framework the Higgs to charm cou-
pling is modified in the presence of dimension six opera-
tor. The relevant operators in the up-type quark sector
are

LEFT � �u
ijQ̄iH̃Uj +

guij
⇤2

Q̄iH̃Uj

�
H†H

�
+ h.c. , (13)

where the first term is the marginal up-type Yukawa
operator of the SM and the second term is a dimen-
sion six operator suppressed by the new physics scale
⇤. Qi and Ui, with i = 1, 2, 3, are the SM quark left-
handed doublets and right-handed singlets, respectively,
and H is the Higgs doublet, with H̃ = i�2H

⇤. �u and
gu are generic complex 3 ⇥ 3 matrices in flavor space.
Setting the Higgs field to its vacuum expectation value
H = (0, (v+h)/

p
2)T , the mass and linear Higgs coupling
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µ⌫W
µ⌫�

�2cZ�Fµ⌫Z
µ⌫ � cZZZµ⌫Z

µ⌫
i
. (3)

q = u, d, s, c, b, t and ` = e, µ, ⌧ are the SM massive
quarks and charged leptons, v = 246GeV is the EWSB
scale, Wµ, Zµ, Aµ and Gµ are the SM gauge fields with
the corresponding fields strength tensors. The underly-
ing custodial symmetry imposes the following relations
among couplings in L2 [3]

cWW = c�� +
gL
gY

cZ� , cZZ = c�� +
g2L � g2Y
gY gL

cZ� , (4)

where gL and gY are the SU(2)L and U(1)Y gauge
couplings, respectively. The SM limit is achieved by
cV = cq = c` = 1 and c�� = cgg = cZ� = 0. In con-
trast with existing Higgs fits, as in e.g. Refs [3, 4, 6, 7],
we leave the charm Yukawa coupling as a free parame-
ter of the fit. Current Higgs data are very unlikely to
be sensitive to Higgs couplings to e, µ, and u, d, s, as
the latter are already very small in the SM. We thus set
ce,µ = cu,d,s = 1 in the following. We are left with at
most eight independent free parameters: cV , cc,b,t, c⌧ ,
cgg, c�� and cZ� .

The Higgs rates measurements at the LHC are pre-
sented in the form of signal strengths defined as

µf ⌘ �pp!h BRh!f

�SM
pp!h BR

SM
h!f

, (5)

for each final state f , where �pp!h and BRh!f are the
Higgs production cross-section and branching ratio, re-
spectively, while the SM label denotes their correspond-
ing SM predictions. Similar signal strengths measured at
the Tevatron are obtained from Eq. (5) through the re-
placement pp ! pp̄. We perform a standard �2 analysis

in order to fit the coe�cients in Eq. (1) to current Higgs
data. The total �2 function is

�2 =
X

f,i

⇣
µth
f,i � µex

f,i

⌘2

�2
f,i

, (6)

where the index i runs over all measurements of the chan-
nel f and correlations between di↵erent channels are ne-
glected. µex

f,i and �f,i denote the experimental central val-
ues and their corresponding standard deviations, respec-
tively. Asymmetric experimental errors are symmetrized.
We consider the most updated set of Higgs measurements
in h ! WW ⇤, ZZ⇤, �� and ⌧ ⌧̄ channels from ATLAS [9],
CMS [11] and Tevatron [15] collaborations. We include
the recent h ! bb̄ search in vector-boson associated pro-
duction at ATLAS [10] and CMS [13] and in vector-
boson fusion at CMS [12], and the h ! Z� search at
CMS [14]. µth

f,i are the theoretical signal strength pre-
dictions, which incorporate the e�ciencies quoted by the
experimental collaborations, whenever available. The-
oretical predictions for Higgs signal strengths in terms
of the e↵ective coe�cients in Eq. (1) can be found in
Ref. [3] (the recommended SM Higgs production cross
sections and branching ratios are taken from [16]). We
however add the following two modifications in order to
implement a charm Yukawa coupling significantly di↵er-
ent than in its SM value. First of all, we include the
charm loop contribution in the gluon fusion cross-section

as �gg!h/�
SM
gg!h ' |ĉgg|2 /

��ĉSMgg
��2 with

ĉgg = cgg + 10�2
h
1.28ct � (0.066� 0.088i) cb

� (0.014� 0.011i) cc
i
, (7)

and ĉSMgg ' 0.012 . Then, we include the charm fusion
cross-section as �cc̄!h ' 0.008 c2c �

SM
gg!h, where the

charm fusion to gluon fusion cross-section ratio is eval-
uated at next-to-leading order in QCD. We transposed
the NLO bottom fusion cross-section obtained in Ref. [8]
in order to estimated �SM

cc̄!h.

We mainly focus on two di↵erent scenarios, where

a) all Higgs couplings but the charm Yukawa are SM-like.

b) all the Higgs couplings but the charm Yukawa and cgg
are SM-like.

(The general case, where all indepedent parameters are
allowed to deviate from the SM is discussed in Ap-
pendix A.) In both cases, �2 only depends on |cc|2, up to
a small interference e↵ect with top and bottom loops in
gluon fusion production. Hence, there is almost no sen-
sitivity to the sign of the charm Yukawa coupling. For
simplicity we consider positive cc in the following. �2

minimization yields

cc  4.1 (8.3) , at 95.4% CLs , (8)
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FIG. 1: ��2 = �2 � �2
min as a function of the charm Yukawa

coupling cc. The black and red curves correspond respectively
to case a), where all Higgs coupling but the charm Yukawa
are SM-like, case b), where only cc and cgg deviate from the
SM and marginalizing over the latter. Horizontal dashed lines
denotes the 68% and 95.4% CL (��2 = 1 and 4, respectively).

for the first (second) cases defined above. The bound
in case b) is obtained upon marginalizing over the cgg
coupling. Larger charm Yukawa coupling is allowed in
case b), relative to case a), due to a further enhance-
ment of the Higgs production cross-section from cgg > 0.
��2 ⌘ �2��2

min as a function of cc for both cases is shown
in Fig. 1. For case b), we also show in Fig. 2 the 68.3%
and 95.4% CLs region in the cc � cgg plane. h ! WW ⇤

is the most significant channel which dominantly drives
the �2 fit. Since µWW⇤ . 1 at both ATLAS and CMS
experiments, a total Higgs width slightly larger than in
the SM is favored. This reflects into the fact the �2 is
minimized by a larger charm Yukawa, cc & 1, as shown in
Fig. 1. Excluding the h ! WW ⇤ channel, the remaining
average signal strength becomes & 1 and the �2 fit favors
lower values of cc.

We conclude that without additional new physics con-
tributions to Higgs production (other than charm fusion)
a charm Yukawa as large as about four times its SM
value, is consistent with current Higgs data within 95.4%
CL. Even larger charm Yukawa couplings are allowed at
95.4% CL, provided that there is a conjoint O(1) en-
hancement in gluon fusion production from a new physics
source. Such a large charm Yukawa would significantly
reduce h ! bb̄ signals in vector-boson associated Higgs
production.

III. OBSERVABILITY OF h ! cc̄ AT THE LHC

We showed in the previous section that a Higgs cou-
pling to cc̄ significantly larger than in the SM is allowed
by current Higgs data. We argue here that such a large
coupling yields important e↵ects in channels where the
Higgs boson decays into bottom pairs. In particular, one
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FIG. 2: 68.3% (solid) and 95.4% (dashed) CL regions in the
cc � cgg plane in case b) where only the charm Yukawa and
Higgs to gluon couplings are allowed to deviate from their
SM values. The red dot represents the best fit point. ĉSMgg '
0.012 .

expects a significant suppression of µbb̄ in vector-boson
associated prodution, due to a sizable enhancement of
BRh!cc̄ relative to the SM. We also demonstrate that
the associated production signal can be partially recov-
ered by using the recently developed charm-tagging tech-
nique [5] YS: is it the right ref?. We identify three
interesting phenomenological aspects of having a large
charm Yukawa coupling. YS: should we break to a

new paragraph here? First of all, bb̄ signal strengths
in associated production are suppressed due to the larger
Higgs width which reduces the branching ratio into bot-
tom pairs as

BRh!bb̄ =
BRSM

h!bb̄

1 + (|cc|2 � 1)BRSM
h!cc̄

. (9)

We obtain from Eqs. (8) and (9) that µbb̄ can be as low as
⇠ 0.7 and ⇠ 0.3, assuming pure vector-boson associated
production, and still be consistent at 95.4% CL with all
other Higgs data. (We neglected in case b) the subdom-
inant increase in the Higgs width coming from cgg > 0
which would further suppress in BRh!bb̄.)
Then, we stress that there is an anti-correlation be-

tween µbb̄ and µcc̄ signal strengths. Indeed production
cross-sections are the same for both channels, while in-
creasing the charm Yukawa coupling (cc > 1) lead to a
suppressed branching ratio into bb̄ and an enhanced one
into cc̄. More precisely, in case a) where only the charm
coupling has non-standard value, the signal strengths
into bottom pairs and charm pairs are simply propor-
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FIG. 3: µcc̄ vs. µbb̄ for case b) where both cc and cgg are not
SM-like. E�ciencies of the ATLAS analysis [10] are assumed
for both signal strengths. The red (brown) region is consistent
within 68.3% and 95.4% CL with Higgs data. The black dot
represents the best fit point.

tional to each other, µcc̄ = |cc|2µbb̄ . We find that this
strong anti-correlation remains also in the presence of an
additional new physics source of gluon fusion production
(cgg 6= 0), as illustrated in Fig. 3. Fig. 3 shows the re-
gions of the µbb̄ � µcc̄ plane consistent within 68.3% and
95.4% CL with Higgs data. The signal strengths in Fig. 3
are evaluated assuming the ATLAS bb̄ search e�ciencies
in associated Higgs production [10].

Finally, we find that the combined signal strength into
bottom and charm pairs can be relatively enhanced com-
pared to that of only bottom pairs, despite the smaller
charm-tagging e�ciency. We define the combined signal
strength into bb̄ and cc̄ as

µbb̄+cc̄ ⌘
�pp!h

�
✏2bBRh!bb̄ + ✏2cBRh!cc̄

�

�SM
pp!h

�
✏2bBR

SM
h!bb̄ + ✏2cBR

SM
h!cc̄

� (10)

where ✏b ' 0.7 [10] and ✏c are the tagging e�ciencies
for bottom and charm jets. We implicitly assumed in
Eq. (10) that the only di↵erence between cc̄ and bb̄ anal-
yses is the tagging e�ciency, and that, in particular, the
production cross-section is the same in both cases. [CD:

comment more on charm tagging experimental

delicacies here?] We also define the ratio of the com-
bined and bottom only signal strengths as

R ⌘ µbb̄+cc̄

µbb̄
=

1 + |cc|2 rcb
1 + rcb

, (11)

where rcb ⌘ ✏2c/✏
2
b ⇥ (BRSM

h!cc̄/BR
SM
h!bb̄) and we explicitly

use cb = 1. Assuming a 40% charm-tagging e�ciency and
using recommended branching ratio values for a 126GeV
SM Higgs [16], the upper bound Eq. (8) derived from
fitting current Higgs data implies

R < 1.3(2.1) , at 95.4% CLs , (12)

for the case a) (b)) defined above.
We showed that the bottom pair signal strength in as-

sociated Higgs production can be significantly reduced,
relative to the SM, in the presence of a largely enhanced
charm Yukawa coupling, since the Higgs decay to charm
pairs is becoming as important. Eq. (12) shows that
charm-tagging can then be used to bring the associated
Higgs production signal back to its SM level where only
b-jets are tagged.

IV. CHARM COUPLING BEYOND THE SM

Modified Higgs couplings to fermions typically arise in
many theories beyond the SM. We consider here di↵erent
theoretical frameworks which illustrate the possibility
of charm Yukawa couplings significantly larger than its
SM value. We begin with an e↵ective field theory (EFT)
discussion, where new physics above the weak scale is
described by a set of higher-dimensional operators, in
order to stress that Higgs coupling to charm is a priori

not necessarily related to the small charm mass. We
then discuss how large the charm Yukawa coupling can
deviate from the SM within specific new physics scenar-
ios. In particular, we show that it is possible to obtain
cc � 1, with all other couplings SM-like, in a two Higgs
doublet model (2HDM) with minimal flavor violation
(MFV) and in a General MFV (GMFV) [19] scenario
with only one Higgs doublet. We finally comment on
composite models where the Higgs field is realized as
pseudo-Nambu–Goldstone boson (pNGB).

Within the EFT framework the Higgs to charm cou-
pling is modified in the presence of dimension six opera-
tor. The relevant operators in the up-type quark sector
are

LEFT � �u
ijQ̄iH̃Uj +

guij
⇤2

Q̄iH̃Uj

�
H†H

�
+ h.c. , (13)

where the first term is the marginal up-type Yukawa
operator of the SM and the second term is a dimen-
sion six operator suppressed by the new physics scale
⇤. Qi and Ui, with i = 1, 2, 3, are the SM quark left-
handed doublets and right-handed singlets, respectively,
and H is the Higgs doublet, with H̃ = i�2H

⇤. �u and
gu are generic complex 3 ⇥ 3 matrices in flavor space.
Setting the Higgs field to its vacuum expectation value
H = (0, (v+h)/

p
2)T , the mass and linear Higgs coupling

2

We follow the approach of Ref. [3] to globally fit avail-
able Higgs data. We consider both direct data from
Higgs rate measurements at the LHC and indirect con-
straints from EW precision measurements at LEP. We
assume that there is only one Higgs scalar h of mass mass
mh = 126GeV, which is a singlet of the custodial symme-
try preserved by the EW symmetry breaking (EWSB).
The Higgs interactions with other SM particles are as-
sumed to be flavor-conserving and parameterized by the
e↵ective Lagrangian

Le↵ = L0 + L2 , (1)

where interactions to zeroth-order in derivatives are

L0 =
h

v

h
cV

�
2m2

WW+
µ Wµ� +m2

ZZµZ
µ
�

�
X

q

cqmq q̄q �
X

`

c`m`
¯̀̀
i
, (2)

and interactions to next-to-leading order in derivatives
are

L2 =
h

4v

h
cggG

a
µ⌫G

µ⌫a � c��Fµ⌫F
µ⌫ � 2cWWW+

µ⌫W
µ⌫�

�2cZ�Fµ⌫Z
µ⌫ � cZZZµ⌫Z

µ⌫
i
. (3)

q = u, d, s, c, b, t and ` = e, µ, ⌧ are the SM massive
quarks and charged leptons, v = 246GeV is the EWSB
scale, Wµ, Zµ, Aµ and Gµ are the SM gauge fields with
the corresponding fields strength tensors. The underly-
ing custodial symmetry imposes the following relations
among couplings in L2 [3]

cWW = c�� +
gL
gY

cZ� , cZZ = c�� +
g2L � g2Y
gY gL

cZ� , (4)

where gL and gY are the SU(2)L and U(1)Y gauge
couplings, respectively. The SM limit is achieved by
cV = cq = c` = 1 and c�� = cgg = cZ� = 0. In con-
trast with existing Higgs fits, as in e.g. Refs [3, 4, 6, 7],
we leave the charm Yukawa coupling as a free parame-
ter of the fit. Current Higgs data are very unlikely to
be sensitive to Higgs couplings to e, µ, and u, d, s, as
the latter are already very small in the SM. We thus set
ce,µ = cu,d,s = 1 in the following. We are left with at
most eight independent free parameters: cV , cc,b,t, c⌧ ,
cgg, c�� and cZ� .

The Higgs rates measurements at the LHC are pre-
sented in the form of signal strengths defined as

µf ⌘ �pp!h BRh!f

�SM
pp!h BR

SM
h!f

, (5)

for each final state f , where �pp!h and BRh!f are the
Higgs production cross-section and branching ratio, re-
spectively, while the SM label denotes their correspond-
ing SM predictions. Similar signal strengths measured at
the Tevatron are obtained from Eq. (5) through the re-
placement pp ! pp̄. We perform a standard �2 analysis

in order to fit the coe�cients in Eq. (1) to current Higgs
data. The total �2 function is

�2 =
X

f,i

⇣
µth
f,i � µex

f,i

⌘2

�2
f,i

, (6)

where the index i runs over all measurements of the chan-
nel f and correlations between di↵erent channels are ne-
glected. µex

f,i and �f,i denote the experimental central val-
ues and their corresponding standard deviations, respec-
tively. Asymmetric experimental errors are symmetrized.
We consider the most updated set of Higgs measurements
in h ! WW ⇤, ZZ⇤, �� and ⌧ ⌧̄ channels from ATLAS [9],
CMS [11] and Tevatron [15] collaborations. We include
the recent h ! bb̄ search in vector-boson associated pro-
duction at ATLAS [10] and CMS [13] and in vector-
boson fusion at CMS [12], and the h ! Z� search at
CMS [14]. µth

f,i are the theoretical signal strength pre-
dictions, which incorporate the e�ciencies quoted by the
experimental collaborations, whenever available. The-
oretical predictions for Higgs signal strengths in terms
of the e↵ective coe�cients in Eq. (1) can be found in
Ref. [3] (the recommended SM Higgs production cross
sections and branching ratios are taken from [16]). We
however add the following two modifications in order to
implement a charm Yukawa coupling significantly di↵er-
ent than in its SM value. First of all, we include the
charm loop contribution in the gluon fusion cross-section

as �gg!h/�
SM
gg!h ' |ĉgg|2 /

��ĉSMgg
��2 with

ĉgg = cgg + 10�2
h
1.28ct � (0.066� 0.088i) cb

� (0.014� 0.011i) cc
i
, (7)

and ĉSMgg ' 0.012 . Then, we include the charm fusion
cross-section as �cc̄!h ' 0.008 c2c �

SM
gg!h, where the

charm fusion to gluon fusion cross-section ratio is eval-
uated at next-to-leading order in QCD. We transposed
the NLO bottom fusion cross-section obtained in Ref. [8]
in order to estimated �SM

cc̄!h.

We mainly focus on two di↵erent scenarios, where

a) all Higgs couplings but the charm Yukawa are SM-like.

b) all the Higgs couplings but the charm Yukawa and cgg
are SM-like.

(The general case, where all indepedent parameters are
allowed to deviate from the SM is discussed in Ap-
pendix A.) In both cases, �2 only depends on |cc|2, up to
a small interference e↵ect with top and bottom loops in
gluon fusion production. Hence, there is almost no sen-
sitivity to the sign of the charm Yukawa coupling. For
simplicity we consider positive cc in the following. �2

minimization yields

cc  4.1 (8.3) , at 95.4% CLs , (8)
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FIG. 3: µcc̄ vs. µbb̄ for case b) where both cc and cgg are not
SM-like. E�ciencies of the ATLAS analysis [10] are assumed
for both signal strengths. The red (brown) region is consistent
within 68.3% and 95.4% CL with Higgs data. The black dot
represents the best fit point.

tional to each other, µcc̄ = |cc|2µbb̄ . We find that this
strong anti-correlation remains also in the presence of an
additional new physics source of gluon fusion production
(cgg 6= 0), as illustrated in Fig. 3. Fig. 3 shows the re-
gions of the µbb̄ � µcc̄ plane consistent within 68.3% and
95.4% CL with Higgs data. The signal strengths in Fig. 3
are evaluated assuming the ATLAS bb̄ search e�ciencies
in associated Higgs production [10].

Finally, we find that the combined signal strength into
bottom and charm pairs can be relatively enhanced com-
pared to that of only bottom pairs, despite the smaller
charm-tagging e�ciency. We define the combined signal
strength into bb̄ and cc̄ as

µbb̄+cc̄ ⌘
�pp!h

�
✏2bBRh!bb̄ + ✏2cBRh!cc̄

�

�SM
pp!h

�
✏2bBR

SM
h!bb̄ + ✏2cBR

SM
h!cc̄

� (10)

where ✏b ' 0.7 [10] and ✏c are the tagging e�ciencies
for bottom and charm jets. We implicitly assumed in
Eq. (10) that the only di↵erence between cc̄ and bb̄ anal-
yses is the tagging e�ciency, and that, in particular, the
production cross-section is the same in both cases. [CD:

comment more on charm tagging experimental

delicacies here?] We also define the ratio of the com-
bined and bottom only signal strengths as

R ⌘ µbb̄+cc̄

µbb̄
=

1 + |cc|2 rcb
1 + rcb

, (11)

where rcb ⌘ ✏2c/✏
2
b ⇥ (BRSM

h!cc̄/BR
SM
h!bb̄) and we explicitly

use cb = 1. Assuming a 40% charm-tagging e�ciency and
using recommended branching ratio values for a 126GeV
SM Higgs [16], the upper bound Eq. (8) derived from
fitting current Higgs data implies

R < 1.3(2.1) , at 95.4% CLs , (12)

for the case a) (b)) defined above.
We showed that the bottom pair signal strength in as-

sociated Higgs production can be significantly reduced,
relative to the SM, in the presence of a largely enhanced
charm Yukawa coupling, since the Higgs decay to charm
pairs is becoming as important. Eq. (12) shows that
charm-tagging can then be used to bring the associated
Higgs production signal back to its SM level where only
b-jets are tagged.

IV. CHARM COUPLING BEYOND THE SM

Modified Higgs couplings to fermions typically arise in
many theories beyond the SM. We consider here di↵erent
theoretical frameworks which illustrate the possibility
of charm Yukawa couplings significantly larger than its
SM value. We begin with an e↵ective field theory (EFT)
discussion, where new physics above the weak scale is
described by a set of higher-dimensional operators, in
order to stress that Higgs coupling to charm is a priori

not necessarily related to the small charm mass. We
then discuss how large the charm Yukawa coupling can
deviate from the SM within specific new physics scenar-
ios. In particular, we show that it is possible to obtain
cc � 1, with all other couplings SM-like, in a two Higgs
doublet model (2HDM) with minimal flavor violation
(MFV) and in a General MFV (GMFV) [19] scenario
with only one Higgs doublet. We finally comment on
composite models where the Higgs field is realized as
pseudo-Nambu–Goldstone boson (pNGB).

Within the EFT framework the Higgs to charm cou-
pling is modified in the presence of dimension six opera-
tor. The relevant operators in the up-type quark sector
are

LEFT � �u
ijQ̄iH̃Uj +

guij
⇤2

Q̄iH̃Uj

�
H†H

�
+ h.c. , (13)

where the first term is the marginal up-type Yukawa
operator of the SM and the second term is a dimen-
sion six operator suppressed by the new physics scale
⇤. Qi and Ui, with i = 1, 2, 3, are the SM quark left-
handed doublets and right-handed singlets, respectively,
and H is the Higgs doublet, with H̃ = i�2H

⇤. �u and
gu are generic complex 3 ⇥ 3 matrices in flavor space.
Setting the Higgs field to its vacuum expectation value
H = (0, (v+h)/

p
2)T , the mass and linear Higgs coupling
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FIG. 3: µcc̄ vs. µbb̄ for case b) where both cc and cgg are not
SM-like. E�ciencies of the ATLAS analysis [10] are assumed
for both signal strengths. The red (brown) region is consistent
within 68.3% and 95.4% CL with Higgs data. The black dot
represents the best fit point.

tional to each other, µcc̄ = |cc|2µbb̄ . We find that this
strong anti-correlation remains also in the presence of an
additional new physics source of gluon fusion production
(cgg 6= 0), as illustrated in Fig. 3. Fig. 3 shows the re-
gions of the µbb̄ � µcc̄ plane consistent within 68.3% and
95.4% CL with Higgs data. The signal strengths in Fig. 3
are evaluated assuming the ATLAS bb̄ search e�ciencies
in associated Higgs production [10].

Finally, we find that the combined signal strength into
bottom and charm pairs can be relatively enhanced com-
pared to that of only bottom pairs, despite the smaller
charm-tagging e�ciency. We define the combined signal
strength into bb̄ and cc̄ as

µbb̄+cc̄ ⌘
�pp!h

�
✏2bBRh!bb̄ + ✏2cBRh!cc̄

�

�SM
pp!h

�
✏2bBR

SM
h!bb̄ + ✏2cBR

SM
h!cc̄

� (10)

where ✏b ' 0.7 [10] and ✏c are the tagging e�ciencies
for bottom and charm jets. We implicitly assumed in
Eq. (10) that the only di↵erence between cc̄ and bb̄ anal-
yses is the tagging e�ciency, and that, in particular, the
production cross-section is the same in both cases. [CD:

comment more on charm tagging experimental

delicacies here?] We also define the ratio of the com-
bined and bottom only signal strengths as

R ⌘ µbb̄+cc̄

µbb̄
=

1 + |cc|2 rcb
1 + rcb

, (11)

where rcb ⌘ ✏2c/✏
2
b ⇥ (BRSM

h!cc̄/BR
SM
h!bb̄) and we explicitly

use cb = 1. Assuming a 40% charm-tagging e�ciency and
using recommended branching ratio values for a 126GeV
SM Higgs [16], the upper bound Eq. (8) derived from
fitting current Higgs data implies

R < 1.3(2.1) , at 95.4% CLs , (12)

for the case a) (b)) defined above.
We showed that the bottom pair signal strength in as-

sociated Higgs production can be significantly reduced,
relative to the SM, in the presence of a largely enhanced
charm Yukawa coupling, since the Higgs decay to charm
pairs is becoming as important. Eq. (12) shows that
charm-tagging can then be used to bring the associated
Higgs production signal back to its SM level where only
b-jets are tagged.

IV. CHARM COUPLING BEYOND THE SM

Modified Higgs couplings to fermions typically arise in
many theories beyond the SM. We consider here di↵erent
theoretical frameworks which illustrate the possibility
of charm Yukawa couplings significantly larger than its
SM value. We begin with an e↵ective field theory (EFT)
discussion, where new physics above the weak scale is
described by a set of higher-dimensional operators, in
order to stress that Higgs coupling to charm is a priori

not necessarily related to the small charm mass. We
then discuss how large the charm Yukawa coupling can
deviate from the SM within specific new physics scenar-
ios. In particular, we show that it is possible to obtain
cc � 1, with all other couplings SM-like, in a two Higgs
doublet model (2HDM) with minimal flavor violation
(MFV) and in a General MFV (GMFV) [19] scenario
with only one Higgs doublet. We finally comment on
composite models where the Higgs field is realized as
pseudo-Nambu–Goldstone boson (pNGB).

Within the EFT framework the Higgs to charm cou-
pling is modified in the presence of dimension six opera-
tor. The relevant operators in the up-type quark sector
are

LEFT � �u
ijQ̄iH̃Uj +

guij
⇤2

Q̄iH̃Uj

�
H†H

�
+ h.c. , (13)

where the first term is the marginal up-type Yukawa
operator of the SM and the second term is a dimen-
sion six operator suppressed by the new physics scale
⇤. Qi and Ui, with i = 1, 2, 3, are the SM quark left-
handed doublets and right-handed singlets, respectively,
and H is the Higgs doublet, with H̃ = i�2H

⇤. �u and
gu are generic complex 3 ⇥ 3 matrices in flavor space.
Setting the Higgs field to its vacuum expectation value
H = (0, (v+h)/

p
2)T , the mass and linear Higgs coupling
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FIG. 3: µcc̄ vs. µbb̄ for case b) where both cc and cgg are not
SM-like. E�ciencies of the ATLAS analysis [10] are assumed
for both signal strengths. The red (brown) region is consistent
within 68.3% and 95.4% CL with Higgs data. The black dot
represents the best fit point.

tional to each other, µcc̄ = |cc|2µbb̄ . We find that this
strong anti-correlation remains also in the presence of an
additional new physics source of gluon fusion production
(cgg 6= 0), as illustrated in Fig. 3. Fig. 3 shows the re-
gions of the µbb̄ � µcc̄ plane consistent within 68.3% and
95.4% CL with Higgs data. The signal strengths in Fig. 3
are evaluated assuming the ATLAS bb̄ search e�ciencies
in associated Higgs production [10].

Finally, we find that the combined signal strength into
bottom and charm pairs can be relatively enhanced com-
pared to that of only bottom pairs, despite the smaller
charm-tagging e�ciency. We define the combined signal
strength into bb̄ and cc̄ as

µbb̄+cc̄ ⌘
�pp!h

�
✏2bBRh!bb̄ + ✏2cBRh!cc̄

�

�SM
pp!h

�
✏2bBR

SM
h!bb̄ + ✏2cBR

SM
h!cc̄

� (10)

where ✏b ' 0.7 [10] and ✏c are the tagging e�ciencies
for bottom and charm jets. We implicitly assumed in
Eq. (10) that the only di↵erence between cc̄ and bb̄ anal-
yses is the tagging e�ciency, and that, in particular, the
production cross-section is the same in both cases. [CD:

comment more on charm tagging experimental

delicacies here?] We also define the ratio of the com-
bined and bottom only signal strengths as

R ⌘ µbb̄+cc̄

µbb̄
=

1 + |cc|2 rcb
1 + rcb

, (11)

where rcb ⌘ ✏2c/✏
2
b ⇥ (BRSM

h!cc̄/BR
SM
h!bb̄) and we explicitly

use cb = 1. Assuming a 40% charm-tagging e�ciency and
using recommended branching ratio values for a 126GeV
SM Higgs [16], the upper bound Eq. (8) derived from
fitting current Higgs data implies

R < 1.3(2.1) , at 95.4% CLs , (12)

for the case a) (b)) defined above.
We showed that the bottom pair signal strength in as-

sociated Higgs production can be significantly reduced,
relative to the SM, in the presence of a largely enhanced
charm Yukawa coupling, since the Higgs decay to charm
pairs is becoming as important. Eq. (12) shows that
charm-tagging can then be used to bring the associated
Higgs production signal back to its SM level where only
b-jets are tagged.
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FIG. 3: µcc̄ vs. µbb̄ for case b) where both cc and cgg are not
SM-like. E�ciencies of the ATLAS analysis [10] are assumed
for both signal strengths. The red (brown) region is consistent
within 68.3% and 95.4% CL with Higgs data. The black dot
represents the best fit point.
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FIG. 1: ��2 = �2 � �2
min as a function of the charm Yukawa

coupling cc. The black and red curves correspond respectively
to case a), where all Higgs coupling but the charm Yukawa
are SM-like, case b), where only cc and cgg deviate from the
SM and marginalizing over the latter. Horizontal dashed lines
denotes the 68% and 95.4% CL (��2 = 1 and 4, respectively).

for the first (second) cases defined above. The bound
in case b) is obtained upon marginalizing over the cgg
coupling. Larger charm Yukawa coupling is allowed in
case b), relative to case a), due to a further enhance-
ment of the Higgs production cross-section from cgg > 0.
��2 ⌘ �2��2

min as a function of cc for both cases is shown
in Fig. 1. For case b), we also show in Fig. 2 the 68.3%
and 95.4% CLs region in the cc � cgg plane. h ! WW ⇤

is the most significant channel which dominantly drives
the �2 fit. Since µWW⇤ . 1 at both ATLAS and CMS
experiments, a total Higgs width slightly larger than in
the SM is favored. This reflects into the fact the �2 is
minimized by a larger charm Yukawa, cc & 1, as shown in
Fig. 1. Excluding the h ! WW ⇤ channel, the remaining
average signal strength becomes & 1 and the �2 fit favors
lower values of cc.

We conclude that without additional new physics con-
tributions to Higgs production (other than charm fusion)
a charm Yukawa as large as about four times its SM
value, is consistent with current Higgs data within 95.4%
CL. Even larger charm Yukawa couplings are allowed at
95.4% CL, provided that there is a conjoint O(1) en-
hancement in gluon fusion production from a new physics
source. Such a large charm Yukawa would significantly
reduce h ! bb̄ signals in vector-boson associated Higgs
production.

III. OBSERVABILITY OF h ! cc̄ AT THE LHC

We showed in the previous section that a Higgs cou-
pling to cc̄ significantly larger than in the SM is allowed
by current Higgs data. We argue here that such a large
coupling yields important e↵ects in channels where the
Higgs boson decays into bottom pairs. In particular, one
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FIG. 2: 68.3% (solid) and 95.4% (dashed) CL regions in the
cc � cgg plane in case b) where only the charm Yukawa and
Higgs to gluon couplings are allowed to deviate from their
SM values. The red dot represents the best fit point. ĉSMgg '
0.012 .

expects a significant suppression of µbb̄ in vector-boson
associated prodution, due to a sizable enhancement of
BRh!cc̄ relative to the SM. We also demonstrate that
the associated production signal can be partially recov-
ered by using the recently developed charm-tagging tech-
nique [5] YS: is it the right ref?. We identify three
interesting phenomenological aspects of having a large
charm Yukawa coupling. YS: should we break to a

new paragraph here? First of all, bb̄ signal strengths
in associated production are suppressed due to the larger
Higgs width which reduces the branching ratio into bot-
tom pairs as

BRh!bb̄ =
BRSM

h!bb̄

1 + (|cc|2 � 1)BRSM
h!cc̄

. (9)

We obtain from Eqs. (8) and (9) that µbb̄ can be as low as
⇠ 0.7 and ⇠ 0.3, assuming pure vector-boson associated
production, and still be consistent at 95.4% CL with all
other Higgs data. (We neglected in case b) the subdom-
inant increase in the Higgs width coming from cgg > 0
which would further suppress in BRh!bb̄.)
Then, we stress that there is an anti-correlation be-

tween µbb̄ and µcc̄ signal strengths. Indeed production
cross-sections are the same for both channels, while in-
creasing the charm Yukawa coupling (cc > 1) lead to a
suppressed branching ratio into bb̄ and an enhanced one
into cc̄. More precisely, in case a) where only the charm
coupling has non-standard value, the signal strengths
into bottom pairs and charm pairs are simply propor-
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A completely analogous asymmetry can be defined for
the process h1h2 → W−h → l−ν̄bb̄. The up-down asym-
metry is expected to be of opposite sign relative to the
process leading to l+ because charge conjugation of the
W decay amplitude is equivalent to taking φ → −φ. The
statistical significance of the asymmetry for negatively
charged leptons, however, would be smaller since down
quark PDFs are smaller than up quark PDFs in the pro-
ton. Although the up-down asymmetry inW− associated
Higgs production is less sensitive to the CP-odd vertex
in hWW , its measurement could be used as an indepen-
dent test of the asymmetry measured in W+ associated
production.
We now evaluate the expected up-down asymmetry in

Eq. (9) at the Tevatron (
√
s = 1.96TeV) and the LHC

with
√
s = 14TeV. For illustration, we focus on the case

where AW = ASM
W = 1, BW = BSM

W = 0 and CW $= 0.
Although CW could be a generic form factor, we consider
constant CW for simplicity. The leading contributions in
an effective field theory expansion to the form factors
in Eq. (1) are momentum independent, as we discuss in
the next section. Hence, we take CW = 4/Λ2, where Λ
is the scale of the dimension six operator ÕWW defined
in Eq. (15). We use the CTEQ6L1 [11] PDF sets at
leading order to compute the hadronic cross-sections and
MadGraph 5 [12] to simulate events.
In pp̄ collisions at the Tevatron it is far more likely

that q arises from the proton, i.e. Lqq̄ ′ % Lq̄ ′q, and the
up-down asymmetry is well approximated by

App̄
CP &

∫
dτ Lqq̄ ′(τ) [σ̂φ>0(τ)− σ̂φ<0(τ)]∫
dτ Lqq̄ ′(τ) [σ̂φ>0(τ) + σ̂φ<0(τ)]

. (12)

For Λ = 500GeV and 1TeV, the inclusive asymmetries
are App̄

CP & −23% and −6.3%, respectively. Such asym-
metries are however unlikely to be observed at the Teva-
tron due to small statistics.
At the LHC, the initial pp state is symmetric under

parity, Lqq̄ ′ = Lq̄ ′q, thus without further cuts A
pp
CP = 0.

Any asymmetry induced in qq̄ ′ events is exactly com-
pensated by q̄ ′q ones. A simple way of overcoming this
is by breaking the parity invariance of the initial pp state
by selecting events for which the partonic cmf is boosted
relative to the laboratory. As the valence quark tend to
carry a larger momenta fraction than the sea anti-quarks
the direction of the boost is correlated with the direc-
tion of the incoming quark and can be used to define the
production plane.
The boost of the partonic cmf relative to the pp frame

is characterized by yWh, the rapidity of the W and h
bosons pair in the laboratory frame. For events with
yWh > 0 and for Λ = 500GeV and 1TeV, the result-
ing up-down asymmetries are App

CP & −14% and −4.1%,
respectively. The W rapidity may not be reconstructed
well enough experimentally due to the missing neutrino,
leading to a poor estimation of the partonic cmf boost.
One possible alternative is to trade the W rapidity for
that of the lepton and select events for which the rapid-
ity of the lepton and the Higgs boson pair in the labora-
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FIG. 2: Contours of the up-down asymmetry ACP in associ-
ated Wh production expected at the LHC with

√
s = 14TeV

as a function of cuts on the Wh pair rapidity yWh and in-
variant mass mWh (top) and on the lh pair rapidity ylh and
invariant mass mlh (bottom). The hWW vertex is that of
Eq. (1) assuming AW = ASM

W = 1, BW = BSM
W = 0 and

CW = 4/Λ2 with Λ = 500GeV (red) and Λ = 1TeV (black).

tory frame, ylh, has same sign. For events with ylh > 0,
we find App

CP & −13% and −3.6% for Λ = 500GeV and
1TeV, respectively. Interestingly, using the lepton mo-
mentum instead of the W momentum leaves the asym-
metry almost intact. Since the “lepton-based” up-down
asymmetry avoids reconstructing the W boson rapidity
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FIG. 2: Contours of the up-down asymmetry ACP in associ-
ated Wh production expected at the LHC with

√
s = 14TeV

as a function of cuts on the Wh pair rapidity yWh and in-
variant mass mWh (top) and on the lh pair rapidity ylh and
invariant mass mlh (bottom). The hWW vertex is that of
Eq. (1) assuming AW = ASM

W = 1, BW = BSM
W = 0 and

CW = 4/Λ2 with Λ = 500GeV (red) and Λ = 1TeV (black).
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we find App
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1TeV, respectively. Interestingly, using the lepton mo-
mentum instead of the W momentum leaves the asym-
metry almost intact. Since the “lepton-based” up-down
asymmetry avoids reconstructing the W boson rapidity
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it is likely to be the most effective probe of the CP-odd
hWW vertex. If statistics permits, better sensitivity to
larger scales Λ can be obtained by cutting harder on the
invariant mass of the final states or/and on their aver-
age rapidity. We show in Fig. 2 the expected ACP at the
14TeV LHC as a function of cuts imposed on Wh and
lh systems.
The most important feature that the plots in Fig. 2

reveal is that the up-down asymmetry can be sizable, its
magnitude reaching as much as 40%-50% even when the
scale Λ suppressing the operator contributing to CW is
as large as 1 TeV. The top (bottom) plot in Fig. 2 uses as
variables the rapidity and invariant mass of the Wh (lh)
system. The two plots in Fig. 2 are quite similar quali-
tatively, which shows that the process of reconstructing
the momentum of the W is not necessary and the ex-
periments can rely on the straightforward measurement
of the charged lepton momentum from W decays. The
asymmetry is small near the production threshold that
is at small invariant masses of Wh, or of lh by proxy,
as we already noted in Section II. The CP-violating
coupling CW is proportional to momenta, thus it van-
ishes at threshold. For very large Wh or lh invariant
masses the asymmetry decreases somewhat as the total
cross section starts receiving sizable contributions from
the square of CW , which is negligible at small invariant
masses, and this dampens the magnitude of the asym-
metry. This effect is particularly pronounced for smaller
scales Λ. Tightening the cut on the rapidity of Wh or lh
yields modest increases of the magnitude of the asymme-
try as this cut reduces the probability of misidentifying
the quark direction, however tighter cuts swiftly decrease
statistics.
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FIG. 3: Differential distribution of pp → W+h → l+νbb nor-
malized to the total cross-section as a function of the l+h
invariant mass mlh.

Fig. 3 shows the differential cross section for the associ-
ated Higgs production in the presence of the CW coupling
in Eq. (1). The cross section is plotted as a function of the
lh invariant mass and illustrates how the contribution of
CW to the cross section grows with increasing invariant
mass mlh. For Λ = 500 GeV, the cross section receives

substantial contributions from CW at large mlh as is ex-
pected to arise from the presence of irrelevant operator.
For Λ = 1 TeV, the cross section barely differs from the
SM cross section. Despite this, the up-down asymmetry
can be large when Λ = 1 TeV because the asymmetry
depends linearly on CW , while the cross section scales as
C2

W . Note that naive dimensional analysis suggests that
the scale in which the effective field theory description is
expected to break down is roughly 4πΛ/g. This is well
above the Wh invariant mass scale that can be probed
by the experiments in the near future.

IV. EFFECTIVE OPERATOR BASIS

We now turn to a possible origin of the couplings in
Eq. (1) and to constraints on these couplings. As of yet
there is no sign of physics beyond SM, so it is compelling
to assume that new physics is heavy compared to the
masses of SM particles and that new physics respects the
SM gauge symmetries. At energies too low to produce
new states on-shell one can characterize new physics by
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We denoted the SM Higgs doublet as H, the SU(2)L
and U(1)Y gauge field strength tensors as W a

µν and

Bµν , respectively, and the dual field strengths as Ṽµν =
εµναβV αβ/2.

The operators OWB and OH , included in Eq. (14), are
in a one-to-one correspondence with the S and T oblique
parameters [14]. The precision electroweak constraints
on S and T are so stringent that the coefficients of these

operators c−1/2
WB , c−1/2

H ! O(8TeV) [15]. For the pur-
pose of our discussion, we can assume that cWB and cH
are negligibly small as direct measurements of Higgs cou-
plings do not have enough accuracy to probe such high
scales in the foreseeable future. The remaining opera-
tors in Eq. (14) are not constrained by the LEP exper-
iments as they reduce to SM gauge kinetic terms when

5

it is likely to be the most effective probe of the CP-odd
hWW vertex. If statistics permits, better sensitivity to
larger scales Λ can be obtained by cutting harder on the
invariant mass of the final states or/and on their aver-
age rapidity. We show in Fig. 2 the expected ACP at the
14TeV LHC as a function of cuts imposed on Wh and
lh systems.
The most important feature that the plots in Fig. 2

reveal is that the up-down asymmetry can be sizable, its
magnitude reaching as much as 40%-50% even when the
scale Λ suppressing the operator contributing to CW is
as large as 1 TeV. The top (bottom) plot in Fig. 2 uses as
variables the rapidity and invariant mass of the Wh (lh)
system. The two plots in Fig. 2 are quite similar quali-
tatively, which shows that the process of reconstructing
the momentum of the W is not necessary and the ex-
periments can rely on the straightforward measurement
of the charged lepton momentum from W decays. The
asymmetry is small near the production threshold that
is at small invariant masses of Wh, or of lh by proxy,
as we already noted in Section II. The CP-violating
coupling CW is proportional to momenta, thus it van-
ishes at threshold. For very large Wh or lh invariant
masses the asymmetry decreases somewhat as the total
cross section starts receiving sizable contributions from
the square of CW , which is negligible at small invariant
masses, and this dampens the magnitude of the asym-
metry. This effect is particularly pronounced for smaller
scales Λ. Tightening the cut on the rapidity of Wh or lh
yields modest increases of the magnitude of the asymme-
try as this cut reduces the probability of misidentifying
the quark direction, however tighter cuts swiftly decrease
statistics.
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FIG. 3: Differential distribution of pp → W+h → l+νbb nor-
malized to the total cross-section as a function of the l+h
invariant mass mlh.

Fig. 3 shows the differential cross section for the associ-
ated Higgs production in the presence of the CW coupling
in Eq. (1). The cross section is plotted as a function of the
lh invariant mass and illustrates how the contribution of
CW to the cross section grows with increasing invariant
mass mlh. For Λ = 500 GeV, the cross section receives

substantial contributions from CW at large mlh as is ex-
pected to arise from the presence of irrelevant operator.
For Λ = 1 TeV, the cross section barely differs from the
SM cross section. Despite this, the up-down asymmetry
can be large when Λ = 1 TeV because the asymmetry
depends linearly on CW , while the cross section scales as
C2

W . Note that naive dimensional analysis suggests that
the scale in which the effective field theory description is
expected to break down is roughly 4πΛ/g. This is well
above the Wh invariant mass scale that can be probed
by the experiments in the near future.
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FIG. 1: Definition of the production and decay angles. The
W and h directions are drawn in the qq̄ ′ center-of-mass frame,
while the leptons are drawn in their parent W rest frame. φ
is the angle between the production plane and the W decay
plane.

for the transverse (Md
±) and longitudinal (Md

0) bosons.
As illustrated in Fig. 1, θl is the angle in the W rest
frame between the charged lepton momentum and the
direction of flight of the W as seen from the cmf, while
φ is the azimuthal angle between the production plane,
defined by the momenta of the incoming quark and the
outgoing Higgs boson, and the lν decay plane in the cmf.
Note that the decay amplitudes carry phases for non-zero
azimuthal angles that depend on the helicity eiλφ, where
λ = ±1, 0.
The differential cross-section for ud̄ → W+h → l+νh

reads dσ̂ = 1/(3ŝ)
∣∣M

∣∣2 dPSlνh , where
∣∣M

∣∣2 is the as-
sociated amplitude squared averaged (summed) over the
initial (final) fermion spins, the factor of 1/3 comes form
color average, and dPSlνh is the three-body relativistic
phase-space for l+νh final states. Using the NWA, the
cross section is well approximated by

dσ̂ " π

12ŝmWΓW

∣∣∣∣∣
∑

λ

Mp
λM

d
λ

∣∣∣∣∣

2

dPSWh dPSlν , (6)

where ΓW # mW is the W width. The amplitudes Mp,d
λ

are defined in Eqs. (2), (3), and (5), while the W helicity
sum runs over λ = ±1, 0. The phase space is expressed as
a product of dPSWh and dPSlν , which are the two-body
relativistic phase-spaces for the processes ud̄ → W+h
and W+ → l+ν, respectively. These reduce to dPSWh =
(β/16π)d cos θ in the cmf and dPSlν = (1/32π2)d cos θldφ
in the W rest frame.
The absolute value square of the helicity sum in Eq. (6)

decomposes as

∣∣∣∣∣
∑

λ

Mp
λM

d
λ

∣∣∣∣∣

2

=
∑

λ

|Mp
λ|

2 ∣∣Md
λ

∣∣2

+ 2
∑

λ>λ′

Re
[
Mp

λM
p ∗
λ′ Md

λMd ∗
λ′

]
, (7)

where the second term collects interferences between dif-
ferent helicity amplitudes. Using Eqs. (2), (3) and (5) it
is straightforward to check that interference effects vanish
when averaged over the azimuth angle φ, since helicity
is conserved, and that d2σ̂/d cos θd cos θl only depends
quadratically on CW . However, any observable probing
the azimuthal angle distribution is linearly sensitive to
CW . The simplest of such observables is the up-down
asymmetry

ÂCP ≡ σ̂φ>0 − σ̂φ<0

σ̂φ>0 + σ̂φ<0
= −9π

16
sin γ

(
ATAL

2A2
T +A2

L

)
, (8)

where σ̂φ<0 =
∫ 0
−π dσ̂/dφ and σ̂φ>0 =

∫ π
0 dσ̂/dφ. ÂCP is

a measure of how often the charged lepton from the W
decay flies above the production plane, relative to below
that plane, where above (below) the plane is defined by
)l · ()h× )u) > 0 (< 0). We describe next how to probe and
what the expectations are for this asymmetry in both pp̄
and pp colliders.

III. UP-DOWN ASYMMETRY AT HADRON
COLLIDERS

Consider the hadronic process h1h2 → W+h → l+νbb̄
with

√
s energy in the cmf. We define the asymmetry

ACP ≡ N↑ −N↓
N↑ +N↓

, (9)

where N↑ (N↓) is the number of events satisfying )l · ()h×
)h1) > 0 (< 0), i.e with a charged lepton flying “above”
(“below”) the production plane. The differential cross-
section for the above process is 2

d2σ

dτdφ
= Lqq̄ ′(τ)

dσ̂

dφ
(τ,φ) + Lq̄ ′q(τ)

dσ̂

dφ
(τ,−φ) , (10)

where τ ≡ ŝ/s and Lij(τ) ≡
∫ 1
τ

dx
x fi/h1

(x)fj/h2
(τ/x) ,

with fi/ha
(x) is the parton distribution function (PDF)

controlling the probability of finding a parton i with a
fraction x of the hadron ha momentum. The q̄ ′q initial
state is related to the qq̄ ′ one through a parity transfor-
mation under which the triple product )l · ()h× )q ) ∝ sinφ
flips sign, hence the extra minus sign in the second term
of Eq. (10). The number of “upward” events is thus

N↑ =

∫ 1

τ0

dτ [Lqq̄ ′(τ)σ̂φ>0(τ) + Lq̄ ′q(τ)σ̂φ<0(τ)] , (11)

with τ0 = (mW + mh)2/s, while N↓, the number of
“downward” events, is obtained from N↑ through ex-
changing σ̂φ>0 and σ̂φ<0.

2 A sum over all the possible qq̄ ′ initial states is understood.

♦ In the presence of heavy CP violating physics:     

♦ Define up-down HCP assymmetry:     

♦ Effect grows \w energy, focusing only on q2 = mh2 <=> mistake !
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(i) Heavy partners: region of 
    boosted quasi-naturalness;

• Higgs mass & EW scale are ultra sensitive to quantum corrections. 

 The top & the fine tuning problem

Largest contributions are due to the top couplings.

    085  |  

על הבעיה הדמיונית הנ"ל, אם ניתן להראות שחיים על כדור הארץ לא 
ייתכנו כלל אם לא יתקיים הקשר הייחודי והנדיר בין מסלול הירח סביב 
ידוע  (למשל,  שלהם  והרדיוסים  השמש  סביב  הארץ  למסלול  הארץ 
שהירח מסייע לייצוב האקלים על פני כדור הארץ). כלומר, אם לא היה 
מתקיים יחס כזה בדיוק בין השמש, הירח וכדור הארץ, ממילא לא היינו 
כאן ולא יכולנו לזהות ולגלות אותו. מדובר בכוונון עדין שרק בזכותו יש 

חיים על כדור הארץ, והעולם שלנו לא יכול היה להיראות אחרת. 

בעיית הקבוע הקוסמולוגי
כמו שכבר ציינו, הכוונון העדין קשור גם לנושא הכוח החלש וגם 
כפי  זו,  בעיה  בקצרה  להבין  ננסה  הקוסמולוגי.  הקבוע  לשאלת 
הקוסמולוגי  הקבוע  בהקשר  התיאורטית  בפיזיקה  מטופלת  שהיא 

(המתקשים יכולים לדלג על השורות הבאות אל ראש הפרק הבא).
שמשלבת  שדות,  תורת  על–ידי  מתוארת  חלקיקים  של  פיזיקה 
היחסות  תורת  את  בתוכה 
הקוונטים.  תורת  עם  הפרטית 
פיזיקליים  גדלים  זו,  במסגרת 
הקוסמולוגי  הקבוע  כדוגמת 
(ובמסגרת "המודל הסטנדרטי" 
גם עוצמת הכוח החלש) רגישים באופן דרמטי לאפקטים קוונטיים 

(הנקראים תיקונים קרינתיים), וערכם מוגדר רק כאשר אפקטים 
אלו נלקחים בחשבון.

לדוגמה, תופעות הקשורות לכבידה קוונטית צפויות להתאפיין בסקלת 
 10109eV4 מסת פלנק השקולה למנת צפיפות אנרגיה פנטסטית של
מצפים  אנו  גס,  ובאופן  ברביעית),  אלקטרון–וולט  (מיליארד–גוגול 
שהתיקונים הקוונטיים לקבוע הקוסמולוגי יהיו מסדר גודל של מסה 
זו. אבוי, כי כמו שמתואר בהמשך, ערך זה של הקבוע הקוסמולוגי 
גדול פי 10 בחזקת 120 מגודלו הנצפה במדידות של הקבוע, השווה 

 .(0.001eV)4 בערך למילי אלקטרון–וולט ברביעית
יוצא מכך שעלינו להוסיף לתיאוריה שלנו קבוע נוסף מסדר גודל 
של מיליארד–גוגול אלקטרון–וולט ברביעית, ובסימן הפוך לתרומה 
המצופה מהתיקונים הקוונטיים, כך ששתי התרומות האסטרונומיות 
בגודלן יבטלו זו את זו עד כדי השארית הקטנטנה המתאימה לתצפית 
- כמו במקרה הדמיוני של גודלם הנצפה של השמש והירח. בצורה 

סכמטית, אם כן, הכוונון העדין של הקבוע הקוסמולוגי נראה כך: 
 

(0.001eV)4 = (10000000000000000000000000000000000000
000000000000000000000000000000000000000000000000000
0000000000000000000.000000000001 - 1000000000000000
000000000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000) eV4

כינוי שניתן על–ידי פיזיקאים של 
אנרגיות גבוהות לתיאוריה המקובלת 

כיום, אשר מתארת את הכוחות 
הבסיסיים והחלקיקים היסודיים 

המרכיבים את עולמנו.   

מדענים נבוכים  לנוכח החפיפה המדוייקת של הירח את השמש. 
אנלוגיה לכוונון העדין בעולם הדמיוני

<<

The moon subtends an angle of ~ 0.54° while the sun of ~ 0.52°.

What if they were equal to 1:1032 ??

It would raise two questions:
(i) What set their precise distance?  <=> Tuning problem ().
(ii) Why perturbations not destabilize the system? <=> Fine tuning problem

(why is �⇥/⇥
max

⌧ 1 ?)
(why is m2

H/m2
Pl ⌧ 1 ?)

t
t’

• Higgs mass & EW scale are ultra sensitive to quantum corrections. 
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Largest contributions are due to the top couplings.

    085  |  

על הבעיה הדמיונית הנ"ל, אם ניתן להראות שחיים על כדור הארץ לא 
ייתכנו כלל אם לא יתקיים הקשר הייחודי והנדיר בין מסלול הירח סביב 
ידוע  (למשל,  שלהם  והרדיוסים  השמש  סביב  הארץ  למסלול  הארץ 
שהירח מסייע לייצוב האקלים על פני כדור הארץ). כלומר, אם לא היה 
מתקיים יחס כזה בדיוק בין השמש, הירח וכדור הארץ, ממילא לא היינו 
כאן ולא יכולנו לזהות ולגלות אותו. מדובר בכוונון עדין שרק בזכותו יש 

חיים על כדור הארץ, והעולם שלנו לא יכול היה להיראות אחרת. 

בעיית הקבוע הקוסמולוגי
כמו שכבר ציינו, הכוונון העדין קשור גם לנושא הכוח החלש וגם 
כפי  זו,  בעיה  בקצרה  להבין  ננסה  הקוסמולוגי.  הקבוע  לשאלת 
הקוסמולוגי  הקבוע  בהקשר  התיאורטית  בפיזיקה  מטופלת  שהיא 

(המתקשים יכולים לדלג על השורות הבאות אל ראש הפרק הבא).
שמשלבת  שדות,  תורת  על–ידי  מתוארת  חלקיקים  של  פיזיקה 
היחסות  תורת  את  בתוכה 
הקוונטים.  תורת  עם  הפרטית 
פיזיקליים  גדלים  זו,  במסגרת 
הקוסמולוגי  הקבוע  כדוגמת 
(ובמסגרת "המודל הסטנדרטי" 
גם עוצמת הכוח החלש) רגישים באופן דרמטי לאפקטים קוונטיים 

(הנקראים תיקונים קרינתיים), וערכם מוגדר רק כאשר אפקטים 
אלו נלקחים בחשבון.

לדוגמה, תופעות הקשורות לכבידה קוונטית צפויות להתאפיין בסקלת 
 10109eV4 מסת פלנק השקולה למנת צפיפות אנרגיה פנטסטית של
מצפים  אנו  גס,  ובאופן  ברביעית),  אלקטרון–וולט  (מיליארד–גוגול 
שהתיקונים הקוונטיים לקבוע הקוסמולוגי יהיו מסדר גודל של מסה 
זו. אבוי, כי כמו שמתואר בהמשך, ערך זה של הקבוע הקוסמולוגי 
גדול פי 10 בחזקת 120 מגודלו הנצפה במדידות של הקבוע, השווה 

 .(0.001eV)4 בערך למילי אלקטרון–וולט ברביעית
יוצא מכך שעלינו להוסיף לתיאוריה שלנו קבוע נוסף מסדר גודל 
של מיליארד–גוגול אלקטרון–וולט ברביעית, ובסימן הפוך לתרומה 
המצופה מהתיקונים הקוונטיים, כך ששתי התרומות האסטרונומיות 
בגודלן יבטלו זו את זו עד כדי השארית הקטנטנה המתאימה לתצפית 
- כמו במקרה הדמיוני של גודלם הנצפה של השמש והירח. בצורה 

סכמטית, אם כן, הכוונון העדין של הקבוע הקוסמולוגי נראה כך: 
 

(0.001eV)4 = (10000000000000000000000000000000000000
000000000000000000000000000000000000000000000000000
0000000000000000000.000000000001 - 1000000000000000
000000000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000) eV4

כינוי שניתן על–ידי פיזיקאים של 
אנרגיות גבוהות לתיאוריה המקובלת 

כיום, אשר מתארת את הכוחות 
הבסיסיים והחלקיקים היסודיים 

המרכיבים את עולמנו.   

מדענים נבוכים  לנוכח החפיפה המדוייקת של הירח את השמש. 
אנלוגיה לכוונון העדין בעולם הדמיוני
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The moon subtends an angle of ~ 0.54° while the sun of ~ 0.52°.

What if they were equal to 1:1032 ??

It would raise two questions:
(i) What set their precise distance?  <=> Tuning problem ().
(ii) Why perturbations not destabilize the system? <=> Fine tuning problem
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⌧ 1 ?)
(why is m2
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Pl ⌧ 1 ?)

t
t’

flavourful naturalness.

boosted quasi-naturalness.

• Higgs mass & EW scale are ultra sensitive to quantum corrections. 

 The top & the fine tuning problem

Largest contributions are due to the top couplings.
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על הבעיה הדמיונית הנ"ל, אם ניתן להראות שחיים על כדור הארץ לא 
ייתכנו כלל אם לא יתקיים הקשר הייחודי והנדיר בין מסלול הירח סביב 
ידוע  (למשל,  שלהם  והרדיוסים  השמש  סביב  הארץ  למסלול  הארץ 
שהירח מסייע לייצוב האקלים על פני כדור הארץ). כלומר, אם לא היה 
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חיים על כדור הארץ, והעולם שלנו לא יכול היה להיראות אחרת. 
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כפי  זו,  בעיה  בקצרה  להבין  ננסה  הקוסמולוגי.  הקבוע  לשאלת 
הקוסמולוגי  הקבוע  בהקשר  התיאורטית  בפיזיקה  מטופלת  שהיא 

(המתקשים יכולים לדלג על השורות הבאות אל ראש הפרק הבא).
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Boosted quasi-naturalness,  mt‘   mt �

 a new phenomena => emergence of collimated top jets; linked to new 
subfield of jet substructure physics:

♦ The challenge of searching for heavy partners:

t‘ t
W

W

b

q

q

q-

q-

b

W

tt‘

q-

q

q-
q

decay of low mass partner t‘

As mt‘ ≫ mt outgoing tops are ultra-relativistic, their products collimate 

=> top jets. 

Agashe, Belyaev, Krupovnickas, Perez & Virzi (06); Lillie, Randall & Wang (07)
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Boosted quasi-naturalness,  mt‘   mt �
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As mt‘ ≫ mt outgoing tops are ultra-relativistic, their products collimate 

=> top jets. 
Similar to ordinary

2-jet QCD 
process impossible 

to observe ?? 
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decay of heavy partner t‘

♦ The challenge of searching for heavy partners:
 a new phenomena => emergence of collimated top jets; linked to new 
subfield of jet substructure physics:

Agashe, Belyaev, Krupovnickas, Perez & Virzi (06); Lillie, Randall & Wang (07)
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 Overview

♦ Lot more to be done on top physics, a window to naturalness;

by the time of CLIC: 2 mini frontiers (“elusive” & “boosted”).   

♦ The charm frontier:

♦ Lesson form Higgs phys.: advantage in looking at differential 

distributions.

stop-scharm mixing; 

light charm partners / scharms;

H → cc ;

Interplay with D phys., mixing and CP violation.

_
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Are non-degenerate first 2-generation squarks 
consistent with flavor bounds?

Yasmin & Gilad Perez <jasgilperez@gmail.com>

Your Holiday Inn Express (R) Reservation Confirmation - SOMMA
LOMBARDO, ITALY: 67442015
Holiday Inn Express Reservations <HolidayInnExpress@reservations.ihg.com> Mon, Feb 15, 2010 at 2:35 PM
Reply-To: HolidayInnExpress@reservations.ihg.com
To: jasgilperez@gmail.com

Reservation Resources

Add to Calendar
Modify/Cancel Reservation
View All Reservations
Make Another Reservation
View Account

Other Travel Resources

Featured Offer

Thank you for choosing Holiday Inn Express. Here is your reservation information.

 Reservation Questions: 180 945 3716

Reservation Information

Your confirmation number is 67442015
Please use your confirmation number to reference your reservation.

Priority Club Rewards:
Your Priority Club Rewards number applies to this reservation.

Guest Name:
MR GILAD PEREZ

Additional Guests:

No additional guests.

Check-In: Sun 21 Mar 2010 at 02:00
PM
Check-Out: Mon 22 Mar 2010 at 12:00
PM

   Add to Calendar
View/Modify/Cancel Reservation

Hotel Information

MILAN-MALPENSA AIRPORT
Holiday Inn Express
VIA DE PINEDO ANG VIA OLDRINI
CASE NUOVE
SOMMA LOMBARDO, 21019
39-0331-18330

Helpful Links
Local Maps

Find Attractions
Make Another Reservation

Driving Directions:
NORTH FROM MOTORWAY A8 EXIT BUSTO ARSIZIO TAKE STATE ROAD SS336
EXIT CASE NUOVE-SOMMA LOMBARDO TAKE SP 52 TO CASE NUOVE VILLAGE

Room/Rate Information

Rate Type: Advance Purchase
Rate Description: Special Savings! Reservations require full prepayment for the

entire stay at time of booking. Fully non refundable. Prepayment
is charged to credit card between time of booking and day of
arrival and is non refundable. No refunds if cancelled or changed.

 The credit card MUST be presented upon check-in at the
hotel.

Deposit Required: A deposit for the entire stay is due at time of booking.
Pet Policy: Only guide dogs allowed.

Surprisingly: answer is yes both from low energy & UV 
perspectives!

Let us focus on the low energy, model indep’, effective story.
(ask if you want to hear the recents on UV story)
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♦SUSY flavor & CP violation => misalignment between squark soft 

masses & standard model (SM) Yukawa matrices.

♦SM: right handed (RH) flavor violated by single source,                      ,

=> RH SUSY masses are alignable removing RH flavor & CP violation:  

Y †
d Yd or Y †

uYu

[m̃2
d , Y

†
d Yd] = 0 & [m̃2

u , Y
†
uYu] = 0

(a)

µ e

γ

µ
eB

(b)

d s

s d

g g

d

s

s

d

Figure 12: Diagrams which cause flavor violation in models with arbitrary soft masses.

Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2
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u1; m2
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L = m2
L1; m2
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If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
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u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
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Q1; m2
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u1; m2
d
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L = m2
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e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
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d
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If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
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Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:
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u1; m2
d
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d
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L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:
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e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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q ij (⇥q
ij)MM ⌃⇥q

ij⌥
d 12 0.03 0.002
d 13 0.2 0.07
d 23 0.6 0.2
u 12 0.1 0.008

Table 4: The phenomenological upper bounds on (⇥q
ij)MM and on ⌃⇥q

ij⌥, where q = u, d and
M = L, R. The constraints are given for m̃q = 1 TeV and x ⇤ m2

g̃/m̃
2
q = 1. We assume that

the phases could suppress the imaginary parts by a factor ⇧ 0.3. The bound on (⇥d
23)RR is about

3 times weaker than that on (⇥d
23)LL (given in table). The constraints on (⇥d

12,13)MM , (⇥u
12)MM

and (⇥d
23)MM are based on, respectively, Refs. [143], [17] and [144].

q ij (⇥q
ij)LR

d 12 2⇥ 10�4

d 13 0.08
d 23 0.01
d 11 4.7⇥ 10�6

u 11 9.3⇥ 10�6

u 12 0.02

Table 5: The phenomenological upper bounds on chirality-mixing (⇥q
ij)LR, where q = u, d. The

constraints are given for m̃q = 1 TeV and x ⇤ m2
g̃/m̃

2
q = 1. The constraints on ⇥d

12,13, ⇥u
12, ⇥d

23

and ⇥q
ii are based on, respectively, Refs. [143], [17], [144] and [147] (with the relation between

the neutron and quark EDMs as in [148]).

For large tan �, some constraints are modified from those in Table 4. For instance, the
e⇥ects of neutral Higgs exchange in Bs and Bd mixing give, for tan � = 30 and x = 1 (see [140,
145, 146] and refs. therein for details):

⌃⇥d
13⌥ < 0.01

�
MA0

200 GeV

⇥
, ⌃⇥d

23⌥ < 0.04

�
MA0

200 GeV

⇥
, (132)

where MA0 denotes the pseudoscalar Higgs mass, and the above bounds scale roughly as
(30/ tan �)2.

The experimental constraints on the (⇥q
ij)LR parameters in the quark-squark sector are

presented in Table 5. The bounds are the same for (⇥q
ij)LR and (⇥q

ij)RL, except for (⇥d
12)MN ,

where the bound for MN = LR is 10 times weaker. Very strong constraints apply for the
phase of (⇥q

11)LR from EDMs. For x = 4 and a phase smaller than 0.1, the EDM constraints on
(⇥u,d,�

11 )LR are weakened by a factor ⇧ 6.
While, in general, the low energy flavor measurements constrain only the combinations of

the suppression factors from degeneracy and from alignment, such as Eq. (130), an interesting
exception occurs when combining the measurements of K0–K0 and D0–D0 mixing to test the
first two generation squark doublets (based on the analysis in Sec. 5.2.1). Here, for masses
below the TeV scale, some level of degeneracy is unavoidable [23]:

m eQ2
�m eQ1

m eQ2
+ m eQ1

⌅
⇤

0.034 maximal phases

0.27 vanishing phases
(133)

Similarly, using �F = 1 processes involving the third generation (Sec. 5.2.2), the following

42

Taking [29] m̃Q = 1
2(m̃Q1 + m̃Q2) and similarly for the SU(2)-singlet squarks, we find that

we thus have an upper bound on the splitting between the first two squark generations:

mQ̃2
�mQ̃1

mQ̃2
+ mQ̃1

⇥< 0.05� 0.14,

mũ2 �mũ1

mũ2 + mũ1
⇥< 0.02� 0.04. (6.12)

The first bound applies to the up squark doublets, while the second to the average of the

doublet mass splitting and the singlet mass splitting. The range in each of the bounds

corresponds to values of the phase between zero and maximal. We can thus make the

following conclusions concerning models of alignment:

1. The mass splitting between the first two squark doublet generations should be below

14%. For phases of order one, the bound is about 2� 3 times stronger.

2. In the simplest models of alignment, the mass splitting between the first two squark

generations should be smaller than about four percent.

3. The second (stronger) bound can be avoided in more complicated models of alignment,

where holomorphic zeros suppress the mixing in the singlet sector.

4. While RGE e⇥ects can provide some level of universality, even for anarchical boundary

conditions, the upper bound (6.12) requires not only a high scale of mediation [30] but

also that, at the scale of mediation, the gluino mass is considerably higher than the

squark masses.

In any model where the splitting between the first two squark doublet generations is larger

than O(y2
c ), |K

uL
21 �KdL

21 | = sin ⇥c = 0.23. Given the constraints from �mK and �K on |KdL
12 |,

one arrives at a constraint very similar to the first bound in Eq. (6.12). We conclude that

the constraints on the level of degeneracy between the squark doublets (stronger than five

to fourteen percent) applies to any supersymmetric model where the mass of the first two

squark doublet generations is below TeV. It is suggestive that the mechanism that mediates

supersymmetry breaking is flavor-universal, as in gauge mediation.
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(squark doublets, gluino, 1TeV)                                                

SUSY implications: no hope for non-degeneracy ... 

	
  Blum,	
  Grossman,	
  Nir	
  &	
  GP	
  (09)	
  

However ...  

With phases, first 2 gen’ squark need to have almost equal masses.
Looks like squark anarchy/alignment is dead!

Gedalia, Kamenik, Ligeti & GP (12); 

Formalism: Gedalia, Mannelli & GP (10) x2  

Successful alignment models guarantee small physical CP phase!

Last 4 yrs: dramatic progress in studying charm CPV
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The SUSY left handed flavor challange

Yasmin & Gilad Perez <jasgilperez@gmail.com>

Your Holiday Inn Express (R) Reservation Confirmation - SOMMA
LOMBARDO, ITALY: 67442015
Holiday Inn Express Reservations <HolidayInnExpress@reservations.ihg.com> Mon, Feb 15, 2010 at 2:35 PM
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To: jasgilperez@gmail.com
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Add to Calendar
Modify/Cancel Reservation
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Make Another Reservation
View Account

Other Travel Resources

Featured Offer
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Reservation Information

Your confirmation number is 67442015
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Priority Club Rewards:
Your Priority Club Rewards number applies to this reservation.
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Additional Guests:
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Check-In: Sun 21 Mar 2010 at 02:00
PM
Check-Out: Mon 22 Mar 2010 at 12:00
PM

   Add to Calendar
View/Modify/Cancel Reservation

Hotel Information

MILAN-MALPENSA AIRPORT
Holiday Inn Express
VIA DE PINEDO ANG VIA OLDRINI
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SOMMA LOMBARDO, 21019
39-0331-18330

Helpful Links
Local Maps

Find Attractions
Make Another Reservation

Driving Directions:
NORTH FROM MOTORWAY A8 EXIT BUSTO ARSIZIO TAKE STATE ROAD SS336
EXIT CASE NUOVE-SOMMA LOMBARDO TAKE SP 52 TO CASE NUOVE VILLAGE

Room/Rate Information

Rate Type: Advance Purchase
Rate Description: Special Savings! Reservations require full prepayment for the

entire stay at time of booking. Fully non refundable. Prepayment
is charged to credit card between time of booking and day of
arrival and is non refundable. No refunds if cancelled or changed.

 The credit card MUST be presented upon check-in at the
hotel.

Deposit Required: A deposit for the entire stay is due at time of booking.
Pet Policy: Only guide dogs allowed.

♦ SM LH sector consist of 2 flavor breaking sources:

♦SUSY: cannot align LH masses 

    

YdY
†
d & YuY

†
u

simultaneously with both sources!
Dangerous direction wins to reduce 
bounds ...
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Figure 12: Diagrams which cause flavor violation in models with arbitrary soft masses.

Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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FIG. 1: The bound on �

12
Q as a function of the angle ↵ (see text). The angle ↵ is plotted on a log scale in the basis �C = 0.23,

so that a value of 1 on the x axis corresponds to ↵ = �C (large angle), while a value of 5 gives ↵ = �

5
C (small angle — down

alignment). The vertical doted line shows the angle of optimal alignment (weakest bound). The red (blue) shaded region
corresponds to a gluino mass mg̃ of 1 (1.5) TeV, and inside each region the average squark mass m̄Q̃ is varied in the range
[0.8mg̃, 1.2mg̃]. The upper edge of each region (weakest bound) comes from the lowest m̄Q̃ . The two dashed lines correspond
to m̄Q̃ = mg̃ .

is shown in Fig. 1 as a function of the angle ↵, for various ranges of the relevant SUSY parameters (see the caption).
It can be seen that on the right-hand side of the plot, where the angle is very small (down alignment), the strongest
constraint comes from �mD , while on the left hand side, where the angle is large, ✏K is the dominant constraint.
The vertical dashed line marks the transition point, where the alignment is optimal, yet as evident from the plot,
making the angle smaller only mildly a↵ects the bound on �12Q . For the case where the gluino mass and the average
squark mass are both 1 TeV, the weakest bound is �12Q . 0.13. This occurs around log� ↵ ⇠ 2.5, so the universal CP

violating phase is of order �2.5
C . This implies an upper bound on CP violation in D �D mixing of order 0.2, around

the current experimental limit on
��|q/p|� 1

�� [32], which is expected to be improved significantly in the near future.
It is interesting that a modest level of degeneracy can be obtained only from the renormalization group equation

(RGE) flow, when starting from anarchy at the SUSY breaking mediation scale [33]. Moreover, in order to satisfy
the bounds on degeneracy from optimal alignment models, as presented in Fig. 1, the mediation scale does not have
to be very high. To show this, we use the SUSY RGE for the diagonal squark mass entries, which is dominated by
the gluino contribution. Neglecting the other gaugino contributions, we can solve the relevant equations at one loop
analytically

1

↵s(MS)
=

1

↵s(⇤)
+

b
3

2⇡
ln

⇤

MS
, (25)

mg̃(⇤)

mg̃(MS)
= 1 + ↵s(⇤)

b
3

2⇡
ln

⇤

MS
, (26)

m2

˜Q1,2
(MS)�m2

˜Q1,2
(⇤) =

8

3b
3

⇥
mg̃(⇤)

2 �mg̃(MS)
2

⇤
, (27)

where ⇤ is the typical scale of the new supersymmetric particles (taken to be 1 TeV), MS is the SUSY breaking
mediation scale, b

3

= �3 is the MSSM QCD beta function and the last equation is written in the squark mass basis.
In addition, we define

P
m2

˜Q
(µ) = m2

˜Q1
(µ) +m2

˜Q2
(µ) and �m2

˜Q
(µ) = m2

˜Q2
(µ)�m2

˜Q1
(µ). Then in our approximation,

only
P

m2 has a nontrivial RGE evolution, while �m2 is invariant. Writing

�12Q (µ) =
�m2

˜Q
(µ)

P
m2

˜Q
(µ)

h
1 +

r
1�

⇣
�m2

˜Q
(µ)/

P
m2

˜Q
(µ)

⌘
2

i , (28)
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is shown in Fig. 1 as a function of the angle ↵, for various ranges of the relevant SUSY parameters (see the caption).
It can be seen that on the right-hand side of the plot, where the angle is very small (down alignment), the strongest
constraint comes from �mD , while on the left hand side, where the angle is large, ✏K is the dominant constraint.
The vertical dashed line marks the transition point, where the alignment is optimal, yet as evident from the plot,
making the angle smaller only mildly a↵ects the bound on �12Q . For the case where the gluino mass and the average
squark mass are both 1 TeV, the weakest bound is �12Q . 0.13. This occurs around log� ↵ ⇠ 2.5, so the universal CP

violating phase is of order �2.5
C . This implies an upper bound on CP violation in D �D mixing of order 0.2, around

the current experimental limit on
��|q/p|� 1

�� [32], which is expected to be improved significantly in the near future.
It is interesting that a modest level of degeneracy can be obtained only from the renormalization group equation

(RGE) flow, when starting from anarchy at the SUSY breaking mediation scale [33]. Moreover, in order to satisfy
the bounds on degeneracy from optimal alignment models, as presented in Fig. 1, the mediation scale does not have
to be very high. To show this, we use the SUSY RGE for the diagonal squark mass entries, which is dominated by
the gluino contribution. Neglecting the other gaugino contributions, we can solve the relevant equations at one loop
analytically

1
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=
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⇤
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⇤
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where ⇤ is the typical scale of the new supersymmetric particles (taken to be 1 TeV), MS is the SUSY breaking
mediation scale, b

3

= �3 is the MSSM QCD beta function and the last equation is written in the squark mass basis.
In addition, we define

P
m2
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(µ) and �m2

˜Q
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C . This implies an upper bound on CP violation in D �D mixing of order 0.2, around

the current experimental limit on
��|q/p|� 1

�� [32], which is expected to be improved significantly in the near future.
It is interesting that a modest level of degeneracy can be obtained only from the renormalization group equation

(RGE) flow, when starting from anarchy at the SUSY breaking mediation scale [33]. Moreover, in order to satisfy
the bounds on degeneracy from optimal alignment models, as presented in Fig. 1, the mediation scale does not have
to be very high. To show this, we use the SUSY RGE for the diagonal squark mass entries, which is dominated by
the gluino contribution. Neglecting the other gaugino contributions, we can solve the relevant equations at one loop
analytically
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where ⇤ is the typical scale of the new supersymmetric particles (taken to be 1 TeV), MS is the SUSY breaking
mediation scale, b

3

= �3 is the MSSM QCD beta function and the last equation is written in the squark mass basis.
In addition, we define
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• SM quark flavor symmetry

• two sources of breaking:
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We show that new physics that breaks the left-handed SU(3)Q quark flavor symmetry induces
contributions to CP violation in �F = 1 processes which are approximately universal, in that
they are not a↵ected by flavor rotations between the up and the down mass bases. Therefore,
such flavor violation cannot be aligned, and is constrained by the strongest bound from either
the up or the down sectors. We use this result to show that the bound from ✏

0
/✏ prohibits an

SU(3)Q breaking explanation of the recent LHCb evidence for CP violation in D meson decays.
Another consequence of this universality is that supersymmetric alignment models with a moderate
mediation scale are consistent with the data, and are harder to probe via CP violating observables.
With current constraints, therefore, squarks need not be degenerate. However, future improvements
in the measurement of CP violation in D �D mixing will start to probe alignment models.

I. INTRODUCTION

Measurements of flavor-changing neutral-current (FCNC) processes in the quark sector put strong constraints on
New Physics (NP) at the TeV scale and provide a crucial guide for model building. Generically, NP models can avoid
existing bounds by aligning the flavor structure with one of the quark Yukawa matrices. However, new flavor breaking
sources involving only the SU(2)L doublet quarks Qi (i.e., breaking only the SU(3)Q quark flavor symmetry) cannot
be simultaneously diagonalized in both the up and the down quark mass bases, and new contributions to FCNCs
are necessarily generated. To constrain such models of flavor alignment, processes involving both up and down type
quark transitions need to be measured. Consequently, one would näıvely conclude that robust constraints on the
corresponding microscopic flavor structures come from the weaker of the bounds in the up and the down sectors.

Below we argue, however, that in a large class of models, contrary to flavor violation in �F = 2 processes [1], in
the case of �F = 1 CP violation, it is the strongest of the up and down sector constraints which applies. We show
that in these scenarios, to a good approximation, the sources of �F = 1 CP violation are universal, namely they do
not transform under flavor rotations between the up and the down mass bases. This is particularly important for the
NP interpretation of the recent LHCb evidence for CP violation in D decays. Employing the ✏0/✏ constraint on new
CP violating �s = 1 operators, we exclude sizable contributions of SU(3)Q breaking NP operators to the direct CP
asymmetries in singly-Cabibbo-suppressed D decays, in particular to �aCP measured by the LHCb experiment [2].

Furthermore, applying our argument to rare semileptonic K and B decays, we show how the present and future
measurements of these processes constrain the sources of CP violation in rare semileptonic D decays and FCNC top
decays. In particular, the observation of non-SM CP asymmetries in these processes would, barring cancellations,
signal the presence of new sources of SU(3)U,D flavor symmetry breaking.

Finally, an additional implication of our result is that in viable flavor alignment models the universal flavor and CP
violating phases are naturally small. Applying this insight to supersymmetric (SUSY) alignment models leads to the
conclusion that the first two generation squarks can have mass splittings as large as 30% at the TeV scale, consistent
with mass anarchy at a supersymmetry breaking mediation scale as low as 10 TeV.

II. UNIVERSALITY OF CP VIOLATION WITH TWO GENERATIONS

It is well known that the gauge sector of the Standard Model (SM) respects a large global flavor symmetry. In the
quark sector, the corresponding flavor group, GF = SU(3)Q ⇥ SU(3)U ⇥ SU(3)D , is broken by the up and the down
Yukawa matrices Yu,d , formally transforming as (3, 3̄, 1) and (3, 1, 3̄) under GF , respectively. From these, one can
construct two independent sources of SU(3)Q breaking,

Au ⌘ (YuY
†
u )/tr , Ad ⌘ (YdY

†
d )/tr , (1)
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operator, O
7

, is also important at small q2. The B ! K⇤`+`� mode is particularly promising, since the distribution
of the K⇤ ! K⇡ decay products allows to extract information about the polarization of the K⇤. When combined
with the angular distributions of the two charged leptons, it is possible to construct observables probing directly CP
violating contributions to the relevant short-distance Wilson coe�cients [23]. Such observables could potentially be
measured at LHCb and SuperB [24]. On the other hand, the direct CP asymmetries depend on strong phases, which
are small in the inclusive B ! Xs`+`� decay (outside the resonance region), and are poorly known in the exclusive
B ! K(⇤)`+`� case. Another probe of this physics could be the study of time-dependent CP asymmetries in these
modes. While these are challenging experimentally, the interpretation of the results would be theoretically cleaner.
The SM predicts that the time-dependent CP asymmetry vanishes, as it does in Bs ! ��, to an even better accuracy
than in Bs !  �, due to a 2�s � 2�s cancellation between the mixing and decay phases. The same cancellation
occurs in NP models in which the mixing amplitude is modified as MSM

12

⇥ R2 and the decay amplitude is modified
as ASM ⇥ R. While this is the case in most supersymmetric models, it is not generic, and is violated, for example,
by models containing a Z 0 which has a flavor changing coupling to quarks and non-universal couplings to quarks and
leptons. (With very large data sets at the upgraded LHCb, a time-dependent Bs ! µ+µ� analysis would also be
worth pursuing.)

To analyze the connection between t ! cZ and FCNC b ! s decays, we need to consider the NP operators
before the Z is integrated out [25]. For example, the operator (b̄s)V�A (H†DH) contributes to Eq. (20), since after
electroweak symmetry breaking H†DµH ! gv2Zµ. Thus the relevant Wilson coe�cient, CH

bs , is constrained from
B ! Xs`+`�, similar to Eq. (22), as

��Im(CH
bs)
�� < 8.7⇥ 10�3 (⇤

NP

/TeV)2. Top decays into final states with a jet and
a pair of charged leptons o↵er a probe of the related (Xu

L)tc and (Xu
L)tu contributions [26]. The expected sensitivity

of this mode with 100 fb�1 at the 14 TeV LHC is |CH
tc(u)| . 0.2 (⇤

NP

/TeV)2 [25, 27], where the relevant operator is

defined as (t̄c(u))V�A (H†DH). According to Eq. (7), we can conclude that barring cancellations, any experimental
signal of CP violation in this channel would have to be due to SU(3)U breaking NP.

V. IMPLICATIONS FOR SUSY MODELS

In SUSY models the left-handed squark mass-squared matrix, m̃2

Q , is the only source of SU(3)Q breaking, and
is approximately SU(2)L invariant (see, e.g., [28] and references therein). In the following we discuss a universal
constraint on m̃2

Q from �F = 1 CP violation. In addition, we consider an example of �F = 2 constraints in relation
to alignment models, where our argument about universality of the CP phase also plays a role. In all cases the bounds
can be directly applied on the corresponding mass insertion parameters.

First we analyze the constraint from ✏0/✏. In the super-CKM basis, the neutral gaugino couplings are flavor
diagonal, while the mass matrices of the squarks are not diagonal in general. New contributions to CP violation
in �F = 1 processes involving left handed quarks are induced by the imaginary o↵-diagonal elements of m̃2

Q , and

can be parameterized in terms of the ratios �ijLL ⌘
�
m̃2

Q

�ij
/ m̄2

˜Q
, where i, j = 1, 2 are flavor indices and m̄

˜Q ⌘
(m

˜Q1
+m

˜Q2
)/2 is the average squark mass (this choice is consistent to linear order with the convention of [29]). The

experimental constraint on new contributions to ✏0/✏ is translated to the following bound on the left-handed mass
insertion parameter [29] Im �12LL  0.5 for m̄

˜Q = mg̃ = 500 GeV . This can be straightforwardly rephrased as a robust
constraint on the level of degeneracy

�12Q ⌘
m

˜Q2
�m

˜Q1

m
˜Q2

+m
˜Q1

 0.25

 
500GeV

m̄
˜Q

!
. (24)

This bound is weaker than the one obtained by combining the bounds from ✏K andD�D mixing [1]. Yet, interestingly,
it could have constrained degeneracy without the need for any additional measurements involving D mesons, more
than 20 years ago already, when the experimental uncertainty of ✏0/✏ approached the 10�3 level [30].

Constraints on alignment models that balance the bounds from mixing and CP violation in the K and D systems
have been analyzed in [1]. Here we comment on their results for supersymmetric models based on our CP universality
argument. According to the parameterization employed in [1], sin↵ (sin 2�) is proportional to the real (imaginary)
part of the o↵-diagonal element of the NP flavor violating source in the down mass basis. CP universality implies that
in the up mass basis, sin 2� still corresponds to the imaginary part, while the real part is rotated by twice the Cabibbo
angle. Equation (31) in [1] gives the bounds on squark mass degeneracy for the cases of vanishing (sin 2� = 0) and
maximal (sin 2� ⇠ 1) phase. We argue that the latter case is irrelevant, since it violates the assumption of alignment.
In contrast, while realistic models of alignment generically do not control the fundamental CP violating phases, they
force both sin↵ and sin 2� to be small, and should therefore be taken to be comparable [31]. This leads to a much
weaker bound than the more stringent one in [1]. In particular, the bound on �12Q from ✏K and �mK for sin↵ ⇠ sin 2�
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FIG. 3: Squark mass limits in three phenomenologically interesting scenarios with non-degenerate first- and second-generation
squarks. The left panel contains the least constrained scenario, with a single second-generation squark flavor split from all others;
the middle panel corresponds to an alignment-type scenario with first-generation squarks split from the second-generation. The
shaded blue region is excluded by flavor and CP violation constraints which apply to electroweak doublet squarks only, while
the singlet spectrum remains completely unconstrained; the right panel corresponds to an MFV-type scenario with split up-type
and down-type singlets, and doublets formally decoupled. The red dashed (dotted) lines represent the exclusion contour if the
LO mixed up-down squark production cross section is multiplied by a K-factor of 1.5 (2.0).

plot include the full dependence on the squark masses,
crucial when the splitting is large [29]. Although the sin-
glet squarks are kept degenerate with the corresponding
doublets for simplicity, their splittings are unconstrained
by flavor, and they could also be decoupled, resulting
in weaker LHC bounds (corresponding to the contour
�/�lim ⇠ 2), with unchanged flavor bounds. The right-
hand panel contains the limits in an MFV-type scenario,
with split up-type and down-type singlets, and doublets
formally decoupled. The red dashed (dotted) lines rep-
resent the exclusion contour if the LO mixed up-down
squark production cross section is multiplied by a K-
factor of 1.5 (2.0).

The surprisingly weak limits, in particular for squarks
of the second generation, demonstrate how ine↵ective
current searches are for light squarks. Re-optimizing
the ATLAS 2-6 jets plus MET search using only the
me↵ cut is not e↵ective: while the background grows
like m6

e↵ , the signal grows much more slowly, ensuring
that decreasing the me↵ cut makes things worse. It is
possible that the limits would improve on performing ei-
ther a full re-optimization including all cut variables, or
a shape analysis; such a study, however, is beyond the
scope of this paper. Instead, in Fig. 4, we compare the
limits for squark cross sections from various 7 TeV AT-
LAS and CMS jets plus MET searches (which have limits
for degenerate squarks that are competetive with those
of recent 8 TeV searches [33, 34]). We find indeed that
the most stringent bounds come from the more complex
shape-based analyses, such as the CMS razor search.

Conclusion: We have argued that a combination of
reduced e�ciencies and suppression due to PDFs leads
to constraints on non-degenerate squark masses (for the
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FIG. 4: Comparison between upper limits on squark pair-
production cross sections with a decoupled gluino and mass-
less neutralino, from 7TeV 5 fb�1 ATLAS and CMS jets plus
MET searches [15, 30–32]. We use the o�cial experimental
limits, except for the ATLAS search where we use our esti-
mate of the limit, simulating the search with ATOM (solid)
and PGS (dotted).

first two generations) that are significantly weaker than
those assuming eightfold degeneracy. For instance, an
O(400GeV) squark belonging to the second generation
can be buried in the LHC jets plus MET data. In the
above analysis we have neglected for simplicity the e↵ects
of squark mixing, which could be sizable in alignment
models. In addition, our reinterpreted limits, while as-
suming the bino is the lightest SUSY particle (LSP), are
still applicable for singlino or gravitino LSPs, or when ad-
ditional electroweak (e.g. higgsinos) and leptonic states
are present, but do not drastically alter the light squark
branching ratios. In spite of the dramatic increase of

Kadosh, Paride & GP, to appear;
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current searches are for light squarks. Re-optimizing
the ATLAS 2-6 jets plus MET search using only the
me↵ cut is not e↵ective: while the background grows
like m6

e↵ , the signal grows much more slowly, ensuring
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possible that the limits would improve on performing ei-
ther a full re-optimization including all cut variables, or
a shape analysis; such a study, however, is beyond the
scope of this paper. Instead, in Fig. 4, we compare the
limits for squark cross sections from various 7 TeV AT-
LAS and CMS jets plus MET searches (which have limits
for degenerate squarks that are competetive with those
of recent 8 TeV searches [33, 34]). We find indeed that
the most stringent bounds come from the more complex
shape-based analyses, such as the CMS razor search.
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first two generations) that are significantly weaker than
those assuming eightfold degeneracy. For instance, an
O(400GeV) squark belonging to the second generation
can be buried in the LHC jets plus MET data. In the
above analysis we have neglected for simplicity the e↵ects
of squark mixing, which could be sizable in alignment
models. In addition, our reinterpreted limits, while as-
suming the bino is the lightest SUSY particle (LSP), are
still applicable for singlino or gravitino LSPs, or when ad-
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are present, but do not drastically alter the light squark
branching ratios. In spite of the dramatic increase of
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Sea LH squarks vs. valence RH squarks 

Adding flavor constraints (        ) for LH squarks: �mD
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FIG. 3: Squark mass limits in three phenomenologically interesting scenarios with non-degenerate first- and second-generation
squarks. The left panel contains the least constrained scenario, with a single second-generation squark flavor split from all others;
the middle panel corresponds to an alignment-type scenario with first-generation squarks split from the second-generation. The
shaded blue region is excluded by flavor and CP violation constraints which apply to electroweak doublet squarks only, while
the singlet spectrum remains completely unconstrained; the right panel corresponds to an MFV-type scenario with split up-type
and down-type singlets, and doublets formally decoupled. The red dashed (dotted) lines represent the exclusion contour if the
LO mixed up-down squark production cross section is multiplied by a K-factor of 1.5 (2.0).

plot include the full dependence on the squark masses,
crucial when the splitting is large [29]. Although the sin-
glet squarks are kept degenerate with the corresponding
doublets for simplicity, their splittings are unconstrained
by flavor, and they could also be decoupled, resulting
in weaker LHC bounds (corresponding to the contour
�/�lim ⇠ 2), with unchanged flavor bounds. The right-
hand panel contains the limits in an MFV-type scenario,
with split up-type and down-type singlets, and doublets
formally decoupled. The red dashed (dotted) lines rep-
resent the exclusion contour if the LO mixed up-down
squark production cross section is multiplied by a K-
factor of 1.5 (2.0).

The surprisingly weak limits, in particular for squarks
of the second generation, demonstrate how ine↵ective
current searches are for light squarks. Re-optimizing
the ATLAS 2-6 jets plus MET search using only the
me↵ cut is not e↵ective: while the background grows
like m6

e↵ , the signal grows much more slowly, ensuring
that decreasing the me↵ cut makes things worse. It is
possible that the limits would improve on performing ei-
ther a full re-optimization including all cut variables, or
a shape analysis; such a study, however, is beyond the
scope of this paper. Instead, in Fig. 4, we compare the
limits for squark cross sections from various 7 TeV AT-
LAS and CMS jets plus MET searches (which have limits
for degenerate squarks that are competetive with those
of recent 8 TeV searches [33, 34]). We find indeed that
the most stringent bounds come from the more complex
shape-based analyses, such as the CMS razor search.

Conclusion: We have argued that a combination of
reduced e�ciencies and suppression due to PDFs leads
to constraints on non-degenerate squark masses (for the
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FIG. 4: Comparison between upper limits on squark pair-
production cross sections with a decoupled gluino and mass-
less neutralino, from 7TeV 5 fb�1 ATLAS and CMS jets plus
MET searches [15, 30–32]. We use the o�cial experimental
limits, except for the ATLAS search where we use our esti-
mate of the limit, simulating the search with ATOM (solid)
and PGS (dotted).

first two generations) that are significantly weaker than
those assuming eightfold degeneracy. For instance, an
O(400GeV) squark belonging to the second generation
can be buried in the LHC jets plus MET data. In the
above analysis we have neglected for simplicity the e↵ects
of squark mixing, which could be sizable in alignment
models. In addition, our reinterpreted limits, while as-
suming the bino is the lightest SUSY particle (LSP), are
still applicable for singlino or gravitino LSPs, or when ad-
ditional electroweak (e.g. higgsinos) and leptonic states
are present, but do not drastically alter the light squark
branching ratios. In spite of the dramatic increase of
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Figure 12: Diagrams which cause flavor violation in models with arbitrary soft masses.

Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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L has arbitrary off-diagonal entries. If m2
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e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:
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If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:
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u1; m2
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If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)

38

q̃2L

q̃2Lq̃1L

q̃1Lc

cu

u

D0 D̄0

(a)

µ e

γ

µ
eB

(b)

d s

s d

g g

d

s

s

d

Figure 12: Diagrams which cause flavor violation in models with arbitrary soft masses.

Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:
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If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
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Q1; m2
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d
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d
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L = m2
L1; m2
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If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
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L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:
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If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
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u1; m2
d
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L = m2
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e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
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Q1; m2
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u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:
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If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:
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If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2
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u1; m2
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L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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q ij (⇥q
ij)MM ⌃⇥q

ij⌥
d 12 0.03 0.002
d 13 0.2 0.07
d 23 0.6 0.2
u 12 0.1 0.008

Table 4: The phenomenological upper bounds on (⇥q
ij)MM and on ⌃⇥q

ij⌥, where q = u, d and
M = L, R. The constraints are given for m̃q = 1 TeV and x ⇤ m2

g̃/m̃
2
q = 1. We assume that

the phases could suppress the imaginary parts by a factor ⇧ 0.3. The bound on (⇥d
23)RR is about

3 times weaker than that on (⇥d
23)LL (given in table). The constraints on (⇥d

12,13)MM , (⇥u
12)MM

and (⇥d
23)MM are based on, respectively, Refs. [143], [17] and [144].

q ij (⇥q
ij)LR

d 12 2⇥ 10�4

d 13 0.08
d 23 0.01
d 11 4.7⇥ 10�6

u 11 9.3⇥ 10�6

u 12 0.02

Table 5: The phenomenological upper bounds on chirality-mixing (⇥q
ij)LR, where q = u, d. The

constraints are given for m̃q = 1 TeV and x ⇤ m2
g̃/m̃

2
q = 1. The constraints on ⇥d

12,13, ⇥u
12, ⇥d

23

and ⇥q
ii are based on, respectively, Refs. [143], [17], [144] and [147] (with the relation between

the neutron and quark EDMs as in [148]).

For large tan �, some constraints are modified from those in Table 4. For instance, the
e⇥ects of neutral Higgs exchange in Bs and Bd mixing give, for tan � = 30 and x = 1 (see [140,
145, 146] and refs. therein for details):

⌃⇥d
13⌥ < 0.01

�
MA0

200 GeV

⇥
, ⌃⇥d

23⌥ < 0.04

�
MA0

200 GeV

⇥
, (132)

where MA0 denotes the pseudoscalar Higgs mass, and the above bounds scale roughly as
(30/ tan �)2.

The experimental constraints on the (⇥q
ij)LR parameters in the quark-squark sector are

presented in Table 5. The bounds are the same for (⇥q
ij)LR and (⇥q

ij)RL, except for (⇥d
12)MN ,

where the bound for MN = LR is 10 times weaker. Very strong constraints apply for the
phase of (⇥q

11)LR from EDMs. For x = 4 and a phase smaller than 0.1, the EDM constraints on
(⇥u,d,�

11 )LR are weakened by a factor ⇧ 6.
While, in general, the low energy flavor measurements constrain only the combinations of

the suppression factors from degeneracy and from alignment, such as Eq. (130), an interesting
exception occurs when combining the measurements of K0–K0 and D0–D0 mixing to test the
first two generation squark doublets (based on the analysis in Sec. 5.2.1). Here, for masses
below the TeV scale, some level of degeneracy is unavoidable [23]:

m eQ2
�m eQ1

m eQ2
+ m eQ1

⌅
⇤

0.034 maximal phases

0.27 vanishing phases
(133)

Similarly, using �F = 1 processes involving the third generation (Sec. 5.2.2), the following

42

Taking [29] m̃Q = 1
2(m̃Q1 + m̃Q2) and similarly for the SU(2)-singlet squarks, we find that

we thus have an upper bound on the splitting between the first two squark generations:

mQ̃2
�mQ̃1

mQ̃2
+ mQ̃1

⇥< 0.05� 0.14,

mũ2 �mũ1

mũ2 + mũ1
⇥< 0.02� 0.04. (6.12)

The first bound applies to the up squark doublets, while the second to the average of the

doublet mass splitting and the singlet mass splitting. The range in each of the bounds

corresponds to values of the phase between zero and maximal. We can thus make the

following conclusions concerning models of alignment:

1. The mass splitting between the first two squark doublet generations should be below

14%. For phases of order one, the bound is about 2� 3 times stronger.

2. In the simplest models of alignment, the mass splitting between the first two squark

generations should be smaller than about four percent.

3. The second (stronger) bound can be avoided in more complicated models of alignment,

where holomorphic zeros suppress the mixing in the singlet sector.

4. While RGE e⇥ects can provide some level of universality, even for anarchical boundary

conditions, the upper bound (6.12) requires not only a high scale of mediation [30] but

also that, at the scale of mediation, the gluino mass is considerably higher than the

squark masses.

In any model where the splitting between the first two squark doublet generations is larger

than O(y2
c ), |K

uL
21 �KdL

21 | = sin ⇥c = 0.23. Given the constraints from �mK and �K on |KdL
12 |,

one arrives at a constraint very similar to the first bound in Eq. (6.12). We conclude that

the constraints on the level of degeneracy between the squark doublets (stronger than five

to fourteen percent) applies to any supersymmetric model where the mass of the first two

squark doublet generations is below TeV. It is suggestive that the mechanism that mediates

supersymmetry breaking is flavor-universal, as in gauge mediation.

13

(squark doublets, gluino, 1TeV)                                                

SUSY implications: no hope for non-degeneracy ... 

	
  Blum,	
  Grossman,	
  Nir	
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  GP	
  (09)	
  

However ...  

With phases, first 2 gen’ squark need to have almost equal masses.
Looks like squark anarchy/alignment is dead!

Gedalia, Kamenik, Ligeti & GP (12); 

Formalism: Gedalia, Mannelli & GP (10) x2  

Successful alignment models guarantee small physical CP phase!

Last 4 yrs: dramatic progress in studying charm CPV
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Figure 12: Diagrams which cause flavor violation in models with arbitrary soft masses.

Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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Fig. 5g and eq. (3.72)]. There are similar diagrams if the left-handed slepton mass matrix
m2

L has arbitrary off-diagonal entries. If m2
L or m2

e were “random”, with all entries of
comparable size, then the contributions to BR(µ → eγ) would be about 5 or 6 orders of
magnitude larger than the current experimental upper limit of 5×10−11, even if the sleptons
are as heavy as 1 TeV. Therefore the form of the slepton mass matrices must be severely
constrained.

There are also important experimental constraints on the squark (mass)2 matrices. The
strongest of these come from the neutral kaon system. The effective hamiltonian for K0 ↔
K

0 mixing gets contributions from the diagram in Fig. 12b, among others, if LMSSM
soft contains

(mass)2 terms which mix down squarks and strange squarks. The gluino-squark-quark
vertices in Fig. 12b are all fixed by supersymmetry to be of strong interaction strength;
there are similar diagrams in which the bino and winos are exchanged.54 If the squark and
gaugino masses are of order 1 TeV or less, one finds that limits on the parameters ∆mK and
εK appearing in the neutral kaon system effective hamiltonian severely restrict the amount
of down-strange squark mixing and CP-violating complex phases that one can tolerate in
the soft parameters.55 Considerably weaker, but still interesting, constraints come from
the D0, D

0 and B0, B
0 neutral meson systems, and the decay b → sγ.56 After the Higgs

scalar fields get VEVs, the au, ad, ae matrices contribute off-diagonal squark and slepton
(mass)2 terms [for example, d̃adQ̃Hd + c.c. → (ad)12〈H0

d〉s̃Ld̃∗R + c.c., etc.], so their form
is also strongly constrained by flavor-changing neutral current (FCNC) limits. There are
other significant constraints on CP-violating phases in the gaugino masses and (scalar)3 soft
couplings following from limits on the electric dipole moments of the neutron and electron.57

All of these potentially dangerous FCNC and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking should be suitably
“universal”. In particular, one can suppose that the squark and slepton (mass)2 matrices
are flavor-blind. This means that they should each be proportional to the 3 × 3 identity
matrix in family space:

m2
Q = m2

Q1; m2
u = m2

u1; m2
d

= m2
d
1; m2

L = m2
L1; m2

e = m2
e1. (5.14)

If so, then all squark and slepton mixing angles are rendered trivial, because squarks and
sleptons with the same electroweak quantum numbers will be degenerate in mass and can
be rotated into each other at will. Supersymmetric contributions to FCNC processes will
therefore be very small in such an idealized limit, modulo the mixing due to au, ad, ae.
One can make the further assumption that the (scalar)3 couplings are each proportional to
the corresponding Yukawa coupling matrix:

au = Au0 yu; ad = Ad0 yd; ae = Ae0 ye. (5.15)
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FIG. 1: The bound on �

12
Q as a function of the angle ↵ (see text). The angle ↵ is plotted on a log scale in the basis �C = 0.23,

so that a value of 1 on the x axis corresponds to ↵ = �C (large angle), while a value of 5 gives ↵ = �

5
C (small angle — down

alignment). The vertical doted line shows the angle of optimal alignment (weakest bound). The red (blue) shaded region
corresponds to a gluino mass mg̃ of 1 (1.5) TeV, and inside each region the average squark mass m̄Q̃ is varied in the range
[0.8mg̃, 1.2mg̃]. The upper edge of each region (weakest bound) comes from the lowest m̄Q̃ . The two dashed lines correspond
to m̄Q̃ = mg̃ .

is shown in Fig. 1 as a function of the angle ↵, for various ranges of the relevant SUSY parameters (see the caption).
It can be seen that on the right-hand side of the plot, where the angle is very small (down alignment), the strongest
constraint comes from �mD , while on the left hand side, where the angle is large, ✏K is the dominant constraint.
The vertical dashed line marks the transition point, where the alignment is optimal, yet as evident from the plot,
making the angle smaller only mildly a↵ects the bound on �12Q . For the case where the gluino mass and the average
squark mass are both 1 TeV, the weakest bound is �12Q . 0.13. This occurs around log� ↵ ⇠ 2.5, so the universal CP

violating phase is of order �2.5
C . This implies an upper bound on CP violation in D �D mixing of order 0.2, around

the current experimental limit on
��|q/p|� 1

�� [32], which is expected to be improved significantly in the near future.
It is interesting that a modest level of degeneracy can be obtained only from the renormalization group equation

(RGE) flow, when starting from anarchy at the SUSY breaking mediation scale [33]. Moreover, in order to satisfy
the bounds on degeneracy from optimal alignment models, as presented in Fig. 1, the mediation scale does not have
to be very high. To show this, we use the SUSY RGE for the diagonal squark mass entries, which is dominated by
the gluino contribution. Neglecting the other gaugino contributions, we can solve the relevant equations at one loop
analytically

1

↵s(MS)
=

1

↵s(⇤)
+

b
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⇤
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where ⇤ is the typical scale of the new supersymmetric particles (taken to be 1 TeV), MS is the SUSY breaking
mediation scale, b

3

= �3 is the MSSM QCD beta function and the last equation is written in the squark mass basis.
In addition, we define

P
m2

˜Q
(µ) = m2

˜Q1
(µ) +m2

˜Q2
(µ) and �m2
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(µ) = m2
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We show that new physics that breaks the left-handed SU(3)Q quark flavor symmetry induces
contributions to CP violation in �F = 1 processes which are approximately universal, in that
they are not a↵ected by flavor rotations between the up and the down mass bases. Therefore,
such flavor violation cannot be aligned, and is constrained by the strongest bound from either
the up or the down sectors. We use this result to show that the bound from ✏

0
/✏ prohibits an

SU(3)Q breaking explanation of the recent LHCb evidence for CP violation in D meson decays.
Another consequence of this universality is that supersymmetric alignment models with a moderate
mediation scale are consistent with the data, and are harder to probe via CP violating observables.
With current constraints, therefore, squarks need not be degenerate. However, future improvements
in the measurement of CP violation in D �D mixing will start to probe alignment models.

I. INTRODUCTION

Measurements of flavor-changing neutral-current (FCNC) processes in the quark sector put strong constraints on
New Physics (NP) at the TeV scale and provide a crucial guide for model building. Generically, NP models can avoid
existing bounds by aligning the flavor structure with one of the quark Yukawa matrices. However, new flavor breaking
sources involving only the SU(2)L doublet quarks Qi (i.e., breaking only the SU(3)Q quark flavor symmetry) cannot
be simultaneously diagonalized in both the up and the down quark mass bases, and new contributions to FCNCs
are necessarily generated. To constrain such models of flavor alignment, processes involving both up and down type
quark transitions need to be measured. Consequently, one would näıvely conclude that robust constraints on the
corresponding microscopic flavor structures come from the weaker of the bounds in the up and the down sectors.

Below we argue, however, that in a large class of models, contrary to flavor violation in �F = 2 processes [1], in
the case of �F = 1 CP violation, it is the strongest of the up and down sector constraints which applies. We show
that in these scenarios, to a good approximation, the sources of �F = 1 CP violation are universal, namely they do
not transform under flavor rotations between the up and the down mass bases. This is particularly important for the
NP interpretation of the recent LHCb evidence for CP violation in D decays. Employing the ✏0/✏ constraint on new
CP violating �s = 1 operators, we exclude sizable contributions of SU(3)Q breaking NP operators to the direct CP
asymmetries in singly-Cabibbo-suppressed D decays, in particular to �aCP measured by the LHCb experiment [2].

Furthermore, applying our argument to rare semileptonic K and B decays, we show how the present and future
measurements of these processes constrain the sources of CP violation in rare semileptonic D decays and FCNC top
decays. In particular, the observation of non-SM CP asymmetries in these processes would, barring cancellations,
signal the presence of new sources of SU(3)U,D flavor symmetry breaking.

Finally, an additional implication of our result is that in viable flavor alignment models the universal flavor and CP
violating phases are naturally small. Applying this insight to supersymmetric (SUSY) alignment models leads to the
conclusion that the first two generation squarks can have mass splittings as large as 30% at the TeV scale, consistent
with mass anarchy at a supersymmetry breaking mediation scale as low as 10 TeV.

II. UNIVERSALITY OF CP VIOLATION WITH TWO GENERATIONS

It is well known that the gauge sector of the Standard Model (SM) respects a large global flavor symmetry. In the
quark sector, the corresponding flavor group, GF = SU(3)Q ⇥ SU(3)U ⇥ SU(3)D , is broken by the up and the down
Yukawa matrices Yu,d , formally transforming as (3, 3̄, 1) and (3, 1, 3̄) under GF , respectively. From these, one can
construct two independent sources of SU(3)Q breaking,

Au ⌘ (YuY
†
u )/tr , Ad ⌘ (YdY

†
d )/tr , (1)
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operator, O
7

, is also important at small q2. The B ! K⇤`+`� mode is particularly promising, since the distribution
of the K⇤ ! K⇡ decay products allows to extract information about the polarization of the K⇤. When combined
with the angular distributions of the two charged leptons, it is possible to construct observables probing directly CP
violating contributions to the relevant short-distance Wilson coe�cients [23]. Such observables could potentially be
measured at LHCb and SuperB [24]. On the other hand, the direct CP asymmetries depend on strong phases, which
are small in the inclusive B ! Xs`+`� decay (outside the resonance region), and are poorly known in the exclusive
B ! K(⇤)`+`� case. Another probe of this physics could be the study of time-dependent CP asymmetries in these
modes. While these are challenging experimentally, the interpretation of the results would be theoretically cleaner.
The SM predicts that the time-dependent CP asymmetry vanishes, as it does in Bs ! ��, to an even better accuracy
than in Bs !  �, due to a 2�s � 2�s cancellation between the mixing and decay phases. The same cancellation
occurs in NP models in which the mixing amplitude is modified as MSM

12

⇥ R2 and the decay amplitude is modified
as ASM ⇥ R. While this is the case in most supersymmetric models, it is not generic, and is violated, for example,
by models containing a Z 0 which has a flavor changing coupling to quarks and non-universal couplings to quarks and
leptons. (With very large data sets at the upgraded LHCb, a time-dependent Bs ! µ+µ� analysis would also be
worth pursuing.)

To analyze the connection between t ! cZ and FCNC b ! s decays, we need to consider the NP operators
before the Z is integrated out [25]. For example, the operator (b̄s)V�A (H†DH) contributes to Eq. (20), since after
electroweak symmetry breaking H†DµH ! gv2Zµ. Thus the relevant Wilson coe�cient, CH

bs , is constrained from
B ! Xs`+`�, similar to Eq. (22), as

��Im(CH
bs)
�� < 8.7⇥ 10�3 (⇤

NP

/TeV)2. Top decays into final states with a jet and
a pair of charged leptons o↵er a probe of the related (Xu

L)tc and (Xu
L)tu contributions [26]. The expected sensitivity

of this mode with 100 fb�1 at the 14 TeV LHC is |CH
tc(u)| . 0.2 (⇤

NP

/TeV)2 [25, 27], where the relevant operator is

defined as (t̄c(u))V�A (H†DH). According to Eq. (7), we can conclude that barring cancellations, any experimental
signal of CP violation in this channel would have to be due to SU(3)U breaking NP.

V. IMPLICATIONS FOR SUSY MODELS

In SUSY models the left-handed squark mass-squared matrix, m̃2

Q , is the only source of SU(3)Q breaking, and
is approximately SU(2)L invariant (see, e.g., [28] and references therein). In the following we discuss a universal
constraint on m̃2

Q from �F = 1 CP violation. In addition, we consider an example of �F = 2 constraints in relation
to alignment models, where our argument about universality of the CP phase also plays a role. In all cases the bounds
can be directly applied on the corresponding mass insertion parameters.

First we analyze the constraint from ✏0/✏. In the super-CKM basis, the neutral gaugino couplings are flavor
diagonal, while the mass matrices of the squarks are not diagonal in general. New contributions to CP violation
in �F = 1 processes involving left handed quarks are induced by the imaginary o↵-diagonal elements of m̃2

Q , and

can be parameterized in terms of the ratios �ijLL ⌘
�
m̃2

Q

�ij
/ m̄2

˜Q
, where i, j = 1, 2 are flavor indices and m̄

˜Q ⌘
(m

˜Q1
+m

˜Q2
)/2 is the average squark mass (this choice is consistent to linear order with the convention of [29]). The

experimental constraint on new contributions to ✏0/✏ is translated to the following bound on the left-handed mass
insertion parameter [29] Im �12LL  0.5 for m̄

˜Q = mg̃ = 500 GeV . This can be straightforwardly rephrased as a robust
constraint on the level of degeneracy

�12Q ⌘
m

˜Q2
�m

˜Q1

m
˜Q2

+m
˜Q1

 0.25

 
500GeV

m̄
˜Q

!
. (24)

This bound is weaker than the one obtained by combining the bounds from ✏K andD�D mixing [1]. Yet, interestingly,
it could have constrained degeneracy without the need for any additional measurements involving D mesons, more
than 20 years ago already, when the experimental uncertainty of ✏0/✏ approached the 10�3 level [30].

Constraints on alignment models that balance the bounds from mixing and CP violation in the K and D systems
have been analyzed in [1]. Here we comment on their results for supersymmetric models based on our CP universality
argument. According to the parameterization employed in [1], sin↵ (sin 2�) is proportional to the real (imaginary)
part of the o↵-diagonal element of the NP flavor violating source in the down mass basis. CP universality implies that
in the up mass basis, sin 2� still corresponds to the imaginary part, while the real part is rotated by twice the Cabibbo
angle. Equation (31) in [1] gives the bounds on squark mass degeneracy for the cases of vanishing (sin 2� = 0) and
maximal (sin 2� ⇠ 1) phase. We argue that the latter case is irrelevant, since it violates the assumption of alignment.
In contrast, while realistic models of alignment generically do not control the fundamental CP violating phases, they
force both sin↵ and sin 2� to be small, and should therefore be taken to be comparable [31]. This leads to a much
weaker bound than the more stringent one in [1]. In particular, the bound on �12Q from ✏K and �mK for sin↵ ⇠ sin 2�
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• Implication (2): bounds on degeneracy in SUSY alignment models

• SUSY effects in flavor ~ masses, splittings (degeneracy); mixing angles

• D & K mixing said to imply that alignment not viable w/o degeneracy

• based on assumption of ~ maximal CPV in K & D mixing

• not actually attainable in alignment due to CPV universality
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Gedalia, Kamenik, Ligeti & GP (12); 
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FIG. 3: Squark mass limits in three phenomenologically interesting scenarios with non-degenerate first- and second-generation
squarks. The left panel contains the least constrained scenario, with a single second-generation squark flavor split from all others;
the middle panel corresponds to an alignment-type scenario with first-generation squarks split from the second-generation. The
shaded blue region is excluded by flavor and CP violation constraints which apply to electroweak doublet squarks only, while
the singlet spectrum remains completely unconstrained; the right panel corresponds to an MFV-type scenario with split up-type
and down-type singlets, and doublets formally decoupled. The red dashed (dotted) lines represent the exclusion contour if the
LO mixed up-down squark production cross section is multiplied by a K-factor of 1.5 (2.0).

plot include the full dependence on the squark masses,
crucial when the splitting is large [29]. Although the sin-
glet squarks are kept degenerate with the corresponding
doublets for simplicity, their splittings are unconstrained
by flavor, and they could also be decoupled, resulting
in weaker LHC bounds (corresponding to the contour
�/�lim ⇠ 2), with unchanged flavor bounds. The right-
hand panel contains the limits in an MFV-type scenario,
with split up-type and down-type singlets, and doublets
formally decoupled. The red dashed (dotted) lines rep-
resent the exclusion contour if the LO mixed up-down
squark production cross section is multiplied by a K-
factor of 1.5 (2.0).

The surprisingly weak limits, in particular for squarks
of the second generation, demonstrate how ine↵ective
current searches are for light squarks. Re-optimizing
the ATLAS 2-6 jets plus MET search using only the
me↵ cut is not e↵ective: while the background grows
like m6

e↵ , the signal grows much more slowly, ensuring
that decreasing the me↵ cut makes things worse. It is
possible that the limits would improve on performing ei-
ther a full re-optimization including all cut variables, or
a shape analysis; such a study, however, is beyond the
scope of this paper. Instead, in Fig. 4, we compare the
limits for squark cross sections from various 7 TeV AT-
LAS and CMS jets plus MET searches (which have limits
for degenerate squarks that are competetive with those
of recent 8 TeV searches [33, 34]). We find indeed that
the most stringent bounds come from the more complex
shape-based analyses, such as the CMS razor search.

Conclusion: We have argued that a combination of
reduced e�ciencies and suppression due to PDFs leads
to constraints on non-degenerate squark masses (for the
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FIG. 4: Comparison between upper limits on squark pair-
production cross sections with a decoupled gluino and mass-
less neutralino, from 7TeV 5 fb�1 ATLAS and CMS jets plus
MET searches [15, 30–32]. We use the o�cial experimental
limits, except for the ATLAS search where we use our esti-
mate of the limit, simulating the search with ATOM (solid)
and PGS (dotted).

first two generations) that are significantly weaker than
those assuming eightfold degeneracy. For instance, an
O(400GeV) squark belonging to the second generation
can be buried in the LHC jets plus MET data. In the
above analysis we have neglected for simplicity the e↵ects
of squark mixing, which could be sizable in alignment
models. In addition, our reinterpreted limits, while as-
suming the bino is the lightest SUSY particle (LSP), are
still applicable for singlino or gravitino LSPs, or when ad-
ditional electroweak (e.g. higgsinos) and leptonic states
are present, but do not drastically alter the light squark
branching ratios. In spite of the dramatic increase of
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FIG. 3: Squark mass limits in three phenomenologically interesting scenarios with non-degenerate first- and second-generation
squarks. The left panel contains the least constrained scenario, with a single second-generation squark flavor split from all others;
the middle panel corresponds to an alignment-type scenario with first-generation squarks split from the second-generation. The
shaded blue region is excluded by flavor and CP violation constraints which apply to electroweak doublet squarks only, while
the singlet spectrum remains completely unconstrained; the right panel corresponds to an MFV-type scenario with split up-type
and down-type singlets, and doublets formally decoupled. The red dashed (dotted) lines represent the exclusion contour if the
LO mixed up-down squark production cross section is multiplied by a K-factor of 1.5 (2.0).

plot include the full dependence on the squark masses,
crucial when the splitting is large [29]. Although the sin-
glet squarks are kept degenerate with the corresponding
doublets for simplicity, their splittings are unconstrained
by flavor, and they could also be decoupled, resulting
in weaker LHC bounds (corresponding to the contour
�/�lim ⇠ 2), with unchanged flavor bounds. The right-
hand panel contains the limits in an MFV-type scenario,
with split up-type and down-type singlets, and doublets
formally decoupled. The red dashed (dotted) lines rep-
resent the exclusion contour if the LO mixed up-down
squark production cross section is multiplied by a K-
factor of 1.5 (2.0).

The surprisingly weak limits, in particular for squarks
of the second generation, demonstrate how ine↵ective
current searches are for light squarks. Re-optimizing
the ATLAS 2-6 jets plus MET search using only the
me↵ cut is not e↵ective: while the background grows
like m6

e↵ , the signal grows much more slowly, ensuring
that decreasing the me↵ cut makes things worse. It is
possible that the limits would improve on performing ei-
ther a full re-optimization including all cut variables, or
a shape analysis; such a study, however, is beyond the
scope of this paper. Instead, in Fig. 4, we compare the
limits for squark cross sections from various 7 TeV AT-
LAS and CMS jets plus MET searches (which have limits
for degenerate squarks that are competetive with those
of recent 8 TeV searches [33, 34]). We find indeed that
the most stringent bounds come from the more complex
shape-based analyses, such as the CMS razor search.

Conclusion: We have argued that a combination of
reduced e�ciencies and suppression due to PDFs leads
to constraints on non-degenerate squark masses (for the
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FIG. 4: Comparison between upper limits on squark pair-
production cross sections with a decoupled gluino and mass-
less neutralino, from 7TeV 5 fb�1 ATLAS and CMS jets plus
MET searches [15, 30–32]. We use the o�cial experimental
limits, except for the ATLAS search where we use our esti-
mate of the limit, simulating the search with ATOM (solid)
and PGS (dotted).

first two generations) that are significantly weaker than
those assuming eightfold degeneracy. For instance, an
O(400GeV) squark belonging to the second generation
can be buried in the LHC jets plus MET data. In the
above analysis we have neglected for simplicity the e↵ects
of squark mixing, which could be sizable in alignment
models. In addition, our reinterpreted limits, while as-
suming the bino is the lightest SUSY particle (LSP), are
still applicable for singlino or gravitino LSPs, or when ad-
ditional electroweak (e.g. higgsinos) and leptonic states
are present, but do not drastically alter the light squark
branching ratios. In spite of the dramatic increase of
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FIG. 3: Squark mass limits in three phenomenologically interesting scenarios with non-degenerate first- and second-generation
squarks. The left panel contains the least constrained scenario, with a single second-generation squark flavor split from all others;
the middle panel corresponds to an alignment-type scenario with first-generation squarks split from the second-generation. The
shaded blue region is excluded by flavor and CP violation constraints which apply to electroweak doublet squarks only, while
the singlet spectrum remains completely unconstrained; the right panel corresponds to an MFV-type scenario with split up-type
and down-type singlets, and doublets formally decoupled. The red dashed (dotted) lines represent the exclusion contour if the
LO mixed up-down squark production cross section is multiplied by a K-factor of 1.5 (2.0).

plot include the full dependence on the squark masses,
crucial when the splitting is large [29]. Although the sin-
glet squarks are kept degenerate with the corresponding
doublets for simplicity, their splittings are unconstrained
by flavor, and they could also be decoupled, resulting
in weaker LHC bounds (corresponding to the contour
�/�lim ⇠ 2), with unchanged flavor bounds. The right-
hand panel contains the limits in an MFV-type scenario,
with split up-type and down-type singlets, and doublets
formally decoupled. The red dashed (dotted) lines rep-
resent the exclusion contour if the LO mixed up-down
squark production cross section is multiplied by a K-
factor of 1.5 (2.0).

The surprisingly weak limits, in particular for squarks
of the second generation, demonstrate how ine↵ective
current searches are for light squarks. Re-optimizing
the ATLAS 2-6 jets plus MET search using only the
me↵ cut is not e↵ective: while the background grows
like m6

e↵ , the signal grows much more slowly, ensuring
that decreasing the me↵ cut makes things worse. It is
possible that the limits would improve on performing ei-
ther a full re-optimization including all cut variables, or
a shape analysis; such a study, however, is beyond the
scope of this paper. Instead, in Fig. 4, we compare the
limits for squark cross sections from various 7 TeV AT-
LAS and CMS jets plus MET searches (which have limits
for degenerate squarks that are competetive with those
of recent 8 TeV searches [33, 34]). We find indeed that
the most stringent bounds come from the more complex
shape-based analyses, such as the CMS razor search.

Conclusion: We have argued that a combination of
reduced e�ciencies and suppression due to PDFs leads
to constraints on non-degenerate squark masses (for the
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FIG. 4: Comparison between upper limits on squark pair-
production cross sections with a decoupled gluino and mass-
less neutralino, from 7TeV 5 fb�1 ATLAS and CMS jets plus
MET searches [15, 30–32]. We use the o�cial experimental
limits, except for the ATLAS search where we use our esti-
mate of the limit, simulating the search with ATOM (solid)
and PGS (dotted).

first two generations) that are significantly weaker than
those assuming eightfold degeneracy. For instance, an
O(400GeV) squark belonging to the second generation
can be buried in the LHC jets plus MET data. In the
above analysis we have neglected for simplicity the e↵ects
of squark mixing, which could be sizable in alignment
models. In addition, our reinterpreted limits, while as-
suming the bino is the lightest SUSY particle (LSP), are
still applicable for singlino or gravitino LSPs, or when ad-
ditional electroweak (e.g. higgsinos) and leptonic states
are present, but do not drastically alter the light squark
branching ratios. In spite of the dramatic increase of
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