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The best of times

• LHC is exceeding expectations

• SM Higgs like state at > 5 σ, 125±1 GeV

• 7 & 8 TeV searches beginning to constrain* 
most promising models

• Early casualties*: 4th generation, 
fermiophobic Higgs, techni-color, … 

*terms and conditions apply
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Made 
a grown man cry...

• Next: find new physics!

• Susy predicts a light Higgs (too light for 
naturalness?)

• Assume NP = susy for this talk. Why? How 
to find it? Higgs vs. Susy. What’s next?



The Higgs at 125 GeV

h → γγ in CMS

h → γγ in ATLAS



A light Higgs is unnatural

For 

V (h) = ✏⇤2h2 + �h4

hhi = 0

hhi = ⇤

Need: 
p
✏ ⇠ mW /⇤

✏ = ± O(1)



< H >= 0

but we need

The hierarchy problem

V (H) = ��2
UV H

2 + ⇥H4

� ⇠ O(1) � ⇠ �O(1)

hHi ⇠ ⇤UV

generically

✏ ⇠ 10�34

hHi =
p
��UV



Strong dynamics/
compositeness? 

Higher Dimensions?

Supersymmetry?

Lack of principles? Anthropic? Non-Wilsonian EFT?

Which principle can stabilize the 
electro-weak scale?

h  ci ! H ! vEW

What principles govern stability of electroweak scale?

...and the Hierarchy Problem

Strong Dynamics/
Compositeness?

Higher Dimensional 
Structures?

As profound as any other principles in fundamental 
physics.  Well beyond simply taxonomy.

Supersymmetry?
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SM UV sensitivity
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SM UV sensitivity
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Coleman Weinberg potential

Treat Higgs as a background field 
(like a parameter, no derivatives)
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STr = ‘super-trace’ 
(trace of d.o.f with ‘-’ for fermions)

quad. divergent piece
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fine-tuning!



Why should you care 
about fine-tuning?
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1. Electron self-energy 
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electrostatic energy :  E ≈
α
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< mec
2 ⇒ Λ <

me

α
≈ 70 MeV

magnetic energy :  E ≈
µ2

r3 ,µ =
e

2mec
< mec

2 ⇒ Λ <
me

α1/ 3 ≈ 3 MeV

New physics (positron) at me = 0.5 MeV 

2. Pion mass difference 
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QED contribution :
3α
4π

Λ2 < M
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π 0
2 ⇒ Λ < 850 MeV

New physics (hadrons) at Mρ  = 770 MeV  

3. Neutral kaon mass difference 
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The weak scale 
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3GF

4 2π 2 4mt
2 − 2mW
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2 −mh

2( )Λ2 < mh
2 ⇒ Λ < 500 GeV
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Strong dynamics/
compositeness? 

Higher Dimensions?

Supersymmetry?

Lack of principles? Anthropic? Non-Wilsonian EFT?

Which principle can stabilize the 
electro-weak scale?

h  ci ! H ! vEW

What principles govern stability of electroweak scale?

...and the Hierarchy Problem

Strong Dynamics/
Compositeness?

Higher Dimensional 
Structures?

As profound as any other principles in fundamental 
physics.  Well beyond simply taxonomy.

Supersymmetry?

⇥��c⇤ � vEW

⇥��c⇤ � H � vEW

SM SM

LocalityM� � vEW

� Bosons ↔ Fermions

What principles govern stability of electroweak scale?

...and the Hierarchy Problem

Strong Dynamics/
Compositeness?

Higher Dimensional 
Structures?

As profound as any other principles in fundamental 
physics.  Well beyond simply taxonomy.

Supersymmetry?

⇥��c⇤ � vEW

⇥��c⇤ � H � vEW

SM SM

LocalityM� � vEW

� Bosons ↔ Fermions



Why Supersymmetry?

SM MSSM

Gauge Coupling running at two loops

A hint?

Note, still works with MSUSY  = 100 TeV.
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Let’s look at the data



arXiv [hep-ph] mentions
http://arxiv.culturomics.org
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Data pre-LHC
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Will get to 
LHC impact shortly
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The field content of the MSSM

bosons fermions SU(3)C SU(2)L U(1)Y

Qi (⌘uL, ⌘dL)i (uL, dL)i
1
6

ui ⌘u⇥Ri ui = u†Ri 1 � 2
3

di
⌘d⇥Ri di = d†Ri 1 1

3

Li (⌘�, ⌘eL)i (�, eL)i 1 � 1
2

ei ⌘e⇥Ri ei = e†Ri 1 1 1

Hu (H+
u , H0

u) ( ⌘H+
u , ⌘H0

u) 1 1
2

Hd (H0
d , H�

d ) ( ⌘H0
d , ⌘H�

d ) 1 � 1
2

G Ga
µ

⌘Ga Ad 1 0

W W 3
µ , W±

µ
✓W 3, ✓W± 1 Ad 0

B Bµ
⌘B 1 1 0

two 
Higgs

doublets



Two Higgs Doublets
Two Higgs doublets with opposite hypercharges are needed to cancel

the U(1)3Y and U(1)Y SU(2)2L anomalies from higgsinos
even number of fermion doublets to avoid the Witten anomaly for SU(2)L.

The superpotential for the Higgs :

WHiggs = uYuQHu � dYdQHd � eYeLHd + µHuHd .

In the SM we can have Yukawa couplings with H or H⇥ but holomorphy
requires both Hu and Hd in order to write Yukawa couplings for both u
and d+ holomorphy of the super-potential (in SM: H and H*)



Higgs mass terms
Lµ,quadratic = �µ( ⌘H+

u
⌘H�

d � ⌘H0
u

⌘H0
d) + h.c.

�|µ|2(|H0
u|2 + |H+

u |2 + |H0
d |2 + |H�

d |2).

The D-term potential adds quartic terms with positive curvature, so
there is a stable minimum at the origin with ⌘Hu✓ = ⌘Hd✓ = 0.

EWSB requires soft SUSY breaking terms.
without unnatural cancellations we will need µ ⌃ O(msoft) ⌃ O(MW )

rather than O(MPl). This is known as the µ-problem. perhaps µ is
forbidden at tree-level so µ is then determined by the SUSY breaking
mechanism which also determines msoft.



cubic scalar
After integrating out auxiliary fields,

Lµ,cubic = µ⇥
⇧
⌘u⇥RYu⌘uLH0⇥

d + ⌘d⇥RYd
⌘dLH0⇥

u + ⌘e⇥RYe⌘eLH0⇥
u

+⌘u⇥RYu
⌘dLH�⇥

d + ⌘d⇥RYd⌘uLH+⇥
u + ⌘e⇥RYe⌘�LH+⇥

u

⌃
+ h.c.

The quartic scalar interactions are obtained in a similar fashion.
other holomorphic renormalizable terms :

Wdisaster = �ijkQiLjdk + ⇥ijkLiLjek + ⇤iLiHu + ⌅ijkdidjuk ,

Wdisaster violates lepton and baryon number!



R-Parity
invent a new discrete symmetry called R-parity:

(observed particle) � (observed particle) ,
(superpartner) � �(superpartner) .

Imposing this discrete R-parity forbids Wdisaster

R-parity ⌅ to imposing a discrete subgroup of B � L
(“matter parity”) PM = (�1)3(B�L) since

R = (�1)3(B�L)+F

R-parity is part of the definition of the MSSM



R-Parity
R-parity has important consequences:

• at colliders superpartners are produced in pairs;

• the lightest superpartner (LSP) is stable, and thus (if it is neutral)
can be a dark matter candidate;

• each sparticle (besides the LSP) eventually decays into an odd
number of LSPs.



R-Parity
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SUSY dim.less couplings ⌥ no �2

divergences

SUSY must be broken in the real world, eg.

W = Ea�a

gives a scalar potential

V = W ⇥
a W a = EaE⇥

a  = 0

which breaks SUSY.

We want to break SUSY such that Higgs – top squark quartic coupling
⇧ = |yt|2. If not we reintroduce a �2 divergence in the Higgs mass:

�m2
h � (⇧� |yt|2)�2



We know: Conserved Susy does not lead to 
power-divergencies.

How to avoid re-introducing power-divergencies
when breaking susy?

Count powers in diagrams! 

If we only introduce dimensionful couplings 
will always lower the power of divergence.



E⇥ective Theory

Grisaru, Girardello

We want an e�ective theory of broken SUSY with only soft breaking
terms (operators with dimension < 4). Girardello and Grisaru found:

Lsoft = � 1
2 (M⇧⇧a⇧a + h.c.)� (m2)i

j�
⇥j�i

�( 1
2bij�i�j + 1

6aijk�i�j�k + h.c.)
� 1

2cjk
i �i⇥�j�k + ei�i + h.c.

ei�i is only allowed if �i is a gauge singlet The cjk
i term may introduce

quadratic divergences if there is a gauge singlet multiplet in the model.

E⇥ective Theory

Grisaru, Girardello

We want an e�ective theory of broken SUSY with only soft breaking
terms (operators with dimension < 4). Girardello and Grisaru found:

Lsoft = � 1
2 (M⇧⇧a⇧a + h.c.)� (m2)i

j�
⇥j�i

�( 1
2bij�i�j + 1

6aijk�i�j�k + h.c.)
� 1

2cjk
i �i⇥�j�k + ei�i + h.c.

ei�i is only allowed if �i is a gauge singlet The cjk
i term may introduce

quadratic divergences if there is a gauge singlet multiplet in the model.

E⇥ective Theory

Grisaru, Girardello

We want an e�ective theory of broken SUSY with only soft breaking
terms (operators with dimension < 4). Girardello and Grisaru found:

Lsoft = � 1
2 (M⇧⇧a⇧a + h.c.)� (m2)i

j�
⇥j�i

�( 1
2bij�i�j + 1

6aijk�i�j�k + h.c.)
� 1

2cjk
i �i⇥�j�k + ei�i + h.c.

ei�i is only allowed if �i is a gauge singlet The cjk
i term may introduce

quadratic divergences if there is a gauge singlet multiplet in the model.

means couplings are dimensionful!



Soft SUSY Breaking
LMSSM

soft = � 1
2

⇧
M3

⌘G ⌘G + M2
✓W ✓W + M1

⌘B ⌘B
⌃

+ h.c.

�
⇧
⌘uAu

⌘QHu � ⌘dAd
⌘QHd � ⌘eAe

⌘LHd

⌃
+ h.c.

� ⌘Q⇥m2
Q

⌘Q� ⌘L⇥m2
L

⌘L� ⌘u⇥m2
u

⌘u� ⌘d
⇥
m2

d

⌘d� ⌘e⇥m2
e
⌘e

�m2
Hu

H⇥
uHu �m2

Hd
H⇥

dHd � (bHuHd + h.c.) .

to msoft ⌥ 1 TeV in order to solve the hierarchy problem by canceling
quadratic divergences:

Mi,Af ⌃ msoft , m2
f , b ⌃ m2

soft .

105 more parameters than the SM!



Higgs potential



Neutral Higgs potential

quartic fixed by gauge interactions!

short digression → 



Super YM



Super YM



Super YM





Neutral Higgs potential

quartic fixed by gauge interactions!



Higgs spectrum

Electroweak symmetry breaking
SU(2)L gauge transformation can set ⌘H+

u ✓ = 0. If we look for a
stable minimum along the charged directions we find

�V
�H+

u
|⌃H+

u ⌥=0 = bH�
d + g2

2 H0⇥
d H�

d H0⇥
u

will not vanish for nonzero H�
d for generic values of the parameters.

V (H0
u, H0

d) = (|µ|2 + m2
Hu

)|H0
u|2 + (|µ|2 + m2

Hd
)|H0

d |2 � (b H0
uH0

d + h.c.)
+ 1

8 (g2 + g⌅2)(|H0
u|2 � |H0

d |2)2.

origin is not a stable minimum requires:

b2 > (|µ|2 + m2
Hu

)(|µ|2 + m2
Hd

).

stabilizing D-flat direction H0
u = H0

d where the b term is arbitrarily
negative requires

2b < 2|µ|2 + m2
Hu

+ m2
Hd

.

MSSM HIGGS MASS

• Just as in the Standard Model, Higgs mass is related to quartic 
coupling.

• Supersymmetry: gauge interactions always come with quartic 
scalar interactions (D-term potential)

• Implication: Higgs quartic related to gauge couplings, which 
also determine W, Z masses: tree-level bound

1

8

�
g2 + g02

� ⇣��H0
u

��2 �
��H0

d

��2
⌘2

mh  mZ cos(2�)



Higgs spectrum
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coupling.

• Supersymmetry: gauge interactions always come with quartic 
scalar interactions (D-term potential)

• Implication: Higgs quartic related to gauge couplings, which 
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1

8

�
g2 + g02

� ⇣��H0
u

��2 �
��H0

d

��2
⌘2

mh  mZ cos(2�)

MSSM HIGGS MASS

• Just as in the Standard Model, Higgs mass is related to quartic 
coupling.

• Supersymmetry: gauge interactions always come with quartic 
scalar interactions (D-term potential)

• Implication: Higgs quartic related to gauge couplings, which 
also determine W, Z masses: tree-level bound
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Higgs mass maximized at large 
tan beta.
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!"##$ %&$$' ()*+ ,*$(&-"."/* ()* !"##$ !"! !"# $%"# $& '()* +$
$&,!-#) $*% ./ 0($&11 &1 $*% 234 2&5% '-%0+)% !#6()$5%"$
78"%9$("+":; <%$,%%" $*% <!-% 5!)) !"# $*% &"%9=&&'
0&--%0$+&" +) "%%#%# $& 5!+"$!+" $*% !"! &1 $*% >+::) !-&("#
$*% ,%!? )0!=%@ +1 ,% $!?% $,& =!-:% "(5<%-)A $*%+- )(5B
#+11%-%"0% +) &1 $*% )!5% &-#%- ("=%)) $*%)% "(5<%-) !-%
!=5&)$ %C(!= (' $& )%D%-!= )+:"+80!"$ #+:+$) 7)%% E%14 FGHI 1&-
! -%0%"$ %)$+5!$% &1 $*% !5&("$ &1 8"%9$("+": ,+$*+" $*% 23
!"# D!-+&() J23 5&#%=);4

0)* )"*1&12)+ 314-.*% "$ & #*5*1"2 (*2)5"2&. 314-.*% "5
&5+ ()*41+ "564.6"5# $4%* ."#)( $2&.&1 7"*.,$8

95 ()* $(:,+ 47 &5+ ()*41+ -*+45, ()* ;(&5,&1, <4,*.=
45* 5**,$ (4 -* &-.* (4 >:"2?.+ *$("%&(* ()* >:&,1&("2&..+
,"6*1#*5( 2411*2("45$ (4 ()* $2&.&1 34(*5("&.$8 @5* 2&5
*A3."2"(.+ 2&.2:.&(* $4%* B*+5%&5 ,"&#1&%$ 41= %41* 245C
6*5"*5(.+= 1*.+ 45 ()* 24%3:(&("45 47 ()* D4.*%&5 EF*"5C
-*1# 34(*5("&. GHIJ8 K( ()* 45*C.443 .*6*.= ()"$ *77*2("6*
34(*5("&. 741 & $2&.&1 7"*., ! "$ #"6*5 -+

!!!" #
!

,L"#

M!M!"L
;01 .5

"
" M
# $$ M!!"

#
! !LL"

N)*1* ()* $:3*1(1&2*= "8*8= ()* (1&2* N"() &5 *A(1& %"5:$ $"#5
741 ()* 7*1%"45"2 ,*#1**$ 47 71**,4%= "$ (&?*5 46*1 &.. ()*
3&1("2.*$ ()&( &2>:"1* & %&$$ N)*5 ! "$ &N&+ 714% ()* 41"#"58
K7(*1 "5(*#1&("5# 46*1 ,L"#= N* 4-(&"5

! # % "L

HMO!M
;01 H $ "M

PL!M
;01$ M!!"

$ H

PL!M
;01$ L!!" .5

$ M!!"
"M

!

N)*1* N* *&$".+ ",*5("7+ ()* >:&,1&("2&..+ ,"6*1#*5( 2411*2C
("45$ (4 ()* $2&.&1 34(*5("&.8

F* *A3."2"(.+ 245$",*1 ()* 2&$* 47 ()* !"##$ -4$45
34(*5("&. "5 ()* ;<8 F* 45.+ 5**, (4 ?54N ()* %C,*3*5,*5(
%&$$*$ 47 ()* ,"77*1*5( 3&1("2.*$8

F* 54(* ()&( ()*$* %&$$*$ &1* 24%3:(*, 741 & #*5*1"2 6&.:* 47
%' "5 3&1("2:.&1= &N&+ 714% ()* (1:* 6&2::% % # "= ()*
Q4.,$(45* -4$45$ &1* 54( %&$$.*$$ &5, 245(1"-:(* (4 ()*
D4.*%&5 EF*"5-*1# 34(*5("&. GMRJ8 ;:%%"5# 46*1 &.. ()*
3&1("2.*$= N* 4-(&"5 ()* $4:#)( >:&,1&("2&..+ ,"6*1#*5(
2411*2("45

!"M # H

M

$
H

L
!I& M $ S& & M" % P' M

( $ P#
%

"M

SM!M
% M ! !LT"

"5 &#1**%*5( N"() ()* ,"&#1&% 24%3:(&("458

!" #$% &'()*+) ,-. /012

!"3 14,5*6*7,4*8- 89 4'$ :*;;) &84$-4*,6 5( )(<<$4=*$)
F* )&6* .*&15( "5 ()* 31*6"4:$ $*2("45$ ()&( ()* ,*$21"3("45 47
UF;V N"() & !"##$ -4$45 $:77*1$ 714% $*6*1&. "5$(&-"."("*$ &(
()* >:&5(:% .*6*.8 UA(1& $(1:2(:1*$ W3&1("2.*$ &5,X41 $+%%*C
(1"*$Y &1* 5**,*, (4 $(&-"."/* ()* !"##$ 34(*5("&.8 04 ?**3
1&,"&("6* 2411*2("45$ :5,*1 245(14.= & ()*41"$( 2&5 :$* (N4
(44.$'

' 0)* )&*- 4=*+> GMHJ' "5 #*5*1&.= & 3&1("2.* 47 $3"5 ( )&$
M($ H ,*#1**$ 47 34.&1"/&("45 N"() ()* 45.+ *A2*3("45 -*"5#
& 3&1("2.* %46"5# &( ()* $3**, 47 ."#)(= "5 N)"2) 2&$* 7*N*1
34.&1"/&("45$ %&+ -* 3)+$"2&.8 D456*1$*.+= "7 & $+%%*(1+
.*&,$ (4 ()* ,*24:3."5# 47 $4%* 34.&1"/&("45 $(&(*$= ()*5 ()*
3&1("2.* 5*2*$$&1".+ 3143&#&(*$ &( ()* $3**, 47 ."#)( &5,
():$ 1*%&"5$ %&$$.*$$8 B41 "5$(&52*= #&:#* "56&1"&52*
*5$:1*$ ()&( ()* .45#"(:,"5&. 34.&1"/&("45 47 & 6*2(41 7"*.,
"$ 5453)+$"2&. &5, 2)"1&. $+%%*(1+ ?**3$ 45.+ 45* 7*1%"45
2)"1&."(+' -4() $3"5CH &5, $3"5CH#M 3&1("2.*$ &1* 314(*2(*,
714% ,&5#*14:$ 1&,"&("6* 2411*2("45$8 Z5741(:5&(*.+= ()"$
$3"5 (1"2? 2&554( -* :$*, 741 & $3"5CR 3&1("2.* ."?* ()* ;<
!"##$ $2&.&1 -4$458

' 0)* ?86.)48-$ 4'$8=$< GMMJ' N)*5 & #.4-&. $+%%*(1+ "$
$345(&5*4:$.+ -14?*5= ()* $3*2(1:% 245(&"5$ &)*((+,(( $3"5C
R 3&1("2.*8 !4N*6*1= )*1* &#&"5= "( $**%$ ,"77"2:.( (4 "564?*
()"$ (1"2? (4 314(*2( ()* ;< !"##$ -4$45 714% 1&,"&("6*
2411*2("45$ $"52* & [&%-: EQ4.,$(45* -4$45 2&5 45.+ )&6*
$4%* ,*1"6&("6* 24:3."5#$= :5."?* ()* !"##$ 7"*.,8 \"((.* !"##$
%4,*.$ )&6* -**5 245$(1:2(*, (4 2"12:%6*5( ()*$* ,"77"2:.("*$]
()*+ 3146",* 1*&."$("2 *A&%3.*$ 47 ()* !"##$ -4$45 &$ &
W3$*:,4Y [&%-:EQ4.,$(45* -4$458 K $)41( &224:5( 47
()*$* %4,*.$ "$ #"6*5 -*.4N "5 ;*2("45 S8M8

95 ()* .&(* HIPR$= ()* D4.*%&5 E<&5,:.& &5, !&&# E
\43:$/&5$?" E ;4)5":$ ()*41*%$ GMSJ (&:#)( :$ )4N (4 &33.+
()* $3"5 (1"2? (4 $3"5CR 3&1("2.*$' ()* 74:1C,"%*5$"45&.
^4"52&1*_ $+%%*(1+ )&$ (4 -* *5.&1#*,8 0)* 7"1$( 245$(1:2("45
47 ()"$ (+3* 245$"$($ "5 *%-*,,"5# ()* L` ^4"52&1*_ &.#*-1&
"5(4 & $:3*1&.#*-1&8 0)*5 ()* $:3*1$+%%*(1+ -*(N**5
7*1%"45$ &5, -4$45$ *A(*5,$ ()* $3"5 (1"2? (4 $2&.&1
3&1("2.*$8 K2(:&..+= ()*1* *A"$($ &5 *6*5 $"%3.*1 N&+ (4
*5.&1#* ()* ^4"52&1*_ $+%%*(1+ -+ "564?"5# *A(1& ,"%*5C
$"45$' ()* T` ^4"52&1*_ &.#*-1& 4-6"4:$.+ 245(&"5$ ()* L`
^4"52&1*_ &.#*-1& &$ & $:-&.#*-1&8 K7(*1 24%3&2("7"2&("45 47
()* *A(1& ,"%*5$"45$= 714% ()* L` $(&5,34"5(= ()* )"#)*1C
,"%*5$"45&. #&:#* 7"*., ,*24%34$*$ "5(4 & L` #&:#* 7"*.,
W()* 24%345*5($ &.45# 4:1 L` N41.,Y &5, L` $2&.&1 7"*.,$
W()* 24%345*5($ &.45# ()* *A(1& ,"%*5$"45$Y8 0)* $+%%*(1+
-*(N**5 6*2(41$ &5, $2&.&1$ &..4N$ *A(*5,"5# ()* $3"5 (1"2? (4
$3"5CR 3&1("2.*$8

[*"()*1 $:3*1$+%%*(1+ 541 )"#)*1C,"%*5$"45&. ^4"52&1*_
$+%%*(1+ &1* *A&2( $+%%*(1"*$ 47 5&(:1*8 0)*1*741*= "7 ()*+
*6*1 )&6* & 14.* (4 3.&+= ()*+ )&6* (4 -* -14?*58 95 41,*1 54(
(4 .4$* &5+ 47 ()*"1 -*5*7"($= ()"$ -1*&?"5# )&$ (4 3142**,
N"()4:( 1*"5(14,:2"5# &5+ $(145# Za ,*3*5,*52* "5(4 ()*
1*541%&."/*, $2&.&1 %&$$ $>:&1*' N* 5**, & (-./ 01,*"23&8
0)"$ >:*$("45 )&$ -**5 N*.. $(:,"*, "5 $:3*1$+%%*(1"2
()*41"*$= &5, N* ,"$2:$$ ()* $47( -1*&?"5# 47 )"#)*1C,"%*5C
$"45&. #&:#* ()*41"*$ "5 ;*2("45 L8 95 ;*2("45 T= N* -1"*7.+
1*341( 45 !"##$.*$$ %4,*.$ GML= MTJ= N)*1* ()* UF;V "$ 54
.45#*1 &2)"*6*, ()14:#) & !"##$ %*2)&5"$% -:( 1*$:.($ 714%
545(1"6"&. -4:5,&1+ 245,"("45$ 741 ()* #&:#* 7"*.,$ &( ()*
-4:5,&1"*$ 47 & 7"7() ,"%*5$"458

!!"#$#%"#%& '())#)

'!-$+0=%) "(5<%- &1

'&=!-+K!$+&")

&119)*%== 5!))

F(

bR

$&'

>+::)

L&=#)$&"%

S ) M

M

L ) S

G

M

$ M
F # H

L
& M% M

$ M
b # H

L
!& M $ & & M"% M

$ M
( # H

M
' M
( %

M

$ M
! # #!S% M % " M"

$ M
Q # #!% M % " M"

N!"(!-OA PQQR S%, !''-&!0*%) $& %=%0$-&,%!? )O55%$-O <-%!?+": R

1) Show the cancellation using
the top and stop mass matrices.
2) Calculate the stop contribution to the quartic.

M(�) = y
top

�

M(�)2 ⇡ (y
top

�)2 +M2
susy

top

stop

Exercise: 



Susy: log enhanced

MSSM 

Energy

msusy

MSSM + susy breaking b.c. ⇤



1

16⇡2
⇤

2 �! 1

16⇡2
m2

susy log

✓
⇤

msusy

◆

              for⇡ 30 ⇤ = MGUT

Tuning very acute for high scale super 
symmetry breaking

SM Susy



Susy and the 125 GeV 
Higgs

125 GEV HIGGS AND SUSY

Very interesting! Light enough that SUSY still 
seems sane, but heavy enough that many models don’t.

Many options to fit it, but most feel a little contrived.

MSSM:

Implications of a 125 GeV Higgs for the MSSM and Low-Scale SUSY Breaking

Patrick Draper1, Patrick Meade2, Matthew Reece3, and David Shih4
1SCIPP, University of California, Santa Cruz, CA 95064

2CNYITP, Stony Brook University, Stony Brook NY 11794
3Department of Physics, Harvard University, Cambridge, MA 02138

4NHETC, Rutgers University, Piscataway, NJ 08854
(Dated: January 24, 2012)

Recently, the ATLAS and CMS collaborations have announced exciting hints for a Standard
Model-like Higgs boson at a mass of � 125 GeV. In this paper, we explore the potential consequences
for the MSSM and low scale SUSY-breaking. As is well-known, a 125 GeV Higgs implies either
extremely heavy stops (& 10 TeV), or near-maximal stop mixing. We review and quantify these
statements, and investigate the implications for models of low-scale SUSY breaking such as gauge
mediation where the A-terms are small at the messenger scale. For such models, we find that either
a gaugino must be superheavy or the NLSP is long-lived. Furthermore, stops will be tachyonic
at high scales. These are very strong restrictions on the mediation of supersymmetry breaking in
the MSSM, and suggest that if the Higgs truly is at 125 GeV, viable models of gauge-mediated
supersymmetry breaking are reduced to small corners of parameter space or must incorporate new
Higgs-sector physics.

I. INTRODUCTION

Recently, intriguing hints of the Standard Model (SM)-
like Higgs boson have been reported by the LHC. The
ATLAS collaboration has presented results in the dipho-
ton [1] and ZZ⇤ ⇧ 4⌃ [2] channels, showing a combined
⇤ 3⌅ excess at mh ⌅ 126 GeV. The CMS collaboration
has also presented results with a weaker ⇤ 2⌅ excess in
the ⇥⇥ channel at mh ⌅ 123 GeV [3] and two events in
the ZZ⇤ channel near the same mass [4]. It is too early
to say whether these preliminary results will grow in sig-
nificance to become a Higgs discovery, but it is not too
early to consider some of the consequences if they do.

The potential discovery of a light Higgs renews the
urgency of the gauge hierarchy problem. Supersymme-
try remains the best-motivated solution to the hierar-
chy problem. Although it has not yet been found at
the LHC, considerable discovery potential still remains
in the parameter space relevant for naturalness [5]. How-
ever, a 125 GeV Higgs places stringent constraints on
supersymmetry, especially in the context of the minimal
supersymmetric standard model (MSSM). In this paper
we will examine these constraints in detail and use this
to study the implications for low-scale SUSY breaking.

In the MSSM, for values of the CP -odd Higgs mass
mA & 200 GeV, there exists a light CP -even Higgs
state in the spectrum with SM-like couplings to the elec-
troweak gauge bosons. The SM-Higgs mass and proper-
ties are dominantly controlled by just a few weak-scale
MSSM parameters: at tree level, mA and tan�, joined at
higher order by the stop masses mt̃1,2 and the stop mix-
ing parameter Xt ⇥ At�µ cot�. At tree-level, the Higgs
mass is bounded above by mZ cos 2�. One-loop correc-
tions from stops are responsible for lifting this bound
to ⇤ 130 GeV [6–10, 12], for a general review, see [13].
Other parameters of the MSSM contribute radiative cor-
rections to the Higgs mass, but in general are highly sub-
dominant to the stop sector. Even with large loop e�ects,

it is noteworthy that 125 GeV is a relatively large Higgs
mass for the MSSM—this fact allows us to constrain the
stop masses and mixing.
In this paper, we will focus on stop masses mt̃ . 5 TeV

which includes the collider relevant region. (We briefly
consider heavier stops in the appendix.) Here fixed-order
Higgs spectrum calculators such as FeynHiggs [14–17],
which implements a broad set of one and two-loop cor-
rections to the physical Higgs mass, should be fairly ac-
curate. Imposing an upper bound on the stop masses
implies stringent bounds on tan� and At, and in partic-
ular requires large mixings among the stops.
FormA . 500 GeV, the SM-like Higgs has an enhanced

coupling to the down-type fermions, leading to an in-
crease in the h ⇧ bb̄ partial width and suppressing the
branching fractions into the main low-mass LHC search
modes, h ⇧ ⇥⇥,WW [18–20]. Since the LHC sees a rate
consistent with SM expectations (albeit with a sizeable
error bar), in this work we take mA = 1 TeV, where all
the Higgs couplings are SM-like. This limit also avoids
constraints from direct searches for H/A ⇧ ⇧⇧ [21–23].
For tan� we will set a benchmark value of 30 and con-
sider a range of values in some cases.

II. IMPLICATIONS FOR WEAK-SCALE MSSM
PARAMETERS

For mt̃ . 5 TeV, a Higgs mass of mh ⌅ 125 GeV
places strong constraints on tan� and the stop parame-
ters. Although we will use FeynHiggs for all the plots in
this section, it is useful to keep in mind the approximate
one-loop formula for the Higgs mass,
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Consider the diagrams in Fig. 1. We’ve already observed that the one at left is problematic: it’s a
renormalization of an external line, so we don’t want to include it when we compute a loop amplitude. In
shamplitude calculations, it shows up as unpleasant 1

s12...(n�1)
⇥ ⇤ factors in the amplitudes we’re trying

to build the shamplitude out of, which we are currently removing by hand.
The other kind of bubble diagram with one gluon connected at one end is shown on the right in Fig. 1.

It has a two-particle vertex at the other end. As a result, it has the structure:

�
d4⇤

(2⇥)4
�1µ (2⇤µ + kµ1 ) J(k2, . . . kj) · J(kj+1, . . . kn)

(⇤2 �m2)((⇤+ k1)2 �m2)
. (1)

Notice that this always contributes 0 to the loop integral: �1 · k1 = 0, and the bubble integral, linear in ⇤µ,
can only be proportional to kµ1 , because all dependence on the other momenta factors out of the integrand.

So, we can in fact drop every diagram with only one gluon connected on one side of a bubble. It’s tempting
to try to inductively turn this into a procedure for generating shamplitudes only from other shamplitudes,
not from amplitudes, but the argument doesn’t work. It would be nice to do something more systematic
than dropping terms by hand. Is there a nice procedure that makes use of this fact?

At least for the 4-point shamplitude, it means computing it directly from Feynman diagrams only involves
summing up nine diagrams (Fig. 2). We can eliminate four of these with a convenient gauge choice.

Four-point loops from Feynman diagrams

If we want to compute the + + ++ amplitude, we can make �i · �j = 0 simply by taking �i =
µ�̃i

hµ ii for all i.

In the + + +� case, we can make �i · �j = 0 by taking �i =
�4�̃i
h4 ii for i = 1, 2, 3 and �4 = �4�̃1

[4 1] . Thus, we can

discard all Feynman diagrams with 4-point (2-scalar 2-gluon) vertices. The remaining diagrams are boxes,
triangles, and the bubble with two particles on each side attached at 3-gluon vertices.
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Recently, the ATLAS and CMS collaborations have announced exciting hints for a Standard
Model-like Higgs boson at a mass of � 125 GeV. In this paper, we explore the potential consequences
for the MSSM and low scale SUSY-breaking. As is well-known, a 125 GeV Higgs implies either
extremely heavy stops (& 10 TeV), or near-maximal stop mixing. We review and quantify these
statements, and investigate the implications for models of low-scale SUSY breaking such as gauge
mediation where the A-terms are small at the messenger scale. For such models, we find that either
a gaugino must be superheavy or the NLSP is long-lived. Furthermore, stops will be tachyonic
at high scales. These are very strong restrictions on the mediation of supersymmetry breaking in
the MSSM, and suggest that if the Higgs truly is at 125 GeV, viable models of gauge-mediated
supersymmetry breaking are reduced to small corners of parameter space or must incorporate new
Higgs-sector physics.

I. INTRODUCTION

Recently, intriguing hints of the Standard Model (SM)-
like Higgs boson have been reported by the LHC. The
ATLAS collaboration has presented results in the dipho-
ton [1] and ZZ⇤ ⇧ 4⌃ [2] channels, showing a combined
⇤ 3⌅ excess at mh ⌅ 126 GeV. The CMS collaboration
has also presented results with a weaker ⇤ 2⌅ excess in
the ⇥⇥ channel at mh ⌅ 123 GeV [3] and two events in
the ZZ⇤ channel near the same mass [4]. It is too early
to say whether these preliminary results will grow in sig-
nificance to become a Higgs discovery, but it is not too
early to consider some of the consequences if they do.

The potential discovery of a light Higgs renews the
urgency of the gauge hierarchy problem. Supersymme-
try remains the best-motivated solution to the hierar-
chy problem. Although it has not yet been found at
the LHC, considerable discovery potential still remains
in the parameter space relevant for naturalness [5]. How-
ever, a 125 GeV Higgs places stringent constraints on
supersymmetry, especially in the context of the minimal
supersymmetric standard model (MSSM). In this paper
we will examine these constraints in detail and use this
to study the implications for low-scale SUSY breaking.

In the MSSM, for values of the CP -odd Higgs mass
mA & 200 GeV, there exists a light CP -even Higgs
state in the spectrum with SM-like couplings to the elec-
troweak gauge bosons. The SM-Higgs mass and proper-
ties are dominantly controlled by just a few weak-scale
MSSM parameters: at tree level, mA and tan�, joined at
higher order by the stop masses mt̃1,2 and the stop mix-
ing parameter Xt ⇥ At�µ cot�. At tree-level, the Higgs
mass is bounded above by mZ cos 2�. One-loop correc-
tions from stops are responsible for lifting this bound
to ⇤ 130 GeV [6–10, 12], for a general review, see [13].
Other parameters of the MSSM contribute radiative cor-
rections to the Higgs mass, but in general are highly sub-
dominant to the stop sector. Even with large loop e�ects,

it is noteworthy that 125 GeV is a relatively large Higgs
mass for the MSSM—this fact allows us to constrain the
stop masses and mixing.
In this paper, we will focus on stop masses mt̃ . 5 TeV

which includes the collider relevant region. (We briefly
consider heavier stops in the appendix.) Here fixed-order
Higgs spectrum calculators such as FeynHiggs [14–17],
which implements a broad set of one and two-loop cor-
rections to the physical Higgs mass, should be fairly ac-
curate. Imposing an upper bound on the stop masses
implies stringent bounds on tan� and At, and in partic-
ular requires large mixings among the stops.
FormA . 500 GeV, the SM-like Higgs has an enhanced

coupling to the down-type fermions, leading to an in-
crease in the h ⇧ bb̄ partial width and suppressing the
branching fractions into the main low-mass LHC search
modes, h ⇧ ⇥⇥,WW [18–20]. Since the LHC sees a rate
consistent with SM expectations (albeit with a sizeable
error bar), in this work we take mA = 1 TeV, where all
the Higgs couplings are SM-like. This limit also avoids
constraints from direct searches for H/A ⇧ ⇧⇧ [21–23].
For tan� we will set a benchmark value of 30 and con-
sider a range of values in some cases.

II. IMPLICATIONS FOR WEAK-SCALE MSSM
PARAMETERS

For mt̃ . 5 TeV, a Higgs mass of mh ⌅ 125 GeV
places strong constraints on tan� and the stop parame-
ters. Although we will use FeynHiggs for all the plots in
this section, it is useful to keep in mind the approximate
one-loop formula for the Higgs mass,
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Consider the diagrams in Fig. 1. We’ve already observed that the one at left is problematic: it’s a
renormalization of an external line, so we don’t want to include it when we compute a loop amplitude. In
shamplitude calculations, it shows up as unpleasant 1

s12...(n�1)
⇥ ⇤ factors in the amplitudes we’re trying

to build the shamplitude out of, which we are currently removing by hand.
The other kind of bubble diagram with one gluon connected at one end is shown on the right in Fig. 1.

It has a two-particle vertex at the other end. As a result, it has the structure:

�
d4⇤

(2⇥)4
�1µ (2⇤µ + kµ1 ) J(k2, . . . kj) · J(kj+1, . . . kn)

(⇤2 �m2)((⇤+ k1)2 �m2)
. (1)

Notice that this always contributes 0 to the loop integral: �1 · k1 = 0, and the bubble integral, linear in ⇤µ,
can only be proportional to kµ1 , because all dependence on the other momenta factors out of the integrand.

So, we can in fact drop every diagram with only one gluon connected on one side of a bubble. It’s tempting
to try to inductively turn this into a procedure for generating shamplitudes only from other shamplitudes,
not from amplitudes, but the argument doesn’t work. It would be nice to do something more systematic
than dropping terms by hand. Is there a nice procedure that makes use of this fact?

At least for the 4-point shamplitude, it means computing it directly from Feynman diagrams only involves
summing up nine diagrams (Fig. 2). We can eliminate four of these with a convenient gauge choice.

Four-point loops from Feynman diagrams

If we want to compute the + + ++ amplitude, we can make �i · �j = 0 simply by taking �i =
µ�̃i

hµ ii for all i.

In the + + +� case, we can make �i · �j = 0 by taking �i =
�4�̃i
h4 ii for i = 1, 2, 3 and �4 = �4�̃1

[4 1] . Thus, we can

discard all Feynman diagrams with 4-point (2-scalar 2-gluon) vertices. The remaining diagrams are boxes,
triangles, and the bubble with two particles on each side attached at 3-gluon vertices.
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Recently, the ATLAS and CMS collaborations have announced exciting hints for a Standard
Model-like Higgs boson at a mass of � 125 GeV. In this paper, we explore the potential consequences
for the MSSM and low scale SUSY-breaking. As is well-known, a 125 GeV Higgs implies either
extremely heavy stops (& 10 TeV), or near-maximal stop mixing. We review and quantify these
statements, and investigate the implications for models of low-scale SUSY breaking such as gauge
mediation where the A-terms are small at the messenger scale. For such models, we find that either
a gaugino must be superheavy or the NLSP is long-lived. Furthermore, stops will be tachyonic
at high scales. These are very strong restrictions on the mediation of supersymmetry breaking in
the MSSM, and suggest that if the Higgs truly is at 125 GeV, viable models of gauge-mediated
supersymmetry breaking are reduced to small corners of parameter space or must incorporate new
Higgs-sector physics.

I. INTRODUCTION

Recently, intriguing hints of the Standard Model (SM)-
like Higgs boson have been reported by the LHC. The
ATLAS collaboration has presented results in the dipho-
ton [1] and ZZ⇤ ⇧ 4⌃ [2] channels, showing a combined
⇤ 3⌅ excess at mh ⌅ 126 GeV. The CMS collaboration
has also presented results with a weaker ⇤ 2⌅ excess in
the ⇥⇥ channel at mh ⌅ 123 GeV [3] and two events in
the ZZ⇤ channel near the same mass [4]. It is too early
to say whether these preliminary results will grow in sig-
nificance to become a Higgs discovery, but it is not too
early to consider some of the consequences if they do.

The potential discovery of a light Higgs renews the
urgency of the gauge hierarchy problem. Supersymme-
try remains the best-motivated solution to the hierar-
chy problem. Although it has not yet been found at
the LHC, considerable discovery potential still remains
in the parameter space relevant for naturalness [5]. How-
ever, a 125 GeV Higgs places stringent constraints on
supersymmetry, especially in the context of the minimal
supersymmetric standard model (MSSM). In this paper
we will examine these constraints in detail and use this
to study the implications for low-scale SUSY breaking.

In the MSSM, for values of the CP -odd Higgs mass
mA & 200 GeV, there exists a light CP -even Higgs
state in the spectrum with SM-like couplings to the elec-
troweak gauge bosons. The SM-Higgs mass and proper-
ties are dominantly controlled by just a few weak-scale
MSSM parameters: at tree level, mA and tan�, joined at
higher order by the stop masses mt̃1,2 and the stop mix-
ing parameter Xt ⇥ At�µ cot�. At tree-level, the Higgs
mass is bounded above by mZ cos 2�. One-loop correc-
tions from stops are responsible for lifting this bound
to ⇤ 130 GeV [6–10, 12], for a general review, see [13].
Other parameters of the MSSM contribute radiative cor-
rections to the Higgs mass, but in general are highly sub-
dominant to the stop sector. Even with large loop e�ects,

it is noteworthy that 125 GeV is a relatively large Higgs
mass for the MSSM—this fact allows us to constrain the
stop masses and mixing.
In this paper, we will focus on stop masses mt̃ . 5 TeV

which includes the collider relevant region. (We briefly
consider heavier stops in the appendix.) Here fixed-order
Higgs spectrum calculators such as FeynHiggs [14–17],
which implements a broad set of one and two-loop cor-
rections to the physical Higgs mass, should be fairly ac-
curate. Imposing an upper bound on the stop masses
implies stringent bounds on tan� and At, and in partic-
ular requires large mixings among the stops.
FormA . 500 GeV, the SM-like Higgs has an enhanced

coupling to the down-type fermions, leading to an in-
crease in the h ⇧ bb̄ partial width and suppressing the
branching fractions into the main low-mass LHC search
modes, h ⇧ ⇥⇥,WW [18–20]. Since the LHC sees a rate
consistent with SM expectations (albeit with a sizeable
error bar), in this work we take mA = 1 TeV, where all
the Higgs couplings are SM-like. This limit also avoids
constraints from direct searches for H/A ⇧ ⇧⇧ [21–23].
For tan� we will set a benchmark value of 30 and con-
sider a range of values in some cases.

II. IMPLICATIONS FOR WEAK-SCALE MSSM
PARAMETERS

For mt̃ . 5 TeV, a Higgs mass of mh ⌅ 125 GeV
places strong constraints on tan� and the stop parame-
ters. Although we will use FeynHiggs for all the plots in
this section, it is useful to keep in mind the approximate
one-loop formula for the Higgs mass,
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Consider the diagrams in Fig. 1. We’ve already observed that the one at left is problematic: it’s a
renormalization of an external line, so we don’t want to include it when we compute a loop amplitude. In
shamplitude calculations, it shows up as unpleasant 1

s12...(n�1)
⇥ ⇤ factors in the amplitudes we’re trying

to build the shamplitude out of, which we are currently removing by hand.
The other kind of bubble diagram with one gluon connected at one end is shown on the right in Fig. 1.

It has a two-particle vertex at the other end. As a result, it has the structure:

�
d4⇤

(2⇥)4
�1µ (2⇤µ + kµ1 ) J(k2, . . . kj) · J(kj+1, . . . kn)

(⇤2 �m2)((⇤+ k1)2 �m2)
. (1)

Notice that this always contributes 0 to the loop integral: �1 · k1 = 0, and the bubble integral, linear in ⇤µ,
can only be proportional to kµ1 , because all dependence on the other momenta factors out of the integrand.

So, we can in fact drop every diagram with only one gluon connected on one side of a bubble. It’s tempting
to try to inductively turn this into a procedure for generating shamplitudes only from other shamplitudes,
not from amplitudes, but the argument doesn’t work. It would be nice to do something more systematic
than dropping terms by hand. Is there a nice procedure that makes use of this fact?

At least for the 4-point shamplitude, it means computing it directly from Feynman diagrams only involves
summing up nine diagrams (Fig. 2). We can eliminate four of these with a convenient gauge choice.

Four-point loops from Feynman diagrams

If we want to compute the + + ++ amplitude, we can make �i · �j = 0 simply by taking �i =
µ�̃i

hµ ii for all i.

In the + + +� case, we can make �i · �j = 0 by taking �i =
�4�̃i
h4 ii for i = 1, 2, 3 and �4 = �4�̃1

[4 1] . Thus, we can

discard all Feynman diagrams with 4-point (2-scalar 2-gluon) vertices. The remaining diagrams are boxes,
triangles, and the bubble with two particles on each side attached at 3-gluon vertices.
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Recently, the ATLAS and CMS collaborations have announced exciting hints for a Standard
Model-like Higgs boson at a mass of � 125 GeV. In this paper, we explore the potential consequences
for the MSSM and low scale SUSY-breaking. As is well-known, a 125 GeV Higgs implies either
extremely heavy stops (& 10 TeV), or near-maximal stop mixing. We review and quantify these
statements, and investigate the implications for models of low-scale SUSY breaking such as gauge
mediation where the A-terms are small at the messenger scale. For such models, we find that either
a gaugino must be superheavy or the NLSP is long-lived. Furthermore, stops will be tachyonic
at high scales. These are very strong restrictions on the mediation of supersymmetry breaking in
the MSSM, and suggest that if the Higgs truly is at 125 GeV, viable models of gauge-mediated
supersymmetry breaking are reduced to small corners of parameter space or must incorporate new
Higgs-sector physics.

I. INTRODUCTION

Recently, intriguing hints of the Standard Model (SM)-
like Higgs boson have been reported by the LHC. The
ATLAS collaboration has presented results in the dipho-
ton [1] and ZZ⇤ ⇧ 4⌃ [2] channels, showing a combined
⇤ 3⌅ excess at mh ⌅ 126 GeV. The CMS collaboration
has also presented results with a weaker ⇤ 2⌅ excess in
the ⇥⇥ channel at mh ⌅ 123 GeV [3] and two events in
the ZZ⇤ channel near the same mass [4]. It is too early
to say whether these preliminary results will grow in sig-
nificance to become a Higgs discovery, but it is not too
early to consider some of the consequences if they do.

The potential discovery of a light Higgs renews the
urgency of the gauge hierarchy problem. Supersymme-
try remains the best-motivated solution to the hierar-
chy problem. Although it has not yet been found at
the LHC, considerable discovery potential still remains
in the parameter space relevant for naturalness [5]. How-
ever, a 125 GeV Higgs places stringent constraints on
supersymmetry, especially in the context of the minimal
supersymmetric standard model (MSSM). In this paper
we will examine these constraints in detail and use this
to study the implications for low-scale SUSY breaking.

In the MSSM, for values of the CP -odd Higgs mass
mA & 200 GeV, there exists a light CP -even Higgs
state in the spectrum with SM-like couplings to the elec-
troweak gauge bosons. The SM-Higgs mass and proper-
ties are dominantly controlled by just a few weak-scale
MSSM parameters: at tree level, mA and tan�, joined at
higher order by the stop masses mt̃1,2 and the stop mix-
ing parameter Xt ⇥ At�µ cot�. At tree-level, the Higgs
mass is bounded above by mZ cos 2�. One-loop correc-
tions from stops are responsible for lifting this bound
to ⇤ 130 GeV [6–10, 12], for a general review, see [13].
Other parameters of the MSSM contribute radiative cor-
rections to the Higgs mass, but in general are highly sub-
dominant to the stop sector. Even with large loop e�ects,

it is noteworthy that 125 GeV is a relatively large Higgs
mass for the MSSM—this fact allows us to constrain the
stop masses and mixing.
In this paper, we will focus on stop masses mt̃ . 5 TeV

which includes the collider relevant region. (We briefly
consider heavier stops in the appendix.) Here fixed-order
Higgs spectrum calculators such as FeynHiggs [14–17],
which implements a broad set of one and two-loop cor-
rections to the physical Higgs mass, should be fairly ac-
curate. Imposing an upper bound on the stop masses
implies stringent bounds on tan� and At, and in partic-
ular requires large mixings among the stops.
FormA . 500 GeV, the SM-like Higgs has an enhanced

coupling to the down-type fermions, leading to an in-
crease in the h ⇧ bb̄ partial width and suppressing the
branching fractions into the main low-mass LHC search
modes, h ⇧ ⇥⇥,WW [18–20]. Since the LHC sees a rate
consistent with SM expectations (albeit with a sizeable
error bar), in this work we take mA = 1 TeV, where all
the Higgs couplings are SM-like. This limit also avoids
constraints from direct searches for H/A ⇧ ⇧⇧ [21–23].
For tan� we will set a benchmark value of 30 and con-
sider a range of values in some cases.

II. IMPLICATIONS FOR WEAK-SCALE MSSM
PARAMETERS

For mt̃ . 5 TeV, a Higgs mass of mh ⌅ 125 GeV
places strong constraints on tan� and the stop parame-
ters. Although we will use FeynHiggs for all the plots in
this section, it is useful to keep in mind the approximate
one-loop formula for the Higgs mass,
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Consider the diagrams in Fig. 1. We’ve already observed that the one at left is problematic: it’s a
renormalization of an external line, so we don’t want to include it when we compute a loop amplitude. In
shamplitude calculations, it shows up as unpleasant 1

s12...(n�1)
⇥ ⇤ factors in the amplitudes we’re trying

to build the shamplitude out of, which we are currently removing by hand.
The other kind of bubble diagram with one gluon connected at one end is shown on the right in Fig. 1.
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�
d4⇤

(2⇥)4
�1µ (2⇤µ + kµ1 ) J(k2, . . . kj) · J(kj+1, . . . kn)

(⇤2 �m2)((⇤+ k1)2 �m2)
. (1)
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can only be proportional to kµ1 , because all dependence on the other momenta factors out of the integrand.
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not from amplitudes, but the argument doesn’t work. It would be nice to do something more systematic
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as it captures many of the qualitative features that we
will see. We have characterized the scale of superpart-

ner masses with MS ⇤
�
mt̃1mt̃2

⇥1/2
. First, we see that

decreasing tan� always decreases the Higgs mass, inde-
pendent of all the other parameters (keeping in mind that
tan� � 1.5 for perturbativity). So we expect to find a
lower bound on tan� coming from the Higgs mass. Sec-
ond, we see that the Higgs mass depends on Xt/MS as
a quartic polynomial, and in general it has two peaks at
Xt/MS ⇧ ±

⌥
6, the “maximal mixing scenario” [10]. So

we expect that mh = 125 GeV intersects this quartic in
up to four places, leading to up to four preferred values
for Xt/MS . Finally, we see that for fixed Xt/MS , the
Higgs mass only increases logarithmically with MS itself.
So we expect a mild lower bound on MS from mh = 125
GeV.

Now let’s demonstrate these general points with de-
tailed calculations using FeynHiggs. Shown in fig. 1 are
contours of constant Higgs mass in the tan�, Xt/MS

plane, for mQ = mU = 2 TeV (where mQ and mU

are the soft masses of the third-generation left-handed
quark and right-handed up-type quark scalar fields). The
shaded band corresponds to mh = 123 � 127 GeV, and
the dashed lines indicate the same range of Higgs masses
but with mt = 172 � 174 GeV. (The central value in all
our plots will always be mh = 125 GeV at mt = 173.2
GeV.) From all this, we conclude that to be able to get
mh ⇧ 125 GeV, we must have

tan� � 3.5 (2)

So this is an absolute lower bound on tan� just from the
Higgs mass measurement. We also find that the Higgs
mass basically ceases to depend on tan� for tan� beyond
⌅ 20. So for the rest of the paper we will take tan� = 30
for simplicity.

Fixing tan�, the Higgs mass is then a function of Xt

and MS . Shown in fig. 2 are contours of constant mh vs
MS and Xt. We see that for large MS , we want

Xt

MS
⇧ �3, �1.7, 1.5, or 3.5 (3)

We also see that the smallest the A-terms and the SUSY-
scale can absolutely be are

|Xt| � 1000 GeV, MS � 500 GeV. (4)

It is also interesting to examine the limits in the plane
of physical stop masses. Shown in fig. 3 are plots of the
contours of constant Xt in the mt̃2 vs. mt̃1 plane. Here
the values of Xt < 0 and Xt > 0 were chosen to satisfy
mh = 125 GeV, and the solution with smaller absolute
value was chosen. In the dark gray shaded region, no
solution to mh = 125 GeV was found. Here we see that
the t̃1 can be as light as 200 GeV, provided we take t̃2 to
be heavy enough. We also see that the heavy stop has to
be much heavier in general in the Xt < 0 case.
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FIG. 1. Contour plot of mh in the tan� vs. Xt/MS plane.
The stops were set at mQ = mU = 2 TeV, and the result is
only weakly dependent on the stop mass up to � 5 TeV. The
solid curve is mh = 125 GeV with mt = 173.2 GeV. The band
around the curve corresponds to mh =123-127 GeV. Finally,
the dashed lines correspond to varying mt from 172-174.
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FIG. 2. Contours of constant mh in the MS vs. Xt plane,
with tan� = 30 and mQ = mU . The solid/dashed lines and
gray bands are as in fig. 1.
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Having understood what mh ⇧ 125 GeV implies for
the weak-scale MSSM parameters, we now turn to the
implications for the underlying model of SUSY-breaking
and mediation. In RG running down from a high scale,
for positive gluino mass M3, the A-term At decreases.
The gluino mass also drives squark mass-squareds larger
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The stops were set at mQ = mU = 2 TeV, and the result is
only weakly dependent on the stop mass up to � 5 TeV. The
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the values of Xt < 0 and Xt > 0 were chosen to satisfy
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FIG. 1. Contour plot of mh in the tan� vs. Xt/MS plane.
The stops were set at mQ = mU = 2 TeV, and the result is
only weakly dependent on the stop mass up to � 5 TeV. The
solid curve is mh = 125 GeV with mt = 173.2 GeV. The band
around the curve corresponds to mh =123-127 GeV. Finally,
the dashed lines correspond to varying mt from 172-174.
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with tan� = 30 and mQ = mU . The solid/dashed lines and
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GeV.) From all this, we conclude that to be able to get
mh ⇧ 125 GeV, we must have

tan� � 3.5 (2)
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scale can absolutely be are
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It is also interesting to examine the limits in the plane
of physical stop masses. Shown in fig. 3 are plots of the
contours of constant Xt in the mt̃2 vs. mt̃1 plane. Here
the values of Xt < 0 and Xt > 0 were chosen to satisfy
mh = 125 GeV, and the solution with smaller absolute
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solution to mh = 125 GeV was found. Here we see that
the t̃1 can be as light as 200 GeV, provided we take t̃2 to
be heavy enough. We also see that the heavy stop has to
be much heavier in general in the Xt < 0 case.
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FIG. 1. Contour plot of mh in the tan� vs. Xt/MS plane.
The stops were set at mQ = mU = 2 TeV, and the result is
only weakly dependent on the stop mass up to � 5 TeV. The
solid curve is mh = 125 GeV with mt = 173.2 GeV. The band
around the curve corresponds to mh =123-127 GeV. Finally,
the dashed lines correspond to varying mt from 172-174.
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with tan� = 30 and mQ = mU . The solid/dashed lines and
gray bands are as in fig. 1.

III. IMPLICATIONS FOR THE SUSY
BREAKING SCALE

Having understood what mh ⇧ 125 GeV implies for
the weak-scale MSSM parameters, we now turn to the
implications for the underlying model of SUSY-breaking
and mediation. In RG running down from a high scale,
for positive gluino mass M3, the A-term At decreases.
The gluino mass also drives squark mass-squareds larger

2

as it captures many of the qualitative features that we
will see. We have characterized the scale of superpart-

ner masses with MS ⇤
�
mt̃1mt̃2

⇥1/2
. First, we see that

decreasing tan� always decreases the Higgs mass, inde-
pendent of all the other parameters (keeping in mind that
tan� � 1.5 for perturbativity). So we expect to find a
lower bound on tan� coming from the Higgs mass. Sec-
ond, we see that the Higgs mass depends on Xt/MS as
a quartic polynomial, and in general it has two peaks at
Xt/MS ⇧ ±

⌥
6, the “maximal mixing scenario” [10]. So

we expect that mh = 125 GeV intersects this quartic in
up to four places, leading to up to four preferred values
for Xt/MS . Finally, we see that for fixed Xt/MS , the
Higgs mass only increases logarithmically with MS itself.
So we expect a mild lower bound on MS from mh = 125
GeV.

Now let’s demonstrate these general points with de-
tailed calculations using FeynHiggs. Shown in fig. 1 are
contours of constant Higgs mass in the tan�, Xt/MS

plane, for mQ = mU = 2 TeV (where mQ and mU

are the soft masses of the third-generation left-handed
quark and right-handed up-type quark scalar fields). The
shaded band corresponds to mh = 123 � 127 GeV, and
the dashed lines indicate the same range of Higgs masses
but with mt = 172 � 174 GeV. (The central value in all
our plots will always be mh = 125 GeV at mt = 173.2
GeV.) From all this, we conclude that to be able to get
mh ⇧ 125 GeV, we must have

tan� � 3.5 (2)

So this is an absolute lower bound on tan� just from the
Higgs mass measurement. We also find that the Higgs
mass basically ceases to depend on tan� for tan� beyond
⌅ 20. So for the rest of the paper we will take tan� = 30
for simplicity.

Fixing tan�, the Higgs mass is then a function of Xt

and MS . Shown in fig. 2 are contours of constant mh vs
MS and Xt. We see that for large MS , we want

Xt

MS
⇧ �3, �1.7, 1.5, or 3.5 (3)

We also see that the smallest the A-terms and the SUSY-
scale can absolutely be are

|Xt| � 1000 GeV, MS � 500 GeV. (4)

It is also interesting to examine the limits in the plane
of physical stop masses. Shown in fig. 3 are plots of the
contours of constant Xt in the mt̃2 vs. mt̃1 plane. Here
the values of Xt < 0 and Xt > 0 were chosen to satisfy
mh = 125 GeV, and the solution with smaller absolute
value was chosen. In the dark gray shaded region, no
solution to mh = 125 GeV was found. Here we see that
the t̃1 can be as light as 200 GeV, provided we take t̃2 to
be heavy enough. We also see that the heavy stop has to
be much heavier in general in the Xt < 0 case.

�4 �2 0 2 4
0

5

10

15

20

25

30

Xt�MS

ta
n⇥

FIG. 1. Contour plot of mh in the tan� vs. Xt/MS plane.
The stops were set at mQ = mU = 2 TeV, and the result is
only weakly dependent on the stop mass up to � 5 TeV. The
solid curve is mh = 125 GeV with mt = 173.2 GeV. The band
around the curve corresponds to mh =123-127 GeV. Finally,
the dashed lines correspond to varying mt from 172-174.

�6 �4 �2 0 2 4 6
0.0

0.5

1.0

1.5

2.0

2.5

3.0

Xt �TeV⇥

M
S
�TeV⇥

FIG. 2. Contours of constant mh in the MS vs. Xt plane,
with tan� = 30 and mQ = mU . The solid/dashed lines and
gray bands are as in fig. 1.

III. IMPLICATIONS FOR THE SUSY
BREAKING SCALE

Having understood what mh ⇧ 125 GeV implies for
the weak-scale MSSM parameters, we now turn to the
implications for the underlying model of SUSY-breaking
and mediation. In RG running down from a high scale,
for positive gluino mass M3, the A-term At decreases.
The gluino mass also drives squark mass-squareds larger

All plots made with FeynHiggs (Heinemeyer, 
Hahn, Rzehak, Weiglein, Williams, Hollik)

Susy and the Higgs at 
125 GeV

Higgs @ 
125GeV



Heinemeyer et al’12

2012$07$14' LHC'Implica2ons'for'TeV$scale'physics' 10'

Constraints$on$the$stop$sector$

 'Can'also'determine'lower'limit'on'dominant'contribu2on'to''
'''radia2ve'correc2ons'(in'decoupling'limit)'

LEP$Excluded$
Mh$=$126+J3$GeV$

LEP$Excluded$
Mh$=$126+J1$GeV$

No'theory'uncertain2es'Theory'uncertain2es'included'

LEP$Excluded$
Mh$=$126+J3$GeV$

MSUSY > 350 GeV, mt̃1 & 150 GeV
2012$07$14' LHC'Implica2ons'for'TeV$scale'physics' 10'

Constraints$on$the$stop$sector$

 'Can'also'determine'lower'limit'on'dominant'contribu2on'to''
'''radia2ve'correc2ons'(in'decoupling'limit)'

LEP$Excluded$
Mh$=$126+J3$GeV$

LEP$Excluded$
Mh$=$126+J1$GeV$

No'theory'uncertain2es'Theory'uncertain2es'included'

LEP$Excluded$
Mh$=$126+J3$GeV$

MSUSY > 350 GeV, mt̃1 & 150 GeV

More conservative error bars on theory
calculation (added linearly) 



Consequences for
Susy breaking scenarios



Consequences for
Susy breaking scenarios

• Gauge mediation predicts: negligible A-
terms (stop mixing) at messenger scale

Gauge Mediation

• Gauge mediation offers the best (only?) explanation for the 
required flavor universality of the soft Lagrangian.

• In 2008, my collaborators and I invented a model-independent 
framework for GMSB:  “General Gauge Mediation”

Hidden sector
SUSY+...

SU(3)xSU(2)xU(1)

Visible sector:
MSSM+...

Meade, Seiberg & DS; 
Buican, Meade, Seiberg, DS

db c
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e
Fig. 1: The graphical description of the contributions of the two point functions
to the soft masses. (a) represents the gaugino mass contribution from !j!j"". In

(b)-(e) the various contributions to the soft scalar masses are given: (b) !J", (c)
!JJ", (d) !j!j!̇", and (e) !jµj#". It should be stressed that the blobs in the figures

represent hidden sector correlation functions. The leading contribution in theories

with messengers arises from one loop of the messengers, but in general when there
are no messengers, it is more complicated.

So far we have discussed the simpler case of a single U(1) gauge group here, in the

case of the actual MSSM one has to consider the separate SU(3), SU(2) and U(1) gauge

groups. We will label the gauge groups by r = 3, 2, 1, respectively. If we want the gauge

couplings to unify, then the value of c(r) = c must be independent of r (assuming SU(5)

normalization of the U(1) factor of course) and we want the thresholds !C(r)
a (0) to depend

weakly on r. Moreover, if we want perturbative unification, then there is an upper bound

on the magnitude of c. These are examples of some completely general constraints on the

SUSY breaking sector that can be derived using our formalism.

Now, it is straightforward to find the sfermion and gaugino masses of the MSSM.

In Figure 1 we show the diagrams involving the current correlation functions which are

responsible for the MSSM soft masses.

The gaugino masses arise at tree level in the e!ective theory (3.2); to leading order
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Idea: express soft masses in terms of currents and their correlation functions



A terms in gauge mediation
A-terms in GGM

• With gauge interactions alone,  A terms are not generated at all 
-- they are protected by phase rotations of the squark fields.

• Need to involve Yukawa couplings.
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L � AtQūHu + c.c.

+

Q ū
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A-terms in GGM

• With gauge interactions alone,  A terms are not generated at all 
-- they are protected by phase rotations of the squark fields.
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L � AtQūHu + c.c.

+

Q ū
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Leading order effect comes at two-loops… 

For high-scale breaking: can induce by RGE:



Higgs@125 GeV in the MSSM
+GMSB

• Higgs@125 in the MSSM:  A-terms must be large at weak scale. 

• GGM:  A-terms are small at messenger scale. 
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Higgs beyond the MSSM

• In NMSSM, can have mhiggs = 125 GeV without requiring large A-
terms. 

• Many well-known problems with the NMSSM (Singlet tadpoles, 
domain walls...) (cf N. Weiner’s talk)

• NMSSM+GMSB has even more problems:  

• A-terms for singlet are small for the same reasons as before. 

• Need these A-terms together with negative singlet mass-squared for successful 
EWSB and extended Higgs spectrum.  Generally near-impossible to achieve. 
(Dine & Nelson ’93; de Gouvea, Friedland, Murayama ’97; Morrissey & Pierce 
’08;....)
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HIGGS PROPERTIES
Data summarized in Giardino / Kannike / Raidal / Strumia, 
1207.1347. 

Photons are high, taus are low, WW/ZZ just about right. 
Error bars are big. But more data is coming in quickly.
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Figure 1: Left: assuming mh = 125.5GeV, we show the measured Higgs boson rates at ATLAS,

CMS, CDF, D0 and their average (horizontal gray band at ±1�). Here 0 (red line) corresponds

to no Higgs boson, 1 (green line) to the SM Higgs boson. Right: The Higgs boson rate favored

at 1� (dark blue) and 2� (light blue) in a global SM fit as function of the Higgs boson mass.

2 Reconstructing the Higgs boson properties

In the left panel of figure 1 we summarize all data points [6, 7, 8, 9, 10, 11, 12, 13, 14, 15] together

with their 1� error-bars. The grey band shows the ±1� range for the weighted average of all

rates:
Measured Higgs rate

SM prediction
= 1.10± 0.15 (1)

It lies along the SM prediction of 1 (green horizontal line) and is 7� away from 0 (red horizontal

line). Thus the combination of all data favours the existence of Higgs boson with much higher

significance than any of the experiments separately.

2.1 Higgs boson mass

In the right panel of Fig. 1 we show our approximated combination of all Higgs boson data,

finding that the global best fit for the Higgs boson mass is

mh =

8
><

>:

125.2± 0.65 GeV CMS

126.2± 0.67 GeV ATLAS

125.5± 0.54 GeV combined

. (2)

The Higgs boson mass values preferred by the two experiments are compatible, and the uncer-

tainty is so small that in the subsequent fits we can fix mh to its combined best-fit value.

The analysis proceeds along the lines of our previous work [16] (for similar older fits see [17]),

with the following modifications: 1) whenever possible we use the central values and the uncer-

tainties on Higgs boson rates as reported by the experiments, rather than inferring them from

3

Photons are high, taus are low, WW/ZZ 
just about right.
Error bars still sizable. More data is coming 
in quickly

Giardino et al
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FIG. 1: The one dimensional fit to Fg in the NSUSY scenario to global Higgs data (left), and the approx-

imate projection of the relationship between the Wilson coefficients into the higher dimensional operator

space (right).The green, yellow and gray regions correspond to the 1, 2, 3 � allowed regions in the 1D or 2D

fit space (defined with the CDF appropriate to each case. This difference accounts for the mismatch in the

��2’s that define the best-fit regions). Also shown as solid (brown) contours is the enhancement of the µ� �

signal strength and how such a condition projects into the best fit space.

correspond to lighter states, as their impact scales as 1/⇤2. This will represent a further problem

for this region.

We can characterize the allowed relationship between the Wilson coefficients that intersect the

(1�) best fit region in a model-independent way, finding that current data is consistent with the

following four ranges of the Wilson coefficient ratios, corresponding to the four different best-fit

regions in that 2D space [28]. 10 For c̃� > 0:

� 0.01 < c̃g/c̃� < 0.16 , 0.27 < c̃g/c̃� < 2.5 , (23)

and, for c̃� < 0:

� 0.1 < c̃g/c̃� < �0.065 , �0.016 < c̃g/c̃� < 0.001 . (24)

10 Note that these bounds are approximate in the following sense: for a 1D fixed relationship between the Wilson
coefficients, the allowed C.L. regions are slightly different if obtained with the 1D CDF or for the 2D Wilson
coefficient case. Again, this effect can be seen in the NSUSY case in Fig. 1

are taken from predictions for the SM Higgs boson [11]. Under these assumptions, using the narrow
width approximation, the event yield in any production⇥decay mode as compared to the SM case can be
expressed in terms of the two parameters cV and cF , starting from the following expression:

N(ii ! H ! ff) ⇠ �ii �ff

�
tot

. (1)

Here �
tot

is also a function of cV and cF and ii 2 {gg,W+W�, ZZ, tt} and ff 2
{��, bb, ⌧+⌧�,W+W�, ZZ}; it is calculated as the sum of the rescaled partial widths of the Higgs
boson decays into SM particles. The cV and cF re-scaling factors do not represent any particular physics
model and serve the sole purpose of testing the compatibility of the observation with the SM Higgs boson
hypothesis. 7 TeV and 5 fb�1 at 8 TeV on cV and cF is 20-30%. More data is needed for obtaining sen-
sitivity to parametrisations with more coupling modifiers (e.g. splitting the fermions into up and down
type, and then adding the specific flavour and eventually additional contributions to the loop-induced
couplings and a coupling to indiscernible particles).

3 Phenomenological Framework of EWSB and Interpretation of the Recent LHC Data
The SM of electroweak and strong interactions describes (nearly) all experimental data with high pre-
cision. A cornerstone of the SM is the Higgs mechanism to give masses to the W± and Z bosons as
well as to the fermions. Furthermore, a Higgs boson is needed for a perturbative unitarization of the
WLWL scattering amplitude at high energies. As outlined in Sect. 2.4 the SM is consistent with a low
mass Higgs. Within the SM the cross sections and branching ratios can be calculated (as a function of
MH ) with high precision, and the predictions have to be confronted with experimental data to test the
Higgs mechanism.

Within the SM the Higgs boson mass, MH , is not stable under radiative corrections, the “hi-
erarchy problem”, hinting towards new physics stabilizing the EW scale. Furthermore, a value of
MH

<⇠ 130 GeV tends to lead to an unstable minimum in the Higgs potential, and new physics is
expected to extend the model to higher energy scales.

In this section we will investigate the compatibility of the SM with the currently available exper-
imental information on the recently discovered state and discuss possible alternatives to the SM in view
of the current experimental situation. It should be kept in mind in this context that it is still a logical
possibility that the state at ⇠ 125 GeV is not connected to EWSB. This fact underlines the utmost im-
portance of measuring all its characteristics with high precision, where then differences to a (SM-like)
Higgs boson should be revealed.

3.1 Effective theory approach
A convenient way to test the compatibility with the SM and possible new physics scenarios is making
use of an effective theory. It allows one to parametrise the most general interaction of the Higgs boson
with matter fields and gauge bosons in a systematic way. A convenient framework is to use the chiral
EW Lagrangian of the Goldstone bosons ⌃(x) = ei�a ⇡a/v and a scalar field h (see e.g. [12])

Leff =
1

2
(@µh)

2 � V (h) +
v2

4
Tr(Dµ⌃

†Dµ⌃)


1 + 2 a

h

v
+ b

h2

v2
+ b

3

h3

v3
+ · · ·

�
,

� vp
2
(ūiLd̄

i
L)⌃


1 + cj

h

v
+ c

2

h2

v2
+ · · ·

� 
yuij u

j
R

ydij d
j
R

!
+ h.c. · · · , (2)

with the potential V (h) = 1

2

m2

h h
2 + d3

6

(
3m2

h
v )h3 + d4

24

(
3m2

h
v2

)h4 + · · · . Additional heavy states with
masses roughly above ⇤ can be included by adding the higher dimensional operators

LHD = �cg g2
3

2⇤
hGA

µ ⌫G
Aµ ⌫ � c� (2⇡ ↵)

⇤
hFµ ⌫F

µ ⌫ , (3)

6

9

is obtained in Ref. [23] in the limit where gluino effects and the effect of squark mixing was

neglected.7 This approach also neglects running that would sum large logs if a two stage matching

was employed, integrating out each stop eigenstate in sequence.8

Whether one integrates out the stops and matches onto the local operator approximation or

not, there is a relationship between the NP effects on �gg!h and �h!�� that is independent of

the stop mass parameters in the minimal NSUSY limit. In the local operator approximation, the

relationship is simply

c̃g
c̃�

=

1

2NcQ2
t̃

Cg(↵s)

C�(↵s)
=

3

8

✓
1 +

3↵s

2 ⇡

◆
, (20)

where we see how the ratio ⇠ 3/8 is determined by the stop quantum numbers. This is a con-

sequence of assuming that the only BSM contribution to both the �� and gg loops comes from

stops. This strong relationship will be relaxed in less minimal scenarios. For example, light �±’s

with mass m2
�1

⇠ µ2 (in the decoupling limit) would in principle also contribute to the � � loops.

However, the Higgs couples to the higgsino as h ˜W±
˜H⌥ and a large mixing between wino and

higgsino eigenstates would be required. As we are considering the large gaugino mass limit in

NSUSY, M2 � µ, v, this mixing scales as ⇠ m2
W sin

2 �/(M2
2 ) and is suppressed, so that we can

neglect the chargino contribution to h��.

We also utilize this effective Lagrangian to examine the issue of efficiency corrections to the µi

when high-dimension operators are present. We find that such efficiency corrections to event rates

are very small and neglect them. See the Appendix for details.

B. Global Fit To Higgs Signal Strengths

In this section we describe our method and results for globally fitting to Higgs signal strength

data in the scenario discussed above. Here we only briefly review the fit procedure, the details of

our fit method are given in [26–28].9 Our fit incorporates the recently released 7 and 8 TeV LHC

7 It has been pointed out that mg̃ ! 1 leads to mixed stop-gluino UV divergences [24] requiring extra counter-
terms, but this technical requirement is not a barrier to the numerical investigations we perform. The full matching
correction is given in Ref. [25]: the gluino contributions and stop mixing effects are a small correction to the ⇠ 5%

matching correction we consider.
8 There are also perturbative corrections to the matrix element of the local effective operator h GA

µ ⌫GA µ ⌫ . These are
common multiplicative factors, as are soft gluon re-summation effects, and cancel in the ratios taken.

9 For other model-independent approaches to the determination of the Higgs couplings, see [10, 11, 29–35].
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By gauge invariance:

the approximation using an e!ective operator remains extremely good for a Higgs mass up
to 1 TeV [33]. When there are new colored fermions with a significant coupling to the Higgs
boson5, the operator Og will be induced at energies below the fermion mass scale, which
gives a new contribution to (1/v) hGµ!

a Ga µ! after electroweak symmetry breaking. In this
section we will demonstrate a correlation between the cancellation (or the lack thereof) of
the Higgs quadratic divergences in the top sector and the sign of cg induced by the new
heavy fermion. It will also become clear that a similar analysis could be extended to c"
induced by a new set of heavy electroweak gauge bosons.

A. Higgs Low-Energy Theorems

We will now flesh out the low-energy theorem which relates the Higgs-gluon vertex to the
gluon two-point function arising from loops of heavy states. Throughout this subsection we
work in unitary gauge with the Higgs doublet H = (0, h/

!
2)T . Upon electroweak symmetry

breaking we will make the substitution h " h+ v with v # 246 GeV. So the top Yukawa is

Lt = $
!t!
2
t̄LtRh,

1!
2
!tv = mt. (74)

Consider then a heavy colored multiplet whose mass M depends on the Higgs expectation
value M % M(h). In the limit mh & M we can integrate out the heavy state and describe
the coupling of h to gluons via an e!ective Lagrangian in a 1/M expansion. By gauge
invariance, the leading interaction in the derivative expansion has the form f(h)Ga

µ!G
aµ! .

The function f is fixed, up to an uninteresting scheme dependent additive constant, by
matching the coupling constant in the low energy and high energy theory [34]

Leff = $
1

4

1

g2eff(µ, h)
Ga

µ!G
a µ! = $

1

4

!

1

g2s(µ)
$ b

tr
4"2

log
M(h)

µ

"

Ga
µ!G

aµ! , (75)

where tr is the Dynkin index of the multiplet, which is 1/2 for the fundamental representa-
tion, and b equals 2/3 or 1/6 respectively for a Dirac fermion and a complex scalar. Indeed
one quick way of deriving Eq. (75) is to require 1/g2eff to satisfy the renormalization group
equation of the low-energy theory. In the presence of several multiplets, by diagonalizing
the mass matrix, the one-loop e!ective Lagrangian is simply

g2s
16"2

#

2

3

$

rF

trF logmrF (h) +
1

6

$

rS

trS logmrS(h)

%

Gµ!G
µ! , (76)

where the two sums are over fermions and scalars, respectively. Notice that the contribution
of particles with a given spin and color representation is determined by the determinant of
the corresponding mass matrix. Two di!erent possibilities can be envisaged for the behavior
of the mass eigenvalues on h. The first corresponds to multiplets, like the top quark, that
are chiral with respect to SU(2)L ' U(1)Y in which case M(h) ( h. The corresponding
SU(2)L invariant operator has the form Olg % log(H†H)Ga

µ!G
aµ! , whose singularity at

5 The new fermion could be vector-like and receive most of its mass through a Dirac mass term, while still

couple to the SM Higgs through Yukawa couplings.
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By gauge invariance:

the approximation using an e!ective operator remains extremely good for a Higgs mass up
to 1 TeV [33]. When there are new colored fermions with a significant coupling to the Higgs
boson5, the operator Og will be induced at energies below the fermion mass scale, which
gives a new contribution to (1/v) hGµ!

a Ga µ! after electroweak symmetry breaking. In this
section we will demonstrate a correlation between the cancellation (or the lack thereof) of
the Higgs quadratic divergences in the top sector and the sign of cg induced by the new
heavy fermion. It will also become clear that a similar analysis could be extended to c"
induced by a new set of heavy electroweak gauge bosons.

A. Higgs Low-Energy Theorems

We will now flesh out the low-energy theorem which relates the Higgs-gluon vertex to the
gluon two-point function arising from loops of heavy states. Throughout this subsection we
work in unitary gauge with the Higgs doublet H = (0, h/

!
2)T . Upon electroweak symmetry

breaking we will make the substitution h " h+ v with v # 246 GeV. So the top Yukawa is

Lt = $
!t!
2
t̄LtRh,

1!
2
!tv = mt. (74)

Consider then a heavy colored multiplet whose mass M depends on the Higgs expectation
value M % M(h). In the limit mh & M we can integrate out the heavy state and describe
the coupling of h to gluons via an e!ective Lagrangian in a 1/M expansion. By gauge
invariance, the leading interaction in the derivative expansion has the form f(h)Ga

µ!G
aµ! .

The function f is fixed, up to an uninteresting scheme dependent additive constant, by
matching the coupling constant in the low energy and high energy theory [34]
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where tr is the Dynkin index of the multiplet, which is 1/2 for the fundamental representa-
tion, and b equals 2/3 or 1/6 respectively for a Dirac fermion and a complex scalar. Indeed
one quick way of deriving Eq. (75) is to require 1/g2eff to satisfy the renormalization group
equation of the low-energy theory. In the presence of several multiplets, by diagonalizing
the mass matrix, the one-loop e!ective Lagrangian is simply
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where the two sums are over fermions and scalars, respectively. Notice that the contribution
of particles with a given spin and color representation is determined by the determinant of
the corresponding mass matrix. Two di!erent possibilities can be envisaged for the behavior
of the mass eigenvalues on h. The first corresponds to multiplets, like the top quark, that
are chiral with respect to SU(2)L ' U(1)Y in which case M(h) ( h. The corresponding
SU(2)L invariant operator has the form Olg % log(H†H)Ga

µ!G
aµ! , whose singularity at

5 The new fermion could be vector-like and receive most of its mass through a Dirac mass term, while still

couple to the SM Higgs through Yukawa couplings.
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the approximation using an e!ective operator remains extremely good for a Higgs mass up
to 1 TeV [33]. When there are new colored fermions with a significant coupling to the Higgs
boson5, the operator Og will be induced at energies below the fermion mass scale, which
gives a new contribution to (1/v) hGµ!

a Ga µ! after electroweak symmetry breaking. In this
section we will demonstrate a correlation between the cancellation (or the lack thereof) of
the Higgs quadratic divergences in the top sector and the sign of cg induced by the new
heavy fermion. It will also become clear that a similar analysis could be extended to c"
induced by a new set of heavy electroweak gauge bosons.

A. Higgs Low-Energy Theorems

We will now flesh out the low-energy theorem which relates the Higgs-gluon vertex to the
gluon two-point function arising from loops of heavy states. Throughout this subsection we
work in unitary gauge with the Higgs doublet H = (0, h/

!
2)T . Upon electroweak symmetry

breaking we will make the substitution h " h+ v with v # 246 GeV. So the top Yukawa is

Lt = $
!t!
2
t̄LtRh,

1!
2
!tv = mt. (74)

Consider then a heavy colored multiplet whose mass M depends on the Higgs expectation
value M % M(h). In the limit mh & M we can integrate out the heavy state and describe
the coupling of h to gluons via an e!ective Lagrangian in a 1/M expansion. By gauge
invariance, the leading interaction in the derivative expansion has the form f(h)Ga

µ!G
aµ! .

The function f is fixed, up to an uninteresting scheme dependent additive constant, by
matching the coupling constant in the low energy and high energy theory [34]
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where tr is the Dynkin index of the multiplet, which is 1/2 for the fundamental representa-
tion, and b equals 2/3 or 1/6 respectively for a Dirac fermion and a complex scalar. Indeed
one quick way of deriving Eq. (75) is to require 1/g2eff to satisfy the renormalization group
equation of the low-energy theory. In the presence of several multiplets, by diagonalizing
the mass matrix, the one-loop e!ective Lagrangian is simply
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6

$
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trS logmrS(h)

%
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where the two sums are over fermions and scalars, respectively. Notice that the contribution
of particles with a given spin and color representation is determined by the determinant of
the corresponding mass matrix. Two di!erent possibilities can be envisaged for the behavior
of the mass eigenvalues on h. The first corresponds to multiplets, like the top quark, that
are chiral with respect to SU(2)L ' U(1)Y in which case M(h) ( h. The corresponding
SU(2)L invariant operator has the form Olg % log(H†H)Ga

µ!G
aµ! , whose singularity at

5 The new fermion could be vector-like and receive most of its mass through a Dirac mass term, while still

couple to the SM Higgs through Yukawa couplings.
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OS- contribution:

H = 0 indicates the presence of a massless state. The second case corresponds to vector-like
multiplets whose mass does not vanish in the h ! 0 limit. The corresponding e!ective
operator should not be singular at H†H ! 0: at lowest order this corresponds to the Og

operator in Eq. (2). The on-shell coupling contributing to h ! gg is obtained by making
the substitution, h ! v + h, in Eq. (76) and keeping the term linear in h
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where we have assumed the scalar Higgs h has a canonical kinetic term. In the presence
of OH , a rescaling h ! h/

$

1 + cHv2/f 2 is required to bring the Higgs kinetic term back
to canonical normalization. Notice that, by SU(2)L invariance, the total contribution of
the heavy multiplets should start at O(v2), corresponding to the Og operator.6 The exact
one-loop computation parametrized by the function Ig(m2

h/m
2
t ) reduces to the first term

inside bracket in the mh/mt ! " limit.
We have seen from Eq. (77) that the corrections to the Higgs coupling to gluons are

determined by the h dependence of the determinant of the mass matrix M(h) for each
particle species
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On the other hand, the one-loop quadratic divergence in the Higgs mass can be computed
using the Coleman-Weinberg potential [35] and is proportional to

1

16!2
"2 StrM†(h)M(h), (79)

where we have used the supertrace notation to incorporate both the bosonic and fermionic
states. If the coe#cient of the h2 term in Eq. (79) is non-vanishing, the Higgs quadratic
divergence is not canceled at the one-loop order. We will demonstrate that cancellations of
the quadratic divergence in Eq. (79), or the absence thereof, allows us to make statements
on the sign of cg induced by integrating out the new heavy states.7

B. The General Fermion Mass Matrix

We will assume the top quadratic divergence is canceled by a new pair of vector-like
colored quark which we call the top partner. As discussed in the previous subsection, the

6 This result can be directly established by considering the loops with propagating heavy particles and

noticing that only the insertion of an even number of external H legs is allowed by SU(2)L invariance.

Equivalently this follows from Eq. (76) by noticing that the determinant of the heavy field mass matrix

is an SU(2)L invariant polynomial of H .
7 If the new heavy state is also chiral under SU(2)L #U(1)Y , the operator induced is Olg. In this case the

quadratic divergence in the top sector is always enhanced and so is the on-shell coupling of the Higgs to

gluons. The interplay between Og and Olg in the di-Higgs production was studied in Ref. [36].
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the corresponding mass matrix. Two di!erent possibilities can be envisaged for the behavior
of the mass eigenvalues on h. The first corresponds to multiplets, like the top quark, that
are chiral with respect to SU(2)L ' U(1)Y in which case M(h) ( h. The corresponding
SU(2)L invariant operator has the form Olg % log(H†H)Ga

µ!G
aµ! , whose singularity at

5 The new fermion could be vector-like and receive most of its mass through a Dirac mass term, while still

couple to the SM Higgs through Yukawa couplings.
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fermion scalar

OS- contribution:

H = 0 indicates the presence of a massless state. The second case corresponds to vector-like
multiplets whose mass does not vanish in the h ! 0 limit. The corresponding e!ective
operator should not be singular at H†H ! 0: at lowest order this corresponds to the Og

operator in Eq. (2). The on-shell coupling contributing to h ! gg is obtained by making
the substitution, h ! v + h, in Eq. (76) and keeping the term linear in h
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where we have assumed the scalar Higgs h has a canonical kinetic term. In the presence
of OH , a rescaling h ! h/

$

1 + cHv2/f 2 is required to bring the Higgs kinetic term back
to canonical normalization. Notice that, by SU(2)L invariance, the total contribution of
the heavy multiplets should start at O(v2), corresponding to the Og operator.6 The exact
one-loop computation parametrized by the function Ig(m2

h/m
2
t ) reduces to the first term

inside bracket in the mh/mt ! " limit.
We have seen from Eq. (77) that the corrections to the Higgs coupling to gluons are

determined by the h dependence of the determinant of the mass matrix M(h) for each
particle species
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On the other hand, the one-loop quadratic divergence in the Higgs mass can be computed
using the Coleman-Weinberg potential [35] and is proportional to

1

16!2
"2 StrM†(h)M(h), (79)

where we have used the supertrace notation to incorporate both the bosonic and fermionic
states. If the coe#cient of the h2 term in Eq. (79) is non-vanishing, the Higgs quadratic
divergence is not canceled at the one-loop order. We will demonstrate that cancellations of
the quadratic divergence in Eq. (79), or the absence thereof, allows us to make statements
on the sign of cg induced by integrating out the new heavy states.7

B. The General Fermion Mass Matrix

We will assume the top quadratic divergence is canceled by a new pair of vector-like
colored quark which we call the top partner. As discussed in the previous subsection, the

6 This result can be directly established by considering the loops with propagating heavy particles and

noticing that only the insertion of an even number of external H legs is allowed by SU(2)L invariance.

Equivalently this follows from Eq. (76) by noticing that the determinant of the heavy field mass matrix

is an SU(2)L invariant polynomial of H .
7 If the new heavy state is also chiral under SU(2)L #U(1)Y , the operator induced is Olg. In this case the

quadratic divergence in the top sector is always enhanced and so is the on-shell coupling of the Higgs to

gluons. The interplay between Og and Olg in the di-Higgs production was studied in Ref. [36].
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… and analogously for 

are taken from predictions for the SM Higgs boson [11]. Under these assumptions, using the narrow
width approximation, the event yield in any production⇥decay mode as compared to the SM case can be
expressed in terms of the two parameters cV and cF , starting from the following expression:

N(ii ! H ! ff) ⇠ �ii �ff

�
tot

. (1)

Here �
tot

is also a function of cV and cF and ii 2 {gg,W+W�, ZZ, tt} and ff 2
{��, bb, ⌧+⌧�,W+W�, ZZ}; it is calculated as the sum of the rescaled partial widths of the Higgs
boson decays into SM particles. The cV and cF re-scaling factors do not represent any particular physics
model and serve the sole purpose of testing the compatibility of the observation with the SM Higgs boson
hypothesis. 7 TeV and 5 fb�1 at 8 TeV on cV and cF is 20-30%. More data is needed for obtaining sen-
sitivity to parametrisations with more coupling modifiers (e.g. splitting the fermions into up and down
type, and then adding the specific flavour and eventually additional contributions to the loop-induced
couplings and a coupling to indiscernible particles).

3 Phenomenological Framework of EWSB and Interpretation of the Recent LHC Data
The SM of electroweak and strong interactions describes (nearly) all experimental data with high pre-
cision. A cornerstone of the SM is the Higgs mechanism to give masses to the W± and Z bosons as
well as to the fermions. Furthermore, a Higgs boson is needed for a perturbative unitarization of the
WLWL scattering amplitude at high energies. As outlined in Sect. 2.4 the SM is consistent with a low
mass Higgs. Within the SM the cross sections and branching ratios can be calculated (as a function of
MH ) with high precision, and the predictions have to be confronted with experimental data to test the
Higgs mechanism.

Within the SM the Higgs boson mass, MH , is not stable under radiative corrections, the “hi-
erarchy problem”, hinting towards new physics stabilizing the EW scale. Furthermore, a value of
MH

<⇠ 130 GeV tends to lead to an unstable minimum in the Higgs potential, and new physics is
expected to extend the model to higher energy scales.

In this section we will investigate the compatibility of the SM with the currently available exper-
imental information on the recently discovered state and discuss possible alternatives to the SM in view
of the current experimental situation. It should be kept in mind in this context that it is still a logical
possibility that the state at ⇠ 125 GeV is not connected to EWSB. This fact underlines the utmost im-
portance of measuring all its characteristics with high precision, where then differences to a (SM-like)
Higgs boson should be revealed.

3.1 Effective theory approach
A convenient way to test the compatibility with the SM and possible new physics scenarios is making
use of an effective theory. It allows one to parametrise the most general interaction of the Higgs boson
with matter fields and gauge bosons in a systematic way. A convenient framework is to use the chiral
EW Lagrangian of the Goldstone bosons ⌃(x) = ei�a ⇡a/v and a scalar field h (see e.g. [12])
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)h4 + · · · . Additional heavy states with
masses roughly above ⇤ can be included by adding the higher dimensional operators
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Susy

If we consider only contributions from a new set of heavy electroweak gauge bosons and
neglect the fermions, then it is possible to make a connection between the sign of O! and
the cancellation of Higgs quadratic divergence in the electroweak sector, using arguments
completely parallel to that in the case of Og. In the end, similar to the case of Higgs-gluon
coupling, naturalness consideration requires the heavy and light gauge bosons to interfere
destructively in the partial decay width h ! !!, if there is cancellation of Higgs quadratic
divergences. However, the e!ect is suppressed by m2

W/m2
W ! and smaller than the SM one-

loop e!ect, given the electroweak constraint on a heavy W !, unless there is a symmetry such
as the T-parity.

H. Supersymmetry

At last we briefly consider the constraint on Og in supersymmetry, where the top partners
are spin-zero particles. It has been discussed in the literature [51–53] that the top squark
contribution to the gluon fusion production of the lightest CP-even Higgs interferes con-
structively with the SM top contribution, when the o!-diagonal mixing term is small in the
top squark mass matrix, and destructively when the mixing is large. Here we will discuss
the connection of this pattern with the cancellation of top quadratic divergence by the top
squark.

Using the notation (t̃†L, t̃L) and (t̃†R, t̃R) in the electroweak eigenbasis., the stop contribu-
tion to the one-loop beta function of QCD is
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where M†

t̃
Mt̃ is the mass matrix-squared of the top squarks. Then the interference e!ect

of the scalars can be determined by looking at the h dependence of detM†

t̃
Mt̃, similar to

the case with a fermionic top partner. On the other hand, the cancellation of quadratic
divergences is dictated by the supertrace Str M†M.

When there is no mixing in the top squark sector, both t̃L and t̃R contribute equally to
the cancellation of top quadratic divergence, resulting in the mass matrix:
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m̃2
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0 m̃2
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$

, (102)

where m̃2
L,R are the soft-breaking masses. Notice that, because of the spin-statistics, there

is a crucial di!erence in signs when comparing with Eq. (83). The induced Og is given by
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where we see that, opposite to the case of a fermionic top partner, the interference is con-
structive when there is cancellation in the Higgs quadratic divergence. This di!erence in
signs traces its origin to the fact that fermions and scalars contribute with opposite sign in
the cancellation of Higgs divergences, StrM†M.
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hgg coupling: indirect limit on stops

10% measurement of hgg, 
 … approximately 450 GeV reach for mstop



LHC projection
Table 2: Examples of the precision of SM-like Higgs production times branching ratio for one experiment only
at the LHC at

p
s = 8 and 14 TeV assuming a Higgs boson mass of 125 GeV. For the direct measurements of

� ⇥ BR an integrated luminosity of Lint = 10, 60 and 300 fb�1 is assumed. It is furthermore assumed that the
statistical error will scale with the luminosity, while the systematic and theoretical error will stay the same. This is
a very conservative assumption.

Decay Prod
10 fb�1 60 fb�1 300 fb�1

7 - 8 TeV 8 TeV 14 TeV
H ! bb̄ V H 70% 30% 10 %
H ! bb̄ tt̄H - 60% 10 %
H ! ⌧⌧ ggH

64%
40% 10 %

H ! ⌧⌧ qqH 40% 10 %
H ! �� ggH

38%
20% 6 %

H ! �� qqH 40% 10 %
H ! WW ⇤ ggH 42% 16% 5 %
H ! WW ⇤ qqH - 60% 16 %
H ! ZZ⇤ ggH 40% 16% 5 %
cV - 10% - 2%
cF - 25% - 5%

framework of Dark Matter searches.

4.1.4 The Higgs Boson Self Couplings
The measurement of the structure of the Higgs potential is essential to fully reveal the nature of the
mechanism responsible for EWSB. To do so there are two main components that need to be assessed:
the Higgs trilnear coupling �HHH and the Higgs quartic coupling �HHHH . Measurements of these
couplings require resonant production channels of two or three Higgs bosons.

Several studies for the measurement of the tri-linear Higgs coupling, �HHH , have been performed,
assuming MH

>⇠ 140 GeV with H ! WW (⇤) as the dominant decay mode [14, 27]. The studies
conclude that at the LHC

300/fb a determination of gHHH will not be possible. The situation is even less
encouraging for MH ⇠ 125 GeV, where the BR(H ! WW ⇤) is even lower.

The prospects for the measurement of �HHH have also been investigated for the HH ! bb�� and
HH ! bbW+W� channels. The former has the advantage of allowing for a full reconstruction of the
two Higgs bosons which results in a considerable gain in sensitivity. The latter will be very challenging.

Studies in the context of the HL-LHC indicate that there might be some sensitivity on the tri-linear
Higgs self-coupling; however, this will require a careful estimate of background contributions. Further
studies to clarify these issues are currently in progress, see Ref. [28] for a discussion.

The prospects for the measurement of �HHHH is of course even more difficult, but an essential
component of the full understanding of the Higgs potential. This coupling could in principle be accessed
by searches of a resonance in the three Higgs bosons final state. Feasibility studies were made but have
shown that a priori such measurement is neither possible at the LHC nor at the ILC or CLIC. It was
shown to be challenging even at the VLHC.

4.1.5 The WLWL, WLZL and ZLZL Scattering
Fully exploring the mechanism that regularizes the weak boson scattering cross section is a fundamental
test of the EWSB mechanism. In particular it can potentially discriminate between a fundamental and a
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Abstract
The recent discovery of a Higgs-like state at the LHC with a mass near
125 GeV has opened a new era of particle physics. It will be of utmost impor-
tance to precisely determine the properties of this new state, with the aim to
identify the mechanism of electroweak symmetry breaking (EWSB). This will
require a comprehensive programme of high-precision measurements. Fur-
ther measurements are also important in this context, in particular searches for
manifestations of extended Higgs sectors, searches for new particles, and an
improvement of electroweak precision measurements such as the mass of the
top quark and the W boson as well as the effective weak leptonic mixing an-
gle and triple gauge couplings. Finally the study of longitudinal vector boson
scattering up to the highest energy scales is one of the key methods to discrim-
inate between models and to reveal the nature of the symmetry breaking. The
current experimental status of exploring the physics of electroweak symmetry
breaking is briefly summarised, based on the results achieved at the LHC and
elsewhere. The implications of the present and possible future results from the
LHC for the physics programme of proposed future colliders are discussed.

1 Introduction
On July 4 2012, the discovery of a narrow resonance, with a mass near 125 GeV, in the search for the
Standard Model (SM) Higgs boson at the LHC by both the ATLAS and CMS experiments was annouced
at CERN. This narrow resonance is consistent with the expectations for the Higgs boson of the SM. Less
significant but nevertheless supporting evidence was also found by the TeVatron experiments. Despite
the clear evidence of the production of a new particle fully consistent with a SM-like Higgs boson, its
nature still needs to be firmly elucidated and its role in the mechanism of electroweak symmetry breaking
(EWSB) needs to be explored. Although these recent results are a milestone, identifying in detail the
complete nature of EWSB is a much broader and more challenging experimental endeavour. In order
to identify the recently discovered particle as a Higgs boson, it is necessary to establish that it is the
excitation of a field whose vacuum expectation value breaks the electroweak symmetry and determine
its role in the unitarisation of WLWL scattering. Furthermore it will be crucial to determine whether
the EWSB sector is complete with the state discovered near 125 GeV or whether there are further states
related to EWSB, such as additional states of an extended Higgs sector.

In order to identify the underlying physics associated with the new state a complete experimental
profile of the newly discovered particle with high precision is needed:

� The spin of the particle must be zero or else the field cannot have a vacuum expectation value.
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Table 3: Examples of the precision of couplings, gHxx, and branching ratios, BR(H ! xx), for a SM-like Higgs
at a

p
s = 500 GeV LC assuming a Higgs boson mass of 125 GeV. The branching ratio into invisible final states

is denoted as “BR(invis.)”. The results are based on the ILC set-up for an integrated luminosity of Lint = 500 fb�1.

g / BR gHWW gHZZ gHbb gHcc gH⌧⌧ gHtt gHHH BR(��) BR(gg) BR(invis.)
Precision 1.4 % 1.4 % 1.4 % 2.0 % 2.5 % 15 % 40 % 15 % 5 % 0.5 %

One particular strength of the LC is that the total width can be measured in a model independent
way. i.e. without additional theoretical assumptions. The measurements at the LC will allow in particular
a high precision determination of invisible decay modes of a Higgs boson (and also of decay modes that
are undetectable at the LHC

300/fb). The investigation of invisible Higgs decay modes could offer the
exciting opportunity of Dark Matter production in Higgs decays.

The LC also has unique capabilities for determining the CP properties of the observed state. Since
the new state can a priori be an arbitrary admixture of CP-even and CP-odd components, the determi-
nation of the CP-properties is experimentally much more challenging than the measurement of the spin,
which essentially only needs to discriminate between the spin 0 and spin 2 hypotheses. As explained
above, the observables related to Higgs decays into ZZ⇤ and WW ⇤ at the LHC as well as to Higgs pro-
duction in weak boson fusion at the LHC project out the CP-even components of the Higgs and therefore
have limited sensitivity to discriminating a pure CP-even state from an admixture of CP-even and CP-
odd components. At the LC the CP-properties of the new state can be determined with high precision
and in an unambigous way from the top Yukawa coupling, in particular via the threshold behavior of
e+e� ! tt̄H . This provides the potential for a precision measurement of CP-mixing even if it is small.
The spin of the new state can be determined unambigously from measuring the threshold behavior of the
Higgs-strahlung cross section as well as from angular distributions of H ! ZZ⇤.

The observation of a Higgs-like state at ⇠ 125 GeV provides a strong motivation for searching
for additional non-SM-like Higgs bosons, which would be an unambigous proof of an extended Higgs
sector, as outlined in Sect. 3.2. Additional Higgs bosons of such extended Higgs sectors can either be
heavier than the state observed at 125 GeV, but there exists also the possibility that the state at 125 GeV
is in fact the second lightest Higgs in the spectrum (see Sect. 3.2). The latter possibility would imply
the existence of a lighter Higgs state, possibly below the LEP limit for a SM-like Higgs with reduced
couplings to gauge bosons in accordance with the search limits from LEP, the Tevatron and the LHC.
The LC offers excellent prospects for the discovery of such additional states, where for the low-mass
region a substantial improvement with respect to LEP is expected. For the high-mass region, on the other
hand, Higgs states can be pair-produced up to half the LC centre-of-mass energy. A larger reach woud be
achieved in the s-channel production of such a heavy Higgs at the �� option of the LC, where ⇠ 0.8

p
s

can be reached. Combining LC and �� measurements, the H�� coupling could be determined at the
level of ⇠ 3%.

The Higgs boson naturally possesses a large Yukawa coupling to the top quark. In models where
the Higgs boson mass is not a free parameter, as it is the case in many models with extended Higgs
sectors, a strong sensitivity of the Higgs boson mass prediction to the top quark mass is present, roughly
limiting the accuracy of the Higgs boson mass prediction to the experimental uncertainty of the top mass.
The precise determination of mt via an e+e� ! tt̄ threshold scan will improve the knowledge on mt by
one order of magnitude with respect to LHC measurements and thus enable high-precision predictions
and tests via MH .

Additional sensitivity to physics of electroweak symmetry breaking is provided by the high pre-
cision measurements at the GigaZ option at the LC (109 Z’s at

p
s ⇡ MZ) [29, 30], and by the WW

threshold. These measurements allow precision tests of the SM with uncertainties reduced approximately
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very Basic objects at LHC  

• jet and lepton momenta

• Jet and lepton transverse 
momenta (to the beam) 

• ETmiss: Sum of the transverse 
momenta of all particles.

• Meff Sum of the transverse 
energies of first 4 jets + ETmiss  

DM

DM

New particle

New particle 

Missing PT 

2

The gluino and squark decays are associated with jets with high transverse momentum (pT ). The
transverse momentum is the order of the gluino and squark masses. Moreover, because the LSP is
significantly lighter than the gluino, the LSP from the gluino decay also has high pT . They would
give a large missing transverse momentum to the SUSY events. In addition, decays of the EWI
sparticles may produce high PT leptons. Events from the standard model (SM) processes do not
have such high pT particles.

Motivated by these observations, following cuts are often applied to reduce the SM background
events to the SUSY signal events[2];

• An event is required to have at least one jet with PT > 100 GeV and three jets with PT > 50 GeV
within |!| < 3,

• The e!ective mass of the event must satisfy Me! > 400 GeV, where the e!ective mass is defined
using the transverse missing energy and the transverse momentum of four leading jets as:

Me! !
!

i=1,...4

pTi + ETmiss. (2)

If the event has hard isolated leptons, the e!ective mass may be defined as follows:

Me! !
!

i=1,...4

pTi +
!

leptons

pT l + ETmiss. (3)

Here sum of the lepton pT can be taken over the leptons with pT > 20 GeV and |!| < 2.5 GeV.

• The missing transverse energy must satisfy the relation:

ETmiss > max(0.2Me! , 100GeV). (4)

• The transverse sphericity ST must be greater than 0.2, where ST is defined as 2"2/("1 + "2),
with "1 and "2 being the eigenvalues of the 2 " 2 sphericity tensor Sij = pkipkj formed by
summing over the tranverse momentum of all calorimeter cells.

To reduce the background further, hard, isolated lepton(s) may be required. These cuts are enough
to reduce the SM backgrounds from tt̄+njets and W (Z) +njets productions down to a manageable
level, although the production cross section of the SM processes may be O(104) higher than signal
cross sections. While the SUSY production section reduces very quickly as sparticle masses increase
beyond 1 TeV, the signature becomes more and more prominent over the background. Previous
studies show that the squark and gluino with mass around 2.5 TeV can be found at the LHC in the
minimal super gravity model (MSUGRA).

In MSUGRA, the SM background after the cuts can be neglected safely. Then, the distribution of
accepted events are also useful to determine the mass scale of SUSY particles. For example, the peak
of Me! distribution is sensitive to the squark and gluino masses. For the events with same flavor
opposite sign dileptons, the invarian mass distributions, mll, mjl, and mjll, are useful to reconstruct
the SUSY particle masses m!̃0

1
, m!̃0

2
, mq̃0

1
and ml̃01

.

Recently it is pointed out that a string inspired model based on the flux compactification (KKLT
models) [5] predicts the mass relation di!erent to the MSUGRA [6–8]. The model is called mixed
modulus anomaly mediation (MMAM) model. It has a volume modulas T and a compensator field
of minimum supergravity model C as messanger of SUSY breaking. The SUSY mass spectrum
depends on the ratio of the two SUSY breaking parameters FT and FC . The unification scale of
sparticle masses depends on the ratio. It is interesting that the unification scale of the soft SUSY

pT1, pT2, pT3.....

pj1, pj2,.... pl1, pl2....
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Backgrounds
Background and discovery

•  The typical number of SUSY events 
are 105 for 10 fb-1, while BG rate is 
109-8 for W, Z and ttbar productions.  
10-4 rejection of SM process is 

required.  

• Understanding  of the distribution is 
the key issue 

• PT distribution of the jets, Meff 
distribution. (theoretical 
complexities) 

• Etmiss 
distributions(Experimental 
complexities) 

Physics @ LHC, YITP Kyoto, December 2004 Filip Moortgat, CERN
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them …
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CMS 

BG

signal 

12年8月11日土曜日



Background and discovery

•  The typical number of SUSY events 
are 105 for 10 fb-1, while BG rate is 
109-8 for W, Z and ttbar productions.  
10-4 rejection of SM process is 

required.  

• Understanding  of the distribution is 
the key issue 

• PT distribution of the jets, Meff 
distribution. (theoretical 
complexities) 

• Etmiss 
distributions(Experimental 
complexities) 

Physics @ LHC, YITP Kyoto, December 2004 Filip Moortgat, CERN

Cross sections @ the LHC

“Well known”processes,

don’t need to keep all of 

them …

New Physics!!

This we want to keep!!

CMS 

BG

signal 

12年8月11日土曜日



8

0 500 1000 1500 2000 2500 3000

Ev
en

ts
 / 

10
0 

G
eV

  

1

10

210

310

410
-1L dt = 4.7 fb∫ 
 = 7 TeV)sData 2011 (

SM Total
SM Total (scaled)
W+jets
Z+jets

 and single toptt
Diboson
multijet
SM+SU(500,570,0,10)
SM+SU(2500,270,0,10)

 ATLAS
SR-A’

(incl.)  [GeV]  effm
0 500 1000 1500 2000 2500 3000

D
AT

A 
/ S

M

0
0.5

1
1.5

2
scaled MC / unscaled MC

FIG. 2: Observed me!(incl.) distribution for channel A!, as
for Fig. 1.

0 500 1000 1500 2000 2500 3000

Ev
en

ts
 / 

10
0 

G
eV

  

1

10

210

310

410 -1L dt = 4.7 fb∫ 
 = 7 TeV)sData 2011 (

SM Total
SM Total (scaled)
W+jets
Z+jets

 and single toptt
Diboson
multijet
SM+SU(500,570,0,10)
SM+SU(2500,270,0,10)

 ATLAS
SR-B

(incl.)  [GeV]  effm
0 500 1000 1500 2000 2500 3000

D
AT

A 
/ S

M

0
0.5

1
1.5

2
scaled MC / unscaled MC

FIG. 3: Observed me!(incl.) distribution for channel B, as for
Fig. 1.

sponse functions derived from multi-jet dominated data
control regions (Section IXD). Those from W+jets and
top quark processes are derived fromMC simulation (Sec-
tion IXE).
For each stream a likelihood fit is performed to the

observed event counts in the five CRs, taking into ac-
count correlations in the systematic uncertainties in the
transfer factors.

B. Z+jets estimate using a ! + jets control region

The magnitude of the irreducible background from
Z(! !!̄)+jets events in the SRs can be estimated us-
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ing " + jets data. When the vector boson pT is large, as
required by the SR selections, the Z and " cross sections
di!er mainly by their coupling constants with respect to
quarks. For this reason the cross section ratio,

RZ/! =
d#(Z + jets)/dpT
d#(" + jets)/dpT

(3)

can be used to translate the observed number of pho-
ton events in the CR into an estimate of the number
of Z events in the SR, taking into account the leptonic
branching ratios of the Z and other e!ects. The ratio
is expected to be robust with respect to both theoreti-
cal uncertainties and experimental e!ects, related to, for
example, jet reconstruction, which would be similar for
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SUSY production at the LHC
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Figure 2: NLO production cross sections for wino pairs (left) and gluino pairs (right). The dashed
lines indicate 10 fb, 1 fb and 0.1 fb, while the blue, red and green curves correspond to Tevatron,
7 TeV LHC, and 14 TeV LHC. The 10 fb rate roughly corresponds to the kinematic reach of the
current 1/fb LHC searches. The 1 fb rate corresponds to the kinematic limit for the Tevatron and the
7 TeV LHC, both of which will collect O(10 fb�1) of data in their complete runs. Finally, the 0.1 fb
rate corresponds to the kinematic limit for the 14 TeV LHC, which is expected to collect O(100 fb�1)
in total.

di�erent jet multiplicities and kinematics in determining the limits. We will find that for
NLSPs with the cleanest final states (bino NLSP with ��+MET; slepton co-NLSPs with
same-sign dileptons+MET), the limits on gluino mass are nearly 1000 GeV. So already with
1/fb we are very close to the kinematic limit for 7 TeV LHC in these scenarios. Most of
the discovery potential at 7 TeV has already been used up here. For more complicated cases
(squeezed spectra, multiple final states, third generation), the limits on the gluino mass are
much weaker, ranging typically from 600-800 GeV. So there is considerable room for growth
and improvement here. Finally, we find that the only existing LHC searches that constrain
electroweak production are the ATLAS and CMS ��+MET searches, which constrain winos
decaying to bino NLSPs. There is a large amount of growth possible in probing electroweak
production of new particles.

There is already a large literature (too large to review here) interpreting LHC results as
SUSY limits, so it is worthwhile to make some remarks on our motivation and how our work fits
into that broader context. Most of the existing work studies spectra involving all the MSSM
particles, often from a top-down point of view (such as the CMSSM) or in high-dimensional
parameter spaces. These models have an abundance of possible production modes and decays,
and it is di⇤cult to isolate the physics that goes into setting limits.

We believe that, at this point, a study in terms of simplified spectra is sorely needed, and
substantially di�erent from studies of the full MSSM. In the absence of any discovery, our main
goal in studying LHC limits on supersymmetry is twofold: first, to obtain a global picture of

5
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much weaker, ranging typically from 600-800 GeV. So there is considerable room for growth
and improvement here. Finally, we find that the only existing LHC searches that constrain
electroweak production are the ATLAS and CMS ��+MET searches, which constrain winos
decaying to bino NLSPs. There is a large amount of growth possible in probing electroweak
production of new particles.

There is already a large literature (too large to review here) interpreting LHC results as
SUSY limits, so it is worthwhile to make some remarks on our motivation and how our work fits
into that broader context. Most of the existing work studies spectra involving all the MSSM
particles, often from a top-down point of view (such as the CMSSM) or in high-dimensional
parameter spaces. These models have an abundance of possible production modes and decays,
and it is di⇤cult to isolate the physics that goes into setting limits.

We believe that, at this point, a study in terms of simplified spectra is sorely needed, and
substantially di�erent from studies of the full MSSM. In the absence of any discovery, our main
goal in studying LHC limits on supersymmetry is twofold: first, to obtain a global picture of
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Figure 7: A simplified MSSM scenario with only strong production of gluinos and first- and second-
generation squarks, with direct decays to jets and neutralinos. Exclusion limits are obtained by using the
signal region with the best expected sensitivity at each point. The blue dashed lines show the expected
limits at 95% CL, with the light (yellow) bands indicating the 1� experimental uncertainties. Observed
limits are indicated by medium (maroon) curves, where the solid contour represents the nominal limit,
and the dotted lines are obtained by varying the cross section by the theoretical scale and PDF uncertain-
ties. Previous results from ATLAS [17] are represented by the shaded (light blue) area. Results at 7 TeV
are valid for squark or gluino masses below 2000 GeV, the mass range studied for that analysis.

set to 0.96 times the mass of the gluino.
In the CMSSM/MSUGRA case, the limit on m1/2 is above 340 GeV at high m0 and reaches 710 GeV

for low values of m0. Equal mass light-flavor squarks and gluinos are excluded below 1500 GeV in
this scenario. The same limit of 1500 GeV for equal mass of light-flavor squarks and gluinos is found
for the simplified MSSM scenario shown in Fig. 7. In the simplified model cases of Fig. 8 (a) and (c),
when the lightest neutralino is massless the limit on the gluino mass (case (a)) is 1100 GeV, and that
on the light-flavor squark mass (case (c)) is 630 GeV. Mass limits for the direct production of light-
flavor squarks (case (c)) hardly improve with respect to the 7 TeV data analysis because of increased
background predictions and uncertainties at 8 TeV in the low me↵ and low jet multiplicity channels used
to provide exclusions for these models.

8 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 a 5.8 fb�1dataset recorded by the ATLAS experiment at
the LHC in 2012. 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 both in terms of MSUGRA/CMSSM models with tan � = 10, A0 = 0 and
µ > 0, and in terms of simplified models with only light-flavor squarks, or gluinos, or both, together
with a neutralino LSP, with the other SUSY particles decoupled. In the MSUGRA/CMSSM models,
values of m1/2 < 350 GeV are excluded at the 95% confidence level for all values of m0, and m1/2 < 740
GeV for low m0. Equal mass squarks and gluinos are excluded below 1500 GeV in this scenario. When
the neutralino is massless, gluino masses below 1100 GeV are excluded at the 95% confidence level in
a simplified model with only gluinos and the lightest neutralino. For a simplified model involving the
strong production of squarks of the first two generations, with decays to a massless neutralino, squark
masses below 630 GeV are excluded.
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How can we evade these bounds?

If we are interested in light q̃’s and g̃’s, is there an escape
clause?

Two obvious possibilities:

Events containing no Missing Energy.

Signal can be hidden under QCD.

Events containing only Missing Energy.

Signal can be invisible to the detector.
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Events containing only MET

If the spectrum is compressed all momentum is carried by the
LSP.

Hard event is invisible.

Possibility to use ISR to recoil against
LSP.

Hard ISR jets are common.

Process, mq̃i = 500 GeV Xsec (fb)
pT (j) > 100 GeV
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Squark limits for compressed spectra

Simplified Models

We take simplified models to capture the extremes.

Squarks degenerate with LSP (�m = 1 � 100 GeV).
Gluino heavy.

Gluino degenerate with LSP (�m = 1 � 100 GeV).
Squarks heavy.

Gluino and squark degenerate with LSP
(�m = 1 � 100 GeV).

We ignore third generation.

Decoupled Gluino Decoupled Squark Equal Mass

g̃ q̃
1

q̃ g̃ g̃, q̃ = g̃ � 1
2 (g̃ � LSP)

LSP LSP LSP

1 - 100
GeV

How low can SUSY go?

Tattersall, talk @ 
LHC2TSP, July 2012

Results

Moving away from full compression.

Extra hadronic activity
quickly hurts the monojet
searches.

Maybe remove 2nd and
3rd Jet vetoes or set
these higher.

SUSY searches seem to be
rather stable.

Multijet ATLAS search
shows fast improvement
when we use new search
region.

How low can SUSY go?
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While limits are pushed we need to make 
sure that no stone is left unturned: 

• Globally scan SUSY parameter space 
(e.g. Hewett et al., or Aubrey et al.)

• Focus on theoretically-motivated models 
first (this talk)



What is the LHC telling 
you about your favorite 

Model?
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A search for squarks and gluinos in events containing jets, missing transverse momentum and no electrons or muons is presented.
The data were recorded in 2011 by the ATLAS experiment in

!
s = 7 TeV proton-proton collisions at the Large Hadron Collider.

No excess above the Standard Model background expectation is observed in 1.04 fb"1 of data. Gluino and squark masses below
700 GeV and 875 GeV respectively are excluded at the 95% confidence level in simplified models containing only squarks of the
first two generations, a gluino octet and a massless neutralino. The exclusion limit increases to 1075 GeV for squarks and gluinos of
equal mass. In MSUGRA/CMSSM models with tan ! = 10, A0 = 0 and µ > 0, squarks and gluinos of equal mass are excluded for
masses below 950 GeV. These limits extend the region of supersymmetric parameter space excluded by previous measurements.

1. Introduction

Many extensions of the Standard Model (SM) include heavy
coloured particles, some of which could be accessible at the
Large Hadron Collider (LHC) [1]. The squarks and gluinos of
supersymmetric (SUSY) theories [2] are one class of such par-
ticles. This Letter presents a new ATLAS search for squarks
and gluinos in final states containing only jets and large miss-
ing transverse momentum. This final state can be generated
by a large number of R-parity conserving models [3] in which
squarks, q̃, and gluinos, g̃, can be produced in pairs {g̃g̃, q̃q̃, q̃g̃}
and can decay via q̃# q"̃0

1 and g̃# q  q"̃0
1 to weakly interacting

neutralinos, "̃0
1, which escape the detector unseen. The analysis

presented here is based on a purely hadronic selection; events
with reconstructed electrons or muons are vetoed to avoid over-
lap with a related ATLAS search [4]. This updated analysis
uses 1.04 fb"1of data recorded in 2011 and extends the sensi-
tivity of the previous search described in Ref. [5] by including
final state topologies with at least four jets, rather than three as
before. The statistical analysis benefits from an improved tech-
nique which uses a combined likelihood fit across all the control
regions used to determine the background contributions, in or-
der to take into account correlations among the measurements.
The search strategy is optimised for maximum discovery reach
in the (mg̃,mq̃)-plane for a set of simplified models in which
all other supersymmetric particles (except for the lightest neu-
tralino) are assigned masses beyond the reach of the LHC. Cur-
rently, the most stringent limits on squark and gluino masses
are obtained at the LHC [4, 5, 6].

2. The ATLAS Detector and Data Samples

The ATLAS detector [7] is a multipurpose particle physics
apparatus with a forward-backward symmetric cylindrical ge-

ometry and nearly 4# coverage in solid angle.1 The layout
of the detector is dominated by four superconducting mag-
net systems, which comprise a thin solenoid surrounding the
inner tracking detectors and three large toroids supporting a
large muon spectrometer. The calorimeters are of particu-
lar importance to this analysis. In the pseudorapidity region
|$| < 3.2, high-granularity liquid-argon (LAr) electromagnetic
(EM) sampling calorimeters are used. A steel-scintillator tile
calorimeter provides hadronic coverage over |$| < 1.7. The
end-cap and forward regions, spanning 1.5 < |$| < 4.9, are
instrumented with LAr calorimetry for both EM and hadronic
measurements.

The data used in this analysis were collected in the first half
of 2011 with the LHC operating at a centre-of-mass energy
of 7 TeV. Application of beam, detector and data-quality re-
quirements resulted in a total integrated luminosity of 1.04 ±
0.04 fb"1 [8]. The main trigger required events to contain a
leading jet with a transverse momentum (pT), measured at the
raw electromagnetic scale, above 75 GeV and missing trans-
verse momentum above 45 GeV. The details of the trigger spec-
ifications varied throughout the data-taking period, partly as a
consequence of the rapidly increasing LHC luminosity. The ef-
ficiency of the trigger is> 98 % for events selected by the o!ine
analysis. The average number of proton-proton interactions per
bunch crossing in the data sample was approximately six.

3. Object Reconstruction

The requirements used to select jets and leptons (objects)
are chosen to give sensitivity to a range of SUSY models. Jet

1 ATLAS uses a right-handed coordinate system with its origin at the nomi-
nal interaction point in the centre of the detector and the z-axis along the beam
pipe. Cylindrical coordinates (r, %) are used in the transverse plane, % being the
azimuthal angle around the beam pipe. The pseudorapidity $ is defined in terms
of the polar angle & as $ = " ln tan(&/2).

Preprint submitted to Physics Letters B September 30, 2011

Example:
jets+ MET
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raw electromagnetic scale, above 75 GeV and missing trans-
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Example:
jets+ MET

candidates are reconstructed using the anti-kt jet clustering al-
gorithm [9, 10] with a distance parameter of 0.4. The inputs
to this algorithm are three-dimensional clusters of calorime-
ter cells [11] seeded by those with energy significantly above
the measured noise. Jet momenta are constructed by perform-
ing a four-vector sum over these cell clusters, treating each as
an (E, !p) four-vector with zero mass. These jets are corrected
for the e!ects of calorimeter non-compensation and inhomo-
geneities by using pT and "-dependent calibration factors based
on Monte Carlo (MC) and validated with extensive test-beam
and collision-data studies [12]. Furthermore, the reconstructed
jet is modified such that the jet direction points to the primary
vertex, defined as the vertex with the highest summed track p2

T,
instead of the geometrical centre of the ATLAS detector. Only
jet candidates with corrected transverse momenta pT > 20 GeV
are subsequently retained. For 84% of the data used, a tempo-
rary electronics failure in the LAr barrel calorimeter created a
dead region in the second and third longitudinal layers, approx-
imately 1.4 ! 0.2 in "" ! "#, in which on average 30% of the
incident jet energy is lost. The impact on the reconstruction ef-
ficiency for pT > 20 GeV jets is found to be negligible. If any
of the four leading jets fall into this region the event is rejected,
causing a loss of signal acceptance which is smaller than 15%
for the models considered here.

Electron candidates are required to have pT > 20 GeV, have
|"| < 2.47, and pass the ‘medium’ shower shape and track se-
lection criteria of Ref. [13]. Muon candidates [13] are required
to have pT > 10 GeV and |"| < 2.4. Since no use is made of
tau-lepton candidates in this analysis, in the following the term
lepton will refer only to electrons and muons.

The measurement of the missing transverse momentum two-
dimensional vector !P miss

T (and its magnitude Emiss
T ) is then

based on the transverse momenta of all electron and muon can-
didates, all jets which are not also electron candidates, and all
calorimeter clusters with |"| < 4.5 not associated to such ob-
jects.

Following the steps above, overlaps between candidate jets
with |"| < 2.8 and leptons are resolved using the method of
Ref. [14] as follows. First, any such jet candidate lying within
a distance "R =

!

("")2 + ("#)2 = 0.2 of an electron is dis-
carded: then any electron or muon candidate remaining within
a distance "R = 0.4 of any surviving jet candidate is discarded.
Next, all jet candidates with |"| > 2.8 are discarded. Thereafter,
the electron, muon and jet candidates surviving this procedure
are considered as “reconstructed”, and the term “candidate” is
dropped.

4. Event Selection

Following the object reconstruction described above, events
are discarded if they contain any electrons or muons with pT >
20 GeV, or any jets failing quality selection criteria designed to
suppress detector noise and non-collision backgrounds (see e.g.
Ref. [15]), or if the reconstructed primary vertex is associated
with fewer than five tracks.

In order to achieve maximal reach over the (mg̃,mq̃)-plane,
five signal regions are defined. Squarks typically generate

Signal Region " 2-jet " 3-jet " 4-jet High mass
Emiss

T > 130 > 130 > 130 > 130
Leading jet pT > 130 > 130 > 130 > 130
Second jet pT > 40 > 40 > 40 > 80
Third jet pT – > 40 > 40 > 80
Fourth jet pT – – > 40 > 80
"#(jet, !P miss

T )min > 0.4 > 0.4 > 0.4 > 0.4
Emiss

T /me! > 0.3 > 0.25 > 0.25 > 0.2
me! > 1000 > 1000 > 500/1000 > 1100

Table 1: Criteria for admission to each of the five overlapping signal regions
(me! , Emiss

T and pT in GeV). All variables are defined in Section 4. The me! is
defined with a variable number of jets, appropriate to each signal region. In the
high mass selection, all jets with pT > 40 GeV are used to compute the me!
value used in the final cut. The "# cut is only applied up to the third leading
jet.

at least one jet in their decays, for instance through q̃ #
q$̃0

1, while gluinos typically generate at least two, for instance
through g̃ # q  q$̃0

1. Processes contributing to q̃q̃, q̃g̃ and g̃g̃ fi-
nal states therefore lead to events containing at least two, three
or four jets, respectively. Cascade decays of heavy particles
tend to increase the final state multiplicity. Four signal re-
gions characterized by increasing jet multiplicity requirements
are therefore defined as shown in Table 1, with the leading jet
having pT > 130 GeV, and other jets pT > 40 GeV. The ef-
fective mass, me!, is calculated as the sum of Emiss

T and the
magnitudes of the transverse momenta of the two, three or four
highest pT jets used to define the signal region. Two four-jet
signal regions are defined requiring me! > 500 GeV (opti-
mised for small mass di!erences between SUSY mass states)
and me! > 1000 GeV (optimised for higher mass di!erences).
In addition, a fifth ‘high mass’ signal region is derived from the
four-jet sample, with more stringent requirements on the pT of
the non-leading jets (> 80 GeV) and on me! (> 1100 GeV),
in order to give maximal reach in the SUSY mass spectrum.
For this latter signal region the transverse momenta of all jets
with pT > 40 GeV are used to compute me! . In Table 1,
"#(jet, !P miss

T )min is the smallest of the azimuthal separations be-
tween !P miss

T and jets with pT > 40 GeV (all reconstructed jets
up to a maximum of three, in descending order of pT). Re-
quirements on "#(jet, !P miss

T )min and Emiss
T /me! are designed to
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Process
Signal Region

! 2-jet ! 3-jet
! 4-jet, ! 4-jet,

High mass
me! > 500 GeV me! > 1000 GeV

Z/!+jets 32.3 ± 2.6 ± 6.9 25.5 ± 2.6 ± 4.9 209 ± 9 ± 38 16.2 ± 2.2 ± 3.7 3.3 ± 1.0 ± 1.3

W+jets 26.4 ± 4.0 ± 6.7 22.6 ± 3.5 ± 5.6 349 ± 30 ± 122 13.0 ± 2.2 ± 4.7 2.1 ± 0.8 ± 1.1

t  t+ single top 3.4 ± 1.6 ± 1.6 5.9 ± 2.0 ± 2.2 425 ± 39 ± 84 4.0 ± 1.3 ± 2.0 5.7 ± 1.8 ± 1.9

QCD multi-jet 0.22 ± 0.06 ± 0.24 0.92 ± 0.12 ± 0.46 34 ± 2 ± 29 0.73 ± 0.14 ± 0.50 2.10 ± 0.37 ± 0.82

Total 62.4 ± 4.4 ± 9.3 54.9 ± 3.9 ± 7.1 1015 ± 41 ± 144 33.9 ± 2.9 ± 6.2 13.1 ± 1.9 ± 2.5

Data 58 59 1118 40 18

Table 2: Fitted background components in each SR, compared with the number of events observed in data. The Z/!+jets background is constrained with control
regions CR1a and CR1b, the QCD multi-jet, W and top quark backgrounds by control regions CR2, CR3 and CR4, respectively. In each case the first (second)
quoted uncertainty is statistical (systematic). Background components are partially correlated and hence the uncertainties (statistical and systematic) on the total
background estimates do not equal the quadrature sums of the uncertainties on the components.

Signal / Control Region

CR1a CR1b CR2 CR3 CR4 SR

Data 8 7 34 15 12 18

Targeted background Z/!+jets Z/!+jets QCD multi-jet W+jets t  t + single top –

Transfer factor 0.374 0.812 0.063 0.196 0.372 –

Fitted Z/!+jets 8.3 5.8 0.7 0.5 0.0 3.3

Fitted QCD multi-jet – – 29.8 0.8 0.6 2.1

Fitted W+jets – – 0.5 10.0 0.4 2.1

Fitted t  t + single top – 0.0 3.0 3.7 11.0 5.7

Fitted total background 8.3 5.9 34.0 15.0 12.0 13.1

Statistical uncertainty ±2.7 ±1.2 ±5.8 ±3.9 ±3.5 ±1.9

Systematic uncertainty ±0.6 ±1.7 ±0.1 ±0.1 ±0.2 ±2.5

Table 3: Numerical inputs (i.e. the observed numbers of events in data) to and outputs from the likelihood fit to the control regions for the high mass channel. The
transfer factor listed in the fourth row applies to the main targeted background for that CR, as listed in the third row. An entry ‘–’ in rows 5–7 indicates that the
process in that row is assumed not to contribute to the control region (based on Monte Carlo studies) and hence is excluded from the fit. All numerical entries give
event counts, with the exception of the transfer factors in the fourth row.
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SUSY particles on their decay chains. In regions of parameter
space with small mass splittings between states, the modelling
of initial state radiation can a!ect the signal significance. This
modelling is taken from HERWIG without modification.
In the limit of light neutralinos, with the assumption that the

coloured sparticles are directly produced and decay directly to
jets and !̃01, the limits on the gluino and squark masses are ap-
proximately 700 GeV and 875 GeV respectively for squark or
gluino masses below 2 TeV, rising to 1075 GeV if the squarks
and gluinos are assumed to be mass-degenerate. These limits
remain essentially unchanged if the !̃01 mass is raised as high
as 200 GeV. In the case of a specific SUSY-breaking scenario,
i.e. CMSSM/MSUGRA with tan " = 10, A0 = 0, µ > 0, the
limit on m1/2 reaches 460 GeV for low values of m0, and equal
mass squarks and gluinos are excluded below 950 GeV. The use
of signal selections sensitive to larger jet multiplicities than in
[5] has improved the ATLAS reach at large m0. The five sig-
nal regions are used to set limits on #new = #A$, for non-SM
cross-sections (#) for which ATLAS has an acceptance A and a
detection e"ciency of $ [44]. The excluded values of #new are
22 fb, 25 fb, 429 fb, 27 fb and 17 fb, respectively, at the 95%
confidence level.

8. Summary

This Letter reports a search for new physics in final states
containing high-pT jets, missing transverse momentum and no
electrons or muons with pT > 20 GeV. Data recorded by the
ATLAS experiment a the LHC, corresponding to an integrated
luminosity of 1.04 fb!1 have been used. Good agreement is
seen between the numbers of events observed in the five signal
regions and the numbers of events expected from SM sources.
The exclusion limits placed on non-SM cross sections impose
new constraints on scenarios with novel physics.
The results are interpreted in both a simplified model con-

taining only squarks of the first two generations, a gluino octet
and a massless neutralino, as well as in MSUGRA/CMSSM
models with tan " = 10, A0 = 0 and µ > 0. In the sim-
plified model, gluino and squark masses below 700 GeV and
875 GeV respectively are excluded at the 95% confidence level
for squark or gluino masses below 2 TeV, with the limit increas-
ing to 1075 GeV for equal mass squarks and gluinos. In the
MSUGRA/CMSSM models, equal mass squarks and gluinos
are excluded below 950 GeV.
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models with tan " = 10, A0 = 0 and µ > 0. In the sim-
plified model, gluino and squark masses below 700 GeV and
875 GeV respectively are excluded at the 95% confidence level
for squark or gluino masses below 2 TeV, with the limit increas-
ing to 1075 GeV for equal mass squarks and gluinos. In the
MSUGRA/CMSSM models, equal mass squarks and gluinos
are excluded below 950 GeV.
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group generators and violation of P invariance,
JETP Lett. 13 (1971) 323-326.
A. Neveu and J.H. Schwartz, Factorizable dual model of pions,
Nucl. Phys. B31 (1971) 86-112.
A. Neveu and J.H. Schwartz, Quark model of dual pions,
Phys. Rev. D4 (1971) 1109-1111.
P. Ramond, Dual theory for free fermions,
Phys. Rev. D3 (1971) 2415-2418.
D.V. Volkov and V.P. Akulov, Di!ractive dissociation of composite
particles, Phys. Lett. B46 (1973) 109-130.
J. Wess and B. Zumino, Light cone approach to positivity bounds on
structure functions for deep inelastic lepton scattering in Weinberg’s
theory, Phys. Lett. B49 (1974) 52-60.
J. Wess and B. Zumino, Supergauge transformations in four dimensions,
Nucl. Phys. B70 (1974) 39-50.

[3] P. Fayet, Spontaneously broken supersymmetric theories of weak,
electromagnetic and strong interactions, Phys. Lett. B69 (1977) 489.
G. R. Farrar and P. Fayet, Phenomenology of the production, decay, and
detection of new hadronic states associated with supersymmetry,
Phys. Lett. B76 (1978) 575.

[4] ATLAS Collaboration, Search for supersymmetry using final states with
one lepton, jets, and missing transverse momentum with the ATLAS
detector in

"
s = 7 TeV pp collisions,

Phys. Rev. Lett. 102 (2011) 131802, arXiv:1102.2357 [hep-ex].
[5] ATLAS Collaboration, Search for squarks and gluinos using final states

with jets and missing transverse momentum with the ATLAS detector in"
s = 7 TeV proton-proton collisions, Phys. Lett. B 701 (2011) 186,

arXiv:1102.5290 [hep-ex].
[6] CMS Collaboration, Search for Supersymmetry in pp Collisions at 7 TeV

in Events with Jets and Missing Transverse Energy,
Phys. Lett. B698 (2011) 196–218, arXiv:1101.1628 [hep-ex].
CMS Collaboration, Search for New Physics with Jets and Missing
Transverse Momentum in pp collisions at

"
s = 7 TeV ,

arXiv:1106.4503 [hep-ex].
CMS Collaboration, Inclusive search for squarks and gluinos in pp

7

upper
bound on
signal xsec

LIMIT!
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experimentalists…
stay out of control regions!

 “Only” need efficiency x Acceptance
 of the signal bins for your model… 

Process
Signal Region

! 2-jet ! 3-jet
! 4-jet, ! 4-jet,

High mass
me! > 500 GeV me! > 1000 GeV

Z/!+jets 32.3 ± 2.6 ± 6.9 25.5 ± 2.6 ± 4.9 209 ± 9 ± 38 16.2 ± 2.2 ± 3.7 3.3 ± 1.0 ± 1.3

W+jets 26.4 ± 4.0 ± 6.7 22.6 ± 3.5 ± 5.6 349 ± 30 ± 122 13.0 ± 2.2 ± 4.7 2.1 ± 0.8 ± 1.1

t  t+ single top 3.4 ± 1.6 ± 1.6 5.9 ± 2.0 ± 2.2 425 ± 39 ± 84 4.0 ± 1.3 ± 2.0 5.7 ± 1.8 ± 1.9

QCD multi-jet 0.22 ± 0.06 ± 0.24 0.92 ± 0.12 ± 0.46 34 ± 2 ± 29 0.73 ± 0.14 ± 0.50 2.10 ± 0.37 ± 0.82

Total 62.4 ± 4.4 ± 9.3 54.9 ± 3.9 ± 7.1 1015 ± 41 ± 144 33.9 ± 2.9 ± 6.2 13.1 ± 1.9 ± 2.5

Data 58 59 1118 40 18

Table 2: Fitted background components in each SR, compared with the number of events observed in data. The Z/!+jets background is constrained with control
regions CR1a and CR1b, the QCD multi-jet, W and top quark backgrounds by control regions CR2, CR3 and CR4, respectively. In each case the first (second)
quoted uncertainty is statistical (systematic). Background components are partially correlated and hence the uncertainties (statistical and systematic) on the total
background estimates do not equal the quadrature sums of the uncertainties on the components.

Signal / Control Region

CR1a CR1b CR2 CR3 CR4 SR

Data 8 7 34 15 12 18

Targeted background Z/!+jets Z/!+jets QCD multi-jet W+jets t  t + single top –

Transfer factor 0.374 0.812 0.063 0.196 0.372 –

Fitted Z/!+jets 8.3 5.8 0.7 0.5 0.0 3.3

Fitted QCD multi-jet – – 29.8 0.8 0.6 2.1

Fitted W+jets – – 0.5 10.0 0.4 2.1

Fitted t  t + single top – 0.0 3.0 3.7 11.0 5.7

Fitted total background 8.3 5.9 34.0 15.0 12.0 13.1

Statistical uncertainty ±2.7 ±1.2 ±5.8 ±3.9 ±3.5 ±1.9

Systematic uncertainty ±0.6 ±1.7 ±0.1 ±0.1 ±0.2 ±2.5

Table 3: Numerical inputs (i.e. the observed numbers of events in data) to and outputs from the likelihood fit to the control regions for the high mass channel. The
transfer factor listed in the fourth row applies to the main targeted background for that CR, as listed in the third row. An entry ‘–’ in rows 5–7 indicates that the
process in that row is assumed not to contribute to the control region (based on Monte Carlo studies) and hence is excluded from the fit. All numerical entries give
event counts, with the exception of the transfer factors in the fourth row.
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SUSY particles on their decay chains. In regions of parameter
space with small mass splittings between states, the modelling
of initial state radiation can a!ect the signal significance. This
modelling is taken from HERWIG without modification.
In the limit of light neutralinos, with the assumption that the

coloured sparticles are directly produced and decay directly to
jets and !̃01, the limits on the gluino and squark masses are ap-
proximately 700 GeV and 875 GeV respectively for squark or
gluino masses below 2 TeV, rising to 1075 GeV if the squarks
and gluinos are assumed to be mass-degenerate. These limits
remain essentially unchanged if the !̃01 mass is raised as high
as 200 GeV. In the case of a specific SUSY-breaking scenario,
i.e. CMSSM/MSUGRA with tan " = 10, A0 = 0, µ > 0, the
limit on m1/2 reaches 460 GeV for low values of m0, and equal
mass squarks and gluinos are excluded below 950 GeV. The use
of signal selections sensitive to larger jet multiplicities than in
[5] has improved the ATLAS reach at large m0. The five sig-
nal regions are used to set limits on #new = #A$, for non-SM
cross-sections (#) for which ATLAS has an acceptance A and a
detection e"ciency of $ [44]. The excluded values of #new are
22 fb, 25 fb, 429 fb, 27 fb and 17 fb, respectively, at the 95%
confidence level.

8. Summary

This Letter reports a search for new physics in final states
containing high-pT jets, missing transverse momentum and no
electrons or muons with pT > 20 GeV. Data recorded by the
ATLAS experiment a the LHC, corresponding to an integrated
luminosity of 1.04 fb!1 have been used. Good agreement is
seen between the numbers of events observed in the five signal
regions and the numbers of events expected from SM sources.
The exclusion limits placed on non-SM cross sections impose
new constraints on scenarios with novel physics.
The results are interpreted in both a simplified model con-

taining only squarks of the first two generations, a gluino octet
and a massless neutralino, as well as in MSUGRA/CMSSM
models with tan " = 10, A0 = 0 and µ > 0. In the sim-
plified model, gluino and squark masses below 700 GeV and
875 GeV respectively are excluded at the 95% confidence level
for squark or gluino masses below 2 TeV, with the limit increas-
ing to 1075 GeV for equal mass squarks and gluinos. In the
MSUGRA/CMSSM models, equal mass squarks and gluinos
are excluded below 950 GeV.
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Calibration
“theorist limits”

To calibrate compare:

1) key kinematical distributions
2) limits 
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  ~ 50 GeV accuracy (usually better)



Compare limits

16 10 Summary and Conclusions

As a reference to other searches for SUSY, we interpret results in search region 1 in the context of
CMSSM model. The observed upper limits on the number of signal events reported in Section 8
are compared to the expected number of events in the CMSSM model in a plane of (m0, m1/2)
for tan � = 10, A0 = 0, and µ > 0. All points with mean expected values above this upper
limit are interpreted as excluded at the 95% CL. The observed exclusion region for the high-pT
dilepton selection is displayed in Fig. 5. The shaded region represents the uncertainty on the
position of the limit due to an uncertainty on the production cross section of CMSSM resulting
from PDF uncertainties and the NLO cross section uncertainty estimated from varying the
renormalization scale by a factor of two. The expected exclusion region is approximately the
same as the observed one. An exclusion region based on our previous analysis [9] is also shown
for a comparison. The new result extends to gluino masses of 825 GeV in the region with similar
values of squark masses and extends to gluino masses of 675 GeV for higher squark masses.
This can be compared to the exclusion of just around 500 GeV in the previous analysis. The
result for the inclusive dilepton selection is also shown in Fig. 6.
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Figure 5: Exclusion region in the CMSSM corresponding to the observed upper limit of 3.0
events in the search region 1 of the high-pT dilepton selections. The result of the previous analy-
sis [9] is shown to illustrate the improvement since.

10 Summary and Conclusions
We have searched for new physics with same-sign dilepton events in the ee, µµ, eµ, e�, µ�, and
�� final states, and have seen no evidence for an excess over the background prediction. The �
leptons referred to here are reconstructed via their hadronic decays.
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ATOM
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Figure 4: Observed and expected 95% C.L. exclusion limits in the (mg̃,mb̃1
) plane. Also shown

are the 68% and 99%C.L. expected exclusion curves. For each point in the plot, the signal region
selection providing the best expected limit is chosen. The neutralino mass is set to 60 GeV. The
result is compared to previous results from ATLAS and CDF searches which assume the same
gluino-sbottom decays hypotheses. Exclusion limits from the CDF and D0 experiments on
direct sbottom pair production are also shown.

are heavier than the gluino, which decays exclusively into three-body final states (bb̄!̃01 ) via
an off-shell sbottom. Such a scenario can be considered complementary to the previous one.
The exclusion limits obtained on the (mg̃,m!̃01

) plane are shown in Figure 5 for gluino masses

above 200 GeV. For each combination of masses, the analysis providing the best expected limit
is chosen. The selection 3JD leads to the best sensitivity for gluino masses above 400 GeV
and %M(g̃� !̃01 ) > 100 GeV. At low %M(g̃� !̃01 ), soft b-jets spectra and low EmissT are expected,
giving higher sensitivity to the signal regions 3JA and 3JB are preferred. Low gluino mass
scenarios present moderate meff and high b-jet multiplicity, thus favouring signal region 3JC.
Neutralinomasses below 200-250 GeV are excluded for gluinomasses in the range 200-660 GeV,
if %M(g̃� !̃01 ) >100 GeV.
The results can be generalised in terms of 95% C.L. upper cross section limits for gluino-

like pair production processes with produced particles decaying into bb̄!̃01 final states. The
cross section upper limits versus the gluino and neutralino mass are also given in Figure 5.
The results are finally employed to extract limits on the gluino mass in the two SO(10)

scenarios, DR3 and HS. Gluino masses below 570 GeV are excluded for the DR3 model. In this
case g̃! bb̄!̃01 decays dominate up to gluino masses of 550 GeV: above this range, high BR for
different decay modes decrease the sensitivity of the selected final states. A lower sensitivity,
mg̃ < 450GeV, is found for theHSmodel, where larger branching ratios of g̃! bb̄!̃02 are expected
and the efficiency of the selection is reduced with respect to the DR3 case (m

!̃02
⇡ 2⇥m

!̃01
).

7 Conclusions

An update on the search for supersymmetry in final states with missing transverse momen-
tum, b-jet candidates and no isolated leptons in proton-proton collisions at 7 TeV is presented.
The results are based on data corresponding to an integrated luminosity of 0.83 fb�1 collected

9

PGS

ATOM

FIG. 20: Validation of exclusion limit plots for ATOM and PGS. The left plot shows the CMSSM

limit for the Same-Sign dilepton search by CMS, and superimposed the PGS (green) and ATOM

(brown) curves. The dashed curve represent the PGS prediction before correcting for the di↵erence

in lepton identification e�ciencies between the code (90%) and the CMS analysis (roughly 70%),

while the solid line correspond to the final result. The right plot shows instead the exclusion limit for

the gluino-sbottom-neutralino simplified model presented in the b-jets+0`+ /ET ATLAS analyses.

PGS (ATOM) curves are shown in green (brown), where the dashed line is the limit before the

factor of 2 correction on the event yield due to the systematic uncertainties on the signal, and the

solid line is the final result.

yields may vary by a factor of two. Therefore we decided to apply this correction factor

everywhere in our study. Fig. A shows the e↵ects of this rescaling.

Appendix B: Brief description of “ATOM”

ATOM (“Automatic Test Of Models”) is the tentative name of a tool currently developed

by some of the authors and it is intended to be released in the future for the free use to the

community. The purpose of such tool is to provide, by running locally on the user’s com-
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Example: Same-Sign dilepton by CMS

90% lepton eff.

70% lepton eff.
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Natural EWSB & SUSY
* valid for MSSM,NMSSM, … 
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Do not want tuning in (Higgs mass)2

of naturalness can be reduced to a one-dimensional problem as in the Standard Model

V = m2
H |H|2 + �|H|4 (1)

where m2
H will be in general a linear combination of the various masses of the Higgs fields.

Each contribution to �m2
H to the Higgs mass naturally should be of the order or less than m2

H

itself. Therefore �m2
H/m2

H should not be large. By using m2
h = �2m2

H one usually defines

as a measure of fine-tuning
Barbieri:1987fn,Kitano:2006gv
[? ? ]

� ⌘ 2�m2
H

m2
h

(2)

where m2
h is the Higgs boson physical mass in the decoupling regime, or some linear com-

bination of the physical neutral Higgs bosons in fully mixed scenarios. As it is well known,

increasing the physical Higgs boson mass (i.e.the quartic coupling) alleviates the fine-tuning.

In a SUSY theory at tree level m2
H will include the µ term. Given the size of the top

mass, the soft mass of Higgs field coupling to the up-type quarks mHu is (quite model

independently) also among them. Whether the soft mass for the down-type Higgs, mHd
or

other soft terms in an extended Higgs sector should be as light as µ and mHu is instead a

model dependent question, and a heavier mHd
can even lead to improvements

Dine:1997qj,Csaki:2008sr
[? ? ]. The

phenomenological key point for direct searches for SUSY particles is therefore the lightness

of the Higgsinos since their mass is directly controlled by µ

µ <⇠ 190 GeV
✓

mh

120 GeV

◆ 
��1

20%

!�1/2

(3)

At loop level there are additional constraints. The Higgs potential in a SUSY theory

is corrected by both gauge and Yukawa interactions, the largest contribution coming from

the top-stop loop. In extensions of the MSSM there will also be corrections coming from

Higgs self-interactions, that can be important for large values of the couplings. The radiative

corrections to m2
H proportional to the top Yukawa coupling read

�m2
H |stop = � 3

8⇡2
y2
t

⇣
m2

U3
+ m2

Q3
+ |At|2

⌘
log

✓
⇤

TeV

◆
(4) eq:der1

at one loop in the leading logarithmic approximation, that is su�cient for the current dis-

cussion
?
[? ]. Here ⇤ denotes the scale at which SUSY breaking e↵ects are mediated to the

Supersymmetric SM. Since the soft parameters m2
U3,Q3

, At control the stop spectrum, as it

5

is well known, the requirement of a natural Higgs potential sets an upper bound on the stop

masses. In particular one has

q
m2

t̃1
+ m2

t̃2
<⇠ 600 GeV

sin �

(1 + x2
t )1/2

 
log (⇤/ TeV)

3

!�1/2 ✓
mh

120 GeV

◆ 
��1

20%

!�1/2

(5)

where we defined xt = At/
q

m2
t̃1

+ m2
t̃2
. Eq.

eq:ft-stopeq:ft-stop
?? poses a bound on the heaviest stop mass.

Moreover, for a fixed Higgs boson mass, a hierarchical stop spectrum induced by a large o↵-

diagonal term At tend to worsen the fine-tuning due to the direct presence of At in the r.h.s.

of eq.
eq:stop-1loopeq:stop-1loop
??. All the other radiative contributions to the Higgs potential from the other SM

particles pose much weaker bounds on the supersymmetric spectrum. The only exception is

the gluino that induces a large mass correction to the top squarks at 1-loop and feeds at two

loops in the Higgs potential. One finds, in the LL approximation

�m2
H |gluino = � 2

⇡2
y2
t

✓
↵s

⇡

◆
|M3|2 log2

✓
⇤

TeV

◆
(6)

where M3 is the gluino mass and we have neglected the mixed AtM3 contributions that can

be relevant for large A-terms. From the previous equation the gluino mass is bounded from

above by naturalness to be

M3
<⇠ 890 GeV sin �

 
log (⇤/ TeV)

3

!�1 ✓
mh

120 GeV

◆ 
��1

20%

!�1/2

(7)

In case of Dirac gauginos there is only one power of the logarithm1 in eq.
eq:gluinoeq:gluino
??, leading to a

bound get ameliorated by a factor of (log (⇤/ TeV))1/2, i.e., roughly 1.4 TeV for the choice

of parameters above.

For completeness, we give also the upper bounds on the other gauginos:

(M1, M2) <⇠ (2.7 TeV, 870 GeV)

 
log (⇤/ TeV)

3

!�1/2 ✓
mh

120 GeV

◆ 
��1

20%

!�1/2

(8)

the bino is clearly much less constrained, while the wino is as constrained as the gluino

only for low scale mediation models. For the squarks and sleptons there is only a significant

bound from the D-term contribution, if Tr(Yim
2
i ) 6= 0, and it is in the 5 � 10 TeV range.

MP: maybe move this paragraph in the model implication section.

1 The other logarithm gets traded into a logarithm of the ratio of soft masses. We assume it to be O(1),

but in principle can be tuned to provide further suppression.
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Stops (sbottom) + Higgsinos

H̃0

H̃±b

t̃L

b̃L

bt

t

t̃R

t

H̃0

H̃± b

Stops can act as “sbottom” (bjet+χ) !

Chargino-neutralino splitting irrelevant for present searches



For comparison with the LHC limits, we have also shown in Fig. 3, the strongest limit

from the Tevatron, which comes from the D0 sbottom search with 5.2 fb�1. This search sets

limits on sbottom pair production, with the decay b̃ ! bÑ1. For the left-handed spectrum,

this limit applies directly to the sbottom, which decays b̃L ! bH̃0 for the mass range of

interest (the decay to top and chargino is squeezed out). For the right-handed stop, the

dominant decay is t̃R ! bH̃±, which means that the stop acts like a sbottom, from the point

of view of the Tevatron search7. We note that the Tevatron limit only applies for higgsinos

just above the LEP-2 limit, mH̃ < 110 GeV, and we see that the Tevatron has been surpassed

by the LHC in this parameter space.
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FIG. 3: The LHC limits on the left-handed stop/sbottom (left) and right-handed stop (right), with

a higgsino LSP. The axes correspond to the stop pole mass and the higgsino mass. We find that the

strongest limits on this scenario come from searches for jets plus missing energy. For comparison,

we show the D0 limit with 5.2 fb�1 (green), which only applies for mÑ1
<⇠ 110 GeV, and has been

surpassed by the LHC limits.

7 In order to apply the Tevatron sbottom limit to right-handed stops, we have assumed that the decay

products of the charged higgsino are soft enough not to e↵ect the selection, which applies when the mass

splitting between the charged and neutral higgsino is small
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LHC surpasses Tevatron:

Strongest bounds from jets + MET

Stops (sbottom) + Higgsinos



First Results for Direct Stop Production



First Results for Direct Stop Production

CMS
razor
b-jet

CMS
αT + b-jets



We have already seen that a 1-2 vs. 3 splitting 
(natural susy) leads to weaker constraints:

• What if there is a splitting in 1-2 sector?

• Not covered even in most exhaustive 
scans: pMSSM assumes 1-2 degeneracy,
all of the constrained MSSMs (CMSSM, …) 
obviously assume 1-2 degeneracy

Any caveats beyond that?



Degenerate squarks?

work in progress with
Michele Papucci, Josh Ruderman (LBL Berkely)

Gilad Perez, Rakhi Mahbubani (CERN) 



Do the 1st & 2nd gen’ squarks 
have to be degenerate?

• Because of flavor constraints?
Not really.

M

8 dof

(ũ, d̃)L, ũR, d̃R,

(c̃, s̃)L, c̃R, s̃R

Assumed spectrum in ATLAS/CMS plots

(3, 2)1/6 (3, 1)2/3 (3, 1)�1/3



Does it matter if 
we relax the degeneracy 

assumption?

Naive answer: not so much. 



Cross-sections vs. mass
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Cross-sections roughly scale like ~1/m^6.

Example: 8 light squarks → 2 light squarks
 

  Shift limit only by   

→ too naive!

Back of the envelope estimate

⇠ 41/6 � 1 ⇡ 25%



Dedicated study 
needed

• Production cross-section can be flavor 
dependent if gluino is not fully decoupled 
through p.d.f ’s (u vs. d, sea vs. valence)

• Experimental efficiencies for light squarks 
efficiencies have thresholds and current 
limits are on the thresholds



Efficiencies
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Figure 1: Exclusion limits in the q̃ � �̃0
1 mass plane for direct [top left] and one-step squark decays with

the chargino mass parameter x = 1/4, 1/2 and 3/4 [top right, bottom left and bottom right respectively].
The colour scale shows the combined limit on the cross section times branching ratio (�⇥BR) at the 95%
C.L from all five signal regions, determined using the result from the signal region providing the best
expected limit for each point. The expected and observed limits assuming the NLO cross section from
supersymmetric QCD and 100% branching fraction are shown as blue and red contours respectively.
In the case of direct decays, the cross section for q̃L,R production is assumed, however, q̃R production
is neglected for the one-step cascade grids, e↵ectively halving the production cross section. This only
applies to the limit contours. For the one-step cascade grids, the nominal cross sections are too low for
any model points to be excluded at 95% C.L., hence no limit contours are drawn.
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� ⇥A⇥ ✏ ⇡ const.

Searches might become inefficient 
for light squarks



Squark - Squark production:
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Squarks

Aligned sea squark

2 d.o.f



No limit on LH 2nd gen’ squark

No bounds for Q2 in 1/fb of data 
(decoupled gluinos at 3TeV)

* Pre-ICHEP

*
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Outlook
• The 125 GeV Higgs is a challenge and a

great opportunity for supersymmetry

• Precision Higgs physics might reveal hints 
for new physics

• ‘Vanilla susy’ pushed beyond TeV scale

• Natural susy evades stringent bounds, will 
go to mstop ~ 500 GeV at the end of this 
run, gluino limits becoming worrisome

• Leave no stone unturned: The LHC won’t 
tell us if don’t ask the right questions. 


