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Higgs at 125 GeV
A problem for the MSSM

A Higgs at ∼ 125 GeV is a big problem for the MSSM

To accommodate, we need either: (Draper, Meade, Reece, Shih 2011)
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FIG. 5. Messenger scale required to produce su�ciently large |At| for mh = 123 GeV (left) and mh = 125 GeV
(right) through renormalization group evolution.

At = 0 at the messenger scale. Clearly this is not com-
pletely set in stone, and it would be interesting to look for
models of GMSB (or more generally flavor-blind models)
with large At at the messenger scale. This may be pos-
sible in more extended models, for instance in [37] where
the Higgses mix with doublet messengers.
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Appendix A: Comments on “heavy SUSY” scenarios

Although we have focused on mixed stops which can
be light enough to be produced at the LHC, let us briefly
consider the case of stops without mixing. For small
MS , we can compute the Higgs mass with FeynHiggs.
For larger MS , we use a one-loop RGE to evolve the
SUSY quartic down to the electroweak scale, computing
the physical Higgs mass by including self-energy correc-
tions [38, 39]. In Figure 6, we plot the resulting value of
mh as a function of MS , in the case of zero mixing. We
plot the FeynHiggs output only up to 3 TeV, at which
point its uncertainties become large and the RGE is more
trustworthy. One can see from the plot that accommo-

dating a 125 GeV Higgs in the MSSM with small A-terms
requires scalar masses in the range of 5 to 10 TeV.

A variation on this “heavy stop” scenario is Split Su-
persymmetry [40, 41], in which gauginos and higgsinos
have masses well below MS and influence the running of
�. In this case, the running below MS is modified by the
light superpartners, and the preferred scalar mass scale
for a 125 GeV Higgs can be even larger [42–44].

1 2 5 10 20 50 100

105

110

115

120

125

130

135

MS @TeVD

m
h
@Ge

V
D

FIG. 6. Higgs mass as a function of MS , with Xt = 0. The
green band is the output of FeynHiggs together with its as-
sociated uncertainty. The blue line represents 1-loop renor-
malization group evolution in the Standard Model matched
to the MSSM at MS . The blue bands give estimates of errors
from varying the top mass between 172 and 174 GeV (darker
band) and the renormalization scale between mt/2 and 2mt

(lighter band).

Xt = 0

Large tuning: ∆ ∼ 5000

Large A-terms ∼ √6MS

2

as it captures many of the qualitative features that we
will see. We have characterized the scale of superpart-
ner masses with MS ⌘

�
mt̃1

mt̃2

�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 ⇡ ±p6, 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.

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

= At − µ cot β

tan β = 30

Smaller tuning: ∆ ∼ 500
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FIG. 5. Messenger scale required to produce su�ciently large |At| for mh = 123 GeV (left) and mh = 125 GeV
(right) through renormalization group evolution.

At = 0 at the messenger scale. Clearly this is not com-
pletely set in stone, and it would be interesting to look for
models of GMSB (or more generally flavor-blind models)
with large At at the messenger scale. This may be pos-
sible in more extended models, for instance in [37] where
the Higgses mix with doublet messengers.

ACKNOWLEDGMENTS

We would like to thank Michael Dine, Jared Evans,
Howie Haber, Yevgeny Kats and Chang-Soon Park for
useful discussions. PD is supported by the DOE un-
der grant DE-FG02-04ER41286. The work of PM is
supported in part by NSF CAREER Award NSF-PHY-
1056833. MR is supported by the Fundamental Laws Ini-
tiative of the Center for the Fundamental Laws of Nature,
Harvard University. The research of DS was supported
in part by a DOE Early Career Award.

Appendix A: Comments on “heavy SUSY” scenarios

Although we have focused on mixed stops which can
be light enough to be produced at the LHC, let us briefly
consider the case of stops without mixing. For small
MS , we can compute the Higgs mass with FeynHiggs.
For larger MS , we use a one-loop RGE to evolve the
SUSY quartic down to the electroweak scale, computing
the physical Higgs mass by including self-energy correc-
tions [38, 39]. In Figure 6, we plot the resulting value of
mh as a function of MS , in the case of zero mixing. We
plot the FeynHiggs output only up to 3 TeV, at which
point its uncertainties become large and the RGE is more
trustworthy. One can see from the plot that accommo-

dating a 125 GeV Higgs in the MSSM with small A-terms
requires scalar masses in the range of 5 to 10 TeV.

A variation on this “heavy stop” scenario is Split Su-
persymmetry [40, 41], in which gauginos and higgsinos
have masses well below MS and influence the running of
�. In this case, the running below MS is modified by the
light superpartners, and the preferred scalar mass scale
for a 125 GeV Higgs can be even larger [42–44].
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FIG. 6. Higgs mass as a function of MS , with Xt = 0. The
green band is the output of FeynHiggs together with its as-
sociated uncertainty. The blue line represents 1-loop renor-
malization group evolution in the Standard Model matched
to the MSSM at MS . The blue bands give estimates of errors
from varying the top mass between 172 and 174 GeV (darker
band) and the renormalization scale between mt/2 and 2mt

(lighter band).
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value was chosen. In the dark gray shaded region, no
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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.

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

= At − µ cot β

tan β = 30

Smaller tuning: ∆ ∼ 500
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Higgs at 125 GeV
A HUGE problem for GMSB

Gauge mediated SUSY breaking (GMSB) ⇒ no A-terms at Mmess
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FIG. 5. Messenger scale required to produce su�ciently large |At| for mh = 123 GeV (left) and mh = 125 GeV
(right) through renormalization group evolution.

At = 0 at the messenger scale. Clearly this is not com-
pletely set in stone, and it would be interesting to look for
models of GMSB (or more generally flavor-blind models)
with large At at the messenger scale. This may be pos-
sible in more extended models, for instance in [37] where
the Higgses mix with doublet messengers.
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Appendix A: Comments on “heavy SUSY” scenarios

Although we have focused on mixed stops which can
be light enough to be produced at the LHC, let us briefly
consider the case of stops without mixing. For small
MS , we can compute the Higgs mass with FeynHiggs.
For larger MS , we use a one-loop RGE to evolve the
SUSY quartic down to the electroweak scale, computing
the physical Higgs mass by including self-energy correc-
tions [38, 39]. In Figure 6, we plot the resulting value of
mh as a function of MS , in the case of zero mixing. We
plot the FeynHiggs output only up to 3 TeV, at which
point its uncertainties become large and the RGE is more
trustworthy. One can see from the plot that accommo-

dating a 125 GeV Higgs in the MSSM with small A-terms
requires scalar masses in the range of 5 to 10 TeV.

A variation on this “heavy stop” scenario is Split Su-
persymmetry [40, 41], in which gauginos and higgsinos
have masses well below MS and influence the running of
�. In this case, the running below MS is modified by the
light superpartners, and the preferred scalar mass scale
for a 125 GeV Higgs can be even larger [42–44].
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FIG. 6. Higgs mass as a function of MS , with Xt = 0. The
green band is the output of FeynHiggs together with its as-
sociated uncertainty. The blue line represents 1-loop renor-
malization group evolution in the Standard Model matched
to the MSSM at MS . The blue bands give estimates of errors
from varying the top mass between 172 and 174 GeV (darker
band) and the renormalization scale between mt/2 and 2mt

(lighter band).

Draper, Meade, Reece, Shih 2011

Can be generated through running, but need Mmess � MSUSY

⇒ huge tuning ∆ ∼ 5000
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FIG. 5. Messenger scale required to produce su�ciently large |At| for mh = 123 GeV (left) and mh = 125 GeV
(right) through renormalization group evolution.

At = 0 at the messenger scale. Clearly this is not com-
pletely set in stone, and it would be interesting to look for
models of GMSB (or more generally flavor-blind models)
with large At at the messenger scale. This may be pos-
sible in more extended models, for instance in [37] where
the Higgses mix with doublet messengers.
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FIG. 6. Higgs mass as a function of MS , with Xt = 0. The
green band is the output of FeynHiggs together with its as-
sociated uncertainty. The blue line represents 1-loop renor-
malization group evolution in the Standard Model matched
to the MSSM at MS . The blue bands give estimates of errors
from varying the top mass between 172 and 174 GeV (darker
band) and the renormalization scale between mt/2 and 2mt

(lighter band).

Draper, Meade, Reece, Shih 2011

Can be generated through running, but need Mmess � MSUSY

⇒ huge tuning ∆ ∼ 5000
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Higgs at 125 GeV
Better in EGMSB!

Extended GMSB has MSSM-messenger terms in the superpotential

W ⊃ λHuΦΨ + ytHuQ3U3 + X (ΦΦ̄ + ΨΨ̄) + h.c.

Hu

FHu

Q3

U3

FX

Ψ†
Ψ̄†

X †

Φ†

Φ

FΨ

A-terms are bilinear terms: At = yt
(
AHuF †Hu

Hu + AQF †Q3
Q3 + AUF †U3

U3

)
With a low messenger scale and large A-terms, tuning is reduced!

Tuning: ∆ ∼ 1000, i.e., 2× the best the MSSM can get!
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Outline

At = yt
(
AHuF †Hu

Hu + AQF †Q3
Q3 + AUF †U3

U3

)
Discuss Tuning in EGMSB Models with a 125 GeV Higgs

I Need EGMSB couplings that contain Hu, Q3 or U3 (Q ≡ Q3)
I Write all couplings compatible with SU(5) unification (Neff ≤ 6)
I Define each model by ONE EGMSB coupling (31 models total)
I Scan each model to determine smallest tuning possible

Survey Flavor in EGMSB Models with Lower Tuning

I Relax flavor alignment, i.e., κ3Q3ΦΦ̃→ κiQiΦΦ̃

I How much misalignment allowed before flavor constraints?
I What does the future hold?
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Lightning GMSB Review
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MSSM
Q, U, Hu

L, etc

Messengers, Φ SUSY........ ........ ............ ............... .................. ..................... ........................

X

W ∼ XΦΦ̃ + {MSSM yukawas}

〈X 〉 = M + θ2F , Λ = F/M, Λ̃ = Λ
16π2

Mr ∼ Neff g2
r Λ̃ m2

soft ∼ 2Neff Crg4
r Λ̃2 (Cr quadratic Casimirs)

A-terms = 0
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EGMSB

EGMSB adds superpotential interactions between MSSM and Messengers

Two types of models

Tuning:

Flavor:

Type I
MSSM-Messenger-Messenger

Higgs Q-class U-class

λHuΦΦ̃ λQΦΦ̃ λUΦΦ̃

??? ??? ???

??? ??? ???

Type II
MSSM-MSSM-Messenger

w/ mixing w/o mixing

λHuQΦU λUEΦD̄

??? ???

??? ???
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Type I Higgs
EGMSB Soft Formulas

# Model dH dφ Cr
I.1 Huφ5̄,Hd

φ1,S Nm 3
` 3

10 ,
3
2 , 0
´

I.2 Huφ10,Qφ10,U 3Nm 3
` 13

30 ,
3
2 ,

8
3

´
I.3 Huφ5,D̄φ1̄0,Q̄ 3 3

` 7
30 ,

3
2 ,

8
3

´
I.4 Huφ5,L̄φ1̄0,Ē 1 3

` 9
10 ,

3
2 , 0
´

I.5 Huφ5̄,Lφ24,S 1 3
` 3

10 ,
3
2 , 0
´

I.6 Huφ5̄,Lφ24,W
3
2

5
2

` 3
10 ,

7
2 , 0
´

I.7 Huφ5̄,Dφ24,X 3 3
` 19

30 ,
3
2 ,

8
3

´
W ∼ κHu

∑
Φi Φ̃i

Nm

AHu = −dHκ2Λ̃

δm2
Hu

= dHκ2
(

(dH + dφ)κ2 − 2Crg2
r − 16π2

3 h
(

Λ
M

)
Λ2

M2

)
Λ̃2

δm2
Q = −dHy2t κ

2Λ̃2

δm2
U = −2dHy2t κ

2Λ̃2

through yukawa

bilinear A

bilinear A2

one-loop term

gaugeother κ4

............. ........ .......... ............ .............. ................ ............................................

.............

..................

............

..............

................

..................

..........................
..............
.........
............
...............
.................

..........................

.............. ......... ........... .............. ................ ................... .....................

...........................
.............. ......... ........... .............. ................ ...................
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....................................... ........

.....................................
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` 9
10 ,

3
2 , 0
´

I.5 Huφ5̄,Lφ24,S 1 3
` 3

10 ,
3
2 , 0
´

I.6 Huφ5̄,Lφ24,W
3
2

5
2

` 3
10 ,

7
2 , 0
´

I.7 Huφ5̄,Dφ24,X 3 3
` 19

30 ,
3
2 ,

8
3

´
W ∼ κHu

∑
Φi Φ̃i

Nm

AHu = −dHκ2Λ̃

δm2
Hu

= dHκ2
(

(dH + dφ)κ2 − 2Crg2
r − 16π2

3 h
(

Λ
M

)
Λ2

M2

)
Λ̃2

δm2
Q = −dHy2t κ

2Λ̃2

δm2
U = −2dHy2t κ

2Λ̃2

through yukawa

bilinear A

bilinear A2

one-loop term

gaugeother κ4

............. ........ .......... ............ .............. ................ ............................................

.............

..................

............

..............

................

..................

..........................
..............
.........
............
...............
.................

..........................

.............. ......... ........... .............. ................ ................... .....................

...........................
.............. ......... ........... .............. ................ ...................

.....................
....................................... ........

.....................................

Evans (UIUC) χFV from EGMSB November 13, 2014 8 / 28



Type I Higgs
EGMSB Soft Formulas

# Model dH dφ Cr
I.1 Huφ5̄,Hd

φ1,S Nm 3
` 3

10 ,
3
2 , 0
´

I.2 Huφ10,Qφ10,U 3Nm 3
` 13

30 ,
3
2 ,

8
3

´
I.3 Huφ5,D̄φ1̄0,Q̄ 3 3

` 7
30 ,

3
2 ,

8
3

´
I.4 Huφ5,L̄φ1̄0,Ē 1 3
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Type I Squark Models
EGMSB Soft Formulas

# Model dQ dφ Cr

I.8 Qφ1̄0,Q̄φ1,S Nm 7
“

1
30 ,

3
2 ,

8
3

”
I.9 Qφ5̄,Dφ5̄,L Nm 5

“
7
30 ,

3
2 ,

8
3

”
I.10 Qφ10,Uφ5,Hu 1 5

“
13
30 ,

3
2 ,

8
3

”
I.11 Qφ10,Qφ5,D̄ 2 6

“
1
10 ,

3
2 , 4

”

# Model dU dφ Cr

I.12 Uφ1̄0,Ūφ1,S Nm 4
“

8
15 , 0,

8
3

”
I.13 Uφ5̄,Dφ5̄,D 2Nm 4

“
2
5 , 0, 4

”
I.14 Uφ10,Qφ5,Hu 2 4

“
13
30 ,

3
2 ,

8
3

”
I.15 Uφ10,Eφ5,D̄ 1 4

“
14
15 , 0,

8
3

”

W ∼ κQPΦi Φ̃i

Nm
AQ = −dQκ

2Λ̃

δm2
Q = dQκ

2
“

(dQ + dφ)κ2 − 2Crg2
r − 16π2

3 h
`

Λ
M

´
Λ2

M2

”
Λ̃2

δm2
Hu = −3dQy2

t κ
2Λ̃2 δm2

Hd
= −3dQy2

bκ
2Λ̃2

δm2
U = −2dQy2

t κ
2Λ̃2 δm2

D = −2dQy2
bκ

2Λ̃2

W ∼ κUPΦi Φ̃i

Nm
AU = −dUκ

2Λ̃

δm2
U = dUκ

2
“

(dU + dφ)κ2 − 2Crg2
r − 16π2

3 h
`

Λ
M

´
Λ2

M2

”
Λ̃2

δm2
Q = −dUy2

t κ
2Λ̃2 δm2

Hu = −3dUy2
t κ

2Λ̃2
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Solving for mh = 125 GeV

AHu = −dHκ2Λ̃ Note: At = yt (AHu + AQ3 + AU3)

δm2
Hu

= dHκ2
(

(dH + dφ)κ2 − 2Crg2
r − 16π2

3 h
(

Λ
M

)
Λ2

M2

)
Λ̃2

δm2
Q = −dHy2t κ

2Λ̃2

δm2
U = −2dHy2t κ

2Λ̃2

Given an EGMSB model, κ, F , and M: spectra completely determined

Moreover, given
(
κ, Λ

M

)
, increasing M increases mh monotonically

(Evans, Shih 2013)
1. For each model, scan over

(
κ, Λ

M

)
2. Dial M to solve for mh = 125
3. Quantify how finely-tuned that point is
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# Coupling |∆b| Best Point { Λ
M , λ} |At | /MS Mg̃ MS |µ| Tuning

I.1 Huφ5̄,Lφ1,S Nm {0.375, 1.075} 1.98 3222 1842 777 3400
I.2 Huφ10,Qφ10,U 3Nm {0.25, 1.075} 1.99 3178 1828 789 2450
I.3 Huφ5,D̄φ1̄0,Q̄ 4 {0.25, 1.3} 2.05 2899 1709 668 3200
I.4 Huφ5,L̄φ1̄0,Ē 4 {0.125, 0.95} 0.58 11134 8993 2264 4050
I.5 Huφ5̄,Lφ24,S 6 {0.225, 1.000} 0.54 13290 9785 3408 3850
I.6 Huφ5̄,Lφ24,W 6 {0.15, 1.025} 0.67 11835 8637 3259 3410
I.7 Huφ5̄,Dφ24,X 6 {0.3, 1.425} 2.04 3020 1743 576 3500
I.8 Qφ1̄0,Q̄φ1,S 3Nm {0.534, 1.5} 2.82 4336 1274 2056 1015
I.9 Qφ5̄,Dφ5̄,L Nm {0.353, 0.858} 2.67 4247 1342 2058 1015
I.10 Qφ10,Uφ5,Hu 4 {0.51, 1.788} 2.65 4040 1318 2301 1275
I.11 Qφ10,Qφ5,D̄ 4 {0.378, 1.245} 2.76 4020 1257 2292 1260
I.12 Uφ1̄0,Ūφ1,S 3Nm {0.476, 1.622} 2.62 3815 1347 2070 1030
I.13 Uφ5̄,Dφ5̄,D 2Nm {0.301, 0.908} 2.91 3829 1199 2061 1020
I.14 Uφ10,Qφ5,Hu 4 {0.37, 1.352} 2.81 3575 1220 2312 1285
I.15 Uφ10,Eφ5,D̄ 4 {0.51, 1.972} 2.63 3526 1312 2310 1280

II.1 QUφ5,Hu 1 {0.55, 1.64} 2.02 769 1965 2738 1800
II.2 UHuφ10,Q 3 {0.009, 1.067} 2.14 2203 1628 543 850
II.3 QHuφ10,U 3 {0.269, 1.05} 2.27 2514 1458 439 1500
II.4 QDφ5̄,Hd

1 {0.37, 1.2} 1.78 2597 1829 3553 3020
II.5 QHdφ5̄,D 1 {0.15, 1.19} 1.45 2497 2108 3773 6050
II.6 QQφ5,D̄ 1 {0.45, 0.1} 0.22 7943 9870 3610 5000
II.7 UDφ5̄,D 1 {0.21, 1.26} 2.34 1374 1334 2998 2150
II.8 QLφ5̄,D 1 {0.14, 1.2} 1.51 1501 1204 2203 3700
II.9 UEφ5,D̄ 1 {0.445, 1.46} 1.89 2004 1750 3373 2730
II.10 HuDφ24,X 5 {0.42, 1.45} 2.13 2943 1649 282 3500
II.11 HuLφ1,S 1∗ {0.15, 0.675} 0.54 7103 8166 3714 4930
II.12 HuLφ24,S 5 {0.296, 0.96} 0.53 12629 9660 3333 3780
II.13 HuLφ24,W 5 {0.212, 0.96} 0.65 11487 8710 3687 3380
II.14 HuHdφ1,S 1∗ {0.125, 0.675} 0.55 7049 8051 3255 5000
II.15 HuHdφ24,S 5 {0.20, 1.00} 0.57 12047 9213 1628 4220
II.16 HuHdφ24,W 5 {0.2, 0.946} 0.64 11571 8789 3665 3460
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Types of models
Tuning & Flavor

Tuning:

Flavor:

Type I
Higgs Q-class U-class

λHuΦΦ̃ λQΦΦ̃ λUΦΦ̃

BAD GOOD GOOD

MFV ??? ???

Type II
w/ mixing w/o mixing

λHuQΦU λUEΦD̄

GOOD BAD

??? ???

DON’T CARE!
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Lightning Flavor Review
The SM

In the SM, flavor is only violated by the CKM – W charged current

To constrain NP, flavor observables that vanish at tree level in SM are best

Small CKM and GIM suppress many further

Observable Experiment SM prediction
∆mK (3.484± 0.006)× 10−15 GeV −∗
∆mBd

(3.36± 0.02)× 10−13 GeV (3.56± 0.60)× 10−13 GeV
∆mBs (1.169± 0.0014)× 10−11 GeV (1.13± 0.17)× 10−11 GeV
∆mD (6.2+2.7

−2.8)× 10−15 GeV −
Br(K+ → π+νν̄) (1.7± 1.1)× 10−10 (7.8± 0.8)× 10−11

Br(B → Xsγ) (3.40± 0.21)× 10−4 (3.15± 0.23)× 10−4

Br(B → Xdγ) (1.41± 0.57)× 10−5 (1.54+0.26
−0.31)× 10−5

Br(Bs → µ+µ−) (2.9± 0.7)× 10−9 (3.65± 0.23)× 10−9

Br(Bd → µ+µ−) (3.6+1.6
−1.4)× 10−10 (1.06± 0.09)× 10−10
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Lightning Flavor Review
Wilson Operators

Flavor violation can be parameterized by dimension 5 & 6 operators

I Dimension 5: 1
Λ
q̄1σ

µνq2Fµν , 1
Λ
q̄1σ

µνq2Gµν

I Radiative ∆F = 1: b → sγ, b → dγ

I Hadronic Dimension 6: 1
Λ2 (q̄1q2) (q̄3q4), 1

Λ2 (q̄1γµq2) (q̄3γ
µq4), etc.

I Meson Mixing ∆F = 2: ∆mK , ∆mD , ∆mBs , ∆mBd

I Leptonic Dimension 6: 1
Λ2 (q̄1q2)

`
µ+µ−

´
, 1

Λ2 (q̄1γµq2) (ν̄γµν), etc.

I Semi-leptonic ∆F = 1: K → πνν, Bs → µµ, Bd → µµ

Bounds on some operators much stronger than others, even for the same observable:

OpA — ∆mK : (s̄LγµdL)2 ⇒ Λ > 9.8× 102 TeV.
OpB — ∆mK : (s̄RdL) (s̄LdR)⇒ Λ > 1.8× 104 TeV

(Isidori, Nir, Perez 2010)
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Lightning Flavor Review
SUSY: The Mass Matrix and the MIA

M2
d =

0BBBBBBBB@

m2
Q,11 m2

Q,12 m2
Q,13 A†d,11vd A†d,12vd A†d,13vd

m2
Q,21 m2

Q,22 m2
Q,23 A†d,21vd A†d,22vd A†d,23vd

m2
Q,31 m2

Q,32 m2
Q,33 A†d,31vd A†d,32vd A†d,33vd

Ad,11vd Ad,12vd Ad,13vd m2
D,11 m2

D,12 m2
D,13

Ad,21vd Ad,22vd Ad,23vd m2
D,11 m2

D,12 m2
D,13

Ad,31vd Ad,32vd Ad,33vd m2
D,11 m2

D,12 m2
D,13

1CCCCCCCCA

LL

LR

RL

RR
M2

d = m̃2
d ,0(1 + δXY ), where m̃2

d ,0 = 1
6 Tr(M

2
d )

δXY =

(
δLLij δRLij
δLRij δRRij

)

δLLij =
m2

Q,ij
m̃2

d,0
− 1 δLRij =

vdAd,ij
m̃2

d,0

δRRij =
m2

D,ij
m̃2

d,0
− 1 δRLij =

vdA
†
d,ij

m̃2
d,0
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Toward a Flavor Story
The Task at Hand

W = κ3Q3ΦΦ̃→W = κiQiΦΦ̃

We want to compute bounds on couplings κi from flavor observables

To do this we need the following:
I Compute general non-MFV soft masses at the messenger scale
I Run them down to the SUSY scale, including full 3x3 CKM & CPV
I Compute 1-loop Wilson coefficients for all operators of interest
I Run these Wilson coefficients down to the meson scale
I Compute the flavor observables

We could not find a suitable public code to do all of this, so we wrote it!

FormFlavor
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Toward a Flavor Story
FormFlavor

FormFlavor
I Mathematica package based on FeynArts and FormCalc

I Computes one-loop Wilson coefficients from Feynman rules

I Computes many flavor and CP observables:
I ∆mK , ∆mD , ∆mBs , ∆mBd
I K → πνν, Bs → µµ, Bd → µµ
I b → sγ, b → dγ
I εK , neutron EDM
I Straightforward to add new observables!

I Currently for non-MFV MSSM, can be modified for other models

(Now, FlavorKit exists which does similar things with SARAH and Spheno)
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Toward a Flavor Story
Our EGMSB Mass Matrix: Chiral Flavor Violation

In the third-generation dominant limit (yi = 0 for i 6= t, b)

Q-class: δm2 ∼

0BBBBBB@

κ∗1κ1Λ̃2 κ∗1κ2Λ̃2 κ∗1κ3Λ̃2 0 0 κ∗1κ3 yv Λ̃

κ∗2κ1Λ̃2 κ∗2κ2Λ̃2 κ∗2κ3Λ̃2 0 0 κ∗2κ3 yv Λ̃

κ∗3κ1Λ̃2 κ∗3κ2Λ̃2 κ∗3κ3Λ̃2 0 0 κ∗3κ3 yv Λ̃
0 0 0 0 0 0
0 0 0 0 0 0

κ∗3κ1 yv Λ̃ κ∗3κ2 yv Λ̃ κ∗3κ3 yv Λ̃ 0 0 κ∗3κ3 y2Λ̃2

1CCCCCCA

U-class: δm2 ∼

0BBBBBB@

0 0 0 0 0 0
0 0 0 0 0 0
0 0 κ∗3κ3 y2Λ̃2 κ∗3κ1 yv Λ̃ κ∗3κ2 yv Λ̃ κ∗3κ3 yv Λ̃

0 0 κ∗1κ3 yv Λ̃ κ∗1κ1Λ̃2 κ∗1κ2Λ̃2 κ∗1κ3Λ̃2

0 0 κ∗2κ3 yv Λ̃ κ∗2κ1Λ̃2 κ∗2κ2Λ̃2 κ∗2κ3Λ̃2

0 0 κ∗3κ3 yv Λ̃ κ∗3κ1Λ̃2 κ∗3κ2Λ̃2 κ∗3κ3Λ̃2

1CCCCCCA

Features:
I Q-class matrix form for M2

d and M2
u , U-class only for M2

u

I Flavor violation always off in either LL or RR block (no δLL
ij δ

RR
ij )

I LR/RL blocks only have non-zero entries on i3/3i elements (no δLR
ij δRL

ij )
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Toward a Flavor Story
The Deformation

At best tuned point, for (κ1, κ2) = (0, 0), δm2
Q,33 < 0

δm2
Q,ab = dQ

(
(dφ + dQ)κ2 − 2Crg2

r − 16π2

3 h
(

Λ
M

)
Λ2

M2

)
κ∗aκbΛ̃2

Increasing κ1 & κ2 increases κ2, making δm2
Q,33 > 0

Instead, we fix Λ, but vary M to fix the lightest eigenvalue in the m2
Q block

Note: Eigenvalues[cΛ̃213 − F
(
κ, Λ

M

)
Λ̃2κ∗i κj ] = {c , c , c − F

(
κ, Λ

M

)
κ2}Λ̃2
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Type I Q-class and U-class Constraints
2σ Constraints
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Type I Q-class and U-class Constraints
What happened to the SUSY flavor problem?

Why so few constraints even for O (1) couplings?

Weak for several reasons:

1. U-class only in up sector – safer than down

............. ........ .......... ............ .............. ................ .................. ................................................

2. mh = 125 GeV ⇒ most squarks at ∼ 3 TeV

............. ........ .......... ............ .............. ................ .................. ................................................

3. Effective operator bounds can exaggerate the problem

............. ........ .......... ............ .............. ................ .................. ................................................

4. Flavor violation is from rank 1 tensor, suppresses FV a bit

............. ........ .......... ............ .............. ................ .................. ................................................

5. Chiral Flavor Violation (χFV) Flavor Texture

............. ........ .......... ............ .............. ................ .................. ................................................

From SUSY MIA:
1

Λ2 (s̄LγµdL)2 = α2
s

216m̃2

(
δLL12
)2

(s̄LγµdL)2 : Λ > 103 TeV⇒ m̃ > 5TeV

We fix lightest e.value: M2
Q,ij ∼ M21− Xκiκj ⇒ {M2,M2,M2 − Xκ2}

Xκ2 ∼ M2 ⇒ δLLij ∼ 3κiκj
2(κ2

1+κ2
2+κ2

3)
for κ1 = κ2 = κ3, δLLij ∼ 1

2
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Type I Q-class and U-class Constraints
χFV Texture

Q-class EGMSB mass matrix has FV in LL and select LR/RL elements
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Why is ∆mK so weak??? (Compared to Flavor Anarchy)

Several factors work in the same direction: ∆mK (Anarchy)
∆mK (χFV) ∼

χFV: Contributes to OLL
V ONLY

OLL
V = (s̄γµPLd)2

I HME: 8
24B

LL
V ∼ 0.19

I MIA factor: α2
s

216

(
δLLd ,12

)2
I Running:

(
αs(mSUSY )
αs(2 GeV)

) 6
23 ∼ 0.7

Anarchy: All wilson operators

OLR
S = (s̄PLd)(s̄PRd)

I HME: 6
24B

LR
S RK ∼ 6.6

I MIA factor: 23α2
s

180

(
δLLd ,12δ

RR
d ,12

)
I Running:

(
αs(mSUSY )
αs(2 GeV)

)− 24
23 ∼ 3.5

Work together to make ∆mX constraints weak!
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Future Constraints / Discovery
Prospects

On the 3− 5 year time scale, several things should happen:

I NA62 will measure K+ → π+νν̄ to 10%
I A full (long-distance included) prediction of ∆mK (RBC and UKQCD)
I Incremental lattice improvements to ∆mBd
I Mild experimental improvements for b → qγ

-2 -1 0 1 2

-2
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Κ1�Κ3

Κ 2
�Κ

3

ΚiQiFDFL

DmK

DmD

DmBd

K+® Π+ΝΝ
b®sΓ
b®dΓ

Observable Improvement Projected
∆mK Theory 10%
∆mBd

Theory ∼10%

∆mBs Theory 5%
∆mD None −

Br(K+ → π+νν̄) Experiment 10%
Br(B → Xsγ) Experiment 7%
Br(B → Xdγ) Experiment 24%

Br(Bs → µ+µ−) Experiment 15%
Br(Bd → µ+µ−) Experiment ∼35%
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Flavor in Type II models
Especially UHu and QHu

Turning on small κ1, κ2 makes these models encounter tachyons:

In UHuΦQ

δm2
Q,33 = −y2t (2κ∗3κ3 + 3κ2)Λ̃2

.............

.........

...........

.............

............................
In UΦHuΦQ

δm2
Q,33 = −4y2t κ∗3κ3Λ̃2

I Could try to solve for mh = 125 in 5 dimensions

I i.e., fix (κ1, κ2, κ3,Λ/M), increase M to get mh = 125 GeV
I But, 1) computationally unfeasible
I and 2) that suppresses importance of κ3 and reintroduces little A−mh

(The reason Type I Higgs models have high tuning)

I These models require severe alignment in the κ3 direction to be viable

(Note: flavor is fine in narrow window of validity)
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Q,33 = −4y2t κ∗3κ3Λ̃2

I Could try to solve for mh = 125 in 5 dimensions
I i.e., fix (κ1, κ2, κ3,Λ/M), increase M to get mh = 125 GeV

I But, 1) computationally unfeasible
I and 2) that suppresses importance of κ3 and reintroduces little A−mh

(The reason Type I Higgs models have high tuning)

I These models require severe alignment in the κ3 direction to be viable

(Note: flavor is fine in narrow window of validity)
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Types of models
Tuning & Flavor

Tuning:

Flavor:

Type I
Higgs Q-class U-class

λHuΦΦ̃ λQΦΦ̃ λUΦΦ̃

BAD GOOD GOOD

MFV OKAY OKAY

Type II
w/ mixing w/o mixing

λHuQΦU λUEΦD̄

GOOD BAD

TACHYONS DON’T CARE!
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Summary & Future Directions

I We examined tuning in EGMSB models that get mh = 125 GeV

I Wrote FormFlavor to investigate flavor in this non-MFV model
I Flavor constraints are weak in these models

I Mostly due to the special χFV texture
I ∆mD and b → sγ dominate
I K+ → π+νν, ∆mK , and ∆mBd could constrain soon

I mh = 125, no SUSY @ LHC8 & SUSY flavor correlated problems!

Future directions

I We only focused on flavor observables, we want to look at CP as well

I The χFV texture deserves further study on its own (like MFV)

I We plan to make FormFlavor public

I Collider phenomenology is very interesting, especially in the FV case
– Complete model for Flavored Naturalness (Blanke, Giudice, Paradisi, Perez, Zupan)
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