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Now we finally confirm the Higgs mechanism for the electroweak 
symmetry breaking.



This is only a low-energy effective description.#
!
We don’t know: #
!
Why the Higgs potential is like this?#
!
What are the values of the parameters in the potential?#
!



Naturalness Puzzle of a Fundamental Scalar#
(Hierarchy Problem)
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Figure 1: Loop diagrams contributing to the S parameter. The two diagrams at left generate the usual operator h†W iµ⌫�i h Bµ⌫
when the left-handed stop/sbottom doublet Q̃3 and the right-handed stop t̃R =

�
ũ c

3

�† are integrated out. The diagram at right

generates the operators i@ ⌫Bµ⌫h†
$

Dµh and i D⌫W i
µ⌫h†�i

$
Dµh, which also contribute to S after being rewritten in terms of the

minimal basis of dimension-six operators.

h h h

⌧ E c L ⌧c

Figure 2: Loop diagrams contributing to the T parameter operator
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h†Dµh
ä2

when the left-handed stop/sbottom doublet Q̃3

and the right-handed stop t̃R =
�

ũ c
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�† are integrated out.
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Figure 3: Loop diagrams contributing to the T parameter operator
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and the right-handed stop t̃R =
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Figure 4: Loop diagrams contributing to the T parameter operator
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�† are integrated out.
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The diagrams generating the S-parameter are shown in Fig. 7. Notice that in order for the first diagram to
contribute, it is important that the SU(2)L structure of the coupling is

Ä
h ·Q̃3
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h† ·Q̃†
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rather than (h†h)(Q̃†

3Q̃3),
as the latter would lead to a zero SU(2)L trace around the loop. As a result, the F -term potential contributes / y 2

t
and the SU(2)L D-term potential contributes / g 2, but there is no U(1)Y D-term contribution / g 02. The leading

3

Λ: scale up to which#
SM is valid

Natural electroweak symmetry breaking means that no large cancellations #
among terms on the right-hand side to get the correct physical Higgs mass.#
!
SM only up to the Planck scale is very fine-tuned. #
 



No fine-tuning is also one (implicit) principle #
of interpreting experimental data

where we neglect D-terms. We factored out an overall correction factor rt, defined via Eq. (1.1), that
comes about by Higgs mixing. The total hGG vertex correction reads

rG = rt r
˜t
G. (2.6)

Eq. (2.5) compares well with results from FeynHiggs; nevertheless, in numerical computations we in-
clude the D-term contribution. Concerning the leading log approximation, this can be checked by com-
paring the full fermion and scalar loop function ratio evaluated at mt and m
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to the asymptotic value (1/4) of this ratio at mh ! 0. Varying m

˜t between 150-1000 GeV, we find
that the leading log approximation is good to about 6%.

For reasonably light stops, Eq. (2.5) leads to a substantial e↵ect, e.g. with m
˜t
1

= m
˜t
2

= 250
GeV, rG = 1.24, implying 53% increase in GF production. As long as stop mixing is small, the hGG

coupling is enhanced compared to the SM and consequently the GF rate is enhanced. As discussed
in [66], large Xt could in principle reduce the hGG coupling. However, naturalness, together with the
direct bound m

˜t
1

> 100 GeV, limit this possibility: large Xt adds to the weak-scale fine tuning both
directly, through Eq. (2.3), and indirectly because it requires a larger diagonal soft mass to start with.
In the next section we exhibit further constraints on such large Xt that arise from rare B decays at
large tan �.

There is an inverse correlation between the top/stop contributions to the Higgs e↵ective coupling to
photons and to gluons, the negative sign coming because of the dominant W diagram that contributes
to h�� with opposite sign from the matter loops. To see this, let us denote the W and top loop
contributions to the h�� amplitude by A�

W and A�
t , respectively, and the stop contribution by A�

˜t
.

Let us further define the hGG top and stop-induced amplitudes by AG
t and AG

˜t
, and note that

A�
˜t

A�
t

=
AG

˜t

AG
t

= r
˜t
G � 1, (2.7)

to leading order in ↵s. This gives

r� =
A�

W + A�
t + A�

˜t

(A�
W + A�

t )
SM

⇡ 1.28rV � 0.28rG, W, top, and stop contributions, (2.8)

using A�
W ⇡ 8.33 and A�

t ⇡ �1.84 in the SM, valid for mh = 125 GeV.
Eqs. (2.6) and (2.8) do not include loop contributions of additional particles, notably charginos

and bottom and tau fermions and scalars. The bottom and tau fermion contributions remain below
about five percent of the top even for rb,⌧ ⇠ 10. The chargino, sbottom and stau contributions can in
principle become relevant in some corners of the MSSM parameter space, resulting with some loss of
predictivity by disturbing the r� � rG correlation of Eq. (2.8). Below we examine these terms in more
detail, concluding that in natural SUSY, the sbottom and stau contributions can be neglected while
charginos may lead to marginally observable e↵ects.

2.1.3 Large stop mixing vs. fine-tuning in BR(B ! Xs�)

Light, mixed stops are constrained by rare B decays. The branching fraction for the rare decay
B ! Xs� has been measured experimentally to a precision of better than ten percent [68],

BR(B ! Xs�)exp = (3.52 ± 0.25) ⇥ 10�4. (2.9)

The theoretical SM NNLO calculation has reached a similar accuracy [69]2,

BR(B ! Xs�)SM = (2.98 ± 0.26) ⇥ 10�4. (2.10)

2Ref. [70] found the theoretical result BR(B ! Xs�)SM = (3.15± 0.25)⇥ 10�4.

– 6 –

BR(B ! Xs�)
exp = (3.55± 0.24± 0.09)⇥ 10�4

Heavy-flavor average group

Becher & Neubert

Constrain new physics

agrees very well

Precision Natural SUSY and a Stop Blind Spot at ILC, FCC-ee,
and CEPC

JiJi Fana , Matthew Reeceb and Lian-Tao Wangc

a Department of Physics, Syracuse University, Syracuse, NY, 13210, USA
b Department of Physics, Harvard University, Cambridge, MA 02138, USA

c Enrico Fermi Institute and Kavli Institute for Cosmological Physics,

Chicago University, Chicago, IL 60637, USA

November 11, 2014

Abstract
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The recent flurry of activity related to future colliders draws on an extensive older literature; see, for instance,

refs. [1–4]. An early study of the GigaZ prospects for constraining stops, albeit only for restricted subsets of the
MSSM parameter space, appeared in ref. [5]. For the most part, in determining the expected accuracy achieved
by future colliders we will refer to recent review articles, working group reports, and studies for the ILC and TLEP,
to which we refer the reader for a more extensive bibliography of the years of studies that have led to the current
estimates [6–10].

While this work was in progress, the related paper [11] appeared. It is similar in blah but differs in blah.
Fix our conventions: v ⇡ 246 GeV, yt ⇡ 1.

2 Loop Effects of Natural SUSY

We would like to understand how e+e� colliders can constrain natural supersymmetric scenarios. Requiring a low
degree of fine tuning imposes upper bounds on the masses of higgsinos, stops, and gluinos due to their respective
tree-level, one-loop, and two-loop effects on electroweak symmetry breaking [12–17]. Because gluinos carry only
SU(3)c quantum numbers, their effect on lepton collider processes is generally at a higher loop order than the
effect of stops or higgsinos, which carry electroweak quantum numbers. Thus, we focus on understanding the
dominant corrections to the Standard Model effective Lagrangian from integrating out stops and higgsinos. We
assume that R-parity violation is small, in which case the leading corrections are always at one loop rather than

1

charged Higgs below #
~350 GeV is ruled out



No fine-tuning is also the (implicit) principle #
behind interpreting experimental data
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fine-tune to evade the constraint 



The naturalness puzzle reflects the extreme sensitivity#
of the Higgs potential to high energy physics.#
!
This puzzle motivates studies of beyond SM physics, #
for example, supersymmetry. #
!
!
!
!
 #
!
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Figure 2: Loop diagrams contributing to the S parameter. The two diagrams at left generate the usual operator h†W iµ⌫�i h Bµ⌫
when the left-handed stop/sbottom doublet Q̃3 and the right-handed stop t̃R =
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Figure 3: Loop diagrams contributing to the T parameter operator
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when the left-handed stop/sbottom doublet Q̃3

and the right-handed stop t̃R =
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�† are integrated out.

The diagrams generating the S-parameter are shown in Fig. 9. Notice that in order for the first diagram to
contribute, it is important that the SU(2)L structure of the coupling is
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3Q̃3),
as the latter would lead to a zero SU(2)L trace around the loop. As a result, the F -term potential contributes / y 2
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and the SU(2)L D-term potential contributes / g 2, but there is no U(1)Y D-term contribution / g 02. The leading
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When stops are much heavier compared to the tops, in other words, #
if SUSY is badly broken in the low energy theory, we will introduce the 
fine-tuning problem again.#
 #
To avoid more than 10 % fine-tuning, we want light stops with mass ≲ 
700 GeV Papucci, Ruderman and Weiler 2011#
!



Higgs couplings to SM fields could be sensitive to new physics 
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The Xt dependent part of the correction depends on the subtlety in the use of our effective oblique Lagrangian
eq. 3 that we mentioned above: the strict relation between S and the coefficient of h†W iµ⌫�i h Bµ⌫ applies only
if we first rewrite all operators in a minimal basis [24, 31]. The third loop diagram of Fig. 3 generates different

operators like i@ ⌫Bµ⌫h†
$

Dµh which may be rewritten using integration by parts and equations of motion and also
contribute to S. Note that a similar diagram with a bubble topology connecting a gauge boson on one side and
two Higgs bosons on the other cannot be sensitive to the difference in momenta of the Higgs bosons, and so never
generates the operators in question. The fact that integrating out heavy particles often generates operators that
are not present in the minimal basis was also recently emphasized in ref. [11].

Notice that the S parameter contribution from loops of stops and sbottoms is small and, for small Xt , negative.
The T parameter contribution is numerically somewhat larger and positive. In both cases, the dominant contribu-
tion is due to the left-handed stops and sbottoms, with their right-handed counterparts entering through mixing
effects. As a result, we expect that precision measurements of the T parameter can set interesting constraints on
left-handed stops. (For a recent study of existing constraints, see ref. [32].)
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ũ c
3

�† are integrated out.

h h

t̃

h h

t̃

t̃

h h

t

t

h h

W

W

Figure 3: Loop diagrams contributing to the S parameter. The two diagrams at left generate the usual operator h†W iµ⌫�i h Bµ⌫
when the left-handed stop/sbottom doublet Q̃3 and the right-handed stop t̃R =

�
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rather than (h†h)(Q̃†
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as the latter would lead to a zero SU(2)L trace around the loop. As a result, the F -term potential contributes / y 2
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1 Introduction
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The recent flurry of activity related to future colliders draws on an extensive older literature; see, for instance,

refs. [1–4]. An early study of the GigaZ prospects for constraining stops, albeit only for restricted subsets of the
MSSM parameter space, appeared in ref. [5]. For the most part, in determining the expected accuracy achieved
by future colliders we will refer to recent review articles, working group reports, and studies for the ILC and TLEP,
to which we refer the reader for a more extensive bibliography of the years of studies that have led to the current
estimates [6–10].

While this work was in progress, the related paper [11] appeared. It is similar in blah but differs in blah.
Fix our conventions: v ⇡ 246 GeV, yt ⇡ 1.

2 Loop Effects of Natural SUSY

We would like to understand how e+e� colliders can constrain natural supersymmetric scenarios. Requiring a low
degree of fine tuning imposes upper bounds on the masses of higgsinos, stops, and gluinos due to their respective

1



!
Higgs boson provides a lamp 
post for our search of new 
physics beyond the Standard 
Model.#
!
The precision measurement of 
Higgs sector might tell us the 
next energy scale we should be 
after.



In this talk, I’m not going to exhaust every aspect of Higgs 
physics.#
!
I’ll focus on two implications of current and upcoming #
Higgs data for the mass scale of possible new physics.



Higgs Coupling Implications for natural SUSY



Stop sector: As reviewed, stops have an effect on the Higgs mass and 
fine-tuning:
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Figure 2: Loop diagrams contributing to the S parameter. The two diagrams at left generate the usual operator h†W iµ⌫�i h Bµ⌫
when the left-handed stop/sbottom doublet Q̃3 and the right-handed stop t̃R =
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�† are integrated out. The diagram at right

generates the operators i@ ⌫Bµ⌫h†
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Dµh and i D⌫W i
µ⌫h†�i

$
Dµh, which also contribute to S after being rewritten in terms of the

minimal basis of dimension-six operators.
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Figure 3: Loop diagrams contributing to the T parameter operator
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when the left-handed stop/sbottom doublet Q̃3

and the right-handed stop t̃R =
�

ũ c
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�† are integrated out.

The diagrams generating the S-parameter are shown in Fig. 9. Notice that in order for the first diagram to
contribute, it is important that the SU(2)L structure of the coupling is
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as the latter would lead to a zero SU(2)L trace around the loop. As a result, the F -term potential contributes / y 2

t
and the SU(2)L D-term potential contributes / g 2, but there is no U(1)Y D-term contribution / g 02. The leading
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The Xt dependent part of the correction depends on the subtlety in the use of our effective oblique Lagrangian
eq. 3 that we mentioned above: the strict relation between S and the coefficient of h†W iµ⌫�i h Bµ⌫ applies only
if we first rewrite all operators in a minimal basis [24, 31]. The third loop diagram of Fig. 3 generates different

operators like i@ ⌫Bµ⌫h†
$

Dµh which may be rewritten using integration by parts and equations of motion and also
contribute to S. Note that a similar diagram with a bubble topology connecting a gauge boson on one side and
two Higgs bosons on the other cannot be sensitive to the difference in momenta of the Higgs bosons, and so never
generates the operators in question. The fact that integrating out heavy particles often generates operators that
are not present in the minimal basis was also recently emphasized in ref. [11].

Notice that the S parameter contribution from loops of stops and sbottoms is small and, for small Xt , negative.
The T parameter contribution is numerically somewhat larger and positive. In both cases, the dominant contribu-
tion is due to the left-handed stops and sbottoms, with their right-handed counterparts entering through mixing
effects. As a result, we expect that precision measurements of the T parameter can set interesting constraints on
left-handed stops. (For a recent study of existing constraints, see ref. [32].)

3

Effect on Higgs couplings: #
modify the most important Higgs production channel at a hadron collider 



Natural Higgs is not a SM-like Higgs!  
The smaller the stop contribution to fine-tuning is,  
the bigger its contribution to Higgs coupling modification is. 

Blum, D’Agnolo, JF , 2012

Enhancement of#
Higgs production#
rate in the gluon#
fusion channel

I don’t require the stop sector only to be responsible for the observed Higgs mass



The data is consistent with the SM so far;#
but still has room for deviations.



!
We want to extract from the data:#
!
What do measured Higgs properties tell us about allowed stop 
masses and the degree of electroweak fine-tuning ?

JF and Reece 2014



Assume only stops modify Higgs coupling

JF and Reece 2014

Higgs coupling measurements rules out that both stops with mass below  
400 GeV at 2σ level in the case when stops are the only contribution to the Higgs #
coupling modification.#
!
The bound is independent of stop mixing.#
!
!
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Figure 2: Assuming no other contributions to Higgs digluon coupling rG other than stops’, region of natural stop that has been
ruled out by Higgs coupling measurements. The three shaded purple regions, from darkest to lightest, are excluded at 3�
(99.73%) level; 2� (95.45%) level; and 1� (68.27%) level. The dashed purple line is the boundary of the region excluded at 90%
CL. The red solid lines are contours of Higgs mass fine-tuning assuming ⇤ = 30 TeV, µ = �200 GeV and tan� = 10. We have
evaluated the tuning with Xt = X min

t , the smallest mixing allowed by the data at 2� for a given pair of masses. The blue dashed
line is a contour of 10% fine-tuning associated with r t̃

G .

provide |Xt | > ��X min
t

��, we set At = 0. Here
��X min

t

�� is taken to be the smallest value allowed at 2�. We have deliber-
ately chosen a very low mediation scale as well as a negative sign of µ relative to At in order to draw conservative
conclusions about the tuning measure. One could try to always generate

��X min
t

��mostly from the µ/ tan� term, but
this leads to tree-level tuning that is much worse than the loop-level tuning from At . To get the Higgs coupling
within the allowed range of experiments, there could be a cancelation between contributions with opposite signs
from the diagonal masses and mass mixings between two stops. Thus one could also define a fine-tuning measure
associated with the Higgs coupling
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with the parameter set denoted by p = (m 2
Q3

, m 2
U3

, Xt ). In the limit X 2
t ⇡m 2

t̃1
+m 2

t̃2
where the coupling correction

vanishes, this scales with the amount of tuning in the sense that
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So far the precision level of Higgs coupling measurements is still low, thus the fine-tuning of Higgs couplings is not
very large in general. In Fig. 2, we plot the boundary corresponding to 10% fine-tuning in Higgs coupling, which
excludes the possibility that even one stop is below about 100 GeV. (This is, essentially, the same observation that
was made in the context of electroweak baryogenesis in Refs. [20, 21].) We also considered contributions from
light stops to electroweak precision observables, in particular, the⇢ parameter, but the constraints there are much
weaker compared to those from current Higgs coupling measurements.

From Fig. 2, we see that regions with both stops lighter than about 400 GeV is excluded by the Higgs coupling
measurements at 2� (95.45 %) C.L. Along the diagonal line where both stops are degenerate in mass, the constraint
gets stronger and extends to 450 GeV. In general, although one could construct clever natural models where stops
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99.7%

95.5%

90%

68.3%

Higgs coupling measurements rules out that both stops with mass below 
400 GeV in the case when stops are the only contribution to the Higgs 
coupling modification.#
!
These constraints suggest a minimum electroweak fine-tuning of 
between a factor of 5 and 10. #
!

JF and Reece 2014

electroweak fine-tuning

Assume only stops modify Higgs coupling (assuming Yukawa couplings are not modified)



Direct collider bounds of stops: #
current bounds close to 500 - 700 GeV but with loopholes

Tricky Regions 
such as Stealth 
Stops (JF, Reece, 
Ruderman, 2011, 
2012) :#
light stops with 
masses close to 
the top mass 
and could be 
hidden in the 
top background

Bounds could also be relaxed (considerably) in cases with #
more complicated decay chains. 

Compressed region:#
LeCompte, Martin



Bounds could also be relaxed (considerably) in cases with #
more complicated decay chains. For example,  MSSM + singlet
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Figure 1
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2.4 Stop Pair Production

2.5 Stop–Higgsino Associated Production

Interesting because the t̃Rb̄H̃� coupling is the top Yukawa yt. (refer to MR’s work in progress with Adam
Martin and Felix Yu?)

2.6 Similarities and Differences with R-Parity Violating Simplified Models
mention work by Jared and Yevgeny [55], other Rutgers work [8]

3 Recasting Existing Searches

table of the CMS and ATLAS searches that we have used
ATLA final states with large jet multiplicity [56]
ATLAS massive particles in multijet channel (RPV) [57]
CMS same-sign dileptons and jets [58] (same as SUS-13-013)
CMS search for stops decaying to h or Z [59]
general remarks on our recasting procedure
for some searches we did not code we use the publicly available code CheckMATE [60]

2

Stealth SUSY: #
Fan, Reece, Ruderman 2011, 2012

ms ~ 100 GeV
Δm ~ 10 GeV

Very light fermion that carries away little missing energygg

final state: tops + additional jets

Potential observable: #
jet multiplicity distribution of #
top pair production



Higgs coupling bounds are independent of how stops decay . #
It is complementary to direct searches ! 
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Figure 2: Assuming no other contributions to Higgs digluon coupling rG other than stops’, region of natural stop that has been
ruled out by Higgs coupling measurements. The three shaded purple regions, from darkest to lightest, are excluded at 3�
(99.73%) level; 2� (95.45%) level; and 1� (68.27%) level. The dashed purple line is the boundary of the region excluded at 90%
CL. The red solid lines are contours of Higgs mass fine-tuning assuming ⇤ = 30 TeV, µ = �200 GeV and tan� = 10. We have
evaluated the tuning with Xt = X min

t , the smallest mixing allowed by the data at 2� for a given pair of masses. The blue dashed
line is a contour of 10% fine-tuning associated with r t̃

G .

provide |Xt | > ��X min
t

��, we set At = 0. Here
��X min

t

�� is taken to be the smallest value allowed at 2�. We have deliber-
ately chosen a very low mediation scale as well as a negative sign of µ relative to At in order to draw conservative
conclusions about the tuning measure. One could try to always generate

��X min
t

��mostly from the µ/ tan� term, but
this leads to tree-level tuning that is much worse than the loop-level tuning from At . To get the Higgs coupling
within the allowed range of experiments, there could be a cancelation between contributions with opposite signs
from the diagonal masses and mass mixings between two stops. Thus one could also define a fine-tuning measure
associated with the Higgs coupling
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with the parameter set denoted by p = (m 2
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where the coupling correction
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So far the precision level of Higgs coupling measurements is still low, thus the fine-tuning of Higgs couplings is not
very large in general. In Fig. 2, we plot the boundary corresponding to 10% fine-tuning in Higgs coupling, which
excludes the possibility that even one stop is below about 100 GeV. (This is, essentially, the same observation that
was made in the context of electroweak baryogenesis in Refs. [20, 21].) We also considered contributions from
light stops to electroweak precision observables, in particular, the⇢ parameter, but the constraints there are much
weaker compared to those from current Higgs coupling measurements.

From Fig. 2, we see that regions with both stops lighter than about 400 GeV is excluded by the Higgs coupling
measurements at 2� (95.45 %) C.L. Along the diagonal line where both stops are degenerate in mass, the constraint
gets stronger and extends to 450 GeV. In general, although one could construct clever natural models where stops
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Figure 7: Projected constraints on stops (from a one-parameter fit) from future experiments. The purple shaded region along
the diagonal has a minimum |Xt | needed to fit the data at 95% CL that is larger than

��X max
t

��. The blue shaded region requires a
tuning of Xt by more than a factor of 10 to fit the data. The dot-dashed red contours label Higgs mass fine-tuning.

degenerate stops up to high masses as precision increases. However, as discussed in Section 2, the exclusion region
is anchored at 350 GeV on both axes, and we see that the constraint does not extend far from the diagonal. As the
precision of the measurements increases, the exclusion based on tuning of Higgs couplings becomes progressively
more important, as indicated by the shaded blue regions in the figure. Furthermore, because the value of

��X min
t

�� for
given stop masses increases with the precision of the measurement and At enters the tuning measure, we can see
that the tuning curves move inward over time. TLEP would completely rule out regions of 10% tuning, as well as
a slice of parameter space with even higher fine-tuning. The ILC or TLEP would also directly constrain higgsinos,
and thus pin down tree-level fine-tuning as well as the loop effects we discuss.

4 Constraints on Folded Stops

In light of our failure to find supersymmetry so far, one could wonder if naturalness of electroweak symmetry
breaking might be enforced by a more subtle mechanism. One such theoretical proposal is Folded Supersymme-
try [9], in which top partners still cancel loop corrections to the Higgs mass, but these top partners have no Stan-
dard Model SU(3)c quantum numbers. However, these “F -stops” still have electroweak quantum numbers, which
are necessary to allow them to couple to the Higgs boson. They would contribute loop corrections to the h ! ��
amplitude but not to the h ! g g amplitude. The Higgs also acquires a new decay to hidden gluons, h ! g h g h ,
which may or may not appear as an invisible width experimentally depending on the lifetime of the hidden sector
glueballs, but in any case is very small and does not affect the fits. Because the W loop dominates over the top
loop in the SM h ! �� amplitude, the loop corrections from F -stops are more difficult to observe than those of
ordinary stops (which show up dominantly in the coupling h! g g ). Still, we can ask how well the LHC and future
colliders can constrain F -stops, and whether measurements of the h! �� amplitude could be complementary to
studies of Higgs wavefunction renormalization as a probe of naturalness in this scenario [16].

The original model of Folded SUSY makes fairly specific predictions for the mass spectrum, but here we just
assume the existence of F -stops that have all of the couplings of ordinary stops except for the coupling to gluons.
The constraints arising from the F -stops’ modifications of the h ! �� decay width are plotted in Fig. 8, which
also shows projected TLEP reach. These constraints are significantly weaker than constraints on ordinary stops,
reinforcing the idea that “colorless supersymmetry” is a challenging scenario to constrain with the LHC. Even
a future collider like TLEP, which would set very powerful constraints on ordinary stops, would only constrain
folded stops to about the 20% tuning level. (Other colorless supersymmetry scenarios also typically involve new
electroweak states that might alter Higgs properties; see, for instance, refs. [61, 62].)
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Sensitivities of future experiments

Purple: Higgs coupling 2σ sensitive region;#
Blue: Higgs coupling fine-tuning worse than 10%;#
Red: Higgs mass fine-tuning contours.



So far, we have discussed in the SUSY context, the implications of #
Higgs coupling measurements for the mass scales of beyond SM #
bosons (for example, stops). #
!
In general, the scale at which the new bosonic states appear marks #
the cut-off of the quadratic divergence in the quantum corrections to #
the Higgs mass.#
!
Measuring deviations in Higgs couplings at the LHC could indirectly#
but quite generally, establish the presence of new bosonic scale beyond#
the weak scale even in case where the deviations arise from Higgs #
interacting with new fermonic states.#
!



Higgs coupling deviations and a new bosonic scale 
Arkani-Hamed, Blum, D’Agnolo and JF 2012; #
Blum, D’Agnolo and JF, work to appear in 2014;

Suppose that we find evidence for deviation in one/more Higgs couplings in 
the upcoming Higgs coupling measurements. Assume that there is no other 
light scalar (and associated gauge bosons) in the low energy spectrum and 
the deviations purely come from new fermions beyond the SM which 
couples to the SM Higgs. #
!
The new Yukawa couplings will push Higgs quartic coupling to large 
negative values in the UV, triggering an unacceptable vacuum instability at 
a scale ΛUV .#
!
Beneath ΛUV, bosonic degrees of freedom must kick in to rescue the vacuum 
instability. 



Figure 2: Vacuum stability constraint for the Hbb coupling. At a given value of ⇤UV , the indicated value of �rb marks
the maximal absolute deviation in the Hbb coupling that is consistent with vacuum stability without new bosonic states
below the scale ⇤UV .

2.2 H⌧⌧

For the tau lepton, the experimental electroweak precision constraints can be summarized conservatively
by [39] �g V⌧, �g A⌧ < 10�3. If |�r⌧|¶ 0.01, this would imply

|�r⌧|⇡ 0.1

∆

�

��g 2
A⌧��g 2

V⌧

�

�

10�3 |Y |. (2.8)

Once again, we select a conservative concrete example with minimal field content [17] L(1, 2)� 1
2

, Lc (1, 2) 1
2

,
E (1, 1)1, E c (1, 1)�1 and the Lagrangian

�LN P = YLe c H †Le c +Yl E c H †l E c +YLE c H †LE c +YLc E H T✏Lc E +M L LT✏Lc +M E E E c + c c . (2.9)

Dialing M L = M E = M and setting all of the new Yukawa couplings to zero besides from the YLc E term, that
serves the role of Y in Eq. (2.8), we can derive our consistency condition between �r⌧ and ⇤UV , valid within the
EFT approach. In Fig. 3 we plot �r⌧ vs. ⇤UV . We set M = 300 GeV, corresponding to the lightest new charged
fermion state having a mass in the range M 1 ⇠ 170�220 GeV. The EFT analysis above captures our main result,

Figure 3: Vacuum stability constraint for the H⌧⌧ coupling, within the EFT approach.

summarized by

|�r⌧|> 0.2 =) ⇤UV < 10 TeV. (2.10)
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Example: Higgs-tau-tau coupling#
new vector-like fermions mixing with the SM tau’s.#

r⌧ =
yh⌧⌧
ySMh⌧⌧

⇡ 1 +
YLecYlEcYLcE

MLME

16⇡2 d�

dt
⇠ �2Y 4Higgs quartic coupling running �(⇤UV) ⇡ �0.06
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Figure 4: Loop diagrams contributing to the T parameter operator
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Figure 5: Loop diagrams contributing to the T parameter operator
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Figure 6: Loop diagrams contributing to the T parameter operator
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Figure 7: Loop diagrams contributing to the T parameter operator
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The Xt dependent part of the correction depends on the subtlety in the use of our effective oblique Lagrangian
eq. 3 that we mentioned above: the strict relation between S and the coefficient of h†W iµ⌫�i h Bµ⌫ applies only
if we first rewrite all operators in a minimal basis [24, 31]. The third loop diagram of Fig. 10 generates different

operators like i@ ⌫Bµ⌫h†
$

Dµh which may be rewritten using integration by parts and equations of motion and also
contribute to S. Note that a similar diagram with a bubble topology connecting a gauge boson on one side and
two Higgs bosons on the other cannot be sensitive to the difference in momenta of the Higgs bosons, and so never
generates the operators in question. The fact that integrating out heavy particles often generates operators that
are not present in the minimal basis was also recently emphasized in ref. [11].

Notice that the S parameter contribution from loops of stops and sbottoms is small and, for small Xt , negative.
The T parameter contribution is numerically somewhat larger and positive. In both cases, the dominant contribu-

4

Figure 1: Two-loop RGE evolution of the effective Higgs-self quartic coupling �eff. The blue line gives the
evolution of �eff in the SM. The orange line gives the evolution in the presence of the vector-like fermions
Q(3, 2) 1

6
, Qc (3̄, 2)� 1

6
, D(3, 1)� 1

3
, Dc (3̄, 1) 1

3
with MQ =M D = 600 GeV and YQc D (µ= 600 GeV) = 1, corresponding roughly to

maximal Hbb deviation�rb ⇡ 0.05. The horizontal green line marks�eff =�0.07 indicating (roughly) the onset of vacuum
instability. The jump in �eff is due to the threshold correction in matching the SM EFT below the vector mass scale to the
full theory above it. Note that the Higgs effective potential itself is continuous across the matching scale.

Figure 2: The Higgs effective potential, shown for the same model example of Fig. 1. The blue and orange lines show the
potential computed with and without the vector-like fermions, respectively.
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O(10%) deviation in Hbb, Hττ, Hγγ, HGG, and much smaller deviation in 	

Htt, HZZ, HWW, would imply new bosonic states at scales of order 	

10-100 TeV or below.	




Dark Sector





In visible sector, we have several stable particles: electron,#
neutrinos, proton. #
!
In sharp contrast, when we usually talk of dark sector, #
our default is a single component cold collisionless #
DM with a thermal history.#
!
It is important to explore non-minimal possibilities to find#
unexplored or less explored experimental signatures which#
might lead to unexpected discoveries! 



Zoo of DM models

Minimal models: #
thermal WIMP, axion

Multi-component DM

Self-interacting DM:#
dark atom, mirror matter, #
hidden charged DM…

DM with a non-thermal history:#
asymmetric DM, #
WIMP from moduli decays….

Partially Interacting DM:#
double disk DM…#
(Fan, Katz, Randall, Reece, 2013)

Decaying DM

Topogical DM: Q-ball….

Very light axion#
with GUT scale#
decay constant 



Recent DM anomalies: a diffuse gamma-ray excess in the galactic #
center in Fermi-LAT data with a spectrum that peaks in the GeV range
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FIG. 14: The quality of the fit (�2, over 25-1 degrees-of-freedom) for various annihilating dark matter models to the spectrum
of the anomalous gamma-ray emission from the Inner Galaxy (as shown in Fig. 5) as a function of mass, and marginalized
over the value of the annihilation cross section. In the left frame, we show results for dark matter particles which annihilate
uniquely to bb̄, cc̄, ss̄, light quarks (uū and/or dd̄), or ⌧+⌧�. In the right frame, we consider models in which the dark matter
annihilates to a combination of channels, with cross sections proportional to the square of the mass of the final state particles,
the square of the charge of the final state particles, democratically to all kinematically accessible Standard Model fermions, or
80% to ⌧+⌧� and 20% to bb̄. The best fits are found for dark matter particles with masses in the range of ⇠20-40 GeV and
which annihilate mostly to quarks.

FIG. 15: The range of the dark matter mass and annihilation cross section required to fit the gamma-ray spectrum observed
from the Inner Galaxy, for a variety of annihilation channels or combination of channels (see Fig. 14). The observed gamma-ray
spectrum is generally best fit by dark matter particles with a mass of ⇠20-40 GeV and that annihilate to quarks with a cross
section of �v ⇠ (1� 2)⇥ 10�26 cm3/s.

VII. IMPLICATIONS FOR DARK MATTER

In this section, we use the results of the previous sec-
tions to constrain the characteristics of the dark matter
particle species potentially responsible for the observed
gamma-ray excess. We begin by fitting various dark mat-
ter models to the spectrum of the gamma-ray excess as
found in our Inner Galaxy analysis (as shown in Fig. 5).
In Fig. 14, we plot the quality of this fit (�2) as a function

of the WIMP mass, for a number of dark matter annihila-
tion channels (or combination of channels), marginalized
over the value of the annihilation cross section. Given
that this fit is performed over 25-1 degrees-of-freedom,
a goodness-of-fit with a p-value of 0.05 (95% CL) cor-
responds to a �2 of approximately 36.8. We take any
value less than this to constitute a “good fit” to the Inner
Galaxy spectrum. Excellent fits are found for dark mat-
ter that annihilates to bottom, strange, or charm quarks

Goodenough, Hooper 2009; Boyarsky, Malyshev, Ruchayskiy 2011; Hooper, Linden 2011; Abazajian,#
Kaplinghat 2012; Gordon Macias 2013; Hooper, Slatyer 2013; Daylan, Finkbeiner, Hooper, Linden, Portillo,#
Slayter 2014 ….#
!
see also Simona Murgia’s talk on behalf of the Fermi-LAT collaboration at Fermi symposium

Daylan, Finkbeiner, Hooper, Linden, Portillo, Slayter 2014 



Φe− ¼ Ce−E−γe− þ CsE−γse−E=Es ; ð2Þ

(with E in GeV). A fit of this model to the data with their
total errors (the quadratic sum of the statistical and
systematic errors) in the energy range from 1 to
500 GeV yields a χ2=d:f: ¼ 36.4=58 and the cutoff
parameter 1=Es ¼ 1.84% 0.58 TeV−1 with the other
parameters having similar values to those in [2],
Ceþ=Ce− ¼ 0.091% 0.001, Cs=Ce− ¼ 0.0061% 0.0009,
γe− − γeþ ¼ −0.56% 0.03, and γe− − γs ¼ 0.72% 0.04.
(The same model with no exponential cutoff parameter,
i.e., 1=Es set to 0, is excluded at the 99.9% C.L. when fit to
the data.) The resulting fit is shown in Fig. 4(b) as a solid
curve together with the 68% C.L. range of the fit param-
eters. No fine structures are observed in the data. In our
previous Letter, we reported that solar modulation has no
observable effect on our measured positron fraction, and
this continues to be the case.
An analysis of the arrival directions of positrons and

electrons was presented in [2]. The same analysis was
performed including the additional data. The positron to
electron ratio remains consistent with isotropy; the upper
limit on the amplitude of the dipole anisotropy is δ ≤ 0.030
at the 95% C. L. for energies above 16 GeV.
Following the publication of our first Letter [2], there

have been many interesting interpretations [3] with two
popular classes. In the first, the excess of eþ comes from
pulsars. In this case, after flattening out with energy, the
positron fraction will begin to slowly decrease and a dipole
anisotropy should be observed. In the second, the shape of
the positron fraction is due to dark matter collisions. In this
case, after flattening out, the fraction will decrease rapidly
with energy due to the finite and specific mass of the dark
matter particle, and no dipole anisotropy will be observed.
Over its lifetime, AMS will reach a dipole anisotropy
sensitivity of δ≃ 0.01 at the 95% C.L.

The new measurement shows a previously unobserved
behavior of the positron fraction. The origin of this
behavior can only be ascertained by continuing to collect
data up to the TeV region and by measuring the antiproton
to proton ratio to high energies. These are among the main
goals of AMS.
In conclusion, the 10.9 × 106 primary positron and

electron events collected by AMS on the ISS show that,
above ∼200 GeV, the positron fraction no longer exhibits
an increase with energy. This is a major change in the
behavior of the positron fraction.

We thank former NASA Administrator Daniel S. Goldin
for his dedication to the legacy of the ISS as a scientific
laboratory and his decision for NASA to fly AMS as a DOE
payload. We also acknowledge the continuous support of
the NASA leadership including Charles Bolden, William
Gerstenmeier, and Mark Sistilli. AMS is a U.S. DOE
sponsored international collaboration. We are grateful for
the support of Jim Siegrist, Michael Salamon, Dennis
Kovar, Robin Staffin, Saul Gonzalez, and John O’Fallon
of the DOE. We also acknowledge the continuous support
from M.I.T. and its School of Science, Michael Sipser,
Marc Kastner, Ernest Moniz, Edmund Bertschinger, and
Richard Milner. We acknowledge support from: CAS,
NNSF, MOST, NLAA, and the provincial governments
of Shandong, Jiangsu, and Guangdong, China; CNRS,
IN2P3, CNES, Enigmass, and the ANR, France, and
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FIG. 3 (color). The positron fraction above 10 GeV, where it
begins to increase. The present measurement extends the energy
range to 500 GeV and demonstrates that, above ∼200 GeV, the
positron fraction is no longer increasing. Measurements from
PAMELA [21] (the horizontal blue line is their lower limit),
Fermi-LAT [22], and other experiments [17–20] are also shown. Energy [GeV]
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FIG. 4 (color). (a) The slope of the positron fraction vs energy
over the entire energy range (the values of the slope below 4 GeV
are off scale). The line is a logarithmic fit to the data above
30 GeV. (b) The positron fraction measured by AMS and the fit of
a minimal model (solid curve, see text) and the 68% C.L. range of
the fit parameters (shaded). For this fit, both the data and the
model are integrated over the bin width. The error bars are the
quadratic sum of the statistical and systematic uncertainties.
Horizontally, the points are placed at the center of each bin.
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There are other astrophysical anomalies such as observation of a 3.5 keV #
X-ray line in the galaxy clusters. #
!
All these astrophysical observations are highly interesting. #
!
Each of them has a large astrophysical uncertainty which requires #
a lot more work to do to reach a final conclusion. #
!
I’ll just discuss briefly their particle physics implications assuming#
that they are DM signals. #
!
Different observations point towards different DM interpretations. #
I’ll focus on the GeV excess.



A module to explain every anomaly and to be less constrained by #
direct detection and collider searches

Dark Matter Mediator sm
Dirac fermion � Spin-0 ', Spin-1 V b quark

decays to

�SM

sm neutral, on-shell
annihilates to

�DM

sm neutral

Figure 3: Dark matter annihilates to on-shell mediators, which in turn decay into bb̄ pairs. Each step is
controlled be a separate coupling, �. See text for details.

on-shell simplified models that generate the �-ray excess and determine the range of dark sector
parameters. We then assess in Section 4 the extent to which the on-shell mediators must be
parametrically hidden from direct detection and colliders. In Section 5 we discuss the viability
of this scenario for thermal relics. We comment on the lessons for uv models of dark matter in
Section 6. Appendix A briefly describes plausible variants for generating �-ray spectra with more
diverse sm final states.

2 On-Shell Simplified Models
Fig. 3 schematically represents the class of simplified models that we consider. We assume the
existence of a single sm neutral spin-0 or spin-1 mediator which couples to Dirac fermion dm with
coupling �

dm

and b¯b pairs with coupling �
dm

. Majorana fermions do not differ qualitatively in this
regime. We focus on the case where mediators couple to the Dirac dm fermion with coupling �

dm

and to b¯b pairs with coupling �
sm

.

2.1 Parity Versus Chirality

Before describing the mediator interactions, we remark on the utility of the parity and chirality
bases for four-component fermion interactions. In the parity basis, one uses explicit factors of the
�5 matrix to parameterize

scalar ( ), pseudoscalar (�5), vector (�µ), and axial (�µ�5). (2.1)

interactions. This basis is most suited for nonrelativistic interactions. Equivalently, in the chirality
basis, one inserts chiral projection operators PL,R =

1
2 (1⌥ �5) into fermion bilinears. This is the

natural description of sm gauge invariants. The spin-0 fermion bilinears are

¯

 ( , �5) =

¯

 PL ± ¯

 PR =  �⌥ h.c. (2.2)

where we have written the Dirac spinor in terms of two-component left-handed Weyl spinors
 = ( ,�†

)

T , see e.g. [119]. Similarly, the spin-1 bilinears are

¯

 �µ( , �5) =

¯

 �µPL ± ¯

 �µPR =  †�̄µ ⌥ �†�̄µ�. (2.3)

The �5 appears as a phase in the spin-0 coupling and a relative sign in the spin-1 couplings of
opposite chirality fermions.

The phenomenology of the �-ray excess suggests the use of both descriptions. dm annihilation
and direct detection occur nonrelativistically so the choice of a scalar (vector) versus a pseudoscalar
(axial) can dramatically affect the rate for these processes. It is thus useful to parameterize these

5

to the sm, �
sm

. We account for these in Sec. 3 where we perform a fit to the �-ray excess.
The amplitudes for annihilation to two spin-1 mediators via the vector and axial interactions

are identical so in this case the choice of parity versus chirality basis is irrelevant. Of the spin-0
mediators, however, only pseudoscalars generate s-wave annihilation. If the dark sector is described
by a chiral theory, one generically expects both parities to be present. However, since the scalar is
p-wave, it is suppressed by hv2i ⇠ 10

�6 and may be ignored for annihilation. On the other hand,
this dramatically affects the direct detection rate, as discussed in Sec. 4.2.

2.3 Requirements for On-Shell Mediators

On-shell mediator models must satisfy the following conditions for the dark sector spectrum,

2m� >

⇢
2mV for a spin-1 mediator
3m' for a spin-0 mediator

(2.4a)

mV,' > 2mb (2.4b)

and the following requirements on the mediator couplings,

�
dm

⇠ 1 (2.4c)
�

sm

⌧ 1. (2.4d)

These are interpreted as follows:

(a) Nonrelativistic dm annihilation has enough energy to produce on-shell mediators.
(b) The mediator may decay into b quarks to produce the spectrum of the �-ray excess.
(c) The additional coupling(s) in the on-shell diagrams do not suppress the amplitude nor are

they so large that they are nonperturbative, �2
dm

< 4⇡.
(d) Parametrically suppress the off-shell, s-channel mediator diagrams in annihilation and simul-

taneously ameliorate limits from direct detection and colliders.

We now elucidate the conditions (2.4c–2.4d) more carefully by determining the coupling scaling
of the on-shell versus off-shell annihilations. For a spin-1 mediator, the on-shell annihilation mode
goes through two on-shell mediators which subsequently decay into b¯b pairs. The key observation
is that unlike the case of an off-shell s-channel mediator, the annihilation to on-shell mediators is
largely independent of the coupling to the sm, �

sm

. We thus focus on the limit where the on-shell
mode dominates over the off-shell s-channel diagram,

0

BBBBBBB@

�

�
on shell

1

CCCCCCCA

⇠ �2
dm

�

0

BBBBB@

�

�

1

CCCCCA
⇠ �

dm

�
sm

. (2.5)

Note that this condition is trivial if the mediator has axial couplings since the s-channel diagram
is p-wave. As discussed above, in a uv model that avoids flavor bounds, a spin-1 mediator is
likely to couple democratically to other sm fermion generations. The annihilation rate relevant to
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For PAMELA/AMS,#
e+e- final state

Rate ~

Illustration taken from paper by #
Abdullah, DiFranzo, Rajaraman, Tait, Tanedo, Wijangco 2014

Basic idea: #
the signal rate is determined #
by the coupling in the dark sector #
while direct coupling between the#
dark sector and visible sector #
could be small and less constrained#

mediators: dark photon (fixed-target) searches #
!
A’ experiment (APEX), Heavy Photon Search (HPS), Dark Light … #



A new twist of GeV excess: #
heavier DM with mass ~ (100 - 300) GeV annihilating into WW/ZZ/tt
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Figure 1: Left: The �-ray spectrum produced by a single W , Z, Higgs boson, and top quark,
decaying at rest, weighted by E2

� . Right: The residual spectrum of the Galactic center excess
taken from [13]. The error bars only show the diagonal part of the covariance matrix, and
have a large degree of correlation between them. We also show the four best-fit spectra from
the Fermi analysis [14] which fit the excess well. We will dub these, from softest to hardest,
as Fermi spectra (a) through (d). The normalization N corrects for the di↵erence in the
region of interest between the two analyses.

full uncertainty on the spectrum is taken into account.
It is interesting to notice the rough similarity between the two panels of Figure 1.

This observation leads to the consideration of dark matter models that could explain the
GCE with dark matter annihilating to electroweak bosons or to tops. In most previous
dark matter interpretations of the GCE, starting with [2, 3], the dark matter was assumed
to annihilate into bottom quarks or ⌧ leptons. Assuming these annihilation channels (and
without including the new Fermi uncertainties), the mass of dark matter that best fits the
excess is in the region of 30 to 50 GeV for b’s and around 10 GeV for ⌧ leptons. In addition,
dark matter annihilation into new particles which decay further to b’s or jets have been
considered. All of of these options present interesting model building challenges and several
interesting attempts have been made [15–56], mostly for annihilation to b’s, ⌧ 0s and jets.

We find that WIMP dark matter annihilating to W ’s, Z’s, Higgses, or tops, can fit
the observed excess reasonably well. We show that this is the case for the spectra found
in [13], and this result is reinforced by the recent Fermi result. In particular, if we take
the union of the preferred regions for each analysis, we find that the range of DM masses
can extend well above what was previously thought. We show a summary of the results in
Table 1. This opens up several simple dark matter model building avenues for the GCE.
It was noted that the simplest supersymmetric models with a thermal relic fail to fit the
signal [52] assuming annihilation into bottom quarks. We will find that once electroweak
gauge bosons are considered, the signal may be explained within the MSSM.

We begin by reviewing features of the photon flux from dark matter annihilation in
Section 2, focusing on relevant inputs which a↵ect the rate and shape of the flux. In Section 3
we describe the excess seen by the CCW [13] and Fermi [14] analyses, and present fits to
the GC excess in the mass versus cross section plane for the final states described above. In
Section 4 we discuss several simple models which lead to dark matter annihilation into weak
gauge bosons, Higgses or tops. We conclude in section 5.
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Figure 4: Top: Regions of parameter space which reproduce the Fermi best fit spectra.
We do not fit to Fermi data, but rather to their reported best-fit spectra with statistical
uncertainties only. We show the “��2” contours obtained for the hypotheses �� ! XX
for X = {h, W±, Z, t, b} fitting to Fermi’s spectrum (a) (low mass) and spectrum (d) (high
mass). Uncertainties from a full fit are likely to grow. Parameter space that is between the
best fit regions, along the diagonal dashed lines, are also likely allowed by variations of the
background model. Bottom: We show the spectra of photons obtained for the corresponding
best fit values in the upper plot. Fermi spectrum (b) is on the left and spectrum (d) is on
the right. The Fermi spectra are shown as a dashed line and the gray envelope shows the
statistical uncertainty we used in the fits.

statistical uncertainties we took for the fit. We see that the Fermi power-law-with-cuto↵
parametrization can be matched by many well motivated particle physics models. For spec-
trum (b) the fits are remarkably good, for the best fit points in (bb̄ , W±W⌥ , ZZ , hh , tt̄) final
state the �2, for the 20 bins of the Fermi result, are (2.6 , 1.8 , 2.6 , 4.6 , 2.0). For spectrum
(d) the corresponding �2 are (44 , 15 , 15 , 20 , 21).
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Then the excess could be explained#
by simple WIMP models such as#
MSSM neutralinos!#
!
This explanation could be tested at#
collider! #
!
!



Conclusion 
!

We live in a exciting era of data.#
!
We must keep exploring new possibilities both theoretically#
and experimentally. It might be unlikely we’ll stumble upon#
exactly the right theory without an experimental clue. But#
we could stumble upon that experimental clue by exploring#
a broader range of theories. #
!
Between the LHC (Higgs measurements, direct searches…), #
dark matter searches and other experiments, our discovery#
prospects remain bright! #
!
!
 



Thank you !
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Ä

h†Dµh
ä2
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Figure 2: Loop diagrams contributing to the S parameter. The two diagrams at left generate the usual operator h†W iµ⌫�i h Bµ⌫
when the left-handed stop/sbottom doublet Q̃3 and the right-handed stop t̃R =

�
ũ c

3

�† are integrated out. The diagram at right

generates the operators i@ ⌫Bµ⌫h†
$

Dµh and i D⌫W i
µ⌫h†�i

$
Dµh, which also contribute to S after being rewritten in terms of the

minimal basis of dimension-six operators.
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Figure 3: Loop diagrams contributing to the T parameter operator
Ä

h†Dµh
ä2

when the left-handed stop/sbottom doublet Q̃3

and the right-handed stop t̃R =
�

ũ c
3

�† are integrated out.

The diagrams generating the S-parameter are shown in Fig. 9. Notice that in order for the first diagram to
contribute, it is important that the SU(2)L structure of the coupling is

Ä
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3
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rather than (h†h)(Q̃†

3Q̃3),
as the latter would lead to a zero SU(2)L trace around the loop. As a result, the F -term potential contributes / y 2
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An analogy: introduce positron 



HIGGS MASS IN SUSY
Let’s start with minimal supersymmetric standard model: at tree-level

To get a 125 GeV Higgs, one needs a large quantum correction #
 or to go beyond MSSM.

V = |F |2 + |D|2,

V � 1

8
(g2 + g02)(h02

u � h02
d )2

mh < mZ | cos(2�)| tan� =
hHui
hHdi



For moderately large tan β, tan β > 2,  

Natural EWSB means that no large cancellations among terms#
on the right-hand side to get the correct physical Higgs mass.#
 

m2
h = �2

�
|µ|2 +m2

Hu
|tree +m2

Hu
|rad

�
Physical Higgs mass

W � µHuHd Soft mass of  Hu at tree level and loop level



For moderately large tan β, tan β > 2,  

Natural EWSB means that no large cancellations among terms#
on the right-hand side to get the correct physical Higgs mass.#
 
This leads to naturalness requirements:#
!
At tree-level: light Higgsinos: |μ| ~ 𝑚ℎ #
!
At one-loop level: light stops (with mass ≲ 700 GeV to avoid more than #
10 % fine-tuning Papucci, Ruderman and Weiler 2011)

Kitano, Nomura 2006
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In MSSM, to get the Higgs mass#
to be 125 GeV, a large quantum correction #
must be introduced with multi-TeV SUSY#
breaking parameters;#
the fine-tuning is worse than a few percent.

Hall, Pinner, Ruderman 2011
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Alternative Routes for SUSY

125 GeV Higgs boson

Keep naturalness: go beyond MSSM: NMSSM, 𝝀SUSY…#
Alleviate collider constraints: RPV, compressed SUSY,#
folded SUSY, Stealth SUSY (JF, Ruderman, Reece 2012, 2013) …

Give up strict naturalness: high-scale supersymmetry#
SUSY still stabilizes most of the hierarchy, preserves gauge coupling #
unification, provides DM candidate. Ameliorates flavor and CP problem



STOP EFFECT

Present data LHC14 ILC/GigaZ TLEP

TeraZ OkuW Megatop

↵s (M 2
Z ) 0.1185±0.0006 [5] ±0.0006 ±0.0006 ±0.0002 [6] ±0.0001 [6] ±0.0001 [6]

�↵(5)had(M
2
Z )(105) (276.5±0.8)⇥10�4 [7] 4.7⇥10�5 [1] 4.7⇥10�5 [1] 4.7⇥10�5 4.7⇥10�5 4.7⇥10�5

mZ [GeV] 91.1875±0.0021 [8] ±0.0021 [1] ±0.0021 [1] ±0.0001 [6] ±0.0001 ±0.0001

mt [GeV] (pole) 173.34±0.76 [9] ±0.6 [1] ±0.1 [1] ±0.6 ±0.6 ±(0.01�0.02) [6]
mh [GeV] 125.14±0.14 [1] <±0.1 [1] <±0.1 [1] <±0.1 <±0.1 <±0.1

mW [GeV] 80.385±0.015 [5] ±8⇥10�3 [1] ±5⇥10�3 [1] ±8⇥10�3 ±1.2⇥10�3 [10] ±1.2⇥10�3

sin2✓ `eff (23153±16)⇥10�5 [8] ±16⇥10�5 1.3⇥10�5 [10] ±0.3⇥10�5 [10] ±0.3⇥10�5 ±0.3⇥10�5

�Z [GeV] 2.4952±0.0023 [8] ±0.0023 ±0.0023 ±1⇥10�4 [6] ±1⇥10�4 ±1⇥10�4

Table 1: The observables in the simplified electroweak fit where we neglect the non-oblique corrections from stop sector and
parametrize the stop contributions to EW observables in S and T . The first five observables in the table and S, T are free
in the fit. We quote current and future sensitivities of each experiment. For FCC-ee (TLEP), we consider three scenarios:
TeraZ: Z pole measurement (including measurements with polarized beams); OkuW: Z pole measurement plus scan of W W
threshold; Megatop: Z pole measurement, W threshold scan and top threshold scan. The FCC-ee (TLEP) sensitives are taken
from either [6] and [10], where we always chose the more conservative numbers.

depend on only three linear combinations of S and T :

mW ,�W / S�1.54T

sin2✓ `eff, R`,�0
had / S�0.71T

�Z / S�2.76T. (2)

It justifies our choices using only mW , sin2✓ `eff and �Z in the analysis to bound S and T as they suffice to define
the ellipse of allowed S and T . Notice that the simplified fit of the Gfitter group [1] also included R` in addition to
mW , sin2✓ `eff and �Z . We checked that the inclusion doesn’t change the result of the fit.

We present the boundaries of allowed S and T parameters for different experiments at 68 % C.L. in Fig. 1. The
best fit point of current data is slightly away from the SM but to facilitate comparisons, we set the best fit points
for both current and future data to be at the origin with S = T = 0, which corresponds to the SM. Currently, the
1 � allowed range of S and T is about 0.1 which will be reduced to Æ 0.06 at ILC, Æ 0.02 at TLEP with Z pole
measurements andÆ 0.01 at TLEP after top threshold scan. It is clear that the top threshold scanning is crucial for
increasing the sensitivity to new physics.

So far we haven’t included the theoretical uncertainties of the electroweak observables in our analysis. Cur-
rently the theoretical uncertainties are smaller than the experimental uncertainties so including them won’t change
the fit of current data much. Yet with the big reduction of the experimental uncertainties at future e+e� colliders,
the theoretical uncertainties have to be reduced correspondingly. This requires higher-order such as full three-loop
calculations of the observables in the SM, which is achievable as Germans have a lot of funding and perceivably
could calculate hard over the next twenty/thirty years. We will present more details of theory uncertainties in
Sec. ??.

2.2 Constraints on the Stop Sector

Now we turn to study the sensitivities of future EWPT to the stop sector. The stop mass-squared matrix, in the
gauge eigenstate basis (t̃ L , t̃R ), is given by

m 2
t̃ =

 
m 2

Q3
+m 2
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Stops have an effect on Higgs mass and fine-tuning:

Blum, D’Agnolo, JF , 2012

Higgs mass 10% fine-tuning



Low energy Higgs theorem #
Ellis, Gaillard, Nanopoulos 1976; Shifman, Vainshtein, Voloshin, Zakharov 1979#
!
hgg, h𝞬𝞬 couplings are related to the beta function coefficients#
!
!
!
Run the gauge coupling from Λ to μ with an intermediate scale M, #
at which the beta function coefficient changes from b to b + Δb#
!
!
!
!
Suppose the intermediate scale M is a function of Higgs field h, #
M = M(h). Expanding around the Higgs VEV, one obtains the #
Higgs coupling#
!
!
!

Gauge kinetic term



!
We want to extract the bottom line from the data: 
!
what do measured Higgs properties tell us about allowed stop masses? 

JF and Reece 2014

Since there are three parameters in the stop mass squared matrix,  
usually people made a variety of choices, e.g.,  
fix Xt or the mixing angle and plot in the physical mass plane. 
!
What I am going to present next is a new way of extracting the Higgs  
coupling constraints on the stop sector. (I will assume that the Higgs mass 
comes from some additional physics beyond MSSM).  



2 Basic Idea

Before beginning, we comment on notation: we define the modifications to the Higgs couplings to SM particles as

ri ⌘ chi i

c SM
hi i

, (1)

with c ’s denoting couplings and i = t , V,G ,�,b ,⌧ standing for top, massive vector gauge bosons, gluon, photon,
bottom and tau respectively.1

The stop mass-squared matrix, in the gauge eigenstate basis (t̃ L , t̃R ), is given by
 

m 2
Q3
+m 2

t +�ũ L mt Xt

mt X ⇤t m 2
U3
+m 2

t +�ũ R

!
,

where m 2
Q3

, m 2
U3

are the soft mass squared of left- and right- handed stops respectively and the stop mixing term

Xt = At�µ/ tan� . For simplicity, we will neglect possible phases in the stop mass matrix. �ũ L =
Ä

1
2 � 2

3 sin2✓W

ä
cos(2� )m 2

Z

and�ũ R =
Ä

2
3 sin2✓W

ä
cos(2� )m 2

Z originate from the D-term quartic interactions and are⌧m 2
t .

It is easy to see that the off-diagonal stop mixing terms always split the two mass eigenstates. More specifically,
the splitting between two physical masses squared can be expressed in terms of the mass parameters as

���m 2
t̃1
�m 2

t̃2

���=
∆
(m 2

Q3
+�ũ L �m 2

U3
��ũ R )2+4m 2

t X 2
t , (2)

where the first term in the square root comes from the difference in the diagonal mass terms while the second one
comes from the off-diagonal mass term. Thus for fixed physical stop masses, the maximally allowed Xt is given by

��X max
t

��=

���m 2
t̃1
�m 2

t̃2

���
2mt

, (3)

which is only achieved when the diagonal mass terms are equal. In particular, two mass degenerate stops corre-
spond to Xt = 0.

As is well known, stop loops could modify the Higgs coupling to gluons, of which the leading order contribution
could be computed easily via the low energy Higgs theorem [41, 42]
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!
, stop contribution, (4)

where we neglect D-terms. This expression is valid for mt̃1,2 ⇠>mh/2, which we will assume. Exotic scenarios where
lighter stops could have evaded detection would also predict a large Higgs decay rate to stops, so it is safe to dismiss
the possibility. One can see that without mixing (Xt ⇡ 0) light stops could give a considerable positive contribution
to r t̃

G . If it exceeds the upper bound allowed by the Higgs coupling measurements, there has to be a cancelation
between the first two positive terms and the last negative term from stop mixing. The low-energy theorem asserts
that the loop correction from a particle with mass M (v ) is/ @ log M 2(v )/@ log v ; the mixing contributes negatively
because a larger Higgs vev would mean a larger off-diagonal term and would decrease the lightest stop mass. Thus
for light stops to be consistent with the Higgs coupling data, Xt has to be larger than
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where
Ä

r t̃
G

äfit;max
is the upper end of the experimental allowed range from a fit. We will describe the procedure

of the fit in the next section. This formula is only valid when the quantity in the square root in Eq. 5 is positive;
otherwise, there is no constraint.

1We take further rW = rZ = rV although this may have exceptions [40].
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!
,

where m 2
Q3

, m 2
U3

are the soft mass squared of left- and right- handed stops respectively and the stop mixing term

Xt = At�µ/ tan� . For simplicity, we will neglect possible phases in the stop mass matrix. �ũ L =
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diagonal mass splitting off-diagonal splitting

For fixed physical stop masses,

Present data LHC14 ILC/GigaZ TLEP

TeraZ OkuW Megatop

↵s (M 2
Z ) 0.1185±0.0006 [5] ±0.0006 ±0.0006 ±0.0002 [6] ±0.0001 [6] ±0.0001 [6]
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2
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mZ [GeV] 91.1875±0.0021 [8] ±0.0021 [1] ±0.0021 [1] ±0.0001 [6] ±0.0001 ±0.0001
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Table 1: The observables in the simplified electroweak fit where we neglect the non-oblique corrections from stop sector and
parametrize the stop contributions to EW observables in S and T . The first five observables in the table and S, T are free
in the fit. We quote current and future sensitivities of each experiment. For FCC-ee (TLEP), we consider three scenarios:
TeraZ: Z pole measurement (including measurements with polarized beams); OkuW: Z pole measurement plus scan of W W
threshold; Megatop: Z pole measurement, W threshold scan and top threshold scan. The FCC-ee (TLEP) sensitives are taken
from either [6] and [10], where we always chose the more conservative numbers.

depend on only three linear combinations of S and T :

mW ,�W / S�1.54T

sin2✓ `eff, R`,�0
had / S�0.71T

�Z / S�2.76T. (2)

It justifies our choices using only mW , sin2✓ `eff and �Z in the analysis to bound S and T as they suffice to define
the ellipse of allowed S and T . Notice that the simplified fit of the Gfitter group [1] also included R` in addition to
mW , sin2✓ `eff and �Z . We checked that the inclusion doesn’t change the result of the fit.

We present the boundaries of allowed S and T parameters for different experiments at 68 % C.L. in Fig. 1. The
best fit point of current data is slightly away from the SM but to facilitate comparisons, we set the best fit points
for both current and future data to be at the origin with S = T = 0, which corresponds to the SM. Currently, the
1 � allowed range of S and T is about 0.1 which will be reduced to Æ 0.06 at ILC, Æ 0.02 at TLEP with Z pole
measurements andÆ 0.01 at TLEP after top threshold scan. It is clear that the top threshold scanning is crucial for
increasing the sensitivity to new physics.

So far we haven’t included the theoretical uncertainties of the electroweak observables in our analysis. Cur-
rently the theoretical uncertainties are smaller than the experimental uncertainties so including them won’t change
the fit of current data much. Yet with the big reduction of the experimental uncertainties at future e+e� colliders,
the theoretical uncertainties have to be reduced correspondingly. This requires higher-order such as full three-loop
calculations of the observables in the SM, which is achievable as Germans have a lot of funding and perceivably
could calculate hard over the next twenty/thirty years. We will present more details of theory uncertainties in
Sec. ??.

2.2 Constraints on the Stop Sector

Now we turn to study the sensitivities of future EWPT to the stop sector. The stop mass-squared matrix, in the
gauge eigenstate basis (t̃ L , t̃R ), is given by
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where m 2
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are the soft mass squared of left- and right- handed stops respectively and the stop mixing term
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It is easy to see that the off-diagonal stop mixing terms always split the two mass eigenstates. More specifically,
the splitting between two physical masses squared can be expressed in terms of the mass parameters as
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where the first term in the square root comes from the difference in the diagonal mass terms while the second one
comes from the off-diagonal mass term. Thus for fixed physical stop masses, the maximally allowed Xt is given by
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which is only achieved when the diagonal mass terms are equal. In particular, two mass degenerate stops corre-
spond to Xt = 0.

As is well known, stop loops could modify the Higgs coupling to gluons, of which the leading order contribution
could be computed easily via the low energy Higgs theorem [41, 42]
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where we neglect D-terms. This expression is valid for mt̃1,2 ⇠>mh/2, which we will assume. Exotic scenarios where
lighter stops could have evaded detection would also predict a large Higgs decay rate to stops, so it is safe to dismiss
the possibility. One can see that without mixing (Xt ⇡ 0) light stops could give a considerable positive contribution
to r t̃

G . If it exceeds the upper bound allowed by the Higgs coupling measurements, there has to be a cancelation
between the first two positive terms and the last negative term from stop mixing. The low-energy theorem asserts
that the loop correction from a particle with mass M (v ) is/ @ log M 2(v )/@ log v ; the mixing contributes negatively
because a larger Higgs vev would mean a larger off-diagonal term and would decrease the lightest stop mass. Thus
for light stops to be consistent with the Higgs coupling data, Xt has to be larger than
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where
Ä

r t̃
G

äfit;max
is the upper end of the experimental allowed range from a fit. We will describe the procedure

of the fit in the next section. This formula is only valid when the quantity in the square root in Eq. 5 is positive;
otherwise, there is no constraint.

1We take further rW = rZ = rV although this may have exceptions [40].

3

The maximal deviation in Higgs-digluon coupling#
allowed by the data (from the fit)



naturally arise, e.g., in the decoupling limit when the other Higgses are heavy. We also assume that the chargino
contribution to the Higgs diphoton coupling is negligible, which is true for tan� ¶ 3.2 Consequently in this case
we only have one free parameter r t̃

G , which is already discussed in Sec. 2. The stops’ contribution to the Higgs
diphoton coupling is smaller and anti-correlated with r t̃

G ,
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c t̃
h��
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=
A �t̃ÄA �W +A �t
äSM ⇡�0.28r t̃

G , (8)

usingA �W ⇡ 8.33 andA �t ⇡�1.84, the amplitudes of h! �� in the SM, valid for mh = 125 GeV.
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Figure 1: Illustration of the principle behind our exclusion plots. The blue dashed contours are the largest allowed mixing
parameters for given stop mass eigenvalues,

��X max
t

�� (as in eq. 3). The orange solid contours are the minimum mixing
��X min

t

��
required to fit the data at 2�, as in eq. 5, under the hypothesis that only stop loops modify Higgs couplings. In the case of
models with an R-symmetry where Xt = 0, the entire shaded gray region is excluded at 2� by the data. In more general models,
we display the exclusion below.

As discussed in Sec. 2, for a given point in the (mt̃1 , mt̃2 ) plane, if
��X max

t

�� in Eq. 3 allowed by the physical masses
is smaller than

��X min
t

�� in Eq. 5 allowed by the Higgs coupling, this point is excluded by the Higgs coupling mea-

surements. We illustrate this principle in Fig. 1, which shows contours of
���X min,max

t

���. The shaded region in Fig. 1

is ruled out in models where Xt ⇡ 0, e.g. R-symmetric theories. The excluded region allowing for nonzero Xt is
demonstrated in Fig. 2.

In Fig. 2, we also plot the Higgs mass fine-tuning, which is defined as [49, 50]
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Here ⇤ is a scale characterizing mediation of SUSY breaking, while mEW is the low scale at which running stops.
We take mEW =max(pmt̃1 mt̃2 , mh ). In Fig. 2, we take At =max

Ä
0,
��X min

t

��+µ/ tan�
ä

with the SUSY breaking medi-
ation scale ⇤ = 30 TeV, µ = �200 GeV and tan� = 10. The max here ensures that if the µ-term alone is enough to

2Exceptions see [48].

5

|Xt;min|

|Xt;max|

2 Basic Idea

Before beginning, we comment on notation: we define the modifications to the Higgs couplings to SM particles as
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with c ’s denoting couplings and i = t , V,G ,�,b ,⌧ standing for top, massive vector gauge bosons, gluon, photon,
bottom and tau respectively.1
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are the soft mass squared of left- and right- handed stops respectively and the stop mixing term
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It is easy to see that the off-diagonal stop mixing terms always split the two mass eigenstates. More specifically,
the splitting between two physical masses squared can be expressed in terms of the mass parameters as
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where the first term in the square root comes from the difference in the diagonal mass terms while the second one
comes from the off-diagonal mass term. Thus for fixed physical stop masses, the maximally allowed Xt is given by

��X max
t

��=

���m 2
t̃1
�m 2

t̃2

���
2mt

, (3)

which is only achieved when the diagonal mass terms are equal. In particular, two mass degenerate stops corre-
spond to Xt = 0.

As is well known, stop loops could modify the Higgs coupling to gluons, of which the leading order contribution
could be computed easily via the low energy Higgs theorem [41, 42]
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where we neglect D-terms. This expression is valid for mt̃1,2 ⇠>mh/2, which we will assume. Exotic scenarios where
lighter stops could have evaded detection would also predict a large Higgs decay rate to stops, so it is safe to dismiss
the possibility. One can see that without mixing (Xt ⇡ 0) light stops could give a considerable positive contribution
to r t̃

G . If it exceeds the upper bound allowed by the Higgs coupling measurements, there has to be a cancelation
between the first two positive terms and the last negative term from stop mixing. The low-energy theorem asserts
that the loop correction from a particle with mass M (v ) is/ @ log M 2(v )/@ log v ; the mixing contributes negatively
because a larger Higgs vev would mean a larger off-diagonal term and would decrease the lightest stop mass. Thus
for light stops to be consistent with the Higgs coupling data, Xt has to be larger than
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where
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is the upper end of the experimental allowed range from a fit. We will describe the procedure

of the fit in the next section. This formula is only valid when the quantity in the square root in Eq. 5 is positive;
otherwise, there is no constraint.

1We take further rW = rZ = rV although this may have exceptions [40].
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Fine-tuning associated with Higgs coupling:  

Higgs coupling fine� tuning ⇠
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Figure 2: Assuming no other contributions to Higgs digluon coupling rG other than stops’, region of natural stop that has been
ruled out by Higgs coupling measurements. The three shaded purple regions, from darkest to lightest, are excluded at 3�
(99.73%) level; 2� (95.45%) level; and 1� (68.27%) level. The dashed purple line is the boundary of the region excluded at 90%
CL. The red solid lines are contours of Higgs mass fine-tuning assuming ⇤ = 30 TeV, µ = �200 GeV and tan� = 10. We have
evaluated the tuning with Xt = X min

t , the smallest mixing allowed by the data at 2� for a given pair of masses. The blue dashed
line is a contour of 10% fine-tuning associated with r t̃

G .

provide |Xt | > ��X min
t

��, we set At = 0. Here
��X min

t

�� is taken to be the smallest value allowed at 2�. We have deliber-
ately chosen a very low mediation scale as well as a negative sign of µ relative to At in order to draw conservative
conclusions about the tuning measure. One could try to always generate

��X min
t

��mostly from the µ/ tan� term, but
this leads to tree-level tuning that is much worse than the loop-level tuning from At . To get the Higgs coupling
within the allowed range of experiments, there could be a cancelation between contributions with opposite signs
from the diagonal masses and mass mixings between two stops. Thus one could also define a fine-tuning measure
associated with the Higgs coupling
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with the parameter set denoted by p = (m 2
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where the coupling correction

vanishes, this scales with the amount of tuning in the sense that
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So far the precision level of Higgs coupling measurements is still low, thus the fine-tuning of Higgs couplings is not
very large in general. In Fig. 2, we plot the boundary corresponding to 10% fine-tuning in Higgs coupling, which
excludes the possibility that even one stop is below about 100 GeV. (This is, essentially, the same observation that
was made in the context of electroweak baryogenesis in Refs. [20, 21].) We also considered contributions from
light stops to electroweak precision observables, in particular, the⇢ parameter, but the constraints there are much
weaker compared to those from current Higgs coupling measurements.

From Fig. 2, we see that regions with both stops lighter than about 400 GeV is excluded by the Higgs coupling
measurements at 2� (95.45 %) C.L. Along the diagonal line where both stops are degenerate in mass, the constraint
gets stronger and extends to 450 GeV. In general, although one could construct clever natural models where stops

6

99.7%

95.5%

90%

68.3%

10% Higgs coupling fine–tuning  
constrains even one stop 
below 100 GeV  
!
!

This is in tension with electroweak baryogenesis with light stops.#
One could relieve the tension by increasing the Higgs invisible decay#
to light neutralinos.   Carena, Nardini, Quiros and Wagner; Cohen, Morrissey#
and Pierce; Curtin, Jaiswal, Meade 2012



In SUSY, there could be another source of Higgs coupling modification, 
which comes from Higgs mixings as SUSY requires more than one 
Higgs doublet. They may modify Higgs coupling to massive SM fields, 
such as the bottom Yukawa. This could affect the Higgs decays 
significantly (the dominant Higgs decay channel is h to b quarks). #
!
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Figure 1: Loop diagrams contributing to the T parameter operator
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Figure 3: Loop diagrams contributing to the T parameter operator
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when the left-handed stop/sbottom doublet Q̃3

and the right-handed stop t̃R =
�
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3

�† are integrated out.

The diagrams generating the S-parameter are shown in Fig. 4. Notice that in order for the first diagram to
contribute, it is important that the SU(2)L structure of the coupling is

Ä
h ·Q̃3

äÄ
h† ·Q̃†

3

ä
rather than (h†h)(Q̃†

3Q̃3),
as the latter would lead to a zero SU(2)L trace around the loop. As a result, the F -term potential contributes / y 2

t
and the SU(2)L D-term potential contributes / g 2, but there is no U(1)Y D-term contribution / g 02. The leading
correction is

S ⇡� 1
6⇡

m 2
t

m 2
Q̃3
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m 2
t X 2

t

4⇡m 2
Q̃3

m 2
ũ 3

!
. (5)

The Xt dependent part of the correction depends on the subtlety in the use of our effective oblique Lagrangian
eq. 3 that we mentioned above: the strict relation between S and the coefficient of h†W iµ⌫�i h Bµ⌫ applies only
if we first rewrite all operators in a minimal basis [24, 31]. The third loop diagram of Fig. 4 generates different

operators like i@ ⌫Bµ⌫h†
$

Dµh which may be rewritten using integration by parts and equations of motion and also
contribute to S. Note that a similar diagram with a bubble topology connecting a gauge boson on one side and
two Higgs bosons on the other cannot be sensitive to the difference in momenta of the Higgs bosons, and so never
generates the operators in question. The fact that integrating out heavy particles often generates operators that
are not present in the minimal basis was also recently emphasized in ref. [11].
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ratios of most channels#
compensate the increase#
in gluon fusion rate due #
to an enhanced Higgs #
digluon rate
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!
In certain natural SUSY models, such as vector-like D-term models, the 
bottom Yukawa could be enhanced #
!
!
!
!
!
!
!
The Higgs coupling bound on the stops could be relaxed if the bottom #
Yukawa is enhanced but only when the heavy Higgs is lighter than #
500 GeV. 
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JF, Reece 2014

Heavy CP-even Higgs mass

Blum, D’Agnolo, JF , 2012



Currently, both ATLAS and CMS perform neutral heavy#
Higgs search in the 𝜏𝜏 final state (the bound is model #
dependent); #
ATLAS also looks for heavy Higgs in leptonic WW channel#
and WWbb channel.#
!
It would be interesting to look for heavy Higgs to ZZ. #
!
In this case, direct searches and Higgs coupling #
measurements are complimentary as well ! 



Joglekar, Schwaller and Wagner; Arkani-Hamed, Blum, D’Agnolo and JF 2012

Example 1: #
Higgs-diphoton coupling

Using Eq. (2.1) and assuming that the diphoton rate enhancement comes from changing the partial
width �(h ! ��), with no change to the gluon fusion production cross section, we have5

µ�� =
�(h ! ��)

�(h ! ��)SM
⇡

����1 + 0.1 N Q2�2

v

⇣
1 +

p
�2

v + �2

m

⌘�1

����
2

, (2.4)

where we generalized to N copies of (2.2). Noting the LEPII constraint m
1 ⇠> 100 GeV, we immediately

see that large Yukawa couplings are required in order to achieve a noticeable e↵ect, at least for common
charge assignments Q2  1. Even if we maximize the e↵ect by tuning �m = 0 (via m = m�), an

enhancement of µ�� � 1.5 still requires yyc �
⇣

0.86
N Q2

m1
100 GeV

⌘
2

.

Before pursuing further the implications of Eq. (2.4), we pause to point out that we find it
implausible for colored particles (either fermions or bosons, for that matter) to deliver the e↵ect
we are after. For colored fermions, the gluon fusion rate is approximately given by an equation
similar to (2.1), but replacing

�
4NcQ

2/3A�
SM

�
! 2tc, where tc and Nc are the color representation

constant and dimension. A diphoton width enhancement, �(h ! ��)/�(h ! ��)SM = |1 + �|2,
would lead to a digluon e↵ect µGG ⇡

��1 � 9.7(tc/NcQ
2)�

��2, going through to the ZZ,WW channels
as µV V ⇡ µGG. For scalars (vector bosons), we would simply rescale � by a factor of 4

�
� 4

21

�
, arriving

at the same result. For example, Q = 2/3 particles in the 3 of color would give µGG ⇡ |1 � 3.6 �|2. To
accommodate both of Eqs. (1.1-1.2) in this case, one would need – similar to our discussion of tree-
level solutions – to accept large distortions of the SM couplings that conspire to leave a moderately
small net observable e↵ect. In Fig. 1 we illustrate this point, by plotting µ�� and µGG as a function
of the diphoton amplitude modification �, for Q = 2/3 particles. For uncolored particles (smooth)
we have µGG = µV V = 1 and µ�� = |1 + �|2, while for particles in the 3 of color (dashed) we have
µGG = µV V = |1 � 3.6 �|2 and µ�� = |1 + �|2|1 � 3.6 �|2. It is obvious from the plot that substantial
tuning is required for the colored solution to roughly satisfy Eqs. (1.1-1.2). Note that while there are
two separate colored solutions to µ�� ⇠ 1.5 � 2, one with � ⇡ +0.5 and one with � ⇡ �0.15, the
former would imply some ZZ suppression, µV V ⇠ 0.6 � 0.8, while the latter would greatly overshoot
the SM value µV V ⇠ 2 � 3. We therefore discard the possibility of colored particles for addressing the
diphoton rate anomaly, at least for electric charge assignments Q2  1.

We now turn our attention to Eq. (2.4) and to the large Yukawa couplings that it requires (given
some reasonable assumptions about the sorts of multiplets we allow), in order to give an enhancement
of µ�� ⇠ 1.5 � 2. In fact, the needed Yukawa couplings are so large that, unless the new particles are
extremely light, the Higgs quartic coupling � is rapidly driven negative at high scales. Importantly, if
we assume only fermions up to high scale, the addition of any other fermions only drives the quartic
even more negative. Thus vacuum stability becomes an important constraint. At some scale ⇤UV , �
gets so negative that the tunneling rate through false vacuum bubbles of size ⇤�1

UV becomes less than
the age of the universe. We define ⇤UV as the cut-o↵ scale of the (un-natural) theory: here, new
bosonic fields must kick in to remedy the instability.

To substantiate these statements, we next consider two concrete examples. Our Higgs field trans-
forms as H ⇠ (1, 2) 1

2
. It remains to assign SU(2) representations to the fermions in Eq. (2.2).

Vector doublets + singlets (“vector-like lepton”):  , c ⇠ (1, 2)± 1
2
, �,�c ⇠ (1, 1)⌥1

. The
Lagrangian leading to (2.2) is

�L = m   
c + m���

c + yH �+ ycH† c�c + cc. (2.5)

5In Eq. (2.4), for clarity, we neglected sub-leading finite-mass terms that amount to < 10% correction for mf >
100 GeV. However, we keep these terms in our plots.
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The minimal version of split SUSY cannot give a big enough e↵ect – indeed, the only source for
enhancement is the same chargino loop as in natural SUSY. Thus a large enhancement of 1.5 - 2
immediately rules out this version of split SUSY. We can however certainly imagine extra fermions
near the TeV scale; a collection of fermions can have their masses protected by a common chiral
symmetry and set by the same scale.

In what follows we ask whether the recent LHC data can be explained in a framework of this
sort. We show that restricting to un-natural models with only new fermions immediately leads us
to a very narrow set-up with sharp theoretical and experimental implications: (1) new, vector-like,
un-colored fermions with electroweak quantum numbers must exist and be very light, within the range
100 � 150 GeV; (2) the cut-o↵ scale of the theory where additional bosonic degrees of freedom must
kick in, cannot be high and is in fact bounded by ⇤UV ⇠< 1 � 10 TeV. The cut-o↵ can be somewhat
increased but only at the expanse of significant model-building gymnastics, which further destroys any
hope of perturbative gauge coupling unification.

2 The diphoton rate

A fermionic loop contribution enhancing the Higgs-diphoton coupling requires vector-like represen-
tations and large Yukawa couplings to the Higgs boson. This has important ramifications for the
consistency of the theory at high scale. To see this, note that in the presence of a new fermion f with
electric charge Q, the h ! �� partial width reads3

�(h ! ��)

�(h ! ��)SM
⇡

�����1 +
1

A�
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with �(h ! ��)SM =
⇣

GF↵
2m3

h
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p
2⇡3

⌘
|A�

SM |2 and4 A�
SM = �6.49. Constructive interference between the

SM and the new fermion amplitude requires electroweak symmetry breaking to contribute negatively to
the mass of the new fermion. Thus f must be part of a vector-like representation with an electroweak-
conserving source of mass.

The basic building block is then the charged vector-like fermion mass matrix,

LM = �
�
 +Q �+Q

�
 

m yH

ycH m�

! 
 �Q

��Q

!
+ cc, (2.2)

with the Higgs VEV given by hHi = v/
p

2 = 174 GeV. Eq. (2.2) contains one physical phase, � =

arg
⇣
m⇤
 m

⇤
�yy

c
⌘
, that cannot be rotated away by field redefinitions. It is straightforward to show that

� = 0 maximizes the e↵ect we are after, making � 6= 0 an un-illuminating complication for our current
purpose. Hence for simplicity we assume � = 0 in what follows. We are then allowed to take all of
the parameters in Eq. (2.2) to be real and positive. The two Dirac mass eigenvalues are split by an
amount

m
2

= m
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v =
2yycv2
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1
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. (2.3)

3At leading-log plus leading finite-mass correction; see e.g. [4] for a recent discussion.
4At leading-log, the SM amplitude is given by the top quark and W boson contributions to the QED beta function,�

A�
SM

�
leading�log

= bt + bW = +4/3� 7. Finite mass corrections modify this prediction slightly to A�
SM = �6.49.
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generates the operators i@ ⌫Bµ⌫h†
$

Dµh and i D⌫W i
µ⌫h†�i

$
Dµh, which also contribute to S after being rewritten in terms of the

minimal basis of dimension-six operators.

The diagrams generating the S-parameter are shown in Fig. 10. Notice that in order for the first diagram to
contribute, it is important that the SU(2)L structure of the coupling is

Ä
h ·Q̃3

äÄ
h† ·Q̃†

3

ä
rather than (h†h)(Q̃†

3Q̃3),
as the latter would lead to a zero SU(2)L trace around the loop. As a result, the F -term potential contributes / y 2

t
and the SU(2)L D-term potential contributes / g 2, but there is no U(1)Y D-term contribution / g 02. The leading
correction is
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ũ 3

!
. (5)

3



Joglekar, Schwaller and Wagner; Arkani-Hamed, Blum, D’Agnolo and JF 2012

Example 1: #
Higgs-diphoton coupling

Using Eq. (2.1) and assuming that the diphoton rate enhancement comes from changing the partial
width �(h ! ��), with no change to the gluon fusion production cross section, we have5

µ�� =
�(h ! ��)

�(h ! ��)SM
⇡

����1 + 0.1 N Q2�2

v

⇣
1 +

p
�2

v + �2

m

⌘�1

����
2

, (2.4)

where we generalized to N copies of (2.2). Noting the LEPII constraint m
1 ⇠> 100 GeV, we immediately

see that large Yukawa couplings are required in order to achieve a noticeable e↵ect, at least for common
charge assignments Q2  1. Even if we maximize the e↵ect by tuning �m = 0 (via m = m�), an

enhancement of µ�� � 1.5 still requires yyc �
⇣

0.86
N Q2

m1
100 GeV

⌘
2

.

Before pursuing further the implications of Eq. (2.4), we pause to point out that we find it
implausible for colored particles (either fermions or bosons, for that matter) to deliver the e↵ect
we are after. For colored fermions, the gluon fusion rate is approximately given by an equation
similar to (2.1), but replacing

�
4NcQ

2/3A�
SM

�
! 2tc, where tc and Nc are the color representation

constant and dimension. A diphoton width enhancement, �(h ! ��)/�(h ! ��)SM = |1 + �|2,
would lead to a digluon e↵ect µGG ⇡

��1 � 9.7(tc/NcQ
2)�

��2, going through to the ZZ,WW channels
as µV V ⇡ µGG. For scalars (vector bosons), we would simply rescale � by a factor of 4

�
� 4

21

�
, arriving

at the same result. For example, Q = 2/3 particles in the 3 of color would give µGG ⇡ |1 � 3.6 �|2. To
accommodate both of Eqs. (1.1-1.2) in this case, one would need – similar to our discussion of tree-
level solutions – to accept large distortions of the SM couplings that conspire to leave a moderately
small net observable e↵ect. In Fig. 1 we illustrate this point, by plotting µ�� and µGG as a function
of the diphoton amplitude modification �, for Q = 2/3 particles. For uncolored particles (smooth)
we have µGG = µV V = 1 and µ�� = |1 + �|2, while for particles in the 3 of color (dashed) we have
µGG = µV V = |1 � 3.6 �|2 and µ�� = |1 + �|2|1 � 3.6 �|2. It is obvious from the plot that substantial
tuning is required for the colored solution to roughly satisfy Eqs. (1.1-1.2). Note that while there are
two separate colored solutions to µ�� ⇠ 1.5 � 2, one with � ⇡ +0.5 and one with � ⇡ �0.15, the
former would imply some ZZ suppression, µV V ⇠ 0.6 � 0.8, while the latter would greatly overshoot
the SM value µV V ⇠ 2 � 3. We therefore discard the possibility of colored particles for addressing the
diphoton rate anomaly, at least for electric charge assignments Q2  1.

We now turn our attention to Eq. (2.4) and to the large Yukawa couplings that it requires (given
some reasonable assumptions about the sorts of multiplets we allow), in order to give an enhancement
of µ�� ⇠ 1.5 � 2. In fact, the needed Yukawa couplings are so large that, unless the new particles are
extremely light, the Higgs quartic coupling � is rapidly driven negative at high scales. Importantly, if
we assume only fermions up to high scale, the addition of any other fermions only drives the quartic
even more negative. Thus vacuum stability becomes an important constraint. At some scale ⇤UV , �
gets so negative that the tunneling rate through false vacuum bubbles of size ⇤�1

UV becomes less than
the age of the universe. We define ⇤UV as the cut-o↵ scale of the (un-natural) theory: here, new
bosonic fields must kick in to remedy the instability.

To substantiate these statements, we next consider two concrete examples. Our Higgs field trans-
forms as H ⇠ (1, 2) 1

2
. It remains to assign SU(2) representations to the fermions in Eq. (2.2).

Vector doublets + singlets (“vector-like lepton”):  , c ⇠ (1, 2)± 1
2
, �,�c ⇠ (1, 1)⌥1

. The
Lagrangian leading to (2.2) is

�L = m   
c + m���

c + yH �+ ycH† c�c + cc. (2.5)

5In Eq. (2.4), for clarity, we neglected sub-leading finite-mass terms that amount to < 10% correction for mf >
100 GeV. However, we keep these terms in our plots.
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ũ c
3

�† are integrated out.

The diagrams generating the S-parameter are shown in Fig. 5. Notice that in order for the first diagram to
contribute, it is important that the SU(2)L structure of the coupling is
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and the SU(2)L D-term potential contributes / g 2, but there is no U(1)Y D-term contribution / g 02. The leading
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The minimal version of split SUSY cannot give a big enough e↵ect – indeed, the only source for
enhancement is the same chargino loop as in natural SUSY. Thus a large enhancement of 1.5 - 2
immediately rules out this version of split SUSY. We can however certainly imagine extra fermions
near the TeV scale; a collection of fermions can have their masses protected by a common chiral
symmetry and set by the same scale.

In what follows we ask whether the recent LHC data can be explained in a framework of this
sort. We show that restricting to un-natural models with only new fermions immediately leads us
to a very narrow set-up with sharp theoretical and experimental implications: (1) new, vector-like,
un-colored fermions with electroweak quantum numbers must exist and be very light, within the range
100 � 150 GeV; (2) the cut-o↵ scale of the theory where additional bosonic degrees of freedom must
kick in, cannot be high and is in fact bounded by ⇤UV ⇠< 1 � 10 TeV. The cut-o↵ can be somewhat
increased but only at the expanse of significant model-building gymnastics, which further destroys any
hope of perturbative gauge coupling unification.

2 The diphoton rate

A fermionic loop contribution enhancing the Higgs-diphoton coupling requires vector-like represen-
tations and large Yukawa couplings to the Higgs boson. This has important ramifications for the
consistency of the theory at high scale. To see this, note that in the presence of a new fermion f with
electric charge Q, the h ! �� partial width reads3
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with �(h ! ��)SM =
⇣

GF↵
2m3

h
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p
2⇡3

⌘
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SM |2 and4 A�
SM = �6.49. Constructive interference between the

SM and the new fermion amplitude requires electroweak symmetry breaking to contribute negatively to
the mass of the new fermion. Thus f must be part of a vector-like representation with an electroweak-
conserving source of mass.

The basic building block is then the charged vector-like fermion mass matrix,

LM = �
�
 +Q �+Q

�
 

m yH

ycH m�

! 
 �Q

��Q

!
+ cc, (2.2)

with the Higgs VEV given by hHi = v/
p

2 = 174 GeV. Eq. (2.2) contains one physical phase, � =

arg
⇣
m⇤
 m

⇤
�yy

c
⌘
, that cannot be rotated away by field redefinitions. It is straightforward to show that

� = 0 maximizes the e↵ect we are after, making � 6= 0 an un-illuminating complication for our current
purpose. Hence for simplicity we assume � = 0 in what follows. We are then allowed to take all of
the parameters in Eq. (2.2) to be real and positive. The two Dirac mass eigenvalues are split by an
amount
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3At leading-log plus leading finite-mass correction; see e.g. [4] for a recent discussion.
4At leading-log, the SM amplitude is given by the top quark and W boson contributions to the QED beta function,�
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= bt + bW = +4/3� 7. Finite mass corrections modify this prediction slightly to A�
SM = �6.49.
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In the future, beyond HL-LHC, #
!
International Linear Collider (ILC)#
!
Future Circular Collider (FCC-ee, formerly known as TLEP)#
!
Circular Electron Positron Collider (CEPC)… #
!
They could measure Higgs properties very well as well as#
other electroweak observables. 



Electroweak Precision Test: 
Another Potentially Powerful Probe
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Figure 4: Loop diagrams contributing to the S parameter. The two diagrams at left generate the usual operator h†W iµ⌫�i h Bµ⌫
when the left-handed stop/sbottom doublet Q̃3 and the right-handed stop t̃R =

�
ũ c

3

�† are integrated out. The diagram at right

generates the operators i@ ⌫Bµ⌫h†
$

Dµh and i D⌫W i
µ⌫h†�i

$
Dµh, which also contribute to S after being rewritten in terms of the

minimal basis of dimension-six operators.

Notice that the S parameter contribution from loops of stops and sbottoms is small and, for small Xt , negative.
The T parameter contribution is numerically somewhat larger and positive. In both cases, the dominant contribu-
tion is due to the left-handed stops and sbottoms, with their right-handed counterparts entering through mixing
effects. As a result, we expect that precision measurements of the T parameter can set interesting constraints on
left-handed stops. (For a recent study of existing constraints, see ref. [32].)

2.3 Production of b and t Quarks

Integrating out loops of stops and higgsinos can correct the production of bottom and top quarks at e+e� colliders.
In particular, in the minimal basis of dimension-six operators these corrections show up in the terms [25]

Lb t = chq ;1i h†
$
DµhQ†

3�
µQ3+ chq ;3i h†�i

$
DµhQ†

3�
i�µQ3+ chu i h†

$
Dµhu c †

3 �
µu c

3 + chd i h†
$
Dµhd c †

3 �
µd c

3 +h.c. (6)

Again, however, calculating loop diagrams might generate other operators not present in Lb t , in which case we
should use the equations of motion and integration by parts to rewrite the operators in a minimal basis.

The largest effects are associated with the top quark Yukawa coupling yt u c
3 Hu ·Q3. As a result, we should look

for corrections associated with the production of left-handed b quarks, and either left- or right-handed top quarks.
Let us begin by discussing the b -quark coupling, which is constrained for instance by measurements of

Rb ⌘ �(Z !bb )
�(Z ! hadrons)

. (7)

A diagram generating a correction to the Z ! bb process is shown in Fig. 5. This cannot arise from an operator in
eq. 6, because there is nowhere in the diagram that we could place insertions of h and h†. A more complete list of
operators [33] includes the additional terms

W i
µ⌫Q

†
3�

i�µi D⌫Q3, Bµ⌫Q
†
3�
µi D⌫Q3, (8)

which also couple the left-handed bottom quark to the Z boson. These operators, missing in the minimal basis,
are the ones that are generated by integrating out higgsinos and right-handed stops. (Note the similarity in form
of both the diagram and the corresponding operator to the right-hand diagram of fig. 4.) The full dependence of
Rb on dimension-six operators is worked out in ref. [34].

In fact, we can understand the expected size of the resulting effect in somewhat more detail by integrating out

4

BSM particles could modify vacuum polarizations and electroweak #
observables such as W boson mass and weak mixing angle
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It is not difficult to write down a model though#
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any new signal is, in fact, the result of annihilating dark
matter.

There are significant reasons to conclude, however,
that the gamma-ray signal described in this paper is far
more likely to be a detection of dark matter than any
of the previously reported anomalies. Firstly, this signal
consists of a very large number of events, and has been
detected with overwhelming statistical significance. The
the excess consists of ⇠104 gamma rays per square meter,
per year above 1 GeV (from within 10� of the Galactic
Center). Not only does this large number of events en-
able us to conclude with confidence that the signal is
present, but it also allows us to determine its spectrum
and morphology in some detail. And as shown, the mea-
sured spectrum, angular distribution, and normalization
of this emission does indeed match well with that ex-
pected from annihilating dark matter particles.

Secondly, the gamma-ray signal from annihilating dark
matter can be calculated straightforwardly, and generally
depends on only a few unknown parameters. The mor-
phology of this signal, in particular, depends only on the
distribution of dark matter in the Inner Galaxy (as pa-
rameterized in our study by the inner slope, �). The
spectral shape of the signal depends only on the mass of
the dark matter particle and on what Standard Model
particles are produced in its annihilations. The Galac-
tic gamma-ray signal from dark matter can thus be pre-
dicted relatively simply, in contrast to, e.g., dark matter
searches using cosmic rays, where putative signals are
a↵ected by poorly constrained di↵usion and energy-loss
processes. In other words, for the gamma-ray signal at
hand, there are relatively few “knobs to turn”, making
it less likely that one would be able to mistakenly fit a
well-measured astrophysical signal with an annihilating
dark matter model.

Thirdly, we once again note that the signal described in
this study can be explained by a very simple dark matter
candidate, without any baroque or otherwise unexpected
features. After accounting for uncertainties in the overall
mass of the Milky Way’s dark matter halo profile [17],
our results favor dark matter particles with an annihi-
lation cross section of �v = (0.7 � 3.9) ⇥ 10�26 cm3/s
(for annihilations to bb̄, see Fig. 15). This range covers
the long predicted value that is required of a thermal
relic that freezes-out in the early universe with an abun-
dance equal to the measured cosmological dark matter
density (2.2⇥ 10�26 cm3/s). No substructure boost fac-
tors, Sommerfeld enhancements, or non-thermal histories
are required. Furthermore, it is not di�cult to construct
simple models in which a ⇠30-40 GeV particle annihi-
lates to quarks with the required cross section without
violating constraints from direct detection experiments,
colliders, or other indirect searches (for work related to
particle physics models capable of accommodating this
signal, see Refs. [62–74]).

And lastly, the dark matter interpretation of this signal
is strengthened by the absence of plausible or well moti-
vated alternatives. There is no reason to expect that any

di↵use astrophysical emission processes would exhibit ei-
ther the spectrum or the morphology of the observed
signal. In particular, the spherical symmetry of the ob-
served emission with respect to the Galactic Center does
not trace any combination of astrophysical components
(i.e. radiation, gas, dust, star formation, etc.), but does
follow the square of the anticipated dark matter density.

The astrophysical interpretation most often discussed
within the context of this signal is that it might originate
from a large population of unresolved millisecond pul-
sars. The millisecond pulsars observed within the Milky
Way are largely located either within globular clusters
or in or around the Galactic Disk (with an exponential
scale height of zs ⇠ 1 kpc [11, 75]). This pulsar popu-
lation would lead to a di↵use gamma-ray signal that is
highly elongated along the disk, and would be highly in-
compatible with the constraints described in Sec. VI. For
example, the best-fit model of Ref. [75], which is based
on the population of presently resolved gamma-ray mil-
lisecond pulsars, predicts a morphology for the di↵use
gamma-ray emission exhibiting an axis ratio of ⇠1-to-6.
Within 10� of the Galactic Center, this model predicts
that millisecond pulsars should account for ⇠1% of the
observed di↵use emission, and less than ⇠5-10% of the
signal described in this paper.

To evade this conclusion, however, one could contem-
plate an additional (and less constrained) millisecond
pulsar population associated with the Milky Way’s cen-
tral stellar cluster. This scenario can be motivated by
the fact that globular clusters are known to contain large
numbers of millisecond pulsars, presumably as a conse-
quence of their very high stellar densities. If our galaxy’s
central stellar cluster contains a large number of mil-
lisecond pulsars with an extremely concentrated distribu-
tion (with a number density that scales approximately as
n
MSP

/ r�2.4), those sources could plausibly account for
much of the gamma-ray excess observed within the inner
⇠1� around the Galactic Center [2, 4–7, 10]. It is much
more challenging, however, to imagine that millisecond
pulsars could account for the more extended component
of this excess, which we have shown to be present out
to at least ⇠10� from the Galactic Center. Expecta-
tions for the Inner Galaxy’s pulsar population are not
consistent with such an extended distribution. Further-
more, if the required number of millisecond pulsars were
present ⇠10� (⇠1.5 kpc) north or south of the Galactic
Center, a significant number of these sources would have
been resolved by Fermi and appeared within the 2FGL
catalog (assuming that the pulsars in question have a
similar luminosity function to other observed millisecond
pulsars) [11, 44, 75]. The lack of such resolved sources
strongly limits the abundance of millisecond pulsars in
the region of the Inner Galaxy. Furthermore, the shape
of the gamma-ray spectrum observed from resolved mil-
lisecond pulsars and from globular clusters (whose emis-
sion is believed to be dominated by millisecond pulsars)
appears to be not-insignificantly softer than that of the
gamma-ray excess observed from the Inner Galaxy. In
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any new signal is, in fact, the result of annihilating dark
matter.

There are significant reasons to conclude, however,
that the gamma-ray signal described in this paper is far
more likely to be a detection of dark matter than any
of the previously reported anomalies. Firstly, this signal
consists of a very large number of events, and has been
detected with overwhelming statistical significance. The
the excess consists of ⇠104 gamma rays per square meter,
per year above 1 GeV (from within 10� of the Galactic
Center). Not only does this large number of events en-
able us to conclude with confidence that the signal is
present, but it also allows us to determine its spectrum
and morphology in some detail. And as shown, the mea-
sured spectrum, angular distribution, and normalization
of this emission does indeed match well with that ex-
pected from annihilating dark matter particles.

Secondly, the gamma-ray signal from annihilating dark
matter can be calculated straightforwardly, and generally
depends on only a few unknown parameters. The mor-
phology of this signal, in particular, depends only on the
distribution of dark matter in the Inner Galaxy (as pa-
rameterized in our study by the inner slope, �). The
spectral shape of the signal depends only on the mass of
the dark matter particle and on what Standard Model
particles are produced in its annihilations. The Galac-
tic gamma-ray signal from dark matter can thus be pre-
dicted relatively simply, in contrast to, e.g., dark matter
searches using cosmic rays, where putative signals are
a↵ected by poorly constrained di↵usion and energy-loss
processes. In other words, for the gamma-ray signal at
hand, there are relatively few “knobs to turn”, making
it less likely that one would be able to mistakenly fit a
well-measured astrophysical signal with an annihilating
dark matter model.

Thirdly, we once again note that the signal described in
this study can be explained by a very simple dark matter
candidate, without any baroque or otherwise unexpected
features. After accounting for uncertainties in the overall
mass of the Milky Way’s dark matter halo profile [17],
our results favor dark matter particles with an annihi-
lation cross section of �v = (0.7 � 3.9) ⇥ 10�26 cm3/s
(for annihilations to bb̄, see Fig. 15). This range covers
the long predicted value that is required of a thermal
relic that freezes-out in the early universe with an abun-
dance equal to the measured cosmological dark matter
density (2.2⇥ 10�26 cm3/s). No substructure boost fac-
tors, Sommerfeld enhancements, or non-thermal histories
are required. Furthermore, it is not di�cult to construct
simple models in which a ⇠30-40 GeV particle annihi-
lates to quarks with the required cross section without
violating constraints from direct detection experiments,
colliders, or other indirect searches (for work related to
particle physics models capable of accommodating this
signal, see Refs. [62–74]).

And lastly, the dark matter interpretation of this signal
is strengthened by the absence of plausible or well moti-
vated alternatives. There is no reason to expect that any

di↵use astrophysical emission processes would exhibit ei-
ther the spectrum or the morphology of the observed
signal. In particular, the spherical symmetry of the ob-
served emission with respect to the Galactic Center does
not trace any combination of astrophysical components
(i.e. radiation, gas, dust, star formation, etc.), but does
follow the square of the anticipated dark matter density.

The astrophysical interpretation most often discussed
within the context of this signal is that it might originate
from a large population of unresolved millisecond pul-
sars. The millisecond pulsars observed within the Milky
Way are largely located either within globular clusters
or in or around the Galactic Disk (with an exponential
scale height of zs ⇠ 1 kpc [11, 75]). This pulsar popu-
lation would lead to a di↵use gamma-ray signal that is
highly elongated along the disk, and would be highly in-
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on the population of presently resolved gamma-ray mil-
lisecond pulsars, predicts a morphology for the di↵use
gamma-ray emission exhibiting an axis ratio of ⇠1-to-6.
Within 10� of the Galactic Center, this model predicts
that millisecond pulsars should account for ⇠1% of the
observed di↵use emission, and less than ⇠5-10% of the
signal described in this paper.

To evade this conclusion, however, one could contem-
plate an additional (and less constrained) millisecond
pulsar population associated with the Milky Way’s cen-
tral stellar cluster. This scenario can be motivated by
the fact that globular clusters are known to contain large
numbers of millisecond pulsars, presumably as a conse-
quence of their very high stellar densities. If our galaxy’s
central stellar cluster contains a large number of mil-
lisecond pulsars with an extremely concentrated distribu-
tion (with a number density that scales approximately as
n
MSP

/ r�2.4), those sources could plausibly account for
much of the gamma-ray excess observed within the inner
⇠1� around the Galactic Center [2, 4–7, 10]. It is much
more challenging, however, to imagine that millisecond
pulsars could account for the more extended component
of this excess, which we have shown to be present out
to at least ⇠10� from the Galactic Center. Expecta-
tions for the Inner Galaxy’s pulsar population are not
consistent with such an extended distribution. Further-
more, if the required number of millisecond pulsars were
present ⇠10� (⇠1.5 kpc) north or south of the Galactic
Center, a significant number of these sources would have
been resolved by Fermi and appeared within the 2FGL
catalog (assuming that the pulsars in question have a
similar luminosity function to other observed millisecond
pulsars) [11, 44, 75]. The lack of such resolved sources
strongly limits the abundance of millisecond pulsars in
the region of the Inner Galaxy. Furthermore, the shape
of the gamma-ray spectrum observed from resolved mil-
lisecond pulsars and from globular clusters (whose emis-
sion is believed to be dominated by millisecond pulsars)
appears to be not-insignificantly softer than that of the
gamma-ray excess observed from the Inner Galaxy. In

15

any new signal is, in fact, the result of annihilating dark
matter.

There are significant reasons to conclude, however,
that the gamma-ray signal described in this paper is far
more likely to be a detection of dark matter than any
of the previously reported anomalies. Firstly, this signal
consists of a very large number of events, and has been
detected with overwhelming statistical significance. The
the excess consists of ⇠104 gamma rays per square meter,
per year above 1 GeV (from within 10� of the Galactic
Center). Not only does this large number of events en-
able us to conclude with confidence that the signal is
present, but it also allows us to determine its spectrum
and morphology in some detail. And as shown, the mea-
sured spectrum, angular distribution, and normalization
of this emission does indeed match well with that ex-
pected from annihilating dark matter particles.

Secondly, the gamma-ray signal from annihilating dark
matter can be calculated straightforwardly, and generally
depends on only a few unknown parameters. The mor-
phology of this signal, in particular, depends only on the
distribution of dark matter in the Inner Galaxy (as pa-
rameterized in our study by the inner slope, �). The
spectral shape of the signal depends only on the mass of
the dark matter particle and on what Standard Model
particles are produced in its annihilations. The Galac-
tic gamma-ray signal from dark matter can thus be pre-
dicted relatively simply, in contrast to, e.g., dark matter
searches using cosmic rays, where putative signals are
a↵ected by poorly constrained di↵usion and energy-loss
processes. In other words, for the gamma-ray signal at
hand, there are relatively few “knobs to turn”, making
it less likely that one would be able to mistakenly fit a
well-measured astrophysical signal with an annihilating
dark matter model.

Thirdly, we once again note that the signal described in
this study can be explained by a very simple dark matter
candidate, without any baroque or otherwise unexpected
features. After accounting for uncertainties in the overall
mass of the Milky Way’s dark matter halo profile [17],
our results favor dark matter particles with an annihi-
lation cross section of �v = (0.7 � 3.9) ⇥ 10�26 cm3/s
(for annihilations to bb̄, see Fig. 15). This range covers
the long predicted value that is required of a thermal
relic that freezes-out in the early universe with an abun-
dance equal to the measured cosmological dark matter
density (2.2⇥ 10�26 cm3/s). No substructure boost fac-
tors, Sommerfeld enhancements, or non-thermal histories
are required. Furthermore, it is not di�cult to construct
simple models in which a ⇠30-40 GeV particle annihi-
lates to quarks with the required cross section without
violating constraints from direct detection experiments,
colliders, or other indirect searches (for work related to
particle physics models capable of accommodating this
signal, see Refs. [62–74]).

And lastly, the dark matter interpretation of this signal
is strengthened by the absence of plausible or well moti-
vated alternatives. There is no reason to expect that any

di↵use astrophysical emission processes would exhibit ei-
ther the spectrum or the morphology of the observed
signal. In particular, the spherical symmetry of the ob-
served emission with respect to the Galactic Center does
not trace any combination of astrophysical components
(i.e. radiation, gas, dust, star formation, etc.), but does
follow the square of the anticipated dark matter density.

The astrophysical interpretation most often discussed
within the context of this signal is that it might originate
from a large population of unresolved millisecond pul-
sars. The millisecond pulsars observed within the Milky
Way are largely located either within globular clusters
or in or around the Galactic Disk (with an exponential
scale height of zs ⇠ 1 kpc [11, 75]). This pulsar popu-
lation would lead to a di↵use gamma-ray signal that is
highly elongated along the disk, and would be highly in-
compatible with the constraints described in Sec. VI. For
example, the best-fit model of Ref. [75], which is based
on the population of presently resolved gamma-ray mil-
lisecond pulsars, predicts a morphology for the di↵use
gamma-ray emission exhibiting an axis ratio of ⇠1-to-6.
Within 10� of the Galactic Center, this model predicts
that millisecond pulsars should account for ⇠1% of the
observed di↵use emission, and less than ⇠5-10% of the
signal described in this paper.

To evade this conclusion, however, one could contem-
plate an additional (and less constrained) millisecond
pulsar population associated with the Milky Way’s cen-
tral stellar cluster. This scenario can be motivated by
the fact that globular clusters are known to contain large
numbers of millisecond pulsars, presumably as a conse-
quence of their very high stellar densities. If our galaxy’s
central stellar cluster contains a large number of mil-
lisecond pulsars with an extremely concentrated distribu-
tion (with a number density that scales approximately as
n
MSP

/ r�2.4), those sources could plausibly account for
much of the gamma-ray excess observed within the inner
⇠1� around the Galactic Center [2, 4–7, 10]. It is much
more challenging, however, to imagine that millisecond
pulsars could account for the more extended component
of this excess, which we have shown to be present out
to at least ⇠10� from the Galactic Center. Expecta-
tions for the Inner Galaxy’s pulsar population are not
consistent with such an extended distribution. Further-
more, if the required number of millisecond pulsars were
present ⇠10� (⇠1.5 kpc) north or south of the Galactic
Center, a significant number of these sources would have
been resolved by Fermi and appeared within the 2FGL
catalog (assuming that the pulsars in question have a
similar luminosity function to other observed millisecond
pulsars) [11, 44, 75]. The lack of such resolved sources
strongly limits the abundance of millisecond pulsars in
the region of the Inner Galaxy. Furthermore, the shape
of the gamma-ray spectrum observed from resolved mil-
lisecond pulsars and from globular clusters (whose emis-
sion is believed to be dominated by millisecond pulsars)
appears to be not-insignificantly softer than that of the
gamma-ray excess observed from the Inner Galaxy. In

not hard to make models ≠ not baroque
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Abstract

1 Introduction
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�
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b
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The recent flurry of activity related to future colliders draws on an extensive older literature; see, for instance,

refs. [1–4]. An early study of the GigaZ prospects for constraining stops, albeit only for restricted subsets of the
MSSM parameter space, appeared in ref. [5]. For the most part, in determining the expected accuracy achieved
by future colliders we will refer to recent review articles, working group reports, and studies for the ILC and TLEP,
to which we refer the reader for a more extensive bibliography of the years of studies that have led to the current
estimates [6–10].

While this work was in progress, the related paper [11] appeared. It is similar in blah but differs in blah.
Fix our conventions: v ⇡ 246 GeV, yt ⇡ 1.

2 Loop Effects of Natural SUSY

We would like to understand how e+e� colliders can constrain natural supersymmetric scenarios. Requiring a low
degree of fine tuning imposes upper bounds on the masses of higgsinos, stops, and gluinos due to their respective
tree-level, one-loop, and two-loop effects on electroweak symmetry breaking [12–17]. Because gluinos carry only
SU(3)c quantum numbers, their effect on lepton collider processes is generally at a higher loop order than the
effect of stops or higgsinos, which carry electroweak quantum numbers. Thus, we focus on understanding the
dominant corrections to the Standard Model effective Lagrangian from integrating out stops and higgsinos. We
assume that R-parity violation is small, in which case the leading corrections are always at one loop rather than

1

6

CMS sbottom, 8 TeV

CMS sbottom, 13 TeV, 20 fb-1

Mono-b , 8 TeV Projection

Mono-b , 13 TeV, 20 fb-1

CMS Higgs

1000500200 300150 700

0.2

0.5

1.0

2.0

ma HGeVL

g c
g b

gb = gc , Hc g5 cLH b g5 bL

CMS sbottom, 8 TeV

CMS sbottom, 13 TeV, 20 fb-1

Mono-b , 8 TeV Projection

Mono-b , 13 TeV, 20 fb-1

500200 300150 700
0.2

0.5

1.0

2.0

5.0

ma HGeVL
g c

g b

gc = 10 gb , Hc g5 cLH b g5 bL

FIG. 5: Parameter space for the pseudoscalar-mediated sce-
nario with constraints from the same searches and simulation
details described in Fig. 3. As with the axial-vector mediator,
scattering at direct-detection experiments through a b loop is
not constraining as the leading interaction is spin-dependent.
Here we also include a constraint from the CMS Higgs search
from [25]

which yield tree-level scalar and pseudoscalar mass-terms

m2
a = µ2

1 � µ2
2, (18)

m2
� = µ2

1 + µ2
2. (19)

These masses can be split, given a degeneracy of µ1 and
µ2. To quantify the necessary hierarchy, let ma = xm�,
where

x ⌘

s
(µ1 � µ2)(µ1 + µ2)

(µ2
1 + µ2

2)
. (20)

Thus, the splitting has to be tuned by a factor x2. For
large pseudoscalar mixings µv ⇠ ma ⇠ few hundred GeV,
the mass ratio ma/m� & 10 is required to evade LUX
bounds on �-mediated scattering. This corresponds to a
tuning of order x2 ⇠ 1%.

2. Vectorlike Quarks

It is also possible to induce the pseudoscalar couplings
in Eq (5) without extending the Higgs sector. Consider
the SM with an additional singlet pseudoscalar, a, and
three generations of vectorlike quarks,  i, with charge
(3, 2) 1
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under SU(3)c ⇥ SU(2)L ⇥ U(1)Y . Up to field re-

definitions, the most general renormalizable interactions
are

L � y1kia ̄k�
5Qi + y2kj ̄kHdjR + M ,k ̄k k , (21)

where H is the SM Higgs doublet. Integrating out  
yields the e↵ective interaction

Leff =
yij
M 

Q̄i�5djRHa ! yijvp
2M 

Q̄i�5djRa , (22)

where we define yij ⌘
P

k y1kiy
⇤
2kj . The e↵ective Yukawa

coupling must be aligned with the down-type Yukawa
matrix to avoid FCNCs.

Since v/
p

2 ⇡ 174 GeV, and with vectorlike quarks
with SM-sized couplings constrained by the LHC to
masses ⇠> 700 GeV [65, 66], requiring yij ⇠< 2 implies
an upper bound of the e↵ective yb . 0.5.

B. Vector and Axial-Vector Mediators

The simple models with vector or axial-vector media-
tors between dark matter and the SM are already under
considerable tension from collider searches and, in the
case of a vector mediator, direct-detection bounds. These
constraints involve only the minimal interaction; how-
ever, more complete models will typically feature cou-
plings between the (axial-)vector mediator and other SM
fields. For instance, vector and axial-vector currents cou-
ple to both left- and right-handed fermions, and since
left-handed bottom quarks are included in a weak doublet
with left-handed top quarks, a coupling to tops is gener-
ically expected as well. We consider vector and axial-
vector interactions that couple preferentially to third gen-
eration quarks; such couplings must align with the mass
eigenstates to avoid FCNCs, and there must be addi-
tional spectator fields to cancel anomalies. We defer
a discussion of such extra model-components, however,
and instead focus on how the constraints in Section IV
change if the (axial-)vector mediator additionally couples
to tops, since this is the most model-independent exten-
sion of the coupling to b-quarks in Eq. (3)-(4).

For mU,V & 350 GeV, the collider constraints from
sbottom and mono-b searches are modified; the decay
mode U, V ! tt̄ suppresses the DM production rate. For
gb = g�, this weakens all bounds on

p
g�gb by approxi-

mately
p

2. This does not qualitatively change our con-
clusions, although some regions of parameter space may
not be excluded until the 13 TeV running. For g� = 10gb,
however, there is no change in the bound because the me-
diator decays nearly always into ��̄.

Izaguirre, Krnjaic and Shuve; Ipek, McKeen,#
Nelson 2014
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while the other curves show projections of potential fu-
ture sensitivities. For clarity of presentation, we empha-
size the CMS sbottom search [61], which already con-
strains a large region of parameter space for several sce-
narios, though comparable sensitivity is achieved with
the corresponding ATLAS analysis [60]. The LHC is ex-
pected to have already put strong constraints on vector
and axial-vector interactions for a range of parameter
space that can explain the Fermi gamma-ray excess. In
the pseudoscalar scenario, however, the LHC constraints
on the UV completion of this operator are not expected
to robustly test the gamma-ray excess preferred param-
eter space.

In Figures 3, 4, and 5, we also show our estimated
sensitivity for 95% confidence level (CL) exclusion from
future sbottom searches at 13 TeV, assuming the same
selection criteria from the analysis at 8 TeV, with the
addition of an optimization over missing transverse en-
ergy, 6ET . The expected bounds that we draw at 13 TeV
assume a systematic uncertainty of 10%. At 20 fb�1,
the signal regions we consider are already systematics-
dominated, and longer running will not necessarily im-
prove the bounds.

We also show the sensitivity for 95% CL exclusion from
a mono-b + 6ET analysis proposed in [19] using the b-
tagging working point from the CMS sbottom search [61].
This analysis o↵ers more optimal coverage at high media-
tor masses, where the signal benefits from a hard radiated
jet whose recoil boosts the ��̄ system and consequently
enhances the missing energy spectrum [62].

In Figs. 3, 4 and 5, we show how the bounds compare
for g� = gb and g� = 10gb. As we show in Section V, the
gb coupling is typically smaller than the g� coupling. For
g� � gb, the bounds from LHC searches are weakened,
as the rate for radiating o↵ an on-shell mediator gets
smaller.

In summary, we find that LHC searches with b jets and
missing energy are excellent probes of interactions re-
sponsible for the GC excess, particularly for interactions
mediated by axial-vectors and vectors. In such scenarios,
most of the parameter space with mU,V > 2m� is already
excluded or will be in early 13 TeV running. However,
pseudoscalars currently evade all such constraints and
will be challenging to probe at 13 TeV with heavy flavor
+ DM searches.

V. BEYOND THE MINIMAL INTERACTION

A. Pseudoscalar Mediated Models

In this section, we study concrete models that give rise
to �̄� ! b̄b annihilation with pseudoscalar mediators.
Our emphasis is motivated both by the larger allowed pa-
rameter space that remains for this scenario, and the dif-
ficulty of constructing viable vector and axial-vector in-
teractions that give rise to appreciable annihilation rates.
Note that the interactions in Eq. (5) are not permitted
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FIG. 9: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A� on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.
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FIG. 2: Example diagrams for pp ! bb̄ ��̄. If kinematically
allowed, the dominant process is pp ! bb̄ (a ! ��̄) which
su↵ers less phase space suppression.

prior to electroweak symmetry breaking as the left- and
right-handed bottom quarks have di↵erent gauge charges.
Therefore, we generically find that g� � gb for a singlet
mediator, as the coupling to the visible sector is often ac-
companied by some source of suppression (mixing angles,
higher-dimensional operators, etc.).

1. Two-Higgs Doublet Model with a Singlet

A pseudoscalar with the interactions in Eq. (5) can
arise in a two-Higgs doublet model (2HDM) with an ad-
ditional complex-scalar singlet. Two-Higgs doublet mod-
els typically induce flavor-changing neutral currents (FC-
NCs) that are strongly constrained unless each set of
fermions couple predominantly to only one of the Higgs
doublets [63]. We consider a scenario analogous to [64],
where one of the Higgs doublets, which we refer to as
Hu, couples to the up-type quarks and the leptons, while
the other doublet, which we refer to as Hd, couples to
the down-type quarks. The Lagrangian for this scenario


