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EWPT Beyond the Standard Model

Baryon Number 
Violation

CP violation

Departure from 
thermal 
equilibrium

Sakharov Conditions: EW Theory

✔

✗

✗

Does not happen in the SM 
with mh > 80 GeV. The 
transition from the EW 
unbroken to the broken 

phase is cross-over. Need 
new particles which couple 
to the Higgs strongly to get 

strong 1st order PT



(Un)-Naturalness

Basic problem — top contributions to the high scale sensitivity 

hu hut

h h h h

t̃

t̃

h h

SM

NP

We need relatively light top-partners both in SUSY-like models and 
pNGB-higgs models  



EWPT Meets Naturalness

Because the naturalness problem is tightly connected to the 
Higgs physics, we would expect that lots of models, motivated 

by naturalness will have an impact on the EWPT. 

SUSY
folded SUSY
partial 
compositeness
twin Higgs

light stops
2HDM - extra Higgses
singlets in nMSSM

No obvious candidate.
Top partners?



1st order PT from 1-Loop Thermal 
Potential 
High-T approximation:
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potentially new 
quadratic term in h

potentially new cubic 
term in h

Cubic is often enough to trigger 1st order PT, but needed:

New particle with O(1) coupling to the higgs
The particle should be very light 



Obvious Consequences of the 1st 
order PT 

New light particle which couples strongly to the Higgs ⇒ 
Higgs couplings (BR, production X-section) might change:

If the new particles are EM-charged, they modify the 
effective coupling of the higgs to di-photons
If the new particles are colored, they modify the effective 
coupling to the gluons — dominant production mode
Even if they are completely sterile, they can modify the 
higgs wavefunction at the 1-loop level and trigger O(1%) 
corrections in the higgs to di-Z coupling — reasonable 
target for future colliders 



Stop-Catalyzed 1st order PT

h h h h

t̃

t̃

Yt2  coupling (neglecting tri-linear terms)

Needed for the 1st order PT:

Very light stop below 120 GeV
Large tan β ≳ 10
Mixing between the stops not too large 

Carena, Quiros, Wagner, 1996



Stop-Catalyzed Baryogenesis and 
the LHC — Light Stops

How can the light stop (≲ 120 GeV) 
decay?

3-body into b, W and neutralino
4-body: b, 2 quarks (lepton + neutrino) and 
neutralino
charm + neutralino
di-jets (RPV scenario)



Light Stops in 3- and 4-Body Decays
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the decay of the t̃
1

involves a virtual top quark (three-body decay), while in the region
m

˜t1 < mb+mW +m�̃0
1

it involves both a virtual top quark and a virtual W boson (four-body decay).
The m

˜t1
< 100 GeV region for the three-body decay mode is excluded by the search described in

ref. [38]. Furthermore, the m
˜t1

< 78 GeV region in the four-body scenario is excluded by the search
in ref. [144].

LSP; (4) each stop decays in a four-body process to a bottom quark, the LSP and two light

fermions; (5) the two stops decay independently either as described in (1) or in (2). In all

scenarios, R-parity is conserved and the LSP is assumed to be the �̃0

1

.

The results are in agreement with predictions from the Standard Model, and are thus

translated into 95% CL upper limits on the stop and �̃0

1

masses in various supersymmetric

scenarios. For models where the stop decays exclusively into a top quark and a �̃0

1

(scenario

(1) above), stop masses between 210 and 640 GeV are excluded for a massless LSP, and stop

masses around 550 GeV are excluded for LSP masses below 230GeV. Limits are also derived

in the three- and four-body scenarios. For scenarios where the stop decays exclusively into

a bottom quark and a �̃±
1

(scenario (2) above), the excluded stop and �̃0

1

masses depend

strongly on the mass of the �̃±
1

. For models where the mass of the �̃±
1

is twice that of

the LSP, stop masses up to 500 GeV are excluded for an LSP mass in the range of 100 to

150 GeV. For models in which the �̃±
1

mass is only 20 GeV above the LSP mass, stop masses
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between 240 and 600GeV are excluded for an LSP mass of 100 GeV. In scenarios where

only the t̃
1

! t�̃
0

1

and t̃
1

! b�̃
±
1

decay modes are allowed, the largest excluded stop mass

for an LSP mass of 100 GeV gradually increases from 530 GeV to 660 GeV as the branching

ratio for t̃
1

! t�̃
0

1

is increased from 0% to 100%. Using a limited set of pMSSM models,

the exclusion power is found to decrease with an increased branching ratio to decays other

than t̃
1

! t�̃
0

1

and t̃
1

! b�̃
±
1

. These results supersede and significantly extend previous

ATLAS limits.
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Decays into neutralino LSPDecays into chargino co-LSP

“Cracks” which are compatible w/ 1st order PT 



Light Stops: Charm + Neutralino
14 References
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Figure 7: Observed and expected ±1s limits on top squark production cross section on both
the (met, mec0 ) and (met, met � mec0 ) mass planes. The colour plot shows the observed production
cross section for each mass point.
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monojets c-tagging

Generally c-tagging selection performs better than monojets. The 
exclusion is not by orders of magnitude. Relaxing the assumption 

BR(stop➝c + neutralino) = 1 might open more room



Light Stops and RPV

1 Introduction

Supersymmetry (SUSY) is an extension of the Standard Model (SM) [1–9] that fundamentally relates
fermions and bosons. It is an especially alluring theoretical possibility given its potential to solve the
hierarchy problem [10–15] and to provide a dark matter candidate [16, 17]. Most searches for SUSY
focus on scenarios such as the minimal supersymmetric standard model (MSSM) [10,18–21] in which R-
parity is conserved (RPC) [22–29]. In these models, SUSY particles must be produced in pairs and decay
to the lightest supersymmetric particle (LSP), which is stable, and the risk of proton decay is avoided.
However, this requirement is not necessary, and with strong constraints now placed on standard RPC
SUSY scenarios by the Large Hadron Collider (LHC) experiments, it is important to expand the scope of
the SUSY search program to include R-parity-violating (RPV) scenarios. It is especially true for searches
involving scalar top (stop) with masses below 1 TeV, as in most natural SUSY scenarios [30, 31].

In RPV models, many of the experimental constraints placed on the MSSM in terms of the allowed para-
meter space of gluino (g̃) and squark (q̃) masses are relaxed. The reduced sensitivity of standard SUSY
searches to RPV scenarios is primarily due to the high missing transverse momentum requirements used
in the event selection common to many of those searches [32]. This choice is motivated by the assumed
presence of undetected LSPs. Consequently, the primary challenge in searches for RPV SUSY final states
is to identify suitable substitutes for the canonical large missing transverse momentum signature of RPC
SUSY. Common signatures used for RPV searches include resonant lepton pair production [33], exotic
decays of long-lived particles and displaced vertices [34–37], high lepton multiplicities [38,39], and high
jet multiplicity final states [40]. A recent ATLAS analysis also searched for stop pairs each decaying via
an RPV coupling to a lepton and a b-quark [41].
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Figure 1: (a) Diagram for the benchmark process considered for this analysis. The solid black lines represent
Standard Model particles, the dashed red lines represent the stops, and the blue vertices represent RPV vertices
labelled by the relevant coupling for this diagram. (b) Cross-section for direct t̃ pair production at the LHC center-
of-mass energy of

p
s = 8 TeV. The cross-section error is around 15%. [42]

The RPV component of the generic supersymmetric superpotential has three new Yukawa couplings that
control the decays of MSSM particles to their SM counterparts: �i jk ,� 0i jk ,�

00
i jk where i, j, k 2 1,2,3 are

generation indices. The generation indices will sometimes be omitted in the discussions that follow if the

2

This kind of stop poses a severe danger 
to baryon asymmetry: BNV might 
simply wash the asymmetry out 

(Dimopoulos, Hall, 1984; Barry, Graham, Rajendran, 2014). 

Cosmological safety ➞ small couplings ➞ displaced vertices

CMS dijet
ATLAS µ spect

LHC8 projection

charged stable

charge-stripped

ATLAS HCAL

t ! d s  (RPV)~ _ _

prompt paired
dijets

jet substructure
(projection)

FIG. 2: Recast constraints on displaced t̃ ! d̄j d̄k via baryonic RPV. Colored bands indicate

acceptance variations up/down by 1.5. The dot-dashed lines indicate contours of �00
312

, assumed to

be the only contributing RPV coupling. Prompt limits (dark gray) are from [70], and low-mass

search projections (light gray) are from [71]. They are conservatively cut o↵ at 1 mm.

has been estimated that a search based on jet substructure could also push down into the

lower-mass region currently not covered [71]. (For longer-term projections, also see [71] as

well as [72].) The only other available limits are when the stops are detector-stable, the

strongest (⇡ 900 GeV) coming from the CMS and ATLAS charged R-hadron searches [7, 8].

Figs. 2 and 3 show the regions of mass and lifetime for t̃ ! d̄j d̄k that have now been

excluded according to our recasts, taking the two extreme cases of only light-flavor decays

and only b̄b̄ decays. The sensitivity is dominated by the charged R-hadron and displaced

dijet searches, a pattern that will recur often in our colored sparticle limits. For both

models there is nearly complete coverage out to almost 1 TeV, with a notable weak-spot at

c⌧ ⇠ 10 m and of course much weaker limits for displacements ⇠< mm. This weakening at

low lifetimes is more pronounced for the b̄b̄ decays, partially because the CMS dijet search

is intrinsically less e�cient for heavy flavor decays due to the somewhat lower particle track

multiplicities, but also because of the conservative choice in our modeling of displaced vertex

reconstruction for b-jets, discussed in Section II B. At lower lifetimes, we have also indicated

the existing and projected prompt limits, applying a conservative sensitivity cuto↵ at 1 mm.

(There should still be sensitivity from prompt searches for longer lifetimes, but we do not

18

Liu, Tweedie, 2015

Prompt stops: excluded by Atlas up 
to 350 GeV if decay into one b-jet 
(boosted analysis). CMS excludes 

stops between 200 GeV and 350 GeV. 
There are still cracks…



Stop-Catalyzed Baryogenesis and 
the LHC — Precision Measurements 
In order to trigger 1st order EWPT the lightest stop mass was supposed 
to be lighter than 120 GeV (Carena, Quiros, Wagner; 1996). If we add an input 

mh = 125 GeV, we should demand stop below 110 GeV.
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Higgs at 125 GeV + 1st order EWPT ➞ the heavy stop is above 
100 TeV or the stops are heavily mixed

4

must occur below 400 GeV; this possibility is compre-
hensively ruled out by the LHC data. Given the gluino
bounds, a tuning of O(10�100) is required to accommo-
date such a light stop. Our philosophy in this paper is
to not be concerned about this; we would like to know
whether or not the stop-catalyzed EWB is in agreement
with the data, regardless of fine-tuning issues.

III. CONSTRAINTS FROM DIRECT
SEARCHES AND HIGGS MEASUREMENTS

First, we consider direct searches for stops at the LHC,
where the light stop in the 100 � 120 GeV mass range
would be copiously produced. The sensitivity of the
searches depends very strongly on the stop decay chan-
nels. There are two possible options, corresponding to
R-parity conserving and R-parity violating scenarios. In
the R-parity conserving framework a light stop can decay
into �̃0bW (⇤) via an o↵-shell top (and possibly also an o↵-
shell W ). Alternatively, in the mass range where 3-body
stop decay is prohibited, one can expect the decay mode
t̃ ! c�̃0 to compete with the four-body decay. All these
decay channels were studied by ATLAS and CMS collab-
orations. The three- and four-body decays are searched
for in monoleptonic channels [41, 42]. While most of the
parameter space is excluded, the bounds are discontinu-
ous, and become much weaker or even completely disap-
pear near the borderlines between three- and four-body
decays of the stop. Moreover, none of these searches is
optimized for the four-body decays, and the constraints
in this region are weak. This leaves a very light stop in
the ⇠ 100 GeV mass range still a viable possibility. The
searches for the stop decays in the two-body c�0 final
state [43, 44] are more decisive and exclude the stops be-
low the mass of ⇠ 200 GeV under the assumption that
the branching ration (BR) into this mode is 1. However,
the exact BRs in this part of parameter space depend on
the neutralino mixing angles, stop mixture, and possible
flavor violation in the scalar sector beyond MFV.4

Another possibility is R-parity violation (RPV). In this
case it is conceivable that the light stop is at the bottom
of the spectrum and decays directly into SM states. Of
course this possibility is excluded in the case of lepton-
number violation. Searching for light stops in the baryon-
number violating scenario, where the stop decays into
two jets, with or without b-tag, is more challenging.
However, recently CMS has excluded RPV stops below
200 GeV [46], rendering this option irrelevant for the
stop-catalyzed baryogenesis. Even stronger constraints
have been obtained from an ATLAS boosted search [47],
but they apply only for the b-tagged scenario.

4 It has recently been claimed in Ref. [45] that the light stop sce-
nario can be completely ruled out due to stoponium formation.
It would be interesting to see whether a dedicated analysis by
the experimental collaborations confirms this claim.

To summarize, while direct constrains have already
cornered the possibility of the light stops, the parame-
ter space is not yet completely closed and the constraints
are model-dependent. Therefore, we will now turn to
analyzing indirect constraints, which are more robust.
An important set of constraints on the light stop sce-

nario comes from the electroweak precision measure-
ments. Split scalar multiplets at the electroweak scale,
such as stops and bottoms in the presence of mixing, con-
tribute to the S and T parameters [48]. But the strongest
constraints currently come from the measurement of the
Higgs properties at the LHC. In particular, loops of very
light stops significantly modify the coupling of the Higgs
to the photons and gluons. If the additional Higgs bosons
of the 2HDM are not too heavy, Higgs-fermion couplings
can also be modified. In the decoupling approximation,
which is almost always true in the SUSY context, and
for moderately large tan� this e↵ect dominantly modi-
fies the Higgs couplings to the down-type quarks and the
taus [49].
Of course, the latter e↵ect can be easily circumvented

simply by decoupling the heavy Higgses. For example, if
the heavy Higgs masses are around 800 GeV, we expect
⇠ 3% correction to the h ! bb̄ rate, much too small to be
detected with the currently available data. On the other
hand, corrections to the couplings to photons and gluons
are much harder to address. The stop loop contribution
to the h�� and hgg couplings both scale in the small
mixing regime approximately as

ghgg/g
SM
hgg � 1 ⇡ 1

4

 
m2

t

m2
t̃1

+
m2

t

m2
t̃2

� m2
tX

2
t

m2
t̃1
m2

t̃2

!
. (4)

Without mixing, a 100 GeV stop produces an O(100%)
correction to the couplings, well beyond the 10 � 20%
level allowed by current LHC data. The only way to
cancel this correction is to turn on the mixing, which
e↵ectively suppresses the coupling of the light stop to
the Higgs. But this is in conflict with the requirements of
the EWB scenario, which requires a near-maximal stop-
Higgs coupling and therefore small mixing. As we will
see in Sec. V, this tension cannot be reconciled with the
current data.
Before proceeding, let us note that the constraints from

electroweak precision fits and the LHC Higgs measure-
ments largely overlap, pointing to the same region in the
stop parameter space [50–52]. In this region, called “fun-
nel regime” or “blind spot” in the literature, the shift in
the hgg/h�� couplings and the stop contribution to the
T parameter are both minimized. (The stop contribution
to the S parameter is small and plays a subdominant role
in the fits.) This occurs at approximately

sin(2✓) ⇡ 2mt

mt̃1 �mt̃2

or Xt ⇡ mt̃1 +mt̃2 . (5)

In the limit mt̃1 ⌧ mt̃2 , relevant for the stop-catalyzed
EWB, these conditions simply mean that the light stop
coupling to the Higgs vanishes, up to terms of order
(mt̃1/mt̃2)

2 (see Eq. (9) below).

Corrections to 
the couplings to 

gluons and 
photons:

Need Xt ∾ heavy stop mass to be in agreement with 
the higgs measurements



Stop-Catalyzed EWPT in the MSSM
Curtin, Jaiswal, Meade, 2012

Needed for MSSM stop-catalyzed 1st order EWPT: one very light 
stop (~100 GeV), one very heavy stop (~100 TeV).
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Figure 3: Exclusion plot of EWBG parameter space for mh = 125GeV, obtained by
combining the signal strength bounds from the various ATLAS and CMS Higgs searches
(not Tevatron) as outlined in Section 5.1. The smallest exclusion at mA ⇡ 300GeV, mt̃R =
115GeV is 97.2%, which increases to 98.5% if we enforce the decoupling limit (mA > 1TeV).

The Higgs signal in the various channels depends only very weakly on tan �, since our
parameterization takes mh as a low-energy input and tan � can not be large for successful
EWBG. Therefore, for a given Higgs mass, the parameter space of EWBG in the MSSM is
the (mA,mt̃R) plane. Once the Higgs mass is determined this will be the relevant parameter
space to exclude.

After taking into account theory error and the small amount of tan � dependence, each
point in the (mA,mt̃R) plane maps to a range of signal strength vectors (µ��, µ��VBF⇤ , . . .),
which constitute the range of experimental predictions for this parameter point. Maximizing
the signal strength likelihood function L(µ��, µ��VBF⇤ , . . .), which is obtained from experimen-
tal data, over the range of allowed signal strength vectors gives the exclusion for this point in
the (mA,mt̃R) plane. Unfortunately the signal strength likelihood function L is not directly
available. However, we can obtain a passable approximation by first assuming that the sepa-
rate searches are independent, and then using the 1-� best-fit bounds on the separate signal
strengths to obtain gaussian approximations for Li(µi) (taking into account asymmetric er-
ror bars where appropriate). Normalizing logL =

P
i Li(µi) to have a maximum value of

zero, we obtain the desired likelihood function.
In Fig. 3 we show the exclusion across EWBG parameter space, obtained by combining

ATLAS and CMS data for mh = 125GeV. The entire parameter space is excluded at the
97.2 % CL (98.5 % if we enforce the decoupling limit). The least excluded points are at
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Questions to address:
The higgs measurements have improved 

a lot since 2012. Do we still have less 
robust exclusions in the decoupling 

limit?
What happens if we relax the condition 

on the heavy stop mass (beyond 
MSSM)? 

How far away can we go beyond the pure 
RH stop limit?



Going Beyond the MSSM
MSSM severely constraints the SM-like higgs mass. We have good 

motivation to abandon these constraints:
New terms in the effective 2-higgs potential are easy to get from new F- or 
D-terms at the TeV scale. Assume new particles at 1…3 TeV scale — no 
direct impact on EWPT
These new terms can be parametrize as small hard SUSY breaking terms at 
100 GeV scale — strong impact on the SM-higgs mass
Departure from MSSM is strongly motivated by naturalness 
considerations

2 Tree-level fine-tuning

The most general renormalizable potential for the two Higgs doublets Hu and Hd is [23–25]:

V (Hu, Hd) = M2
u

��Hu

��2+M2
d

��Hd

��2+ �bHu ·Hd + h.c.
�
+

1
4
�1

��Hu

��4+�2H†
uHu
�
Hu ·Hd + h.c.
�

+�3

��Hu

��2 ��Hd

��2+ 1
2
�4
�
Hu ·Hd + h.c.
�2+�5

��Hu ·Hd

��2

+�6H†
d Hd
�
Hu ·Hd + h.c.
�
+

1
4
�7

��Hd

��4 . (1)

Here Hu · Hd denotes the SU(2)-invariant contraction with an antisymmetric " symbol. One
may be tempted to write another term (H†

d Hu)(H†
uHd), but this is just the linear combination��Hu

��2 ��Hd

��2� ��Hu ·Hd

��2 and can be absorbed into �3 and �5. For simplicity we use the notation
M2

u ⌘
��µ
��2+m2

Hu
and M2

d ⌘
��µ
��2+m2

Hd
. In the MSSM, the nonzero tree-level quartic couplings

are:

�1 = �7 =
g2+ g 02

2
; �3 =

g2� g 02

4
; �5 = � g2

2
. (2)

However, in the MSSM at tree level the Higgs mass is always smaller than the measured value,
so we must raise it. For the most part, in this paper, we will simply assume that the Higgs
mass is lifted by a new, hard SUSY-breaking contribution to one of the quartic couplings �i,
and that beyond-MSSM physics otherwise does not affect the Higgs potential. The new term
could arise from new F -terms in higher-dimension operators [19, 26] or from nondecoupling
D-terms from new gauge groups [17,27,28].

In some cases, the detailed physics lifting the Higgs mass will also affect Higgs properties
in more significant ways, e.g. when mixing with a singlet [20, 29–31] or triplet [19, 32] is
important. We will not consider these models in detail, but we expect that although they may
provide further experimental search channels they will not alter the basic conclusion about
whether decoupling the heavy Higgs bosons is natural.

In this section we will focus on the quartic couplings �1

��Hu

��4 and �5

��Hu ·Hd

��2, which we
view as well-motivated possibilities. We will not discuss the other cases, but a similar exercise
can be carried out for all of them. The quartics �6 and �7 have effects only at small tan� ,
which is disfavored because it requires a very large top Yukawa coupling. The couplings �3
and �4 have a similar effect to �5, since they involve two up-type Higgs bosons and two down-
type Higgs bosons. The coupling �2 is an interesting intermediate case, favoring moderate
tan� , but we don’t know of a model in which in dominates.

2.1 Reminder: EWSB and tuning in the tree-level MSSM

Given the potential in eq. (1), we can vary with respect to the VEVs of H0
u and H0

d to obtain
the conditions for an electroweak symmetry breaking vacuum of VEV v. These equations, for

3

Compatible 
with new F- 

and D-terms at 
the TeV scale
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Here Hu · Hd denotes the SU(2)-invariant contraction with an antisymmetric " symbol. One
may be tempted to write another term (H†

d Hu)(H†
uHd), but this is just the linear combination��Hu

��2 ��Hd

��2� ��Hu ·Hd

��2 and can be absorbed into �3 and �5. For simplicity we use the notation
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u ⌘
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However, in the MSSM at tree level the Higgs mass is always smaller than the measured value,
so we must raise it. For the most part, in this paper, we will simply assume that the Higgs
mass is lifted by a new, hard SUSY-breaking contribution to one of the quartic couplings �i,
and that beyond-MSSM physics otherwise does not affect the Higgs potential. The new term
could arise from new F -terms in higher-dimension operators [19, 26] or from nondecoupling
D-terms from new gauge groups [17,27,28].

In some cases, the detailed physics lifting the Higgs mass will also affect Higgs properties
in more significant ways, e.g. when mixing with a singlet [20, 29–31] or triplet [19, 32] is
important. We will not consider these models in detail, but we expect that although they may
provide further experimental search channels they will not alter the basic conclusion about
whether decoupling the heavy Higgs bosons is natural.

In this section we will focus on the quartic couplings �1

��Hu

��4 and �5

��Hu ·Hd

��2, which we
view as well-motivated possibilities. We will not discuss the other cases, but a similar exercise
can be carried out for all of them. The quartics �6 and �7 have effects only at small tan� ,
which is disfavored because it requires a very large top Yukawa coupling. The couplings �3
and �4 have a similar effect to �5, since they involve two up-type Higgs bosons and two down-
type Higgs bosons. The coupling �2 is an interesting intermediate case, favoring moderate
tan� , but we don’t know of a model in which in dominates.

2.1 Reminder: EWSB and tuning in the tree-level MSSM

Given the potential in eq. (1), we can vary with respect to the VEVs of H0
u and H0

d to obtain
the conditions for an electroweak symmetry breaking vacuum of VEV v. These equations, for
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Figure 1: Contours of lifted Higgs mass when adding a new
��Hu

��4 quartic coupling ��1, for two
different choices of mA. As expected from eq. (10), the dependence on mA is small. For large tan� we
need ��1 ⇡ 0.24 to lift the Higgs mass.

From this we can see that if m2
A � m2

h, the theory becomes very fine-tuned unless sin(2�) is
small, which happens in the tan� � 1 limit. We explicitly illustrate this point in Fig. 2 where
we plot the contours of fine tuning as a function of mA and tan� . The precise value of ��1 on
this plot is set by demanding mh = 125 GeV.

As expected, one gets very low fine tuning for very large values of tan� . Even now the
large tan� region can be partially explored by the LHC, due to a robust H0, A0! ⌧+⌧� decay
mode which can be directly probed. In Fig. 2 we show a green region, which has been directly
excluded by the CMS search [39] for H0 ! ⌧+⌧�. We anticipate that much more significant
gains will be made by LHC14.

However, another important constraint on the large tan� region comes from the measure-
ment of the flavor-violating decay b! s�, which we will explore in detail in Section 3. There
we will find that, for very low-scale SUSY breaking (mediated at ⇤ = 10 TeV), one can accom-
modate tan� ⇡ 30 if one allows a factor of 10 tuning in the stop sector. (Indirect constraints
from Higgs decays already force us to accept a minimum factor of about 5 tuning in the stop
sector [34].) Using the formula above, we find that if we allow at most an additional factor
of 10 tuning in EWSB, for a combined 1% tuning, we have mA ⇠< 8.4 TeV. Probing such large
values of mA will require future hadron colliders, more powerful than the LHC. On the other
hand, we will find in Section 3.3 that with even a slightly higher mediation scale ⇤ = 30 TeV
the bound from b ! s� becomes notably stronger: tan� ⇠< 10. In this case, allowing for at
most an additional factor of 10 tuning in EWSB implies mA ⇠< 2.8 TeV. If we view the factor
of 10 tuning in the stop sector as already deviating from naturalness, and want to ask for no
additional tuning in EWSB, we have the stronger condition mA ⇠< 0.9 TeV. Furthermore, higher
mediation scales only strengthen the tan� upper bound from b! s�, so although parts of the
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Figure 3: Contours of lifted Higgs mass when adding a new
��Hu ·Hd

��2 quartic coupling ��5, for two
different choices of mA. Only moderate tan� values are allowed by 125 GeV Higgs.

The tuning measure in this case is:
�����
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Again, this expression simplifies in the limit m2
A� m2

h, m2
Z , choosing ��5 to fix the Higgs mass

m2
h as in eq. (14):
�����
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�
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�

4m2
h

+ O (m2
Z ,h/m

2
A). (16)

This suggests that �5 extension is typically fine tuned, since it is not easy to find a per-
turbative ��5 for a light pseudo-scalar A. We show this point explicitly in Fig 4. Most of the
solutions for ��5 are already fine tuned, and those which are technically not fine tuned require
very large values of ��5. The region with order-one values of ��5 and low fine-tuning has
mA ⇠< 1 TeV, so the heavy Higgs bosons may be accessible at the LHC.

3 How large can tan� be in natural SUSY?

The role of b! s� in natural SUSY was recently emphasized in Ref. [22,41,42]. The process
receives multiple contributions in supersymmetric theories that involve an insertion of the VEV

9

Further consider the first coefficient as the most promising scenario.

Relatively small 
additional coefficient 

needed
Needed almost NP 

new term unless tan 
beta is too small for 

1st order EWPT



Stop-Catalyzed 1st Order EWPT 
w/o MSSM Constraints AK, Perelstein, Ramsey-Musolf. 

Winslow, 2015

In the decoupling limit the constraints are coming from the hgg 
and hɣɣ couplings. 
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IV. ELECTROWEAK PHASE TRANSITION

The viability of EWB requires that the EWPT be
su�ciently strong, that is, that the rate for baryon
number changing sphaleron transitions inside the bro-
ken phase, �sph, be slow enough to avoid washout of
the baryon asymmetry. The rate �sph is proportional
to exp(�Esph/T ), where Esph is the sphaleron energy at
temperature T . The transition proceeds when T is below
the bubble nucleation temperature, TN , which is gener-
ally just below the critical temperature Tc. The larger
the magnitude of Esph/TN , the more e↵ective will be the
baryon asymmetry preservation in the broken phase.

In the context of perturbation theory, the computation
of �sph entails considerable conceptual and theoretical
challenges [53, 54]. A particularly vexing one is mainte-
nance of gauge-invariance. Loops containing gauge sec-
tor degrees of freedom (gauge bosons, unphysical scalars,
Fadeev-Popov ghosts) introduce gauge-dependence into
the finite temperature e↵ective action, Se↵(T ). Obtain-
ing a gauge-invariant estimate of �sph at Tc is possi-
ble [53], but doing so requires a level of care not typically
followed in previous literature.

Here we adopt a strategy that can be appropriate for
the MSSM and other scenarios wherein gauge degrees of
freedom play a subdominant role in generating the bar-
rier between the symmetric and broken vacua. Specifi-
cally, we truncate the one-loop e↵ective potential Ve↵(T )
at second order in the electroweak gauge couplings g and
g0 while retaining while retaining terms to all orders in
the top-quark Yukawa coupling, yt. Doing so eliminates
the gauge-dependence that first arises at O(g3) and that
comes in tandem with the gauge-loop contribution to the
barrier between the symmetric and broken-phase vacua.
At the same time, it retains the gauge-invariant stop con-
tributions to the barrier that enter first at O(y3t ) and that
intuition tells us should dominate the phase transition
dynamics.

This intuition is based on the stop contribution to the
daisy resummation term in Ve↵(T ):

�V t̃
daisy(T ) = �2NCT

12⇡

X

i=1,2

⇥
Mt̃i(h, T )

3 �Mt̃i(h)
3
⇤
, (6)

where NC is the number of colors, “h” generically de-
notes the vacuum expectation values of the two neutral
doublet Higgses, Mt̃i(h) is the zero-temperature mass of
stop eigenstate ti and Mt̃i(h, T ) is the corresponding fi-
nite temperature mass. When the lighter eigenstate is
essentially the right-handed stop, one has [13]

Mt̃1(h, T )
2 � y2t h

2
u

 
1� X2

t

m2
Q

!
+m2

U +⇧t̃1(T ), (7)

wheremQ andmU are the left- and right-handed stop soft
mass parameters, respectively, and ⇧t̃1(T ) is the one-loop
thermal contribution to the stop mass-squared. Choos-
ing m2

U ⇡ �⇧t̃1(T ) mitigates the screening of the stop

contribution due to the daisy resummation. The result-
ing approximate �Th3

u term in the potential increases
the barrier between broken and unbroken vacua, lowers
Tc, and increases the ratio Esph/T as needed for baryon
number preservation[13]. For T ⇠ 100 GeV, this choice
leads to a lightest stop mass on the order of 100 GeV.
Note that the coe�cient of the stop-induced �Th3

u term
is enhanced by 2NCy3t . The gauge sector contributions,
which are not included due to our truncation, carry no
such enhancement.
The requirements for e↵ective baryon number preser-

vation follow from solving the sphaleron equations of mo-
tion and computing Esph. We observe that a consistent,
non-trivial solution of these equations requires retain-
ing gauge contributions to at least O(g2) since the Higgs
quartic self-couplings that enter the tree-level potential
are O(g2) as is the coupling between the gauge field and
Higgs profile functions[55]. In the present set-up, we for-
mally retain all O(g2) contributions, but include none
at higher order in g so as to maintain gauge invariance
and consistency of the sphaleron equations of motion. In
practice, for simplicity of numerical analysis we have not
included the electroweak gauge boson contributions to
the thermal masses that are also second order in g. We
have estimated that doing so would result in shifts in the
crucial quantity ⇠, defined in Eq. (8), by no more than
10%, leaving our conclusions una↵ected.
The resulting baryon number preservation criterion

can be expressed as a condition on the ratio[56]

⇠ ⌘ v(Tc)

Tc
& 1 , (8)

where v(Tc) is the value of h(T ) that minimizes Ve↵(T ) at
the critical temperature. As discussed in Ref. [53], there
exist numerous sources of uncertainty in this condition,
including the duration of the phase transition, the value
of the baryon asymmetry at the start of the transition,
the computation of the sphaleron fluctuation determi-
nant, the origin of the unstable mode of the sphaleron,
and neglected higher order loops [54, 57, 58]. Conse-
quently, the precise numerical results should be taken
with a grain of salt. Nevertheless, we believe that our
qualitative conclusions will not be altered, even taking
into account significant uncertainties associated with the
use of perturbation theory to analyze the phase transi-
tion dynamics. To that end, we will show on our plots
the contours of ⇠ = 0.5 and ⇠ = 0 (corresponding to
the absence of a first order transition) to illustrate the
potential impact of these uncertainties.

V. RESULTS

We performed a numerical scan over the four-
dimensional parameter space outlined in sec. II. For each
point in the scan, we evaluated consistency with the ex-
perimental constraints by performing a fit to the LHC
Higgs measurements, using the data set and the fitting

Increase of mixing suppresses the effective 
coupling



Variations: Invisible Rate, Non-
Decoupling
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2HDM non-decoupling limit 
suggest deviations in the down 
type sector. Other couplings are 
suppressed by 4 powers of mA

Additional invisible width (e.g. into light 
neutralinos) alleviates the problem with gg 
but only makes it worse with di-photons. 

The overall fit does not get better



Uncolored Stops (“Folded SUSY”)

The idea of the 1st order PT here is very similar to the standard SUSY, except that:

Folded stops (and folded quarks in general) are not colored under our SU(3), they 
are colored under a different, hidden color
Folded stops are charged under EW force, and therefore contribute to hɣɣ but do 
not contribute to hgg. 
Colored under different group ➾ uncolored production, quirk constraints apply

Disclaimer:
“Folded SUSY” in not SUSY. It is a theory where the cancellation 

between the tops and top-partner loops proceed as in SUSY, but the 
symmetry is guaranteed by the fact, that the daughter theory on the 

orbifold inherits the symmetries of the mother theory.

Burdman, Chacko, Harnik, Goh, 2005



Constraints on Folded-Stops 
Triggered 1st Order EWPT AK and Knapen, 

unpublished
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Removing the constraints from the hgg clearly helps, but not enough! 
For the LH folded stop the EWPM constraints are more important than 
higgs precisions. Can maybe reconciled in non-decoupling regime or 

with higgs invisible decays?



Conclusions

Stop-catalyzed baryogenesis is dead (w/o new 
light particles)

Very hard to accommodate 1st order PT on 
“folded SUSY”, but maybe non-minimal 
scenarios can work

Scenarios with additional light particles (nMSSM, 
new triplets) are still wide open, hunt for the 1st 
order EWPT and Naturalness is ongoing… 


