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Outline

• The missing answers in the Standard Model; the theory landscape evolving 
with the LHC

• Supersymmetry and Dark Matter basics
• All we can achieve within Supersymmetry with minimal particle content:
     è The Minimal Supersymmetric Standard Model ((MSSM)
     The MSSM SM-like Higgs 
     The MSSM WIMP miracle 

     The muon g-2 anomaly?
     Searching for Dark Matter and electroweakinos in the compressed mass        

     region at the LHC: a new channel via radiative decays
•  Outlook on SUSY
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• Why Electroweak Symmetry Breaking occurs? 
    What is the history of the Electroweak Phase Transition ?
• The reason for the Hierarchy in Fermion Masses and their Flavor Structure
• The Nature of Dark Matter
• The origin of the Matter-Antimatter Asymmetry
• The generation of Neutrino Masses
• The cause of the Universe’s accelerated expansion - Dark Energy
• What are the quantum properties of Gravity?
• What caused Cosmic Inflation after the Big Bang?

A lot of Particle Physics is Missing in the Standard Model

The SM is silent about all the above BUT,
LHC data could provide decisive clues to help us decipher many of these mysteries
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Particle theorist’s view of the road ahead: @LHC start in 2009
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Supersymmetry Higgs Boson

Strong Dynamics
Extra Dimensions Dark Matter

New Forces



Particle theorist’s view of the road ahead: @LHC RUN 3 in 2023

Dark Matter ?
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A few Words on SUSY theories’ good features
• Unification of couplings
• SUSY Algebra à Quantum gravity?
• Radiative Electroweak Symmetry Breaking
• An elementary Higgs boson with corrections to its mass 

screened at the scale of SUSY breaking

• Requires at least 2 Higgs Doublets and can easily
     accommodate more additional Higgs-like particles

• Extended Higgs sectors, plus other particles, can affect       
the history of EWSB and provide new possible sources        
of CP violation which may facilitate baryogenesis at the 
electroweak scale

• If R-Parity is conserved, the Lightest SUSY Particle is a good 
Dark Matter candidate; it can be searched for at the LHC via 
MET signals; together with other possible SUSY partners  
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Consequences of SUSY

Unification
SUSY Algebra

Quantum Gravity ?

Electroweak Symmetry Breaking

{Q↵, Q̄↵̇} = 2�µ
↵↵̇Pµ

[Q↵, Pµ] = [Q̄↵̇, Pµ] = 0

If R-Parity is Conserved the Lightest SUSY
particle is a good Dark Matter candidate
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A few words on Dark Matter

Thermal Equilibrium in the early Universe narrows the viable Dark Matter mass range
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Thermal Equilibrium
Advantage #2: Narrows Mass Range

mDM

⇠ 100M�⇠ 10�20 eV

too hot too much
< 10 keV > 100 TeVGeV mZMeV

nonthermal nonthermal

mPl ⇠ 1019 GeV

“WIMPs”
Direct Detection (Alan Robinson)
Indirect Detection (Alex Drlica-Wagner)
Colliders (Yang Bai)

{Light DM {
18

< MeV

Thermal Equilibrium
Advantage #3: Narrows Viable Mass Range

 ~ 1985, natural starting point 

Neff  / BBN

right after  W&Z discoveries 
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• SUSY provides viable WIMP DM

• SUSY WIMPs are a mixture of fermionic supersymmetric-partners of the SM EW 
gauge bosons (electroweakinos) and extended Higgs sectors (higgsinos)

WIMPs: weak scale size masses and      
couplings roughly consistent with ΩDM 

Kolb and Turner

Dark Matter as a Big Bang Relic

Weak scale size masses and couplings roughly consistent with  ΩDM

19 May 14 Feng 4

• The relation between ΩX and 
annihilation strength is 
wonderfully simple:

• mX ~ 100 GeV, gX ~ 0.6 Æ ΩX ~ 0.1

• Remarkable coincidence: particle physics independently 
predicts particles with the right density to be dark matter

X

X

q

q
_

THE WIMP MIRACLE
Kolb and Turner

The Early Universe

WIMPS
24

Existing LHC searches and constraints on MSSM

Electroweak sector

Neutralinos (�̃0

1, �̃
0

2, �̃
0
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0

4)=mass eigenstates of ( eB, fW 0, eH0

u , eH0

d ).

Charginos (�̃±
1
, �̃±

2
)=mass eigenstates of (fW±, eH±

u/d).

Exclusion limits obtained from the combination of searches targeting the scenario where �̃0

2
and

�̃±
1

are Wino-like and �̃0

1
is Bino-like. The (±) signs indicate either a positive or negative

product of the two signed neutralino eigenmass values. [ATLAS and CMS, ICHEP 2022]
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FIG. 7. The 90% confidence limit (black line) and uncer-
tainty bands (gray) coming from xenon nuclear correction
factors for the spin-dependent WIMP-proton cross section
vs. WIMP mass using the median of the nuclear structure fac-
tors from [88] and range across [86, 88, 89]. Also shown are the
PICO-60 [24], PandaX-II [90], LUX [91], and XENON1T [92]
limits. A similar uncertainty band as shown on this result
applies to the other Xe-based limits.

FIG. 8. The 90% confidence limit (black line) and uncer-
tainty bands (gray) coming from xenon nuclear correction
factors for the spin-dependent WIMP-proton cross section
vs. WIMP mass using the median of the nuclear structure fac-
tors from [88] and range across [86, 88, 89]. Also shown are the
PICO-60 [24], PandaX-II [90], LUX [91], and XENON1T [92]
limits. A similar uncertainty band as shown on this result
applies to the other Xe-based limits. The PICO-60 result re-
lies on WIMP-scattering on the spin of the unpaired proton
of 19F with minimal uncertainty.
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Already probing the Higgs Portal/s
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Current experiments are probing Higgs-exchange regime

Depending on the DM 
interactions, different 

experiments can set the 
most stringent limits 

Spin Independent
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Marching down to the Neutrino Floor
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FIG. 3. DM search data in the cS1-cS2 space. Each event is
represented with a pie-chart, showing the fraction of the best-
fit model including a 200GeV/c2 WIMP (orange) evaluated
at the position of the event. The size of the pie-charts is pro-
portional to the signal model at that position. Background
probability density distributions are shown as 1� (dark) and
2� (light) regions as indicated in the legend for ER (blue), AC
(purple) and surface (green, “wall”). The neutron background
(yellow in pies) has a similar distribution to the WIMP (or-
ange filled area showing the 2� region). The orange dashed
contour contains a signal-like region which is constructed to
contain 50% of a 200GeV/c2 WIMP signal with the highest
possible signal-to-noise ratio.

fit based on events found below the blinded region. cS1
and cS2 are modeled using a kernel density estimation
derived from events reconstructed outside of the TPC.
The wall model is validated using the unblinded WIMP
region outside of the FV as a sideband. The expected
values for both backgrounds are summarized in Table I
and their distributions in the (cS1, cS2) space are shown
in Figure 3.

The statistical analysis of the WIMP search data
uses toy MC simulations of the experiment to calibrate
the distribution of a log-likelihood-ratio test statistic as
in [31, 36]. Four terms make up the likelihood: two
search-data terms for events near and far from the trans-
verse wires, an ER calibration term and a term repre-
senting ancillary measurements of parameters. The first
three are extended unbinned likelihoods in cS1, cS2, as
well as R for the first term. All three terms have the
same form as equation (21) in [31]. The two search-data
likelihoods include components for the ER, AC, surface,
CE⌫NS and radiogenic neutron backgrounds, as well as
the WIMP signal. The 220Rn calibration term includes
the ER model as well as an AC component. The expected
number of events for each component is a nuisance pa-
rameter in the likelihood. In addition, two shape param-
eters for the ER model are included, and a parameter
representing the uncertain signal expectation for a given

FIG. 4. Upper limit on spin-independent WIMP-nucleon
cross section at 90% confidence level (full black line) as a func-
tion of the WIMP mass. A power-constraint is applied to the
limit to restrict it at or above the median unconstrained upper
limit. The dashed lines show the upper limit without a power-
constraint applied. The 1� (green) and 2� (yellow) sensitiv-
ity bands are shown as shaded regions, with lighter colors
indicating the range of possible downwards fluctuations. The
result from XENON1T [3] is shown in blue with the same
power-constraint applied. At masses above �100GeV/c2, the
limit scales with mass as indicated with the extrapolation for-
mula.

cross section. The ancillary measurement term includes
Gaussians representing the measurements constraining
the AC, radiogenic, surface and CE⌫NS rates, and the
uncertain signal expectation.
The signal NR spectrum is modeled with the Helm

form factor for the nuclear cross section [37], and a stan-
dard halo model with parameters fixed to the recommen-
dations of [36]. The main change from previous XENON
publications is an updated local standard of rest velocity
of 238 km/s [38, 39]. The NR model fit to calibration
data is used to construct a model for the signal in cS1
and cS2.
After unblinding, the ROI contains 152 events, 16 of

which were in the blinded WIMP region. The data is
shown in Figure 3, and the best-fit expectation values
are in Table I. The binned GOF test indicates no large-
scale mismodelling (p = 0.63). At high cS1, ' 50PE,
we observe more events which are consistent with ER
events than our model or calibration data predicts, in
particular between cS1s of 50PE and 75PE. Of the 16
former blinded events, 13 are found in the upper right
half of the horizontal event distribution, with no correla-
tion with the transverse wires observed (see Figure A.3).
The 220Rn, 83mKr and 37Ar calibration datasets do not
exhibit any asymmetry, nor is any seen in the acceptances
evaluated in the X,Y plane for any of the applied cuts.
The WIMP discovery p-value indicates no signifi-

2303.14729

2207.03764

2207.03764

In the MSSM



The Higgs boson as a tool for SUSY theory exploration 
MSSM Guidance:
• the lightest Higgs-boson mass depends strongly on mA, tanβ = vu/vd  and mtop

• It also depends logarithmically on the averaged stop mass scale MSUSY and has a 
quadratic and quartic dep. on the stop mixing parameter Xt. 

      [and on sbottom/stau sectors for large tan beta] 
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Lightest SM-like Higgs mass strongly depends on:

* CP-odd Higgs mass mA                          * tan beta                           *the top quark mass 
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* the stop masses and mixing

Mh depends logarithmically on the averaged stop mass scale MSUSY  and has a quadratic and  
quartic dep. on the stop mixing parameter  Xt. [and on sbottom/stau sectors for large tan beta] 
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Stop Searches :

For moderate to large values of tan beta and large non-standard Higgs masses 

Stop masses above 
about 1 TeV yield the 
measured Higgs mass

MSSM Guidance:
Stop Masses above about 1 TeV lead to the right Higgs Masss

FIG. 7. As in Fig. 6, with mA = MS , t� = 20, Ab = A⌧ = MS , and µ = M1 = M2 = MS .

quartic couplings are resummed in order to increase the accuracy of the results at large

values of MS [54, 55].

In Fig. 8, we present the comparison of our results with the hMSSM approximation for

sizable values of µ̂ = 2 and values of bXt = �1.5 and bXt = 2.8, away from maximal mixing,

for which the hMSSM results are expected to show a worse approximation to the correct

results than for low values of µ at moderate or large values of t�. The results of our compu-

tation for the mixing angle ↵ and the heavy CP -even Higgs mass are presented in the left

and right panels with red dotted lines, while the blue lines represent the relative and abso-

lute di↵erences of these quantities with the ones computed in the hMSSM approximation.

We present our results for MS = 5 TeV, for which the correct values of the Higgs mass,

represented by black solid, dashed and dotted lines, may only be obtained for moderate to

large values of t� in this region of parameters. Di↵erences in ↵ of the order of 10%–20%

are obtained for moderate values of t� and values of the heavy CP -even Higgs bosons of

the order of the weak scale. Since the mixing angle controls the coupling of the lightest

CP -even Higgs boson to fermions and gauge bosons, relevant modifications of the Higgs

phenomenology are expected in this region of parameters. Similarly, the heavy CP -even

Higgs boson mass may be a↵ected by values of a few to 10 GeV in this region of parameters.

In Fig. 9, we present in the upper panels similar results but for bXt = 2.8 and large values

of MS = 100 TeV for which lower values of t� ' 4 are required to obtain the correct Higgs

masses. We see that in this case, in the relevant region of parameters, the agreement is

improved compared to the large t� case, with di↵erences in ↵ of the order of a few percent

23

FIG. 6. Mh vs bXt for mA = (200, 500) GeV in the (left, right) columns, t� = (2, 20) in the (top,

bottom) rows, Ab = A⌧ = MS , and µ = M1 = M2 = 200 GeV. The four curves are for MS values of

1, 2, 5, 10 TeV from bottom to top. The vertical grey dashed line indicates the value at the one-loop

maximal mixing value bXt =
p
6. The horizontal light grey box is the 1� band Mh = 125.09± 0.24

GeV.

at maximal mixing without light electroweakinos. We can compare with the recent results

produced by the SusyHD code of Ref. [28]. Our values are . 1 GeV higher than the central

result of Ref. [28]. Part of this discrepancy is attributed to the use of the lower value of

yt(Mt): if we instead use the NNLO + N3LO QCD value yt,N3
LO QCD(Mt) = 0.93690, Mh is

lowered by 0.5 GeV. The remaining small di↵erence may be explained by the more complete

calculation of thresholds in the mA ⇠ MS case of Refs. [26, 28].

VI. COMPARISON TO PREVIOUS RESULTS

In this section, we compare our results with the results obtained in the hMSSM scenario

as well in the FeynHiggs version 2.10.2, in which relevant logarithmic e↵ects to the SM

22

Necessary stop masses increase for lower values of tanβ, larger values of  μ
smaller values of the CP-odd Higgs mass or lower stop mixing values.

Lighter stops demand large splittings between left- and right-handed stop masses

G. Lee, C.W.  arXiv:1508.00576

P. Draper, G. Lee, C.W.’13, Bagnaschi et al’ 14, Vega and Villadoro ’14, Bahl et al’17

P. Slavich, S. Heinemeyer et al, arXiv:2012.15629

MSSM Guidance:
Stop Masses above about 1 TeV lead to the right Higgs Masss
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quartic couplings are resummed in order to increase the accuracy of the results at large

values of MS [54, 55].

In Fig. 8, we present the comparison of our results with the hMSSM approximation for

sizable values of µ̂ = 2 and values of bXt = �1.5 and bXt = 2.8, away from maximal mixing,

for which the hMSSM results are expected to show a worse approximation to the correct

results than for low values of µ at moderate or large values of t�. The results of our compu-

tation for the mixing angle ↵ and the heavy CP -even Higgs mass are presented in the left

and right panels with red dotted lines, while the blue lines represent the relative and abso-

lute di↵erences of these quantities with the ones computed in the hMSSM approximation.

We present our results for MS = 5 TeV, for which the correct values of the Higgs mass,

represented by black solid, dashed and dotted lines, may only be obtained for moderate to

large values of t� in this region of parameters. Di↵erences in ↵ of the order of 10%–20%

are obtained for moderate values of t� and values of the heavy CP -even Higgs bosons of

the order of the weak scale. Since the mixing angle controls the coupling of the lightest

CP -even Higgs boson to fermions and gauge bosons, relevant modifications of the Higgs

phenomenology are expected in this region of parameters. Similarly, the heavy CP -even

Higgs boson mass may be a↵ected by values of a few to 10 GeV in this region of parameters.

In Fig. 9, we present in the upper panels similar results but for bXt = 2.8 and large values

of MS = 100 TeV for which lower values of t� ' 4 are required to obtain the correct Higgs

masses. We see that in this case, in the relevant region of parameters, the agreement is

improved compared to the large t� case, with di↵erences in ↵ of the order of a few percent
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FIG. 6. Mh vs bXt for mA = (200, 500) GeV in the (left, right) columns, t� = (2, 20) in the (top,

bottom) rows, Ab = A⌧ = MS , and µ = M1 = M2 = 200 GeV. The four curves are for MS values of

1, 2, 5, 10 TeV from bottom to top. The vertical grey dashed line indicates the value at the one-loop

maximal mixing value bXt =
p
6. The horizontal light grey box is the 1� band Mh = 125.09± 0.24

GeV.

at maximal mixing without light electroweakinos. We can compare with the recent results

produced by the SusyHD code of Ref. [28]. Our values are . 1 GeV higher than the central

result of Ref. [28]. Part of this discrepancy is attributed to the use of the lower value of

yt(Mt): if we instead use the NNLO + N3LO QCD value yt,N3
LO QCD(Mt) = 0.93690, Mh is

lowered by 0.5 GeV. The remaining small di↵erence may be explained by the more complete

calculation of thresholds in the mA ⇠ MS case of Refs. [26, 28].

VI. COMPARISON TO PREVIOUS RESULTS

In this section, we compare our results with the results obtained in the hMSSM scenario

as well in the FeynHiggs version 2.10.2, in which relevant logarithmic e↵ects to the SM
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SUSY- Higgs MSSM situation starting LHC Run 3
• Stop Searches

20-07-2023

Combining all searches, in simplest decay scenarios, it 
is hard to avoid constraints of several hundred GeV to  
1 TeV (for mLSP < 350 GeV) for stop (sbottom) searches

è We are starting to explore the mass region 
suggested by Higgs mass determination

• ATLAS and CMS fit to Higgs Couplings 

Either specific relation among Higgs bosons’ 
quartics or decoupling of the heavy Higgs sector

Where do we Stand in Coupling Properties Measurements?

11%

11%

30%

26%

15%

14%

13%

ATLAS - CMS Run 1 
combination

�
<latexit sha1_base64="FcWnELPAYxWfUze6KWbqbOV+Isw="></latexit>

W
<latexit sha1_base64="5XMIM5i7sVzw8FEJ6HNsyrGX7wc="></latexit>

Z
<latexit sha1_base64="IyjoJtwaICF55RTegpI2nGt8v/M="></latexit>

g
<latexit sha1_base64="inR/jTQRyJC8Q7uR09JXD7SSFhQ="></latexit>

t
<latexit sha1_base64="31fiwx4jexCc+wXCOgLaYVzTOII="></latexit>

b
<latexit sha1_base64="WLFHjPFg2eMeQu3t6w1j1BbMKCA="></latexit>

⌧
<latexit sha1_base64="+LZW8reDAzAx6SOAzK/BwVUWFdk="></latexit>

JHEP 08 
(2016) 045

Measurements here assume 
no BSM in Higgs width

9

CMS 
  Run 2 

CMS-PAS-HIG-19-005

0.96 ± 0.07
−1.11 +0.14

−0.09

1.01 +0.09
−0.14

1.16 +0.12
−0.11

1.01 ± 0.11

0.94 ± 0.12
1.18 +0.19

−0.27

ATLAS  Run 2

ATLAS-CONF-2021-53

NEW  
Higgs 2021

1.04 ± 0.06
1.06 ± 0.06
0.99 ± 0.06
0.92 +0.07

−0.06

0.92 ± 0.10

0.87 ± 0.11
0.92 ± 0.07

6%

6%

6%
7%

11%

8%

Current 
precision 

Still 25 times more data and reduction 
of a factor of 3 uncertainty! 
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Departure of SM predictions of 
order a few tens of percent allowed

è 

One neutral Higgs of mass 125 GeV needs to 
approximately do the job of the SM Higgs boson;
                             ALIGNMENT

See Haber’s talk



SUSY- Electroweak Sector at the start of Run 3
• Situation far less well defined than in the strongly interacting sector 
• Sleptons mass bounds can be as large as 700 GeV (staus  below 390 GeV) 
• Winos as NLSP’s are the strongest constrained particles. 
• Sensitivities in the search for these particles is permanently increasing with higher 

luminosities. 
• In general, a scenario with large cascade decays with light electroweakinos is the 

most natural one and one of the highest hopes for detecting SUSY at the weak scale. 

20-07-2023
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Figure 13: Cross section upper limits and exclusion contours at 95% CL for SMS models of (left)
bottom and (right) light-flavor squark pair production. In these models, each squark decays
into a quark and a ec0

2, and the ec0
2 then decays via an intermediate slepton, forming a kinematic

edge in the m`` distribution. The limits are obtained from the results in the edge search regions,
and are shown as a function of the (left) eb or (right) eq and ec0

2 masses. The thick black curve
represents the observed upper limit on the squark mass, while the dashed red lines indicate
the expected limits and their ±1 and ±2 s.d. ranges. The thin black lines show the effect of the
theoretical uncertainties on the signal cross section.

Figure 14: Cross section upper limits and exclusion contours at 95% CL for an SMS model of
slepton pair production, as a function of the slepton and ec0

1 masses, obtained from the results in
the slepton search regions. The area enclosed by the thick black curve represents the observed
exclusion region, while the dashed red lines indicate the expected limits and their ±1 and ±2
s.d. ranges. The thin black lines show the effect of the theoretical uncertainties in the signal
cross section.

Bounds are highly relaxed if the spectrum is somewhat 
compressed (or if sleptons don’t decay directly to LSP) 

Current Electroweakino bounds
Wino NLSP with BR = 1 assumed,
not necessarily the case, specially 
for the WZ decay channel



SUSY Dark Matter under scrutiny at the LHC 
Chargino –Neutralino Production

20-07-2023
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SUSY:	 	Wino/higgsino	2lOS/3l χ̃0
2, χ̃±

1

8

•Target:	
•Motivated	by	extending	sensitivity	to	the	wino/
higgsino	production	of	 	with	decays	into	
WZ(*)	and	Wh	

•Final	state:	
• 	+	jet	+	 	(compressed)																										
ATLAS	SUSY-2018-16,	PRD	(2020)	
• 	+	 	ATLAS	SUSY-2019-09,	EPJC	
(2021)	

•Background:	
•Fake	leptons	from	W+jets	

•Strategy:	
•Multi-bin	fit,	cut	and	count	

•Highest	significance:	
• :	~2 	for	wino	WZ	 	=	20	GeV	
• :	~2 	for	wino	Wh	DFOS	
• 	+	 :	<2 	for	higgsino	 	=	25	GeV	
•CMS:	~2 	for	higgsino	 	~	20	GeV		CMS	
SUS-18-004,	JHEP	(2022)
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•Winos, in the adjoint rep. of SU(2), are produced at a stronger rate than Higgsinos. 
   èThe cross section for Wino production is about a factor 4 larger than the Higgsino one.
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Caveats of LHC analyses that enhance the reach:
• Squarks taken to be decoupled, leading to larger production cross sections
• BR ratio of Wino/Higgsino into SM bosons assumed 1 for each analysis; not the case

However, in evaluating these bounds the squarks have been taken to 
decouple. But the cross section depends on the squark masses due to a 
t and u channel contribution to them.  
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FIG. 2. Variation of the Wino-like production cross section for the 13 TeV LHC at NLO when

MSUSY is varied between 1 and 10 TeV. M1 = 100 GeV and tan� = 5 are fixed and |µ| = MSUSY .

of when MSUSY = 1 TeV for which the mixing of the Wino with the Higgsinos becomes

relevant when M2 approaches µ. In the range of m
�
±
1
' 500 � 1000 GeV, we find that the

di↵erence in the production cross section can be close to a factor of ⇠ 2� 4. This range of

masses is currently in the region of interest of exclusion and/or discovery limits for future

searches of electroweakinos at the LHC. Thus, despite being decoupled from the typical

searches, the scale of superpartners can have striking consequences on the interpretation of

many channels currently being explored.

As discussed in the previous section, the Wino will decay either through a Z or Higgs

boson to �0
1. In the traditional searches, these decay modes are considered to be maximal

over the whole range of masses considered. However, as we have pointed out these branching

ratios have non-trivial dependence on the same set of parameters that determine the masses

eigenstates. In Figs. 3 & 4 we show the branching ratios of �0
2 into Z and h for MSUSY =

2 & 10 TeV respectively. In each case, we show branching ratios for µ = ±MSUSY . For

MSUSY = 2 TeV we show branching ratios for tan � = 5 & 10, while for MSUSY = 10 TeV

we take tan � = 10 & 50 to show the region of parameters where the blind spot in the Higgs

decay is realized. The spectrum and branching ratios are produced using FeynHiggs [57–64]
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FIG. 1. Leading order diagrams contributing to the direct production of electroweakinos at the

LHC in the case that the spectrum is Wino-like.

At the LHC, the production of Wino-like electroweakinos, �±
1 and �0

2, proceeds mostly

through s-channel exchange of a W boson. However, for heavy squarks, the �±
1 -�

0
2 pair

is subdominantly produced through t-channel exchange of first- and second- generation

squarks [21–25], see Fig. 1 3. Apart from the parametric dependence described in the

previous section, the overall production modes of �±
1 and �0

2 will also have a dependence

on the scale of superpartners, MSUSY . The measurement of the Higgs boson mass indicates

that stop masses are around 1�10 TeV in the MSSM [53–57]. Further, exclusion of squarks

and gluinos have reached well into the 1 � 2 TeV range [1, 2]. Thus, in our discussion we

will assume a range of scalar superpartners MSUSY = M3 = m̃q1,2,3 = m̃l1,2,3 = 1 � 10 TeV.

For simplicity, we will assume |µ| = MSUSY in the main results. However, we will comment

on other cases in later sections.

In Fig. 2, we show the NLO production cross section of Wino-like electroweakinos with

respect to the Wino mass for MSUSY = |µ| = 1� 10 TeV. For large Wino masses, the scalar

interactions in the production cross section tend to destructively interfere compared to

scenarios when superpartners are decoupled well above the weak scale, with the exception

3 The same is true for other scenarios such as the Higgsino-Bino scenario. However, in such cases the

dependence of the couplings to squarks is proportional to their Yukawa couplings and hence negligible.
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Electroweak scale SUSY DM and the Thermal Relic Density
• An MSSM LSP at the electroweak scale needs to be Bino-like to reproduce the 

right relic density; EW scale Wino and Higgsino LSPs annihilate too efficiently

• In particular, Bino-like LSP needs to annihilate against other rapidly annihilating 
particles => Co-annihilation

For co-annihilation to work, the mass difference of the Dark Matter with the other 
weakly interacting particles must be of the order of a few tens of GeV. 
• It naturally leads to a compressed spectrum for new particle searches in the 

missing energy channel. 
• Some relevant channels in the case of sleptons or Winos (too light Higginos/small 

μ leads to large SD cross sections). 

20-07-2023

Co-annihilation 

25

It happens when the DM can annihilate against other rapidly 
annihilating particles. 
For it to work, the mass difference of the Dark Matter with
the other weak scale weakly interacting particles must be of 
the order of a few tens of GeV.
It naturally leads to a compressed spectrum for new particle 
searches in the missing energy channel. 

Some relevant channels in the case of sleptons or Winos (too 
light Higginos/ small μ leads to large SD cross sections).

Drees and Nojiri, hep-ph/9207234
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FIG. 2: SI scattering cross section as a function of mA for tan� = 50 (up left), tan� = 30 (up

right) and tan� = 10 (down left), µ ⇠ �2M1 and tan� = 30, µ ⇠ �4M1 (down right). The red

dots are for the µ > 0 case, and blue dots are for µ < 0 case. The green shaded area are excluded by

the CMS H,A ! ⌧⌧ searches. The orange line is the LUX limit, and the blue line is the projected

Xenon 1T limit

.

is enhanced by tan �, but since µ grows together with tan �, the down-Higgsino component

is suppressed roughly by tan �. At large mA, the cross section approaches 10�13 pb�1, which

is below the atmospheric and di↵use supernova neutrino backgrounds. There are various

contributions to this asymptotic value, including squarks, incomplete cancellation of the

couplings and loop e↵ects.

We also analyze the relic density. Considering a thermally produced neutralino DM, the

annihilation cross section is too small for Bino-like DM, which leads to DM density over

abundance, while the annihilation is too e�cient for pure wino or Higgsino-like DM, which

results in under abundance unless the LSP is heavier than 1 TeV [41, 42] or 2.7 TeV [42, 43],

Dependence of the cross section on the heavy Higgs mass 

Future
Sensitivity
(Xenon1T,
  LZ) 

Blind 
Spot 
Region

Application of the naive blind spot formula gives MA = 478 GeV

7

which we call generalized blind spots. Taking into account the values of F (p,n)
u and F

(p,n)
d

given above, and for moderate or large values of tan �, the blind spot can be simplified as

2 (m� + µ sin 2�)
1

m
2
h

' � µ tan �
1

m
2
H

(20)

Similar to the case in which the heavy Higgs decouples, for intermediate values of mA the

suppression due to the blind spots only happens when µ < 0. This e↵ect was studied

before [30, 31, 33], and the suppression in DDMD was identified numerically from a scan of

the parameter space of the CMSSM. Our expressions provide an analytical understanding

of this phenomenon. We find out that indeed, as can be seen from Eqs. (18)–(20), negative

values of µ have two e↵ects on the scattering amplitudes : On one hand, they suppress

the coupling of the lightest neutralino to the lightest CP-even Higgs boson. On the other

hand, they lead to a negative interference between the light and heavy Higgs exchange

amplitudes. For su�ciently low values ofmA (large values of tan �) the heavy Higgs exchange

contribution may become dominant. On the other hand, for large values of mA the SM

contribution becomes dominant and the main contribution from exchange of a heavy Higgs

comes from the interference with the SM-like one and is only suppressed by 1/m2
A
.

III. NUMERICAL STUDY

To perform a numerical study of the SI scattering cross section when all sfermions are

heavy, the relevant parameters are the Bino mass M1, the Wino mass M2, the Higgsino mass

µ, the CP odd Higgs mass mA and tan �. In the following, we will concentrate on the case

in which LSP is mostly bino-like for simplicity, but the analysis can be easily generalized

to the case in which LSP is wino-like. In the traditional blind spot scenario, at moderate

or large values of tan � the blind spot condition, m� + µ sin 2� = 0, can only be satisfied if

|µ| is very large, which makes the obtention of the right thermal relic density very di�cult.

The generalized blind spots, instead, may be obtained for smaller values of |µ|, which may

be consistent with the ones necessary to obtain a thermal DM density.

In order to analyze the parameters consistent with the generalized blind spots, we first

look at the parameter space away from the traditional blind spot, µ ⇠ �2M1. We use

ISAJET [39] to calculate the spectrum and the SI scattering cross section for di↵erent

values of tan � and mA, which agrees with MicrOMEGA 2.4.5 [38] almost perfectly. We

P. Huang, C.W.’15
�(pb)

Current Bound

Blue : µ = �2M1

Red : µ = 2M1

Blind Spots in Direct Dark Matter Detection
• Probing the Higgs portal 

20-07-2023

close to Alignment:

Destructive interference between h and H contributions for M1 x μ < 0 (cos2β negative) 

Still room for a SUSY WIMP miracle:
Cross section greatly reduced when the parameters fulfilled the approximate relation 

Blind Spots in Direct Dark Matter Detection
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case, the amplitude becomes proportional to

ad ⇠
md

cos �


cos �(m� + µ sin 2�)

1

m
2
h

� µ sin � cos 2�
1

m
2
H

�
. (14)

We can do a similar exercise for a neutralino scattering o↵ an up-type quark, which gives

au ⇠
mu

sin �


sin �(m� + µ sin 2�)

1

m
2
h

+ µ cos � cos 2�
1

m
2
H

�
. (15)

Include the contributions from all quarks, including the gluon induced ones, the SI scattering

cross section can be expressed as

ap =

 
X

q=u,d,s

f
(p)
Tq

aq

mq

+
2

27
f
(p)
TG

X

q=c,b,t

aq

mq

!
mp, (16)

where f
(p)
Tu

= 0.017 ± 0.008, f (p)
Td

= 0.028 ± 0.014, f (p)
Ts

= 0.040 ± 0.020 and f
(p)
TG

⇡ 0.91 are

the quark form factors [36, 37] defined as

< p|mqqq̄|p >⌘ mpf
(p)
Tq

, f
(p)
TG

= 1�
X

f
(p)
Tq

. (17)

. Using equations (14) and (15), then the SI scattering cross section is proportional to

�
SI

p
⇠


(F (p)

d
+ F

(p)
u

)(m� + µ sin 2�)
1

m
2
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+ µ tan � cos 2�(�F
(p)
d

+ F
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with F
(p)
u ⌘ f

(p)
u + 2 ⇥ 2

27f
(p)
TG

⇡ 0.15 and F
(p)
d

= f
(p)
Td

+ f
(p)
Ts

+ 2
27f

(p)
TG

⇡ 0.14. The first term

denotes the contribution of the lightest Higgs and its cancellation leads to the traditional

blind spot scenarios [29]. The second term is the contribution of the heavy Higgs and as

mentioned before for values of |µ|>⇠ m� and large tan � may become of the same order as

the SM-like Higgs one.

In the above, we have used the proton scattering amplitudes to define the spin indepen-

dent scattering cross section. The result remains valid after including the neutron contri-

butions, since for a neutralino scattering o↵ a neutron the form factors are f
(n)
Tu

= 0.011,

f
(n)
Td

= 0.0273, f (n)
Ts

= 0.0447 and f
(n)
TG

=0.917 [38] and therefore F (n)
u ⇡ 0.15 and F

(n)
d

⇡ 0.14,

same as F (p)
u and F

(p)
d

.

Therefore, the tree-level scattering cross section due to the light and heavy CP-even Higgs

exchange cancel against each other when

(F (p)
d

+ F
(p)
u

)(m� + µ sin 2�)
1

m
2
h

' F
(p)
d

µ tan � cos 2�
1

m
2
H

, (19)

7

which we call generalized blind spots. Taking into account the values of F (p,n)
u and F

(p,n)
d

given above, and for moderate or large values of tan �, the blind spot can be simplified as

2 (m� + µ sin 2�)
1

m
2
h

' � µ tan �
1

m
2
H

(20)

Similar to the case in which the heavy Higgs decouples, for intermediate values of mA the

suppression due to the blind spots only happens when µ < 0. This e↵ect was studied

before [30, 31, 33], and the suppression in DDMD was identified numerically from a scan of

the parameter space of the CMSSM. Our expressions provide an analytical understanding

of this phenomenon. We find out that indeed, as can be seen from Eqs. (18)–(20), negative

values of µ have two e↵ects on the scattering amplitudes : On one hand, they suppress

the coupling of the lightest neutralino to the lightest CP-even Higgs boson. On the other

hand, they lead to a negative interference between the light and heavy Higgs exchange

amplitudes. For su�ciently low values ofmA (large values of tan �) the heavy Higgs exchange

contribution may become dominant. On the other hand, for large values of mA the SM

contribution becomes dominant and the main contribution from exchange of a heavy Higgs

comes from the interference with the SM-like one and is only suppressed by 1/m2
A
.

III. NUMERICAL STUDY

To perform a numerical study of the SI scattering cross section when all sfermions are

heavy, the relevant parameters are the Bino mass M1, the Wino mass M2, the Higgsino mass

µ, the CP odd Higgs mass mA and tan �. In the following, we will concentrate on the case

in which LSP is mostly bino-like for simplicity, but the analysis can be easily generalized

to the case in which LSP is wino-like. In the traditional blind spot scenario, at moderate

or large values of tan � the blind spot condition, m� + µ sin 2� = 0, can only be satisfied if

|µ| is very large, which makes the obtention of the right thermal relic density very di�cult.

The generalized blind spots, instead, may be obtained for smaller values of |µ|, which may
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In order to analyze the parameters consistent with the generalized blind spots, we first

look at the parameter space away from the traditional blind spot, µ ⇠ �2M1. We use

ISAJET [39] to calculate the spectrum and the SI scattering cross section for di↵erent

values of tan � and mA, which agrees with MicrOMEGA 2.4.5 [38] almost perfectly. We

The cross section is greatly reduced when the parameters fulfill the 
approximate relation

which at moderate or large values of tanβ reduce to

We shall call this region of parameters the “blind spot region”

P. Huang, C.W.’15

for moderate to large tanβ impliesDM : Direct Detection Bounds

where v = 246 GeV.

The coupling of the Higgs bosons to up and down quarks are given by
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md

p
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v
, (3.7)
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v
, (3.8)
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md

p
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v
, (3.9)

guuH =
mu

p
2 tan�

v
, (3.10)

where mu and md are the up and down quark masses. In the above, we have ignored

the finite corrections to the Higgs couplings coming from the decoupling of squarks and

gluinos [55–59] since they are small in the region of parameters we are interested in, where

|µ| is much smaller than the squark and gluino masses.

In the region of parameters we are investigating, the cross section for SI direct detection

is controlled predominantly by the exchange of the Higgs bosons. Also including the

approximate contributions due to heavy squarks and taking the limit m
2
e�0
1
⌧ µ

2 for a

predominantly bino-like LSP, the SI cross section for the scattering of DM o↵ protons is

given by (similar expression holds for scattering o↵ neutrons) [42, 51, 54]
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with F
(p)
u ⌘ f

(p)
u +2⇥ 2

27f
(p)
TG

⇡ 0.15 and F
(p)
d

= f
(p)
Td

+f
(p)
Ts

+ 2
27f

(p)
TG

⇡ 0.14, mp is the proton

mass, mr = mpme�0
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/(mp+me�0
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) is the reduced mass, and m eQ is the common squark mass.

Since F
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, in the large tan� limit this expression becomes proportional to
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It is hence clear that the cross section is reduced for negative values of µ ⇥ me�0
1
,

where we shall assume me�0
1
' M1 to be positive, where M1 is the bino mass parameter.

Consequently, while positive values of µ tend to lead to conflict with the current bounds

from the PandaX, XENON1T and LUX experiments, negative values of µ easily lead to

consistency with these constraints in the large tan� regime. Depending on the values of

the neutralino mass, the heavy Higgs boson mass, the squark masses and tan�, the SI

cross section may be close to the current bound, or may be e�ciently suppressed in the

proximity of blind spots that occur when [42, 51, 54]
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FIG. 2. 90% CL upper limits on WIMP-neutron (top) and
WIMP-proton (bottom) cross section. Results from this anal-
ysis are shown in thick black (“LUX WS2013+WS2014–16”),
with the range of expected sensitivity indicated by the green
(1-�) and yellow (2-�) bands. Solid gray curves show the
previously published LUX WS2013 limits [13]. Constraints
from other LXe TPC experiments are also shown, includ-
ing XENON100 [26] and PandaX-II [27]. In the top panel,
model-dependent (axial-vector mediator with indicated cou-
plings) LHC search results are represented by dashed lines,
with CMS [28] in light blue, and ATLAS [29] in dark blue. As
calculated by a new profile likelihood scan of the MSSM7 [30],
favored parameter space is shown as dark (1-�) and light (2-�)
peach regions; an earlier calculation using the MSSM-15 [31]
is shown in gray, with analogous shading of confidence lev-
els. In the bottom panel, the DAMA allowed region (as in-
terpreted in [32]) is shown in pink (the analogous neutron-
only region is above the bounds of the plot). Such an in-
terpretation is in severe tension with this result, as well as
the PICO-2L [33] and PICO-60 [34] constraints. Selected lim-
its from indirect searches at neutrino observatories (Super-
Kamiokande [35] and IceCube [36]) are plotted as dashed lines.

FIG. 3. 90% CL exclusions on coupling parameters an and
ap for 50 GeV c�2 and 1000 GeV c�2 WIMPs. Ellipse bound-
aries are colored as in Fig. 2 : this result (thick black), LUX
WS2013 (gray), PandaX-II (purple), and PICO-60 (blue).
Geometrically, Eq. 4 describes a rotated ellipse when the sum
is performed over multiple isotopes with distinct �A

p /�
A
n , as

is the case for LXe experiments. PICO-60 considers only
19F (for which hSni ⇠ 0), and thus sets limits only on ap.
The innermost region (bounded by LUX and PICO-60) repre-
sents parameter space not in tension with experimental data.
The model-dependency of the LHC results is apparent in this
plane, as the CMS excluded region (shown as a green band)
is restricted to the an = ap line (see main text for important
caveat). This line is absent from the lower panel since, in this
treatment, CMS is insensitive to WIMPs at the TeV mass
scale. MSSM7 favored regions from the GAMBIT scan are
also shown, with a red contour at the 2-� level for visibility.
The degeneracies assumed in the MSSM7 Lagrangian lead to
the tight correlation between an and ap. This scan includes a
range of possible WIMP masses (unlike the mass-specific ex-
perimental exclusions), and thus appears identically in each
panel, noting the change in axis scale. Additionally, the scans
include models with sub-dominant relic densities, for which
experimental limits are rescaled accordingly.

Finally, Eq. (3.12) shows a strong dependence of the SI cross section with the value of |µ|,

a behavior that is related to its dependence on the square of the Higgsino components.

The spin dependent (SD) cross section, instead, depends only on the coupling to the

Z [60, 61], and hence to the di↵erence of the squares of the up and down Higgsino compo-

nents. From the expression given in Eq. (3.6), one can see that

�
SD

/
m

4
Z

µ4
cos2(2�) , (3.14)

where we have again assumed that µ
2
� m

2
e�0
1
. Hence, in the large tan� regime and

for |µ| su�ciently large, the SD cross section is suppressed by four powers of µ, without

any other strong parametric suppression. This behavior should be contrasted with the SI

cross section which, in spite of its overall suppression by only two powers of µ, may be

further suppressed due to a reduction of the neutralino coupling to the 125 GeV Higgs

boson together with interference e↵ects. As we will show, for negative values of µ, and

|µ| su�ciently large to avoid the SD cross section limits, the SI cross section tends to be

below the current experimental bounds on this quantity. However, it can come closer to

the current limits depending on the precise value of tan� and mH .

4 Anomalous Magnetic Moment of the Muon

The anomalous magnetic moment of the muon is a very relevant quantity since it may be

measured with great precision and is sensitive to physics at the weak scale. The theoretical

prediction within the SM may be divided in four main parts

aµ = a
QED
µ + a

EW
µ + a

had
µ (vac. pol.) + a

had
µ (� ⇥ �) , (4.1)

where aµ ⌘ (gµ � 2)/2. The first term a
QED
µ represents the pure electromagnetic contri-

bution, and is known with great accuracy, up to five loop order [62]. The second term

denotes the electroweak contributions, which are known at the two-loop level, and are

about (153.6±1.)⇥10�11 [63]. The hadronic contributions contain the largest uncertainty

in the determination of aµ. While the vacuum polarization contributions can be extracted

from the scattering process of e+e� to hadrons and are of order of (7⇥ 10�8 [64–66]), the

so-called light by light contributions ahadµ (� ⇥ �) cannot be related to any observable and

have to be estimated theoretically. These are estimated to be about 105⇥ 10�11 [67] and

hence of the order of the electroweak contributions.

Overall, the theoretical calculation of aµ in the SM [68] di↵ers from the result measured

experimentally at the Brookhaven E821 experiment [69] by

�aµ = a
exp
µ � a

theory
µ = 268(63)(43)⇥ 10�11

, (4.2)

where the errors are associated with the experimental and theoretical uncertainties, respec-

tively. The discrepancy, of order 3.5�, is of similar size as the electroweak contributions

and hence can be potentially explained by new physics at the weak scale. The E821 exper-

imental result will be tested by the upcoming Muon g � 2 Experiment at Fermilab [70].
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where v = 246 GeV.

The coupling of the Higgs bosons to up and down quarks are given by

gddh =
md

p
2

v
, (3.7)

guuh =
mu

p
2

v
, (3.8)

gddH = �
md

p
2 tan�

v
, (3.9)

guuH =
mu

p
2 tan�

v
, (3.10)

where mu and md are the up and down quark masses. In the above, we have ignored

the finite corrections to the Higgs couplings coming from the decoupling of squarks and

gluinos [55–59] since they are small in the region of parameters we are interested in, where

|µ| is much smaller than the squark and gluino masses.

In the region of parameters we are investigating, the cross section for SI direct detection

is controlled predominantly by the exchange of the Higgs bosons. Also including the

approximate contributions due to heavy squarks and taking the limit m
2
e�0
1
⌧ µ

2 for a

predominantly bino-like LSP, the SI cross section for the scattering of DM o↵ protons is

given by (similar expression holds for scattering o↵ neutrons) [42, 51, 54]
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with F
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, in the large tan� limit this expression becomes proportional to
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It is hence clear that the cross section is reduced for negative values of µ ⇥ me�0
1
,

where we shall assume me�0
1
' M1 to be positive, where M1 is the bino mass parameter.

Consequently, while positive values of µ tend to lead to conflict with the current bounds

from the PandaX, XENON1T and LUX experiments, negative values of µ easily lead to

consistency with these constraints in the large tan� regime. Depending on the values of

the neutralino mass, the heavy Higgs boson mass, the squark masses and tan�, the SI

cross section may be close to the current bound, or may be e�ciently suppressed in the

proximity of blind spots that occur when [42, 51, 54]
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where v = 246 GeV.

The coupling of the Higgs bosons to up and down quarks are given by

gddh =
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, (3.7)
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2 tan�

v
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where mu and md are the up and down quark masses. In the above, we have ignored

the finite corrections to the Higgs couplings coming from the decoupling of squarks and

gluinos [55–59] since they are small in the region of parameters we are interested in, where

|µ| is much smaller than the squark and gluino masses.

In the region of parameters we are investigating, the cross section for SI direct detection

is controlled predominantly by the exchange of the Higgs bosons. Also including the

approximate contributions due to heavy squarks and taking the limit m
2
e�0
1
⌧ µ

2 for a

predominantly bino-like LSP, the SI cross section for the scattering of DM o↵ protons is

given by (similar expression holds for scattering o↵ neutrons) [42, 51, 54]
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1
/(mp+me�0

1
) is the reduced mass, and m eQ is the common squark mass.

Since F
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, in the large tan� limit this expression becomes proportional to
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It is hence clear that the cross section is reduced for negative values of µ ⇥ me�0
1
,

where we shall assume me�0
1
' M1 to be positive, where M1 is the bino mass parameter.

Consequently, while positive values of µ tend to lead to conflict with the current bounds

from the PandaX, XENON1T and LUX experiments, negative values of µ easily lead to

consistency with these constraints in the large tan� regime. Depending on the values of

the neutralino mass, the heavy Higgs boson mass, the squark masses and tan�, the SI

cross section may be close to the current bound, or may be e�ciently suppressed in the

proximity of blind spots that occur when [42, 51, 54]
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FIG. 2. 90% CL upper limits on WIMP-neutron (top) and
WIMP-proton (bottom) cross section. Results from this anal-
ysis are shown in thick black (“LUX WS2013+WS2014–16”),
with the range of expected sensitivity indicated by the green
(1-�) and yellow (2-�) bands. Solid gray curves show the
previously published LUX WS2013 limits [13]. Constraints
from other LXe TPC experiments are also shown, includ-
ing XENON100 [26] and PandaX-II [27]. In the top panel,
model-dependent (axial-vector mediator with indicated cou-
plings) LHC search results are represented by dashed lines,
with CMS [28] in light blue, and ATLAS [29] in dark blue. As
calculated by a new profile likelihood scan of the MSSM7 [30],
favored parameter space is shown as dark (1-�) and light (2-�)
peach regions; an earlier calculation using the MSSM-15 [31]
is shown in gray, with analogous shading of confidence lev-
els. In the bottom panel, the DAMA allowed region (as in-
terpreted in [32]) is shown in pink (the analogous neutron-
only region is above the bounds of the plot). Such an in-
terpretation is in severe tension with this result, as well as
the PICO-2L [33] and PICO-60 [34] constraints. Selected lim-
its from indirect searches at neutrino observatories (Super-
Kamiokande [35] and IceCube [36]) are plotted as dashed lines.

FIG. 3. 90% CL exclusions on coupling parameters an and
ap for 50 GeV c�2 and 1000 GeV c�2 WIMPs. Ellipse bound-
aries are colored as in Fig. 2 : this result (thick black), LUX
WS2013 (gray), PandaX-II (purple), and PICO-60 (blue).
Geometrically, Eq. 4 describes a rotated ellipse when the sum
is performed over multiple isotopes with distinct �A

p /�
A
n , as

is the case for LXe experiments. PICO-60 considers only
19F (for which hSni ⇠ 0), and thus sets limits only on ap.
The innermost region (bounded by LUX and PICO-60) repre-
sents parameter space not in tension with experimental data.
The model-dependency of the LHC results is apparent in this
plane, as the CMS excluded region (shown as a green band)
is restricted to the an = ap line (see main text for important
caveat). This line is absent from the lower panel since, in this
treatment, CMS is insensitive to WIMPs at the TeV mass
scale. MSSM7 favored regions from the GAMBIT scan are
also shown, with a red contour at the 2-� level for visibility.
The degeneracies assumed in the MSSM7 Lagrangian lead to
the tight correlation between an and ap. This scan includes a
range of possible WIMP masses (unlike the mass-specific ex-
perimental exclusions), and thus appears identically in each
panel, noting the change in axis scale. Additionally, the scans
include models with sub-dominant relic densities, for which
experimental limits are rescaled accordingly.

Finally, Eq. (3.12) shows a strong dependence of the SI cross section with the value of |µ|,

a behavior that is related to its dependence on the square of the Higgsino components.

The spin dependent (SD) cross section, instead, depends only on the coupling to the

Z [60, 61], and hence to the di↵erence of the squares of the up and down Higgsino compo-

nents. From the expression given in Eq. (3.6), one can see that

�
SD

/
m

4
Z

µ4
cos2(2�) , (3.14)

where we have again assumed that µ
2
� m

2
e�0
1
. Hence, in the large tan� regime and

for |µ| su�ciently large, the SD cross section is suppressed by four powers of µ, without

any other strong parametric suppression. This behavior should be contrasted with the SI

cross section which, in spite of its overall suppression by only two powers of µ, may be

further suppressed due to a reduction of the neutralino coupling to the 125 GeV Higgs

boson together with interference e↵ects. As we will show, for negative values of µ, and

|µ| su�ciently large to avoid the SD cross section limits, the SI cross section tends to be

below the current experimental bounds on this quantity. However, it can come closer to

the current limits depending on the precise value of tan� and mH .

4 Anomalous Magnetic Moment of the Muon

The anomalous magnetic moment of the muon is a very relevant quantity since it may be

measured with great precision and is sensitive to physics at the weak scale. The theoretical

prediction within the SM may be divided in four main parts

aµ = a
QED
µ + a

EW
µ + a

had
µ (vac. pol.) + a

had
µ (� ⇥ �) , (4.1)

where aµ ⌘ (gµ � 2)/2. The first term a
QED
µ represents the pure electromagnetic contri-

bution, and is known with great accuracy, up to five loop order [62]. The second term

denotes the electroweak contributions, which are known at the two-loop level, and are

about (153.6±1.)⇥10�11 [63]. The hadronic contributions contain the largest uncertainty

in the determination of aµ. While the vacuum polarization contributions can be extracted

from the scattering process of e+e� to hadrons and are of order of (7⇥ 10�8 [64–66]), the

so-called light by light contributions ahadµ (� ⇥ �) cannot be related to any observable and

have to be estimated theoretically. These are estimated to be about 105⇥ 10�11 [67] and

hence of the order of the electroweak contributions.

Overall, the theoretical calculation of aµ in the SM [68] di↵ers from the result measured

experimentally at the Brookhaven E821 experiment [69] by

�aµ = a
exp
µ � a

theory
µ = 268(63)(43)⇥ 10�11

, (4.2)

where the errors are associated with the experimental and theoretical uncertainties, respec-

tively. The discrepancy, of order 3.5�, is of similar size as the electroweak contributions

and hence can be potentially explained by new physics at the weak scale. The E821 exper-

imental result will be tested by the upcoming Muon g � 2 Experiment at Fermilab [70].
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parameter µ. As emphasized before, a DM candidate compatible with the current null-

results from direct detection experiments can be realized for |µ| . 500 GeV if M1 and µ

have opposite signs. For this combinations of signs, the contribution from the neutralino-

smuon loop to aµ will be negative, a
e�0�eµ
µ

< 0. Since the measured value of aµ is larger than

the SM prediction by �aµ ' 25 ⇥ 10�10, we require the chargino-sneutrino contribution to

be positive and larger than the neutralino-smuon contribution. This can be realized if M2

has the same sign as µ and if |M2| is of similar size as |µ| and the soft smuon masses. In the

regime of moderate or large values of tan �, and assuming all weakly interacting sparticles

have masses of the same order, em, one obtains approximately

�aµ ' 1.3 ⇥ 10�9 tan � ⇥

✓
100 GeV

em

◆2

. (6)

The factor 1.3 reduces to values closer to 1 if M1 and M2 have opposite signs. This implies

that for values of tan � ' 10, sparticles with masses em ⇠ 200 GeV can lead to an explanation

of the observed �aµ anomaly, while for tan � = 60, the characteristic scale of the weakly

interacting sparticle masses may be as large as em ⇠ 500 GeV.

The range of tan � and of sparticle masses consistent with the observed �aµ has implica-

tions on the DM properties. We will concentrate on DM candidates with masses comparable

to the weak scale, such that the thermal DM relic density reproduces the observed value. In

the MSSM, DM candidates in this mass range can be realized if the lightest supersymmetric

particle is an almost-pure Bino, m� ' |M1|.

For the moderate-to-large values of tan� required to explain the (gµ � 2) anomaly, the

SIDD amplitude for the scattering of DM with nuclei (N) is proportional to

M
SI

p
/

v

µ2


2
(M1 + µ sin 2�)

m
2

h

�
µ cos 2�

m
2

H

tan �

�
, (7)

where mh and mH are the masses of the SM-like and the new heavy neutral Higgs boson,

respectively. We see that the SIDD amplitude depends in a crucial way on the sizes and

signs of M1 and µ. There are two options to lower the SIDD amplitude: For large values of

|µ|, the Higgsino components of the DM candidate become small and the SIDD amplitude is

suppressed. Alternatively, the light and heavy CP-even Higgs contributions (first and second

terms inside the brackets in Eq. (7)) may interfere destructively, leading to a suppression of

the SIDD amplitude. The latter option is particularly interesting since it allows |µ| to remain

of the order of the electroweak scale; see, for example Ref. [118] for a recent discussion of

naturalness and the connection with direct detection bounds.
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III. TINY (gµ � 2) MUON WOBBLE WITH SMALL |µ| IN THE MSSM

Supersymmetric extensions of the SM remain among the most compelling BSM scenar-

ios [84–86], not least because in supersymmetric theories the stability of the Higgs mass pa-

rameter under quantum corrections can be ensured. In minimal supersymmetric extensions

of the SM, the SM-like Higgs is naturally light [87–97] and the corrections to electroweak

precision as well as flavor observables tend to be small, leading to good agreement with

observations. Supersymmetric extensions can also lead to gauge coupling unification and

provide a natural DM candidate, namely the lightest neutralino.

In this section, we discuss the regions of parameter space of the Minimal Supersymmetric

Standard Model (MSSM) [84–86] where the (gµ�2) anomaly can be simultaneously realized

with a viable DM candidate. Related recent (but prior to the publication of the Fermilab

Muon (g-2) result) studies can, for example, be found in Refs. [44, 45, 98–100]. One crucial

di↵erence in the region of parameter space we study here compared to the very recent work

in Refs. [44, 45] is that we show how the experimentally observed value of aµ can be explained

in the MSSM together with a viable DM candidate for moderate (absolute) values of the

Higgsino mass parameter |µ| . 500 GeV. In this region of parameter space, a Bino-like

neutralino can be an excellent DM candidate if its (spin independent) direct detection cross

section is suppressed by the so-called blind spot cancellations [43], which require µ and the

Bino mass parameter, M1, to have opposite sign.

A. �aµ and Direct Dark Matter Detection Constraints

The MSSM contributions to aµ have been discussed extensively in the literature, see, for

example, Refs. [100–107]. The most important contributions arise via chargino-sneutrino

and neutralino-smuon loops, approximately described by [100]

a
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where M2 is the Wino mass parameter and m ef are the scalar particle ef masses, with the

loop functions

f�±(x) =
x
2
� 4x + 3 + 2 ln(x)

(1 � x)3
, (4)

f�0(x) =
x
2
� 1 � 2x ln(x)

(1 � x)3
; (5)

see Refs. [104, 107] for the full (one-loop) expressions. It is interesting to note that these two

contributions can be of the some order of magnitude: The chargino-sneutrino contribution is

proportional to Higgsino-Wino mixing which can be sizeable, but suppressed by the small-

ness of the Higgsino-sneutrino-muon coupling which is proportional to the muon Yukawa

coupling, / mµ tan �/v with the SM Higgs vacuum expectation value v. The neutralino-

smuon contribution, on the other hand, arises via muon-smuon-neutralino vertices which are

proportional to the gauge couplings, but is suppressed by the small smuon left-right mixing,

/ mµ(µ tan � � Aµ)/(m2

eµR
� m

2

eµL
). Regarding corrections beyond one-loop [108, 109], the

most relevant contribution is associated with corrections to the muon Yukawa coupling, �µ.

These corrections become relevant at large values of µ tan � and can be re-summed at all

orders of perturbation theory [110]. While these corrections lead to small modifications of

aµ, they do not change the overall dependence of �aµ on the masses of the supersymmetric

particles.

From Eqs. (2)–(3) we can observe that the sign of the MSSM contributions to aµ depend

sensitively on the relative signs of the gaugino masses M1 and M2 and the Higgsino mass

parameter µ. As we will discuss shortly, a DM candidate compatible with the current null-

results from direct detection experiments can be realized for |µ| . 500 GeV if M1 and µ have

opposite signs. For this combinations of signs, the contribution from the neutralino-smuon

loop to aµ will be negative, a
e�0�eµ
µ

< 0. Since the measured value of aµ is larger than the

SM prediction by �aµ ' 25 ⇥ 10�10, we require the chargino-sneutrino contribution to be

positive and larger than the neutralino-smuon contribution. This can be realized if M2 has

the same sign as µ and if |M2| is of similar size as |µ| and the soft smuon masses. In the

regime of moderate or large values of tan �, and assuming all weakly interacting sparticles

have masses of the same order, em, one obtains approximately
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III. TINY (gµ � 2) MUON WOBBLE WITH SMALL |µ| IN THE MSSM

Supersymmetric extensions of the SM remain among the most compelling BSM scenar-

ios [84–86], not least because in supersymmetric theories the stability of the Higgs mass pa-

rameter under quantum corrections can be ensured. In minimal supersymmetric extensions

of the SM, the SM-like Higgs is naturally light [87–97] and the corrections to electroweak

precision as well as flavor observables tend to be small, leading to good agreement with

observations. Supersymmetric extensions can also lead to gauge coupling unification and

provide a natural DM candidate, namely the lightest neutralino.

In this section, we discuss the regions of parameter space of the Minimal Supersymmetric

Standard Model (MSSM) [84–86] where the (gµ�2) anomaly can be simultaneously realized

with a viable DM candidate. Related recent (but prior to the publication of the Fermilab

Muon (g-2) result) studies can, for example, be found in Refs. [44, 45, 98–100]. One crucial

di↵erence in the region of parameter space we study here compared to the very recent work

in Refs. [44, 45] is that we show how the experimentally observed value of aµ can be explained

in the MSSM together with a viable DM candidate for moderate (absolute) values of the

Higgsino mass parameter |µ| . 500 GeV. In this region of parameter space, a Bino-like

neutralino can be an excellent DM candidate if its (spin independent) direct detection cross

section is suppressed by the so-called blind spot cancellations [43], which require µ and the

Bino mass parameter, M1, to have opposite sign.

A. �aµ and Direct Dark Matter Detection Constraints

The MSSM contributions to aµ have been discussed extensively in the literature, see, for

example, Refs. [100–107]. The most important contributions arise via chargino-sneutrino

and neutralino-smuon loops, approximately described by [100]
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where M2 is the Wino mass parameter and m ef are the scalar particle ef masses, with the

loop functions

f�±(x) =
x
2
� 4x + 3 + 2 ln(x)

(1 � x)3
, (4)

f�0(x) =
x
2
� 1 � 2x ln(x)

(1 � x)3
; (5)

see Refs. [104, 107] for the full (one-loop) expressions. It is interesting to note that these two

contributions can be of the some order of magnitude: The chargino-sneutrino contribution is

proportional to Higgsino-Wino mixing which can be sizeable, but suppressed by the small-

ness of the Higgsino-sneutrino-muon coupling which is proportional to the muon Yukawa

coupling, / mµ tan �/v with the SM Higgs vacuum expectation value v. The neutralino-

smuon contribution, on the other hand, arises via muon-smuon-neutralino vertices which are

proportional to the gauge couplings, but is suppressed by the small smuon left-right mixing,

/ mµ(µ tan � � Aµ)/(m2

eµR
� m

2

eµL
). Regarding corrections beyond one-loop [108, 109], the

most relevant contribution is associated with corrections to the muon Yukawa coupling, �µ.

These corrections become relevant at large values of µ tan � and can be re-summed at all

orders of perturbation theory [110]. While these corrections lead to small modifications of

aµ, they do not change the overall dependence of �aµ on the masses of the supersymmetric

particles.

From Eqs. (2)–(3) we can observe that the sign of the MSSM contributions to aµ depend

sensitively on the relative signs of the gaugino masses M1 and M2 and the Higgsino mass

parameter µ. As we will discuss shortly, a DM candidate compatible with the current null-

results from direct detection experiments can be realized for |µ| . 500 GeV if M1 and µ have

opposite signs. For this combinations of signs, the contribution from the neutralino-smuon

loop to aµ will be negative, a
e�0�eµ
µ

< 0. Since the measured value of aµ is larger than the

SM prediction by �aµ ' 25 ⇥ 10�10, we require the chargino-sneutrino contribution to be

positive and larger than the neutralino-smuon contribution. This can be realized if M2 has

the same sign as µ and if |M2| is of similar size as |µ| and the soft smuon masses. In the

regime of moderate or large values of tan �, and assuming all weakly interacting sparticles

have masses of the same order, em, one obtains approximately

�aµ ' 1.3 ⇥ 10�9 tan � ⇥
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orders of perturbation theory [110]. While these corrections lead to small modifications of

aµ, they do not change the overall dependence of �aµ on the masses of the supersymmetric

particles.

From Eqs. (2)–(3) we can observe that the sign of the MSSM contributions to aµ depend

sensitively on the relative signs of the gaugino masses M1 and M2 and the Higgsino mass

parameter µ. As we will discuss shortly, a DM candidate compatible with the current null-

results from direct detection experiments can be realized for |µ| . 500 GeV if M1 and µ have

opposite signs. For this combinations of signs, the contribution from the neutralino-smuon

loop to aµ will be negative, a
e�0�eµ
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< 0. Since the measured value of aµ is larger than the

SM prediction by �aµ ' 25 ⇥ 10�10, we require the chargino-sneutrino contribution to be

positive and larger than the neutralino-smuon contribution. This can be realized if M2 has

the same sign as µ and if |M2| is of similar size as |µ| and the soft smuon masses. In the

regime of moderate or large values of tan �, and assuming all weakly interacting sparticles
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Taking the 4.2 sigma discrepancy seriously

28

The muon g-2 collaboration confirms the Brookhaven result. 
Deviation of 4.2 standard deviations from SM Expectations.

A very important result, that will be further tested in the coming years.

I. INTRODUCTION

The Standard Model (SM) of particle physics has built its reputation on decades of

measurements at experiments around the world that testify to its validity. With the discovery

of the Higgs boson almost a decade ago [1, 2] all SM particles have been observed and the

mechanism that gives mass to the SM particles, with the possible exception of the neutrinos,

has been established. Nonetheless, we know that physics beyond the SM (BSM) is required

to explain the nature of dark matter (DM) and the source of the observed matter-antimatter

asymmetry. Furthermore, an understanding of some features of the SM such as the hierarchy

of the fermion masses or the stability of the electroweak vacuum, is lacking.

The direct discovery of new particles pointing towards new forces or new symmetries

in nature will be the most striking and conclusive evidence of BSM physics. However, it

may well be the case that BSM particles lie beyond our present experimental reach in mass

and/or interaction strength, and that clues for new physics may first come from results for

precision observables that depart from their SM expectations. With that in mind, since

the discovery of the Higgs boson, we are straining our resources and capabilities to measure

the properties of the Higgs boson to higher and higher accuracy, and flavor and electroweak

physics experiments at the LHC and elsewhere are pursuing a complementary broad program

of precision measurements. Breakthroughs in our understanding of what lies beyond the SM

could occur at any time.

Recently, new results of measurements involving muons have been reported. The LHCb

experiment has reported new values of the decay rate of B-mesons to a kaon and a pair

of muons compared to the decay into a kaon and electrons [3], providing evidence at the

3 �-level of the violation of lepton universality. This so-called RK anomaly joins the ranks

of previously reported anomalies involving heavy-flavor quarks such as the bottom quark

forward-backward asymmetry at LEP [4, 5], and measurements of meson decays at the LHC

and B-factories such as RK⇤ [6–8] and RD(⇤) [9–14]. The Fermilab Muon (g-2) experiment

has just reported a new measurement of the anomalous magnetic moment of the muon,

aµ ⌘ (gµ � 2) /2. The SM prediction of aµ is known with the remarkable relative precision

of 4 ⇥ 10�7, a
SM

µ
= 116 591 810(43) ⇥ 10�11 [15–35]. From the new Fermilab Muon (g-

2) experiment, the measured value is a
exp, FNAL

µ
= 116 592 040(54) ⇥ 10�11 [36], which

combined with the previous E821 result a
exp, E821

µ
= 116 592 089(63) ⇥ 10�11 [37], yields a

2

value a
exp

µ
= 116 592 061(41) ⇥ 10�11.

An important point when considering the tension between experimental results and the

SM predictions are the current limitations on theoretical tools in computing the hadronic

vacuum polarization (HVP) contribution to a
SM

µ
, which is governed by the strong interaction

and is particularly challenging to calculate from first principles. The most accurate result

of the HVP contribution is based on a data-driven result, extracting its value from precise

and reliable low-energy (e+e
�

! hadrons) cross section measurements via dispersion theory.

Assuming no contribution from new physics to the low energy processes and conservatively

accounting for experimental errors, this yields a value a
HVP

µ
= 685.4(4.0)⇥10�10 [15, 20–26],

implying an uncertainty of 0.6 % in this contribution.1 The SM prediction for the anomalous

magnetic moment of the muon and the measured value then di↵er by 4.2 �,

�aµ ⌘ (aexp

µ
� a

SM

µ
) = (251 ± 59) ⇥ 10�11

. (1)

It is imperative to ask what these anomalies may imply for new physics. The most

relevant questions that come to mind are: Can the aµ and R
K(⇤) anomalies be explained

by the same BSM physics? Can they give guidance about the nature of DM? Are they

related to cosmological discrepancies? How constrained are the possible solutions by other

experimental searches? What are future experimental prospects for the possible solutions?

In Sec. II we provide a brief overview of the many models which have been previously

proposed in the literature to explain the (gµ�2) anomaly and consider their impact on other

possible anomalies and on unresolved questions of the SM. Then, in Sec. III, we discuss a

supersymmetric solution in the most simplistic supersymmetric model at hand, the Minimal

Supersymmetric Standard Model (MSSM). We focus on a region of the parameter space of

the MSSM where the (gµ � 2) anomaly can be realized simultaneously with a viable DM

candidate. We show that in the region of moderate |µ| and moderate-to-large values of

tan �, a Bino-like DM candidate can be realized in the proximity of blind spots (that require

µM1 < 0) for spin independent direct detection experiments [43]. In this way, our MSSM

scenario explores a di↵erent region of parameter space than the one considered in the study

1 The HVP contribution has recently been computed in lattice QCD, yielding a higher value of aHVP

µ =

708.7(5.3) ⇥ 10�10 [38]. Given the high complexity of this calculation, independent lattice calculations

with commiserate precision are needed before confronting this result with the well tested data-driven one.

We stress that if a larger value of the HVP contribution were confirmed, which would (partially) explain

the (gµ � 2) anomaly, new physics contributions will be needed to bring theory and measurements of

(e+e� ! hadrons) in agreement [39–42]. 3
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Observe that the g-2 errors are mainly statistical ones.

Assuming all weakly interacting supersymmetric particle masses are the same 
and M1 x M2 > 0  

  è 

Rough Approximation

• If all weakly interacting supersymmetric particle masses were the 
same, and the gaugino masses had the same sign, then

• This implies that, for tanβ = 10,  particle masses of order 250 
GeV could explain the anomaly, while for  values of tanβ = 60 
( consistent with the unification of the top and bottom Yukawa) 
these particle masses could be of order 700 GeV.
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One can explain the anomaly within the MSSM: 
for values of tanβ ~ 10 – 60 and  SUSY particle masses in the 250-700 GeV range



Fitting Dark Matter Direct Detection and muon g-2 results

20-07-2023

• Reduction (proximity to blind spot) of SIDD cross section obtained for μ x M1 < 0
• Direct Detection cross sections (SD/SI) are suppressed for large values of μ

• Muon g-2 has two contributions: 
q Bino one proportional to μ x M1 - that is negative at the proximity of the blind spot 

but becomes subdominant at smaller values of μ
q  Chargino one proportional to μ x M2 -that is the dominant one for gaugino masses 

of the same order and is suppressed at large μ 

Baum, M.C., Shah, Wagner, arXiv:2104.03302 

Chakraborti, Heinemeyer, Saha, arXiv:2006.15157; 2103.13403

Since contributions to g-2 need to be 
positive è compatibility between 
Direct Detection and muon g-2 results 
is achievable either for 
• large values of μ (or) 
                                     
• smaller μ values, IF M1 x M2 < 0 

Some hierarchy of μ values between positive and negative M1 is observed



Trailing the electroweakinos at the LHC 
The many good features of the compressed bino-wino region
- yields a dark matter WIMP solution
- is at the current/future reach of Direct Detection experiments
- can explain the possible muon g-2 anomaly for opposite sign of gaugino masses

 AND can be searched for at the LHC Run 3/HL-LHC

20-07-2023



Trailing the electroweakinos at the LHC 
The many good features of the compressed bino-wino region
- yields a dark matter WIMP solution
- is at the current/future reach of Direct Detection experiments
- can explain the possible muon g-2 anomaly for opposite sign gaugino masses

 AND can be searched for at the LHC Run 3/HL-LHC
In fact, 
there are hints of mild (2σ) excesses in both experiments …

20-07-2023

20

gions are typically incorporated either by a simultaneous maximum likelihood fit of the signal
and control regions or through parameterization using gamma functions. Exclusion limits are
set based on the generated signal mass hypotheses and, for visualization of the results, linear
interpolation is utilized to account for to the limited granularity of the available signal samples.

The cross section upper limits and mass-limit contours for the neutralino-chargino production
(Fig. 1) are shown in Fig. 11. The contributions of the input analyses to the limit curves in
comparison with those from the combination appear in Fig. 12, along with the combined mass-
plane limit contours for three values of the H ec0

1/Zec0
1 branching ratio of the ec0

2 decay. The
leading contributing analysis at each point in the plane, for the covered parameter space, is
shown in Fig. 13.

In Fig. 11, excesses in the combined data for the WZ topology reduce the excluded space rela-
tive to the expected one by ⇠ 2s in the region of Dm around 30–40 GeV. The upper right plot in
Fig. 12 shows that this falls in the crossover region where the exclusion power shifts between
the two contributing analyses, “2/3` soft” and “� 3`”. The less restrictive observed than ex-
pected exclusion in the region of large NLSP and LSP masses for the WH and mixed topologies
is driven by ⇡ 1s excesses in several p

miss
T bins of the WH SR in the “Hadr. WX” analysis, as

demonstrated in lower left plots in Fig. 12.
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Figure 11: Cross section limits with expected and observed exclusion boundaries in the model
parameter space, for neutralino-chargino production in the WZ topology for the full parameter
space (upper left) as well as the compressed region (upper right), the WH topology (lower left),
and the mixed topology with 50% branching fraction to WZ and WH (lower right).

For the GMSB model (Fig. 2) with production of degenerate higgsinos decaying to the goldstino

Here, I would like to consider a new search 
channel in the region of interest

2

2 Signal models and search strategy

In this section we introduce the specific SUSY models used to interpret the results of the com-
bined search, together with a summary of the component searches. The models describe the
production of gaugino pairs, higgsino pairs with a goldstino or bino LSP, and slepton pairs. The
higgsino-bino and slepton interpretations are an addition to those considered in the previous
CMS combination paper [25]. In all cases we assume that R-parity is conserved, ensuring that
the initial production process gives rise to pairs of superpartners, and that strongly-interacting
superpartners are too massive to participate in the process.

2.1 Models for the production of electroweakinos

We consider SUSY models for the production and decay of electroweakinos in which the next-
to-lightest SUSY particle (NLSP) decays to the LSP with the emission of a W, Z, or H boson.
Here H refers to the 125 GeV scalar boson, assumed to be the lightest CP-even state of the ex-
tended Higgs sector. We assume that none of the heavier MSSM Higgs bosons, or of the slep-
tons, participate in the process. The production of the NLSP may be either direct, or through
cascades following the electroweak production of heavier neutralinos or charginos.

A variety of models arise from different assumptions about the mass spectrum of the neutrali-
nos and charginos. In the example of Fig. 1, the lightest chargino ec±

1 is produced in association
with the next-lightest neutralino ec0

2. The ec±
1 decays via a W boson to the LSP (ec0

1) while the
ec0

2 decays to ec0
1 with branching fractions B(ec0

2 ! Z ec0
1) and B(ec0

2 ! H ec0
1) that depend on the

gaugino and higgsino content of the ec0
2. In computing the production cross section we assume

that the ec±
1 and ec0

2 are degenerate in mass and are wino-like, meaning that the SU(2) gauge
eigenstates are the dominant components of the ec±

1 and ec0
2 mass eigenstates.

p

p e�0
2

e�±
1

W
±

e�0
1

e�0
1

Z, H

Figure 1: Production of ec±
1 and ec0

2, with the ec±
1 decaying to a W boson and a ec0

1, and the ec0
2

decaying to either a Z or H boson and a ec0
1.

We also consider two simplified models characterized by a SUSY mass spectrum in which the
light higgsinos, including the NLSP, are nearly degenerate in mass and heavier than the LSP.
These involve multiple production mechanisms leading to the same final state, which enhance
the total effective cross section for the process.

The first of these models is motivated by a specific GMSB model [14] in which the light higgsi-
nos are nearly degenerate in mass, and the eG is the LSP. The coupling of eG is suppressed by
the SUSY breaking scale [13], so that the NLSP is metastable. In addition to direct production
of ec0

1 pairs, the ec±
1 and ec0

2 are produced in combinations ec±
1 ec0

1, ec±
1 ec0

2, and ec±
1 ec⌥

1 that decay
into low-momentum SM fermions and the ec0

1 NLSP. The ec0
1 then decays into eG and some com-

bination of Z and H, plus SM fermions. Since the mass splitting among the higgsinos is small,
the SM fermions are not reconstructed and have a negligible impact on the kinematics of the
event. We consider in total three topologies as illustrated in Fig. 2.

The 2/3l soft and ≥ 3l analyses complement 
each other in the compressed region. 

The radiative decay of the NLSP

Signals of Electroweakino Searches at the LHC

Carlos E.M. Wagner
Phys. Dept., EFI and KICP, Univ. of Chicago

HEP Division, Argonne National Lab.

Figure 1: Illustration of a representative process giving rise to the mono-photon + /ET + jets/leptons

final state arising at the LHC via radiative decays of the Wino-like neutralino �̃
0
2
.

|M2| is not much larger than |M1|. As we will see, a mass splitting between the Bino-like lightest
neutralino (�̃0

1
) and a Wino-like second lightest neutralino (�̃0

2
) of (m�̃

0
2
� m�̃

0
1
) ⇠ 10 � 30 GeV

leads to our DM candidate �̃
0

1
explaining the observed relic density of our Universe. In the

remainder of this article, we will refer to the region of parameter space where the Bino-Wino
mass splitting is in this range as the compressed region.

The Large Hadron Collider (LHC) is the premier tool to directly search for new particles. To
date, searches for new particles at the LHC have yielded null results, setting relevant constraints
on the MSSM parameter space, in particular, requiring new color-charged particles such as
gluinos (eg) and squarks (eq) to have masses meg & 2 TeV and meq & 1 TeV, respectively, see, e.g.,
Refs. [76–82].2 With the analyses of the LHC Run 2 data, the ATLAS and CMS collaborations
have also started to provide interesting bounds on new color-neutral particles such as Binos,
Winos, and sleptons in the few-hundred GeV mass range. The progress in searches using soft
multi-lepton + missing transverse energy ( /ET ) final states aimed at the compressed region
has been particularly impressive [83–91]. Such searches are well motivated: in a DM-motivated
scenario where Binos and Winos are relatively light and |M1| < |M2|, Wino pair production cross
sections at the LHC are sizeable, especially in the (pp ! �̃

0

2
�̃
±
1
) channel where �̃

0

2
and �̃

±
1

are
the Wino-like neutralino and chargino, respectively, and the branching ratios of (�̃0

2
! �̃

0

1
+ff̄)

processes are typically quite large. However, as we discuss in this work, there is an interesting
interplay between the sign of (M1 ⇥ M2) and the decay modes of the Wino-like neutralinos:
for (M1 ⇥ M2) > 0, radiative decays (�̃0

2
! �̃

0

1
+ �) mediated by loops involving charginos or

sleptons have relatively small branching ratios and the (�̃0

2
! �̃

0

1
+ff̄) decays dominate (except

in the very compressed regime where m�̃
0
2

' m�̃
0
1
). Instead for (M1 ⇥ M2) < 0, the di↵erent

diagrams mediating (�̃0

2
! �̃

0

1
+ �) decays interfere constructively, enhancing the associated

branching ratio and suppressing the (�̃0

2
! �̃

0

1
+ ff̄) decays.

Recall that realizing a DM candidate in the MSSM compatible with direction detection
constraints for moderate values of |µ| prefers (M1 ⇥ µ) < 0, and providing a correction to the
muon’s anomalous magnetic moment that explains the discrepancy between the SM prediction
and the measured value requires (M2 ⇥ µ) > 0. Hence, (M1 ⇥ M2) < 0, which leads to
large radiative branching ratios of the second-lightest neutralino (�̃0

2
! �̃

0

1
+ �); we quite

2
We note that this mass region is also preferred by the observed 125 GeV mass of the SM-like Higgs boson.

Radiative corrections dominated by stops are required to lift the mass of a SM-like Higgs to such values in the

MSSM; reproducing mh ⇠ 125 GeV requires stops with at least few-TeV masses.
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Neutralino Decay Channels

(a) (b) (c)
Figure 2: Tree-level decays of the second-lightest neutralino �̃

0
2

to the lightest neutralino �̃
0
1

and a

pair of SM fermions (f + f̄).

where (M1 ⇥ µ) < 0 and (M2 ⇥ µ) > 0. The observed relic density for �̃
0

1
is achieved via Bino-

Wino co-annihilation in the “compressed region”, (m�̃
0
2
� m�̃

0
1
) ⇠ 10 � 30 GeV. As we will see

in this section, these relative signs, which imply (M1 ⇥ M2) < 0, have important implications
on the decay patterns of the Wino-like neutralino in the compressed region. The analytical
approximations for the decay modes of the second-lightest neutralino, which we discuss here,
will serve as guidance for our subsequent numerical analysis.

All the decay modes for (�̃0

2
! �̃

0

1
+ X) are kinematically suppressed in the compressed

region. To parameterize the kinematic suppression, we define the “mass splitting parameter”

" ⌘
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0
2

m�̃
0
1

� 1. (3.17)

Tree-level decays (illustrated in Fig. 2) are suppressed as �(�̃0

2
! �̃

0

1
+ ff̄) / "

5, while the
radiative decays (illustrated in Fig. 3–Fig. 5) are suppressed as �(�̃0

2
! �̃

0

1
+ �) / "

3 [97].
Therefore, radiative decays play an important role in the compressed region. As we shall see,
the radiative decay width is enhanced if M1 has a negative sign relative to M2; a similar
e↵ect was also observed in Ref. [98]. Recall that we encode the signs of the neutralino masses
obtained from the diagonalization of the mass matrix in ⇠i, hence (M1 ⇥ M2) < 0 corresponds
to (⇠1 ⇥ ⇠2) = �1.

The radiative decay width is [99]
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where g�̃0
2�̃

0
1�

is the total e↵ective coupling contributed by three types of triangle loops as dis-
cussed below:

1. f̃ � f triangle: The corresponding diagrams are shown in Fig. 3. Calculating the total
matrix element of these diagrams containing a f̃ � f triangle, and extracting the e↵ective
coupling, we get

g
f̃/f

=
eg

2
m�̃

0
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X
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QfCf

n
(GLFR � GRFL)

h
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0
2
(I2 � K) � m�̃

0
1
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+ ⇠1mf (GLFL � GRFR) I
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, (3.19)

12

Figure 4: Triangle diagrams mediated by a charged Higgs (H
±
) or Goldstone bosons (G

±
) and a

chargino (�̃
±
k
) contributing to the �̃

0
2

radiative decay.

Figure 5: Triangle diagram mediated by a W
±
-boson and a chargino (�̃

±
k
) contributing to the �̃

0
2

radiative decay.

where m
f̃

and mf are the masses of the sfermion and fermion in the loop, respectively.
At leading order in ", I2 � K = K + O("). Hence, the e↵ective coupling g

f̃/f
, Eq. (3.19),

is enhanced if (⇠1 ⇥ ⇠2) = �1, corresponding to (M1 ⇥ M2) < 0.

2. H
±
/G

±� �̃
±
k triangle: The diagrams are shown in Fig. 4. The e↵ective coupling has

the same form as that of the f̃ �f triangle, with Qf = 1 and Cf = 1. However, since both
the charged Higgs and the Higgsino-like chargino are heavy in the parameter space under
analysis, the contribution from these types of triangles tends to be highly suppressed.

3. W
± � �̃

±
k triangle: The corresponding diagrams are shown in Fig. 5. The e↵ective

coupling generated via these diagrams is given by

gW±/�̃± =
�eg
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The combinations of the couplings (GLFL � GRFR) and (GLFR � GRFL) are
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Figure 3: Sfermion-fermion (f̃ � f) triangles contributing to the radiative decay.

where Qf , Cf and mf are the electric charge, color charge and the mass of the fermion
in the loop, respectively. FL(R) and GL(R) are the couplings of the incoming and outgoing
neutralinos to the particles in the loop. For up-type fermions/sfermions, the relevant
combinations in Eq. (3.19) are given by

GLFR � GRFL = N�
1
N�

2
+ 4T3uQu tan ✓W

�
N11N

�
2

+ N21N
�
1

�
, (3.20)

GLFL � GRFR = �
2mu

mW sin �


N14

�
T3uN

�
2

+ Qu tan ✓WN21

�
(3.21)

� N24

�
T3uN

�
1

+ Qu tan ✓WN11

�
� Qu tan ✓W (N24N11 � N14N21)

�
,

where T3u is the isospin of the fermion in the loop, and Qu is the electric charge of the
fermion in units of e. The Nij are the matrix elements of the neutralino mixing matrix de-
fined in Sec. 2, and N±

i
⌘ Ni2±Ni1 tan ✓W . The results for down-type fermions/sfermions

corresponding to Eq. (3.20) and Eq. (3.21) can be obtained by making the following re-
placements: (mu, Qu, T3u) ! (md, Qd, T3d), sin � ! cos �, and (N14,N24) ! (N13,N23).

Eq. (3.21) indicates that (GLFL � GRFR) is suppressed by the SM fermion masses and
neutralino mixing, while (GLFR � GRFL) ⇡ N11N22 tan ✓W (�1 + 4T3Q) is neither sup-
pressed by the fermion masses nor by the neutralino mixing. Hence we will focus on the
first line of Eq. (3.19). Since �̃

0

1
and �̃

0

2
are Majorana fermions, the fermion flow in Fig. 3

can be either preserved or violated. This gives rise to the dependence on the signs of the
neutralino masses ⇠1 and ⇠2 in Eq. (3.19). The full expressions of the loop integrals I2 and
K are given in Appendix A. Expanding (I2 � K) and K in terms of the mass splitting
parameter ", we get

I2 � K =

Z
1

0

dx
1

D
x (x � 1) + O(") , (3.22)

K =

Z
1

0

dx
1

D
x (x � 1) + O(") . (3.23)

The parameter D is defined as
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h
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+ (1 � x)m2
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0
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i
, (3.24)
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Figure 2: Tree-level decays of the second-lightest neutralino �̃

0
2

to the lightest neutralino �̃
0
1

and a

pair of SM fermions (f + f̄).

where (M1 ⇥ µ) < 0 and (M2 ⇥ µ) > 0. The observed relic density for �̃
0

1
is achieved via Bino-

Wino co-annihilation in the “compressed region”, (m�̃
0
2
� m�̃

0
1
) ⇠ 10 � 30 GeV. As we will see

in this section, these relative signs, which imply (M1 ⇥ M2) < 0, have important implications
on the decay patterns of the Wino-like neutralino in the compressed region. The analytical
approximations for the decay modes of the second-lightest neutralino, which we discuss here,
will serve as guidance for our subsequent numerical analysis.

All the decay modes for (�̃0

2
! �̃

0

1
+ X) are kinematically suppressed in the compressed

region. To parameterize the kinematic suppression, we define the “mass splitting parameter”
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Tree-level decays (illustrated in Fig. 2) are suppressed as �(�̃0
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+ ff̄) / "

5, while the
radiative decays (illustrated in Fig. 3–Fig. 5) are suppressed as �(�̃0
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3 [97].
Therefore, radiative decays play an important role in the compressed region. As we shall see,
the radiative decay width is enhanced if M1 has a negative sign relative to M2; a similar
e↵ect was also observed in Ref. [98]. Recall that we encode the signs of the neutralino masses
obtained from the diagonalization of the mass matrix in ⇠i, hence (M1 ⇥ M2) < 0 corresponds
to (⇠1 ⇥ ⇠2) = �1.

The radiative decay width is [99]
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where g�̃0
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is the total e↵ective coupling contributed by three types of triangle loops as dis-
cussed below:

1. f̃ � f triangle: The corresponding diagrams are shown in Fig. 3. Calculating the total
matrix element of these diagrams containing a f̃ � f triangle, and extracting the e↵ective
coupling, we get
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where m
f̃

and mf are the masses of the sfermion and fermion in the loop, respectively.
At leading order in ", I2 � K = K + O("). Hence, the e↵ective coupling g

f̃/f
, Eq. (3.19),

is enhanced if (⇠1 ⇥ ⇠2) = �1, corresponding to (M1 ⇥ M2) < 0.

2. H
±
/G
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±
k triangle: The diagrams are shown in Fig. 4. The e↵ective coupling has

the same form as that of the f̃ �f triangle, with Qf = 1 and Cf = 1. However, since both
the charged Higgs and the Higgsino-like chargino are heavy in the parameter space under
analysis, the contribution from these types of triangles tends to be highly suppressed.

3. W
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k triangle: The corresponding diagrams are shown in Fig. 5. The e↵ective

coupling generated via these diagrams is given by
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Figure 3: Sfermion-fermion (f̃ � f) triangles contributing to the radiative decay.

where Qf , Cf and mf are the electric charge, color charge and the mass of the fermion
in the loop, respectively. FL(R) and GL(R) are the couplings of the incoming and outgoing
neutralinos to the particles in the loop. For up-type fermions/sfermions, the relevant
combinations in Eq. (3.19) are given by
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where T3u is the isospin of the fermion in the loop, and Qu is the electric charge of the
fermion in units of e. The Nij are the matrix elements of the neutralino mixing matrix de-
fined in Sec. 2, and N±

i
⌘ Ni2±Ni1 tan ✓W . The results for down-type fermions/sfermions

corresponding to Eq. (3.20) and Eq. (3.21) can be obtained by making the following re-
placements: (mu, Qu, T3u) ! (md, Qd, T3d), sin � ! cos �, and (N14,N24) ! (N13,N23).

Eq. (3.21) indicates that (GLFL � GRFR) is suppressed by the SM fermion masses and
neutralino mixing, while (GLFR � GRFL) ⇡ N11N22 tan ✓W (�1 + 4T3Q) is neither sup-
pressed by the fermion masses nor by the neutralino mixing. Hence we will focus on the
first line of Eq. (3.19). Since �̃

0

1
and �̃

0

2
are Majorana fermions, the fermion flow in Fig. 3

can be either preserved or violated. This gives rise to the dependence on the signs of the
neutralino masses ⇠1 and ⇠2 in Eq. (3.19). The full expressions of the loop integrals I2 and
K are given in Appendix A. Expanding (I2 � K) and K in terms of the mass splitting
parameter ", we get
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Focusing on the compressed region, define the mass splitting parameter ε è 

Understanding the enhancement of the radiative decay

Focusing on the compressed region, define the mass splitting parameter " as

" ⌘

m�̃0

2

m�̃0

1

� 1.

Kinematic suppression: As the mass di↵erence shrinks, the tree-level decay
(�̃0

2 ! �̃0

1`¯̀) is suppressed as ⇠ "5, while the loop-level radiative decay (�̃0

2 ! �̃0

1�)
is suppressed as ⇠ "3. Therefore the loop-level decay becomes prominent in the
compressed region.
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to understand the importance of the radiative decays

Kinematic suppression: As the mass difference shrinks, the tree-level decay rate is  prop. to ε5

while loop-level radiative decay prop. to ε3 à radiative decay prominent in compressed region. 

vs
radiative decays

Branching Ratios 
obtained with SUSY-HIT

• M1 chosen to get proper relic density

• Dominant radiative decay from 
fermion-sfermion loop with effec?ve 
coupling enhanced for M1 x M2 < 0 

Can this be tested at the LHC?



Allowed Parameter Space  - fixing M1 x M2 < 0 - 
• LHC searches in the compressed region, taking into account bounds on the whole 

SUSY spectrum while assuming sufficiently heavy strong interacting particles 
• Compute relic density and consider direct detection bounds (SI and SD)
• Consider parameter space compatible with the potential muon g-2 anomaly
• Compute BR (NLSP à SLP + γ)

20-07-2023

We use SUSY-HIT, MicrOMEGAS 3.2, CheckMATE 2.3, with Madgraph and Pythia, and Delphes  

DM fixed to obtain relic density

Baum, M.C., Ou, Rocha, Shah, Wagner, arxiv 2303.01523



Lighting up the LHC with Dark Matter
LHC outlook

We therefore propose a new search channel:
A soft photon [E ⇠ O(m�̃0

2

�m�̃0

1

)] + missing ET [boosted by a hard ISR jet]
to complement the existing SUSY searches for the multi-lepton final states.
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Characteristic cross sections
 of order of tens of fb 

Strong dependence on 
electroweakino mass.

radiative decay BR depends on the slepton masses. 
• For small slepton mass parameter, the stau 

contribution to the three body decay becomes 
prominent and suppresses the radiative decay

• For large slepton mass parameter, the lack of 
slepton contribution to the radiative decay loop 
amplitude suppresses this BR.



Lighting up the LHC with Dark Matter: Benchmark case
• Benchmark parameters and kinematic distributions. In the event selection, we request a 

hard ISR jet with pTj > 100 GeV to boost the missing energy. 

20-07-2023

Benchmark kinematic distributions

Benchmark parameters and kinematic distributions. In the event selection, we request a
hard ISR jet with p

j

T
> 100GeV to boost the missing energy.
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Benchmark kinematic distributions

Benchmark parameters and kinematic distributions. In the event selection, we request a
hard ISR jet with p

j

T
> 100GeV to boost the missing energy.

6/23/2023 14 / 19The photon pT peaks at values close to the neutralino mass difference
The missing Energy is correlated with the ISR jet pT

Potential kinematic cuts

There are various sources of backgrounds, e.g., electromagnetic backgrounds, jet energy
mis-measurements etc. We evaluate the e�ciencies of possible /ET and p

�
T
cuts (left

panel below). Due to the absence of correlations between /ET and p
�
T
(right panel), a

multi-object trigger might be suitable for the proposed search.
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There are various sources of backgrounds: em 
backgrounds, jet energy mis-measurements,…

We evaluate the efficiencies of possible MET 
and pTγ cuts.  Due to the absence of 
correlations between them, a multi-object 
trigger might be suitable for this search

Potential Kinetic cuts:



Outlook

20-07-2023

SUSY searches have led to bounds on colored particles in the 1 to 2 TeV range
Stop searches are starting to probe the region of parameter space consistent with a 
125 GeV MSSM SM-like Higgs boson
Sensitivity in electroweak interacting particle searches is advancing rapidly at the LHC
The so-called compressed mass region leading to a good WIMP-DM  candidate, is 
starting to be probed via a combined effort of LHC and Direct detection DM searches: 
Here we propose a new radiative decay search for the Wino NLSP to complement  
ongoing multilepton searches 

Supersymmetry, guided by the Higgs boson discovery and informed by LHC 
searches offers a path to uncover mysteries of particle physics
Even the minimal SUSY extension of the SM can accommodate Dark Matter and the 
possible muon g-2 anomaly 

Other SUSY extensions, such as the NMSSM, can in addition to a DM candidate, 
also provide an explanation to Baryogenesis at the Electroweak phase transition
 – an exciting possibility with falsifiable signals at current/future experiments -



                Extras

20-07-2023



For a general 2HDM (H1, H2), 

If the mixing in the CP-even sector yields cos (β-α) = 0   è cosα = sinβ 
 The lightest Higgs coupling  to fermions and gauge bosons is SM-like.

H and A couplings scale like 1/ tanβ  with the exception of the
 down-quark/lepton couplings enhanced by tanβ in Type II (SUSY)

This situation is called ALIGNMENT

Data on SM-like Higgs signal strengths èAlignment
the couplings of h/H  to V = W,Z are

HVV = (hVV)SM cos(� � ↵)

hVV = (hVV)SM sin(� � ↵)

In a 2HDM type II ( e.g. MSSM), H1 couples to down-quarks and charged 
leptons,   while H2 couples to up-quarks.  <Hi> = vi    tan β = v2/v1

Gunion and Haber ’03

h = � sin↵ H
0
1 + cos↵ H

0
2

H = cos↵ H
0
1 + sin↵ H

0
2

ghuu =
muu

v

cos↵

sin�
gHuu =

mu

v

sin↵

sin�ghdd(hll) =
md(l)

v

(� sin↵)

cos�
gHdd(Hll) =

md(l)

v

cos↵

cos�

In 2HDM type I,  all fermions couple to H2

20-07-2023



Alignment Conditions in General 2HDMs

Eigenstate  Eq.

è cos (β-α) = 0≈ 0

Alignment occurs for large values of  mAè Decoupling OR
 specific conditions independent of MAèAlignment without decoupling

Craig, Galloway,Thomas’13    M.C, Low, Shah, Wagner ‘13

If no CP violation in the Higgs sector
Valid for any 2HDM

General 2HDM
Higgs potential

Minimiza?on condi?ons define mA, mH+ and mh/H in terms of quar?c couplings, one mass 
parameter and tanβ

20-07-2023



Electroweak baryogenesis with Supersymmetry

20-07-2023

A more extended Higgs sector: two Higgs doublets + a singlet

provides flexibility enhancing the PT strengthboth charged under the EW gauge group

The multiple field space scalar potential makes the study of phase transitions challenging  
we consider the 
3-dim. field space

The EW vacuum:

where m2

i
and Ai are soft SUSY-breaking parameters of dimension mass-squared and mass,

respectively, and g1 and g2 are the U(1)Y and SU(2)L gauge couplings.

The Higgs fields have large couplings amongst themselves, to the electroweak gauge

bosons, and to third generation (s)fermions. These couplings lead to sizable radiative

corrections to V0, to which we return in section 2.1. However, many of the properties of

the scalar potential can already be seen from the tree level potential, eq. (2.3).

In order to be compatible with phenomenology, the NMSSM must preserve charge.

While in the MSSM the scalar potential is su�ciently constrained to make charge-breaking

minima very rare (see, e.g., ref. [59]), the additional freedom of the NMSSM’s scalar po-

tential makes such minima a much larger problem. However, ref. [60] demonstrated nu-

merically that, while charge-breaking minima may be present in the NMSSM, they are

virtually always accompanied by additional charge-conserving minima, and the tunneling

rate from the metastable physical minimum to these charge-conserving minima is larger

than to the charge-breaking minima. Hence, we can neglect such charge-breaking minima;

in the following we will assume that for all phenomenologically relevant vacua the vevs can

be rotated to have the form

hHdi =

 
vd

0

!
, hHui =

 
0

vu

!
, hSi = vS , (2.4)

breaking SU(2)L ⇥U(1)Y ! U(1)em. Without loss of generality, one can furthermore take

all vevs to be real-valued: While the Z3-NMSSM does allow for stationary points in the

scalar potential which spontaneously break CP, at tree level such points are either saddle

points or local maxima [61]. In summary, it su�ces to allow the neutral real components

of Hd, Hu, and S to take non-trivial vevs2 when studying the vacuum structure of the

NMSSM. This reduction from a ten-dimensional to a three-dimensional field space makes

the task considerably more tractable.

In order to ensure that the scalar potential has a stationary point at the physical

minimum, we use the minimization conditions
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Hu=vu
S=vS

=
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Hu=vu
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����Hd=vd
Hu=vu
S=vS

= 0 , (2.5)

replacing the squared mass parameters m2

Hd
, m2

Hu
, and m

2

S
with the vevs vd, vu, and vS in

eq. (2.3). In practice, it is convenient to re-parameterize the vevs,

v ⌘

q
v
2

d
+ v2u , tan� ⌘ vu/vd , µ ⌘ �vS . (2.6)

The observed mass of the electroweak gauge bosons is reproduced by fixing v = 174GeV,

removing one of the NMSSM’s free parameters.

In order to account for the constraints on the NMSSM imposed by the SM-like cou-

plings of the observed 125GeV Higgs boson, it is useful to write the Higgs fields in the

2Observe that in general the sfermions can get non-trivial vevs as well, potentially giving rise to charge

and/or color breaking vacua. We will not entertain this possibility further in this work.
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Parameter space: 

After minimization conditions, replacing mass parameters by vev’s and suppressing mixing of 
HNMS and HS with HSM to be consistent with Higgs 125 GeV phenomenology 

Higgs basis
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{v, tan�, µ, �, , A�, A} ! {µ, tan�, , A}

<latexit sha1_base64="eAotU+zCj7qBaUncZJZLk1VzP9E="></latexit>

V0 = m
2
Hd

|Hd|2 +m
2
Hu

|Hu|2 +m
2
S
|S|2 + �

2 |S|2
⇣
|Hd|2 + |Hu|2

⌘
+
���Hu ·Hd + S

2
��2

+
⇣
�A�SHu ·Hd +



3
AS

3 + h.c.
⌘
+

g
2
1 + g

2
2

8

⇣
|Hd|2 � |Hu|2

⌘2
+

g
2
2

2

���H†
d
Hu

���
2

where m2

i
and Ai are soft SUSY-breaking parameters of dimension mass-squared and mass,

respectively, and g1 and g2 are the U(1)Y and SU(2)L gauge couplings.

The Higgs fields have large couplings amongst themselves, to the electroweak gauge

bosons, and to third generation (s)fermions. These couplings lead to sizable radiative

corrections to V0, to which we return in section 2.1. However, many of the properties of

the scalar potential can already be seen from the tree level potential, eq. (2.3).

In order to be compatible with phenomenology, the NMSSM must preserve charge.

While in the MSSM the scalar potential is su�ciently constrained to make charge-breaking

minima very rare (see, e.g., ref. [59]), the additional freedom of the NMSSM’s scalar po-

tential makes such minima a much larger problem. However, ref. [60] demonstrated nu-

merically that, while charge-breaking minima may be present in the NMSSM, they are

virtually always accompanied by additional charge-conserving minima, and the tunneling

rate from the metastable physical minimum to these charge-conserving minima is larger

than to the charge-breaking minima. Hence, we can neglect such charge-breaking minima;

in the following we will assume that for all phenomenologically relevant vacua the vevs can

be rotated to have the form

hHdi =

 
vd

0

!
, hHui =

 
0

vu

!
, hSi = vS , (2.4)

breaking SU(2)L ⇥U(1)Y ! U(1)em. Without loss of generality, one can furthermore take

all vevs to be real-valued: While the Z3-NMSSM does allow for stationary points in the

scalar potential which spontaneously break CP, at tree level such points are either saddle

points or local maxima [61]. In summary, it su�ces to allow the neutral real components

of Hd, Hu, and S to take non-trivial vevs2 when studying the vacuum structure of the

NMSSM. This reduction from a ten-dimensional to a three-dimensional field space makes

the task considerably more tractable.

In order to ensure that the scalar potential has a stationary point at the physical

minimum, we use the minimization conditions

@V

@Hd

����Hd=vd
Hu=vu
S=vS

=
@V

@Hu

����Hd=vd
Hu=vu
S=vS

=
@V

@S

����Hd=vd
Hu=vu
S=vS

= 0 , (2.5)

replacing the squared mass parameters m2

Hd
, m2

Hu
, and m

2

S
with the vevs vd, vu, and vS in

eq. (2.3). In practice, it is convenient to re-parameterize the vevs,

v ⌘

q
v
2

d
+ v2u , tan� ⌘ vu/vd , µ ⌘ �vS . (2.6)

The observed mass of the electroweak gauge bosons is reproduced by fixing v = 174GeV,

removing one of the NMSSM’s free parameters.

In order to account for the constraints on the NMSSM imposed by the SM-like cou-

plings of the observed 125GeV Higgs boson, it is useful to write the Higgs fields in the

2Observe that in general the sfermions can get non-trivial vevs as well, potentially giving rise to charge

and/or color breaking vacua. We will not entertain this possibility further in this work.

– 6 –

After considering temperature and quantum effects, many benchmarks yield the desired EW 
vacuum structure and sphaleron rate suppression at the critical temperature



Nucleation is more than critical  

20-07-2023

Vacuum structure gives little information about tunneling probability. 
è the higher the barrier, and the larger the distance between minima,  

the lower the nucleation rate
The bubble nucleation rate per unit volume:
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�/V / T 4e�S3/T

requiring the nucleation probability to be approx. one per Hubble 
volume and Hubble time leads to the nucleation condition 
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vacuum structure tunneling probability

§ Strong EWPT with a non-SM-like Higgs boson (mH > 200GeV) and a lighter singlet hs
§ These states are hard to probe in colliders due to alignment and decays into electroweakinos; 

best search channel H → h125 + hS 

§ The most promising dark matter scenario is a bino-like lightest neutralino

Collider and Dark Matter opportunities

Baum, M.C. Shah, Wagner, Wang, 
JHEP 04(2018)  069


