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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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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



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] 

For moderate to large values of tan beta and large non-standard Higgs masses  
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Xt = At − µ /tanβ →LR stop mixing

Analytic expression valid for  MSUSY~ mQ ~ mU

Carena, Espinosa, Quiros, C.W.’95,96

MSSM Guidance ?
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Stop Searches :



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
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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

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



Stop Searches

Combining all searches, in the simplest decay scenarios, it is hard to
avoid the constraints of 700 GeV for sbottoms and 600 GeV for stops.
Islands in one search are covered by other searches. 

We are starting to explore the mass region suggested by the Higgs mass determination !
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Figure 8: The 95% CL upper limit on the production cross section of the T2tt (upper left),
T2bW (upper right), and T2tb (lower) simplified models as a function of the top squark and
LSP masses. The solid black curves represent the observed exclusion contour with respect
to approximate NNLO+NNLL signal cross sections and the change in this contour due to
variation of these cross sections within their theoretical uncertainties (stheory) [64–74]. The
dashed red curves indicate the mean expected exclusion contour and the region containing
68 and 95% (±1 and 2 sexperiment) of the distribution of expected exclusion limits under the
background-only hypothesis. For T2tt, no interpretation is provided for signal models for
which |met � mec0

1
� mt | < 25 GeV and met < 275 GeV as described in the text.
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Figure 9: The 95% CL upper limit on the production cross section of the T2ttC (upper left),
T2bWC (upper right), and T2cc (lower) simplified models as a function of the top squark mass
and the difference between the top squark and LSP masses. The solid black curves represent the
observed exclusion contour with respect to approximate NNLO+NNLL signal cross sections
and the change in this contour due to variation of these cross sections within their theoretical
uncertainties (stheory) [64–74]. The dashed red curves indicate the mean expected exclusion
contour and the region containing 68% (±1 sexperiment) of the distribution of expected exclusion
limits under the background-only hypothesis.



ATLAS and CMS Fit to Higgs Couplings
Departure from SM predictions of the order of

few tens of percent allowed at this point

Decoupling of the heavy Higgs sector (or alignment)
is preferred at this point. We shall se the heavy Higgs
mass equal to the color state masses



Gluino Searches :
Gluino couples to SM via quark-squark vertices

Squarks can decay in a variety of ways
8
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Searches for squarks and gluinos

● Strongly produced  largest cross sections.→

● Limits reach 2 TeV (gluinos) 1.5 TeV (squarks) in most favourable models. 

● E
T

       , (b) jets, (leptons). miss
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● Strongly produced  largest cross sections.→

● Limits reach 2 TeV (gluinos) 1.5 TeV (squarks) in most favourable models. 
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The 95% CL observed and expected exclusion limits for the Gtt and Gbb models are shown in the LSP and
gluino mass plane in Figures 9(a) and 9(b), respectively. The±1�SUSY

theory lines around the observed limits are
obtained by changing the SUSY production cross-section by one standard deviation (±1�), as described in
Section 3. The yellow band around the expected limit shows the ±1� uncertainty, including all statistical
and systematic uncertainties except the theoretical uncertainties in the SUSY cross-section. Compared
to the previous results [17], the gluino mass sensitivities of the current search (assuming massless LSPs)
have improved by 280 GeV and 270 GeV for the Gbb and Gtt models, respectively. Gluinos with masses
below 2.2 TeV are excluded at 95% CL for neutralino masses lower than 800 GeV in the Gtt and Gbb
models. The best exclusion limits on the LSP mass are approximately 1.3 and 1.2 TeV, reached for a
gluino mass of approximately 1.8 and 2.1 TeV for Gbb and Gtt models, respectively.

1000 1200 1400 1600 1800 2000 2200 2400
) [GeV]g~m(

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

) [
G

eV
]

10 χ∼
m

(

Kinematically Forbidden

)expσ1 ±Expected Limit (
)SUSY

theoryσ1 ±Observed Limit (

)g~) >> m(q~, m(0
1
χ∼+t t→ g~  production, g~g~

-1 = 13 TeV, 79.8 fbs
All limits at 95% CL

 PreliminaryATLAS

(a)

1000 1200 1400 1600 1800 2000 2200 2400
) [GeV]g~m(

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

) [
G

eV
]

10 χ∼
m

(

Kinematically Forbidden

)expσ1 ±Expected Limit (
)SUSY

theoryσ1 ±Observed Limit (

)g~) >> m(q~, m(0
1
χ∼+b b→ g~  production, g~g~

-1 = 13 TeV, 79.8 fbs
All limits at 95% CL

 PreliminaryATLAS

(b)

Figure 9: Exclusion limits in the �̃0
1 and g̃ mass plane for the (a) Gtt and (b) Gbb models obtained in the context of

the multi-bin analysis. The dashed and solid bold lines show the 95% CL expected and observed limits, respectively.
The shaded bands around the expected limits show the impact of the experimental and background uncertainties.
The dotted lines show the impact on the observed limit of the variation of the nominal signal cross-section by ±1�
of its theoretical uncertainty.

Figure 10 shows the expected (10(a)) and observed (10(b)) 95% CL exclusion limits as a function of
the gluino branching ratio to Gbb (vertical) and Gtt (horizontal) models. Gluinos not decaying to either
the Gtt or Gbb mode are assumed to decay via Gtb instead, and m( �̃0

1 ) is fixed to 1 GeV. The exclusion
reach is highest in the pure Gtt corner of the branching ratio space, and weakest in the pure Gtb corner.
Similar results, with m( �̃0

1 ) = 600 GeV and m( �̃0
1 ) = 1000 GeV, are shown in Figures 11 and 12. As the

mass of the �̃0
1 increases, the sensitivity becomes weakest for mixed Gtb and Gbb models. The decreased

sensitivity motivates future optimization for these mixed topologies.

Additionally, the 95% CL observed and expected exclusion limits as a function of m(t̃) for the Gtt model
with an on-shell stop are shown in Figure 13. The g̃ and �̃0

1 masses are fixed to 2.1 TeV and 600 GeV
respectively. As can be observed in Figure 13, when the mass of the stop is far from m(g̃) and m( �̃0

1 )
(1.2 TeV . m(t̃) . 1.7 TeV), the exclusion limit is similar to that of the o�-shell result, but when m(t̃) is
close to the g̃ mass (1.8 TeV . m(t̃)) or �̃0

1 mass (m(t̃) . 1 TeV), the limit degrades because one of the
tops in the decay chain loses substantial energy.

Figure 14 shows the expected and observed the 95% CL cross-section upper limit for the Gtb model with

23

If they decay directly to third generation quarks,
gluinos must be heavier than about 2.2 TeV

We shall se the overall color particle scale at 2.5 TeV



Electroweak Sector

 Situation here is far less well defined than in the strongly interacting sector

 Sleptons, in particular staus are only weakly constraint beyond the LEP limits

 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 the highest hopes for detection of SUSY at the weak scale.



Slepton Searches

10

Assuming all sleptons are degenerate, bound can be
as large as 700 GeV.  However, the bounds are highly

relaxed if the spectrum is somewhat compressed.





Remarkable Improvement of Bounds away from the Compressed Region



Chargino-Neutralino Production

• For values of the wino and Higgsino masses larger than the weak 
scale, the mixing between them is small.

• Winos, in the adjoint representation of SU(2), are produced at a 
stronger rate than Higgsinos. 

• The cross section for Wino production is about a factor 4 larger than 
the one for Higgsino production. 

• Mixing increases for smaller mass differences, leading to a 
reduction of the wino cross section, and to the addition of new 
channels, some of them mixed “Wino-Higgsino”.
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There may be surprises at the LHC

● The 2/3l soft and ≥3l analyses complement each other in the compressed region
○ Orthogonal lepton pT ranges but different selections (e.g. MET for 2/3l soft)

                            → Challenging to be fully optimal in the  crossover regime

                          The combination closes the gap between the analyses around Δm~40 GeV
                 We observe a mild excess (~2σ) at Δm~30-40 GeV - due to both 2/3l soft and ≥3l analyses

21

Production chargino and neutralinos: WZ compressed
Wino-like chargino and neutralino (Bino-like LSP, χ1̃

0) with small mass-splittings

SUSY	&	BSM	Searches	in	ATLAS	-	Analyses	&	Anomalies	|	Judita	Mamužić	|	SUSY	2023	-	Southampton,	UK	|	17th	July	2023

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)

χ̃0
2, χ̃±

1

2lOS Emiss
T

3l Emiss
T

2l σ Δm
3l σ
2l 3l σ Δm

σ Δm

Wino

WinoHiggsino

Excesses in regions consistent
with co-annihilating Dark Matter

First weak evidences of SUSY electroweakino sector ?
Eagerly waiting for Run3 results :)



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
15



Co-annihilation 

16

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



DM : Direct Detection Bounds

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
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⌧ 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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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
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, (3.7)
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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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spot scenario can accommodate the right relic density in the well-tempered region [28], in

which M1 ' |µ|, as well as the A-funnel region, in which MA ' 2m�̃
0
1
and the proper relic

density [4, 29] is obtained through resonant annihilation with the heavy Higgs bosons. In

this article we shall not analyze the case of wino-bino mixed dark matter that demands a

high degree of degeneracy of the gaugino masses, M2 ' M1, and that leads to an extra sup-

pression of the spin independent DDMD cross section due to the small Higgsino component

of the dark matter candidates. For details of this case, see Ref. [30]. In addition to Eq. (6),

pure Higgsino or gaugino states, also lead to a large suppression to the DDMD (see, for in-

stance Ref. [31] and [32]). In this work, we will concentrate on the region where M1 < M2,

in which the thermal relic density can be naturally obtained for m�̃
0
1
of the order of weak

scale.

III Direct Dark Matter Detection Constraints

A. Allowed Parameter Space
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Figure. 1: Spin independent scattering cross section for fixed tan � = 7, |µ| = 600 GeV, M1 = 400 GeV. The black line is

for µ < 0 and the red line is for µ > 0. The blue dashed line represents the LUX 2016 constraint for m� = 400 GeV. As

MA increases the heavy Higgs becomes decoupled from the LSP, and �
SI
p approaches an asymptotic value. Note that the

asymptotic value is significantly greater for µ > 0 than for µ < 0. When experimental limits drop below the asymptotic value

of the µ < 0 branch, an upper bound and a lower bound on MA will be present, and we are forced closer to the blind spot.

The expression of the SI cross section, Eq. (5), shows that, in general, the light Higgs

and heavy Higgs contributions interfere destructively (constructively) for negative (positive)

<latexit sha1_base64="yjGRKb6uozOdpTiRP8EM3vKMNmY="></latexit>

M1 = 400 GeV

Remember, however,
that the DD cross section
is suppressed by 
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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.
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Muon g-2 :  Comparison of BMW lattice computation
with data driven method to fix hadronic contributions

Z. Fodor ‘ 21

In the following, I will take the 4.2 sigma discrepancy seriously.
This question will be clarified within the next few years.

Can they be reconciled ? arXiv:2002.12347N. Coyle, C.W. ‘23
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Updated result in 2023

17

arXiv:2104.03281 arXiv:2308.06320

Central Value did not change, experimental error decrease by a factor 1.6.   
Taken at face value, discrepancy increased to 5.1 sigma.
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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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2

eµR

�

m
2

eµR

�
f�0

�
M

2

1
/m

2

eµL

�

m
2

eµL

#
, (3)
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Dominant Diagrams for g-2 in Supersymmetry
Barbieri, Maiani’82, Ellis et al’82, Grifols and Mendez’82
Moroi’95, Carena, Giudice, CW’95, Martin and Wells’00…

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 � ⇥

✓
100 GeV

em

◆2

, (6)

8
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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.

23

(�aµ)
SUSY ' 150⇥ 10�11

✓
100 GeV

mSUSY

◆2

tan�

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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Reduction of the DD cross section is obtained for negative values of 

The direct detection cross sections can also be suppressed for large 
values of

g-2 has two contributions, the Bino one proportional to
and the other (chargino) proportional to  

µ⇥M1

µ⇥M1

µ⇥M2

The Bino contribution to g-2 is negative at the proximity of the blind spot but
becomes subdominant at smaller values of μ 

The chargino  contribution is the dominant one for masses of the same 
order and is suppressed at large μ 

µ

Since g-2 needs to be positive, compatibility between g-2 results and Direct 
detection may be either achieved for large values of μ or for smaller values 
of μ, when the relative sign of the gaugino masses is opposite,

g-2 and Direct Detection

Baum, Carena, Shah and CW, arXiv:2104.03302

<latexit sha1_base64="VE8lYuI2klD+elKXUNIPlQirgqI=">AAAB/HicbVDLSgMxFM3UVx1f1S7dBIvgqmSm47QFFwU3bgoV7APaMmTStA3NPEgyQin1V9y4UMStH+LOvzGdDqLigQuHc+7lXI4fcyYVQp9GbmNza3snv2vu7R8cHhWOTzoySgShbRLxSPR8LClnIW0rpjjtxYLiwOe068+uV373ngrJovBOzWM6DPAkZGNGsNKSVyiaTc+CA8UCKmHTs+EVRF6hhMquW69XLyEqoxSaWDaqWC60MqUEMrS8wsdgFJEkoKEiHEvZt1CshgssFCOcLs1BImmMyQxPaF/TEOuw4SJ9fgnPtTKC40joCRVM1Z8XCxxIOQ98vRlgNZV/vZX4n9dP1Lg2XLAwThQNyTponHCoIrhqAo6YoETxuSaYCKZ/hWSKBSZK92WmJdQc265WYEqcCloTu+J8l9Cxy5Zbtm+dUsPN6siDU3AGLoAFqqABbkALtAEBc/AInsGL8WA8Ga/G23o1Z2Q3RfALxvsXunOTDQ==</latexit>

M1 ⇥M2 < 0
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Compatibility of Direct Detection and g-2  Constraints for a representative 
example of a compressed spectrum. Stau co-annihilation is assumed

Baum, Carena, Shah and C.W., arXiv:2104.03302

Large hierarchy of values of μ between positive and
negative values of the Bino mass parameter is observed. 
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FIG. 2. Same as Fig. 1 but for tan� = 30 and mH = 1500GeV.

tau-lepton final states, which assumed that the mass gap between the lightest chargino and

neutralino is 50 GeV and the lightest stau mass lies in the middle of the lightest chargino

and neutralino masses, which is close to the situation found under our assumptions. This

shows that the LHC is already putting strong constraints on the realization of this scenario.

Note that we chose the Wino- (M2) and the first and second generation slepton (M1,2

L
, M

1,2

R
)

mass parameters to be approximately degenerate (M2 ⇡ M
1,2

L
⇡ M

1,2

R
⇡ |M1| + 50 GeV)

such that current LHC limits for direct slepton searches are avoided for slepton masses above

⇠ 200 GeV [129–140].

Additional constraints from LHC searches with charged leptons in the final states can

arise from production of the Higgsino-like neutralino and chargino states. These states decay

into gauge and Higgs bosons and lighter charginos and neutralinos. If µ is large compared

to M2, Higgsino production and their decays can lead to relevant signals at the LHC despite

Higgsinos having much smaller production cross section that Winos, because for such a

choice of parameters, the Higgsino-decays lead to final states with much harder leptons

than the leptons arising from Wino or slepton production. We have checked a number of

13
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FIG. 1. The colored shades show approximate regions in the µ–M1 parameter plane allowed

by current DM direct detection constraints on the spin-dependent WIMP-proton, spin-dependent

WIMP-neutron, and spin-independent WIMP-nucleon cross section for tan� = 20 and values of

the slepton, Higgs and Wino mass parameters as indicated in the plot. In the gray areas bounded

by the dashed black lines we find a MSSM contribution �aµ = (25.1± 5.9)⇥ 10�10, explaining the

value observed by the Fermilab and Brookhaven Muon (g-2) experiments. The dash-dotted purple

lines indicate constraints arising from tau-leptons +missing transverse energy(+jet) searches at

the LHC, applicable if the mass of the lightest stau is approximately in the middle of the lightest

chargino and neutralino masses [128].

For the LHC constraints indicated in Figs. 1 and 2 (|M1| & 240 GeV, shown with the

purple dash-dotted line) we have assumed that the lightest stau is the next-to-lightest su-

persymmetric particle, with a mass such that the proper relic density is obtained by co-

annihilation of the lightest stau with the lightest neutralino. In such a case, the Wino-like

chargino and neutralino have sizable branching ratios into staus, increasing the stau produc-

tion rate. In order to estimate the LHC limits, we use a recent analysis [128] searching for

12



Benchmark Scenarios for negative

26

BMSM:   Muon sneutrino co-annihilation channel
BMST:    Stau co-annihilation channel
BMW :   Wino  co-annihilation scenario.
BMH :    Higgs resonant annihilation channel

Baum, Carena, Shah and C.W., arXiv:2104.03302

µ⇥M1

BMSM BMST BMW BMH

M1 [GeV] -352 -258 -274 63

M2 [GeV] 400 310 310 700

µ [GeV] 690 475 500 470

M
1,2

L
[GeV] 360 320 350 750

M
3

L
[GeV] 500 320 350 750

M
1,2

R
[GeV] 360 320 350 750

M
3

R
[GeV] 500 320 350 750

MA [GeV] 2000 1800 1600 3000

tan� 60 40 35 65

BMSM BMST BMW BMH

m� [GeV] 350.2 255.3 271.4 61.0 (124.9)

m⌧̃1 [GeV] 414.4 264.2 305.3 709.5

mµ̃1 [GeV] 362.7 323.0 352.8 751.3

m⌫̃⌧ [GeV] 496.0 313.7 344.2 747.3

m⌫̃µ [GeV] 354.4 313.7 344.2 747.3

m
�
±
1
[GeV] 392.3 296.2 297.9 469.6

�aµ [10�9] 2.10 2.89 2.35 1.93

⌦DMh
2 0.121 0.116 0.124 0.121

�
SI
p [10�10 pb] 0.645 1.58 1.42 0.315

�
SD
p [10�6 pb] 1.03 5.11 4.23 3.01

�
SI
n [10�10 pb] 0.632 1.57 1.41 0.330

�
SD
n [10�6 pb] 0.882 4.10 3.42 2.34

TABLE I. Values of the MSSM parameters, mass spectrum and quantities relevant for DM and

(gµ � 2) for the case of Bino-like DM co-annihilating with light sleptons (BMSM), co-annihilating

with a light stau (BMST), co-annihilating with a Wino (BMW) and resonant s-channel annihilation

via the SM-like Higgs boson (BMH). For BMH we also provide the mass of the SM-like Higgs boson

mh between brackets.

representation of this possibility, where we set the masses of the tau-lepton superpart-

ners to be larger than those of the first and second generation sleptons. Since multiple

production channels contribute to final states containing leptons at the LHC, current

searches strongly constrain the presence of light electroweak interacting particles in

this scenario. In order to be compatible with �aµ, DM phenomenology and LHC

searches, BMSM features the largest values of |µ| and tan � of the benchmark points

presented in this article.

• BMST: A similar solution to BMSM is associated with the co-annihilation of a light

stau with the lightest neutralino. For universal soft slepton masses, this happens

naturally at large values of tan�, where the lightest stau is pushed to masses lower

than those of the sneutrinos. BMST gives a representative example of this possibility.

16



Wino Co-annihilation
(Compressed Chargino-Neutralino Spectrum)
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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”

" ⌘
m�̃

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]

�(�̃0

2
! �̃

0

1
+ �) =

g
2

�̃
0
2�̃

0
1�

⇣
m

2

�̃
0
2
� m

2

�̃
0
1

⌘3

8⇡m
5

�̃
0
2

, (3.18)

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
2

32⇡2

X

f

QfCf

n
(GLFR � GRFL)

h
(⇠1 ⇥ ⇠2)m�̃

0
2
(I2 � K) � m�̃

0
1
K

i

+ ⇠1mf (GLFL � GRFR) I

o
, (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

2
m�̃

0
2

8⇡2

X

k

n
(GLFL � GRFR)

h
(⇠1 ⇥ ⇠2)m�̃

0
2
(I2 � J � K) + m�̃

0
1
(J � K)

i

+2⇠1m�̃
±
k

(GLFR � GRFL) J

o
. (3.25)

The combinations of the couplings (GLFL � GRFR) and (GLFR � GRFL) are

GLFL � GRFR = N12N22

�
V2

k1
� U2

k1

�
+

1

2

�
N14N24V

2

k2
� N13N23U

2

k2

�
(3.26)

�

r
1

2
Vk1Vk2 (N12N24 + N14N22) �

r
1

2
Uk1Uk2 (N12N23 + N13N22) ,

14

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

D ⌘ 2
h
xm

2

f
+ (1 � x)m2

f̃
� x(1 � x)m2

�̃
0
1

i
, (3.24)
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Defining ✏ =
m�̃0

2

m�̃0
1

� 1,

<latexit sha1_base64="nXNiScHrNaeAxHiENeEDmGiEHro="></latexit>

Three body decay rates are proportional to ✏5

<latexit sha1_base64="w/tVi237smjxdol8cowImHGnS0Q="></latexit>

Radiative decay rates are proportional to ✏3

Small mass differences : Radiative decay mode tends to be the dominant one



Branching Ratios
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Figure 6: Plot of the branching ratios of the �̃
0
2

decay modes for a range of soft slepton masses, where

M˜̀ denotes the common soft breaking mass. All decay modes also contain a �̃
0
1

as a final product.

Note that the qq (⌫⌫) decay mode is the total branching ratio to all types of quarks (neutrinos), and

the electron/muon branching ratio is the sum of the two. Here M1 is fixed such that the neutralino

relic density saturates the cosmological dark matter density, which sets M1 = 245GeV with a variation

of ⇠2 GeV across the slepton mass axis. This induces a mass splitting of (m
�̃
0
2
� m

�̃
0
1
) ⇠ 15 � 20 GeV.

Note that M2 = 250GeV is already excluded by LHC searches for (M1 ⇥ M2) > 0, but there remains

unconstrained parameter space for (M1⇥M2) < 0. For (M1⇥M2) < 0 and this choice of µ and tan(�),

the radiative decay peaks between roughly M
l̃
⇠ 450 � 700 GeV.

GLFR � GRFL =
1

2
Uk2Vk2 (N13N24 � N14N23) +

r
1

2
Uk1Vk2 (N12N24 � N14N22)

+

r
1

2
Uk2Vk1 (N12N23 � N13N22) , (3.27)

where Nij and Uij(Vij) are the neutralino and chargino mixing matrix elements defined
in Sec. 2. In the parameter space of interest, since the mixings in both the neutralino
and the chargino sectors are highly suppressed, so are the factors (GLFL � GRFR) and
(GLFR � GRFL). Therefore, the radiative decay mediated by the W

±
� �̃

± triangle is
highly suppressed.

In summary, the dominant radiative decay channel is the one mediated by the f̃ �f triangle,
which is enhanced for (⇠1 ⇥ ⇠2) = �1, corresponding to (M1 ⇥ M2) < 0.

To validate our analytical understanding, in Fig. 6, we show the �̃
0

2
decay branching ratios

obtained with SUSY-HIT [100]. For fixed benchmark values of tan � = 50, µ = 800 GeV and
M2 = 250 GeV, we show how the branching ratios change with the (generation-universal) soft
slepton mass parameters M˜̀ ⌘ ML = MR. Throughout these plots, we adjust M1 such that
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M1 is fixed to get the proper neutralino relic density

Quite interesting enhancement of the radiative decay in the compressed region.

Can it be tested ? Initial state radiation relevant to get sufficient missing ET. 
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Bounds on SUSY particles 

• In supersymmetric theories, the spectrum consists of many particles, which decay into 
lighter supersymmetric particles, leading to missing energy and several standard model 
particles in the final state. 

• When setting bounds, then, one should recast the existing analyses and impose them in 
the final state obtained by the sum of all supersymmetric particles produced at the LHC.

• In the following, we shall assume that the strongly interacting particles are sufficiently 
heavy, so that their contribution to SUSY signals is small. 

• We shall use the program CHECKMATE, to analyze the LHC bounds on the SUSY 
spectrum.  CHECKMATE uses Madgraph or Pythia (for hadronization) and Delphes to 
generate MC events and detector effects, and compare the events with a library of 39 
different ATLAS and CMS searches  at run 2.  

• Comparison of these bounds with simplified model analysis are generally difficult due to 
the multiple channel decays and decay chains that occurs in a realistic SUSY model.  
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Figure 7: Projection of the MSSM parameter space onto the m
�̃
0
2

vs (m
�̃
0
2
�m

�̃
0
1
) plane for tan � = 50

and M˜̀ = 500GeV. For each point in the scan, we adjust the value of µ, shown in the upper x-axis, such

that the MSSM contribution to the magnetic dipole moment of the muon reproduces �aµ. The left

(right) panel is for M1 ⇥ M2 > 0 (M1 ⇥ M2 < 0). In both panels, the di↵erently-colored regions in the

upper left corner show the regions of parameter space ruled out by di↵erent LHC multilepton searches,

as labeled in the legend, “ATLAS A” [110], “CMS A” [111], “CMS B” [114], and “CMS C” [112]. The

green band shows the region of parameter space where the �̃
0
1

relic density (approximately) matches the

observed DM relic density (⌦DMh
2

= 0.12); note that in the region above the green band neutralinos

would overclose the Universe, while below the green band, ⌦
�̃
0
1
h
2

< ⌦DMh
2
, such that neutralinos

would only be a subcomponent of DM. The gray-shaded region in the upper right corner is ruled out

by the null results from direct detection experiments. The black lines are isocontours of the “radiative

decay” branching ratio, BR(�̃
0
2

! �̃
0
1

+ �). Finally, in the left panel, where (M1 ⇥ M2) > 0, the

hatched region in the lower right panel indicates (m
�̃
0
2

� m
�̃
0
1
) values that cannot be realized due to

level-repulsion in the neutralino mixing. For (M1 ⇥ M2) < 0 (right panel), there is a region where the

MSSM explains the observed DM relic density, the observed value of aµ, and is compatible with the

null results from direct detection experiments and collider searches for 200 GeV . m
�̃
0
2
. 300 GeV and

with BR(�̃
0
2

! �̃
0
1
+ �) ⇡ 0.3 � 0.4.
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M1 ⇥M2 > 0

Not only the allowed parameter space is larger for opposite sign gauginos, but
the radiative decays branching ratio becomes significantly larger.
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New Search Channel

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.

4

One can trigger in events with sufficient Missing ET and a somewhat 
hard photon in the final state

Baum, Carena, Ou, Rocha, Shah, C.W. ’23 

We propose to search for electroweakinos in this new search channel
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Figure 9: Left: Production cross section �(pp ! �̃
0
2
+ �̃

±
1

+ j) at the
p

s = 13 TeV LHC, requiring a

jet with p
j

T
> 100 GeV. Right: Radiative decay branching ratio as a function of the slepton mass, for

di↵erent values of the Wino mass parameter as denoted in the legend. The radiative decay branching

ratio is largest for slepton masses from about 100 GeV larger than the neutralino mass up to several

hundreds of GeV.

generate the hard (pp ! �̃
0

2
+ �̃

±
1

+ j) event, Pythia 8.2 [121] for hadronization, showering,
and modeling of the �̃

0

2
and �̃

±
1

decays, and Delphes 3 [106] with the default ATLAS card to
simulate the detector. We perform a first event selection using the following set of cuts:

• At the truth level (i.e. the level of the hard event), we require one (ISR) jet satisfying
p
j

T
> 100 GeV and pseudorapidity ⌘

j
< 5.

• At the detector level (i.e. after Delphes), we required events to contain one reconstructed
photon with p

�

T
> 10 GeV and ⌘

�
< 2.5.

Additional cuts on p
�

T
, /ET , or any other collider observable can of course be added, and we will

discuss some examples further below.
In the left panel of Fig. 9, we show �(pp ! �̃

0

2
+ �̃

±
1

+j) vs M2, demanding p
j

T
> 100 GeV. In

the most relevant range of parameter space, M2 . 350 GeV, we find �(pp ! �̃
0

2
+�̃

±
1
+j) & 20 fb,

to be compared with the expected LHC Run 3 luminosity of L = 250 fb�1. The right panel of
Fig. 9 shows the radiative decay branching ratio, BR(�̃0

2
! �̃

0

1
+ �), as a function of the soft

slepton mass parameter (M˜̀) for various choices of the Wino mass parameter. As discussed in
more detail in Sec. 3.3, Fig. 9 reflects the suppression of BR(�̃0

2
! �̃

0

1
+ �) for light sleptons,

where (�̃0

2
! �̃

0

1
+ l + l̄) three-body decays are prominent; and also the suppression for large

slepton masses, where all processes mediated by sleptons are strongly suppressed and hadronic
decays begin to dominate. Quite generally, we find that BR(�̃0

2
! �̃

0

1
+ �) is largest for slepton

mass parameters in the range M˜̀ ⇠ 400 � 550 GeV.
To study the kinematic distribution of the objects in the final state, we use the following

benchmark point featuring a large radiative decay branching ratio of the second-lightest
neutralino, a reasonably large (m�̃

0
2
� m�̃

0
1
) mass splitting, and providing explanations for DM

and �aµ:

23

Cross section depend strongly on the overall scale of the charged and neutral Wino masses.
Characteristic cross sections of order of tens of fb. 

The branching ratio of the radiative decays also depends on the slepton masses.  For smaller
slepton masses, the stau contribution to the three body decay becomes prominent and suppresses 
the radiative decay branching ratio.
For large slepton masses, the lack of slepton contribution to the radiative decay loop amplitude also 
suppresses this branching ratio.

Baum, Carena, Ou, Rocha, Shah, C.W. ’23 



Probing the Compressed region at the LHC

• We propose to complement the usual searches into lepton and quark final 
states with a search for photons and missing energy in the final state, to 
probe the compressed region of supersymmetric theories.

• Although the photon transverse momentum is not large, the run 3 now 
allow for non-trivial multi-object triggers with considerably lower thresholds 
than the photon pT or missing energy only triggers. 

• A combined trigger would be particularly useful to search for the relatively 
soft photon and missing ET final state arising from the                          
process. 

• Let’s emphasize the the searcher multi-lepton processes that is generally 
used to probe this region is hampered precisely by the large radiative decay 
branching ratio. 

• A study of the SM backgrounds will be necessary to fully quantify the reach 
of the photon plus missing ET search propose here.  

/ET cut [GeV]

150 300 500

p
�

T
cut

[GeV]

0 60% 17% 3.9%

40 15% 6.0% 1.7%

70 3.2% 1.6% 0.64%

Figure 11: Left: E�ciency table for various possible /ET and photon pT cuts applied to our benchmark

point. The e�ciency is calculated with respect to events that pass the ISR jet and photon requirements

listed in bullet points in the main text. Right: Distribution of photon p
�

T
and /ET at the detector level.

There is no apparent correlation between p
�

T
and /ET , thus, a multi-object trigger would be well suited

for this scenario. Note the logarithmic color scale.

be necessary. In particular, cuts on p
�

T
more stringent than the p

�

T
> 10 GeV requirement we

have made this far may be necessary to su�ciently suppress electromagnetic backgrounds, and
additional /ET -cuts might be required to suppress backgrounds arising from events with mis-
measured jet energies. In Fig. 11, we present a table of selection e�ciencies for signal events
if additional cuts on p

�

T
and /ET over our initial criteria (pj

T
> 100 GeV, p

�

T
> 10 GeV) are

made. For example, requiring /ET > 150 GeV and p
�

T
> 40 GeV leads to a signal event selection

e�ciency of 15 %.
In the right panel of Fig. 11, we show a 2D-histogram of the distribution of signal events

for our benchmark point in the /ET vs p
�

T
plane. We observe no significant correlation in the

distribution of p
�

T
and /ET . Thus, simple cuts on p

�

T
or /ET are likely not the most e↵ective

way of searching for such signals. In order to suppress backgrounds su�ciently, we anticipate
that a multi-variate analysis of the final state using the kinematics of all visible objects (the
photon, the soft visible decay products of the �̃

±
1
, and the ISR jet) together with /ET will be

necessary. Furthermore, the new technical capabilities installed at the LHC during the long
shutdown preceding Run 3 now allow for non-trivial multi-object triggers with considerably
lower thresholds than more traditional p

�

T
-only or /ET -only triggers. A combined p

�

T
and /ET

trigger would be particularly useful to search for the soft-photon + /ET final states arising from
(pp ! �̃

0

2
+ �̃

±
1

+ j) events at the LHC when the �̃
0

2
decays radiatively.

In summary, the radiative decay of Wino-like neutralinos, (�̃0

2
! �̃

0

1
+ �), leads to a new

potential search channel at the LHC for which we performed a first study in this section: a soft
photon accompanied by /ET and additional soft visible decay products arising from �̃

±
1

decays.
This kinematic region is, to the best of our knowledge, not targeted by any of the current
photon + /ET searches at the LHC [115–119]. As we have shown throughout this work, a large
branching ratio for the (�̃0

2
! �̃

0

1
+ �) decay is a characteristic feature of an attractive region of

the MSSM parameter space. The new search channel proposed here can be especially relevant
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NMSSM Case
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Figure 2. Di↵erential event distributions of /ET , P
jet
T , and P

�
T from top to bottom in the left panel for

BP1 (in black) and BP2 (in red). On the middle and the right panel, di↵erential event distributions for
similar kinematic variables are presented for BP3 and BP4, respectively, where black (red) indicates
distributions for the process pp ! �

0
2,3,4

�
±
1

(pp ! �
0
2,3,4

�
±
1

j).

neutralino, in contrast to the production process pp ! �
0
3,4

�
±
1
, where �

0
3,4

are higgsino-

dominated neutralinos. In the left panel of figure 2, the top-to-bottom sequence displays

the distributions of /ET , P
jet
T

and P
�

T
, respectively. The distributions in black (red) are

for BP1 (BP2). Relatively lighter higgsino-like states (smaller µe↵) in BP2 result in a larger

production cross-section compared to BP1, leading to significantly larger amplitudes of events

– 27 –

In the NMSSM you can have a similar situation with Bino and/or Singlinos  co-
annihilating with Winos or Higgsinos, and the story is similar.

In the NMSSM, however, you can also have Bino-singlino co-annihilation.
In such a case these particles are produced at the LHC from heavier Winos and 
Higgsinos and then, the photon spectrum is harder and searches become easier.

S. Roy, C.W. arXiv:2401.08917
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Figure 2. Di↵erential event distributions of /ET , P
jet
T , and P

�
T from top to bottom in the left panel for

BP1 (in black) and BP2 (in red). On the middle and the right panel, di↵erential event distributions for
similar kinematic variables are presented for BP3 and BP4, respectively, where black (red) indicates
distributions for the process pp ! �

0
2,3,4

�
±
1

(pp ! �
0
2,3,4

�
±
1

j).

neutralino, in contrast to the production process pp ! �
0
3,4

�
±
1
, where �

0
3,4

are higgsino-

dominated neutralinos. In the left panel of figure 2, the top-to-bottom sequence displays

the distributions of /ET , P
jet
T

and P
�

T
, respectively. The distributions in black (red) are

for BP1 (BP2). Relatively lighter higgsino-like states (smaller µe↵) in BP2 result in a larger

production cross-section compared to BP1, leading to significantly larger amplitudes of events

– 27 –

Blind Spot conditions are also modified in the NMSSM case
S. Roy, C.W.  arXiv:2401.08917
S.Baum, M. Carena, N.R. Shah, C.W.. arXiv:1712.09873

NMSSM : Other kinematic variables have expected patterns.



Machine Learning Analysis
Benchmark Scenarios

BP
m

�̃
0
2

[GeV]
(m

�̃
0
2
�m

�̃
0
1
)

[GeV]
Br(�̃0

2 ! �̃
0
1�) �(pp ! �̃

±
1 �̃

0
2)

�DD
�DD,95

⌦h2
LHC
Excl.

[DD: Remove]

1 200 34 15% 190 fb 0.59 2.0 yes
2 200 19 37% 190 fb 0.05 0.12 yes
3 200 10 73% 190 fb 0.01 0.02 yes
4 250 37 15% 92 fb 0.77 1.2 ⇠

5 250 22 36% 92 fb 0.10 0.12 ⇠

6 250 13 67% 92 fb 0.02 0.03 ⇠

7 300 39 16% 48 fb 0.09 0.8 no
8 300 24 36% 48 fb 0.16 0.12 no
9 300 15 62% 48 fb 0.05 0.04 no
10 350 41 17% 27 fb 1.09 0.60 no
11 350 26 35% 27 fb 0.25 0.12 no
12 350 17 58% 27 fb 0.10 0.04 no
13 400 43 16% 16 fb 1.28 0.47 no
14 400 27 32% 16 fb 0.36 0.12 no
15 400 18 52% 16 fb 0.17 0.05 no

Table 1: Table of benchmark points used in this analysis. For all points, µ = 800GeV, tan(�) = 50,

and Ml̃ = 600GeV, and (M1 ⇥ µ) < 0. We set the squark soft masses to 2.5 TeV, and any additional

superpartner masses to 1.5 TeV. Also, m�̃±
1
⇡ m�̃0

2
for all of the points. All points alleviate the tension in the

muon g � 2, with a range of �aµ 2 [17, 23]⇥ 10�10
. A few of the low-mass points are excluded by ATLAS

of CMS [22, 94–96]. Points are chosen in a grid across the soft parameters M2 and M2 � M1 which leads

to a slightly uneven set of splittings as there is variation of the dependence of physical parameters on soft

parameters.

excesses consistent with 200 300 GeV ectroweakino production in this region of parameter space [94–
96]. There have been a few works trying to give a coherent explanation of these excesses (see for
example [106,107]).

It was also shown in [70] that in this region, due to the small mass differences between the
second lightest and the lightest neutralino, the suppression of decays via off-shell EW bosons gives
way to a radiative decay mode (�̃0

2 ! �̃
0
1 + �). This decay mode introduces a new signature for

electroweakino production, which, as mentioned before, at the LHC is dominated by the wino-bino
channel pp ! �̃

0
2�̃

±
1 . [DD: Here include cross section explanation as in later comment.] Although

LHC searches that consider this production channel probe the compressed region by searching
for multilepton final states, it may prove beneficial to consider a soft photon (pT ⇠ O(50)GeV)
as additional evidence for MSSM activity. In this paper the experimental viability of searching for
these photons will be analysed, offering insight into the viability of collider searches for the radiative
decay mode.
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3 Collider Analysis

3.1 Event Simulation and Characterization

The proposed signal is the LHC production of the lightest chargino, �̃±
1 , and the second-lightest

neutralino, �̃
0
2, (both wino-like) in addition with an initial state radiation jet, as can be seen in

Figure 1. We consider that the chargino decays to the lightest neutralino plus a lepton and a
neutrino through an off-shell W boson, �̃±

1 ! �̃
0
1`⌫`, while the second lightest neutralino decays

radiatively to the lightest neutralino plus a photon, �̃0
2 ! �̃

0
1+�. Therefore the LHC signal process

under study is the following:

pp ! �̃
±
1 �̃

0
2 j ! �̃

0
1 ` ⌫` + �̃

0
1 � + j . (1)

Signal events have been generated with MadGraph5_aMC@NLO [109], using the Universal Feynman
Output (UFO) [110] model MSSM_SLHA2 [111] at LO in QCD with the NNPDF2.3 LO PDF set [112],
for an LHC center-of-mass energy of 14 TeV. Parton showering and hadronization processes have
been performed with Pythia8 [113, 114], while Delphes [115] has been used for a fast detector
simulation response, using the default ATLAS card 2. Spin correlations in the decays of the charginos
�̃
±
1 ! �̃

0
1 `

±
⌫` (` = e, µ) have been taken into account via the MadGraph5_aMC@NLO decay chain

syntax. We have simulated events on the mass range m
�̃
0
2
2 [200, 400] GeV, selecting BPs with a

step of 50 GeV in m
�̃
0
2

as shown in Table 1. For each value of m
�̃
0
2
, we explore three different values

of m
�̃
0
2
�m

�̃
0
1
.

Background events have been simulated at LO in QCD with MadGraph5_aMC@NLO, and subse-
quently have been processed with Pythia8 and Delphes. We have considered the contributions to
the mono-photon search channel, characterized also by the presence of large missing transverse en-
ergy, a highly boosted initial state radiation jet, and the presence of at least one charge lepton. The
dominant channels are W+jets, W� and tt̄+jets. Additionally we also considered in our sample
other subdominant contributions, including Z+jets, single-top, tt̄� and diboson (ZZ, WW , and
ZW ). Other contributions are expected to be negligible.

Regarding object identification criteria for light leptons, electron candidates are required to have
pT > 10 GeV and |⌘| < 2.47, and also should lie outside the transition region (1.37 < |⌘| < 1.52)
between the barrel and endcap calorimeters of the ATLAS detector, while muons must have pT > 10

GeV and |⌘| < 2.7. Jets are required to satisfy pT > 20 GeV and |⌘| < 4.5. Hadronically decaying ⌧

leptons are required to have pT > 20 GeV and |⌘| < 2.47, excluding the ⌘ range 1.37 < |⌘| < 1.52.
Photon candidates are required to have pT > 10 GeV and |⌘| < 2.37.

Event selection criteria include the presence of at least one charged light lepton (` = e, µ), at
least one photon, and at least one jet. The leading jet, which is typically the ISR jet, is required to
have pT > 100 GeV. Due to the presence of neutralinos and neutrinos in the final state we require
E

miss
T

> 100 GeV 3. The expected signal and background events yields estimated for the LHC at a
2
For the sake of simplicity, we focus our analysis in the ATLAS detector, but results are expected to be extensive

to CMS experiments.

3
We have checked that requiring Emiss

T > 200 GeV do not change significantly our results (see Appendix C). In
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Standard Cut-Based  Analysis

Process Yield BP # Yield S/
p
B

W + jets 60058 1 202 0.52

W� 58462 2 459 1.19

tt̄+ jets 18051 3 637 1.65

Z + jets 3360 4 111 0.28

Single-top 3214 5 235 0.61

tt̄� 2498 6 334 0.86

Diboson 2340 7 66 0.17

Total background 147983 8 129 0.33

9 179 0.46

10 40 0.10

11 74 0.19

12 102 0.26

13 23 0.05

14 41 0.10

15 57 0.14

Table 2: Expected background and signal events at LHC@14 TeV and a luminosity of 100 fb
�1

, after applying

event selection criteria.

center-of-mass energy of 14 TeV and a total integrated luminosity of 100 fb�1 after applying event
selection criteria can be found in Table 2. For all the BPs selected in the MSSM parameter space,
the expected yield is ⇠ 3 orders of magnitude lower than the expected total background yield. A
first approximation of the discovery significance, S/

p
B, in each case is shown in the third column

of Table 2, where S and B are the expected numbers of signal and background events, respectively.
Neither evidence nor discovery is achieved in any of the examples.

After applying the baseline event selection criteria, we have explored a large but simple set of
variables to characterize the kinematics of the studied final state, and subsequently to design our
cut-based and machine learning strategies. We considered not only fundamental low-level detector
variables such as the transverse momentum (pT ) and pseudorapidity (⌘) of the leading jet (j1),
lepton (`1), and photon (�1), the missing transverse energy (Emiss

T
) and object multiplicities, but

several high-level observables that contribute to a more nuanced understanding of the underlying
physics and play a crucial role enhancing the signal-to-background discrimination. Among these
observables we incorporate the hadronic activity, defined as

H
jets
T

=
X

p
jets
T

, (2)

which provides information about the formation of hadronic particles in the final state; the total

this work, we propose a looser trigger for the HL-LHC which implies a larger number of expected events and could

allow a better determination of uncertainties.
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Leptons pT > 10 GeV
Photons pT > 10 GeV
Jets pT > 20 GeV
Missing ET > 100 GeV
Central events ⌘ < 2.5
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No Discovery Potential, even at the highest LHC luminosities
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Most relevant kinematic Variables

Figure 2: Distributions of the four final state kinematic variables showing the most discrimination between

signal and background: missing transverse energy significance, E
miss
T /

p
HT (top-left panel); total transverse

momentum of the leading lepton, p
`1
T (top-right panel); transverse mass of the leading lepton, m

`1
T (bottom-

left panel); and transverse mass of the leading photon, m
�1

T (bottom-right panel). We display a subset of

the benchmark points, choosing those which produce the correct relic density.
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transverse energy, a measure of the hardness of the event [116], defined as

HT =
X

p
jets
T

+
X

p
⌧

T +
X

p
e

T +
X

p
µ

T
+
X

p
�

T
; (3)

the transverse mass of each leading particle A = {j1, `1, �1},

m
A

T ⌘ mT

�
pT (A),Emiss

T

�
=

q
2pT (A)Emiss

T

�
1� cos��

�
pT (A),Emiss

T

��
, (4)

where pT (A) = |pT (A)|, and E
miss
T

= |Emiss
T

|; the scalar sum of the transverse momentum of all the
leading particles,

s
1
T = p

`1
T
+ p

j1
T
+ p

�1
T
; (5)

and the missing transverse energy significance, defined as E
miss
T

/
p
HT . A high value of the latter

variable indicates that the observed E
miss
T

cannot be explained by momentum resolution effects, then
the event is more likely to contain undetected objects such as neutrinos or more exotic invisible
particles.

In Figure 2 we present the distributions of the four most relevant variables for the discrimination
task performed in the next section. The total SM background incorporates all the processes in
Table 2, considering the weight of each channel by their relative cross-sections. As an example, we
show 5 different BPs that saturate the measured amount of DM relic density, while the rest of the
BPs have a similar behaviour. We have found that the most discriminant variable is the missing
transverse energy significance (shown in the top-left panel), partially inherited by the harder E

miss
T

distribution of the signal events given by the recoil of the (�̃0
2+�̃

±
1 ) system against the ISR jet. Since

m
�̃
0
1
' m

�̃
0
2
' m

�̃
±
1
⇠ O(200� 400GeV), we expect Emiss

T
dominated by the contribution of the two

lightest neutralinos in the final state. We obtain a high value of Emiss
T

/
p
HT both for background

and signal, manifesting the presence of undetected objects. In the case of the SM background, the
only physical contribution comes from neutrinos produced in W decays which escape the detector,
while for the signal there is a large contribution from the heavy invisible neutralinos.

The second most important feature, and the main low-level variable, is the transverse momentum
of the leading lepton (p`1

T
), shown in the top-right panel of Figure 2. Since the masses of the lightest

chargino �̃
±
1 and the lightest neutralino �̃

0
1 are close, the leptons produced in the chargino decay

through an off-shell W gauge boson, �̃±
1 ! �̃

0
1 ` ⌫`, have a soft distribution. On the other hand, the

leptons arise mostly from on-shell W -boson decays in the background case, with larger phase space.
The transverse mass of the leading lepton (bottom-left panel of Figure 2) is also important. In the

considered SM processes, this variable peaks around the W -boson mass since the only contribution
to E

miss
T

comes from the neutrinos. The back-to-back configuration between the leading lepton and
the reconstructed E

miss
T

is mostly favored for background events, where the neutrinos can recoil with
the corresponding charged leptons from the SM W -boson decays. As mentioned above, the E

miss
T

in the signal processes is dominated by the neutralinos, producing a broader m
`1
T

distribution.
Finally, on the bottom-right panel of Figure 2 we show the fourth most relevant feature, the

transverse mass of the leading photon. In the signal case, this features peaks around 100 GeV, the
minimum pT value set in the event selection criteria for the leading jet. Since the decays of the
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transverse energy, a measure of the hardness of the event [116], defined as

HT =
X

p
jets
T

+
X

p
⌧
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=
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miss
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= |Emiss
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and the missing transverse energy significance, defined as E
miss
T
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p
HT . A high value of the latter

variable indicates that the observed E
miss
T

cannot be explained by momentum resolution effects, then
the event is more likely to contain undetected objects such as neutrinos or more exotic invisible
particles.

In Figure 2 we present the distributions of the four most relevant variables for the discrimination
task performed in the next section. The total SM background incorporates all the processes in
Table 2, considering the weight of each channel by their relative cross-sections. As an example, we
show 5 different BPs that saturate the measured amount of DM relic density, while the rest of the
BPs have a similar behaviour. We have found that the most discriminant variable is the missing
transverse energy significance (shown in the top-left panel), partially inherited by the harder E
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1 ) system against the ISR jet. Since
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dominated by the contribution of the two

lightest neutralinos in the final state. We obtain a high value of Emiss
T

/
p
HT both for background

and signal, manifesting the presence of undetected objects. In the case of the SM background, the
only physical contribution comes from neutrinos produced in W decays which escape the detector,
while for the signal there is a large contribution from the heavy invisible neutralinos.

The second most important feature, and the main low-level variable, is the transverse momentum
of the leading lepton (p`1

T
), shown in the top-right panel of Figure 2. Since the masses of the lightest

chargino �̃
±
1 and the lightest neutralino �̃

0
1 are close, the leptons produced in the chargino decay

through an off-shell W gauge boson, �̃±
1 ! �̃

0
1 ` ⌫`, have a soft distribution. On the other hand, the

leptons arise mostly from on-shell W -boson decays in the background case, with larger phase space.
The transverse mass of the leading lepton (bottom-left panel of Figure 2) is also important. In the

considered SM processes, this variable peaks around the W -boson mass since the only contribution
to E

miss
T

comes from the neutrinos. The back-to-back configuration between the leading lepton and
the reconstructed E

miss
T

is mostly favored for background events, where the neutrinos can recoil with
the corresponding charged leptons from the SM W -boson decays. As mentioned above, the E

miss
T

in the signal processes is dominated by the neutralinos, producing a broader m
`1
T

distribution.
Finally, on the bottom-right panel of Figure 2 we show the fourth most relevant feature, the

transverse mass of the leading photon. In the signal case, this features peaks around 100 GeV, the
minimum pT value set in the event selection criteria for the leading jet. Since the decays of the
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Machine Learning Output

Figure 3: Left panel: output of the XGBoost classifier trained using all the BPs as signal, when tested with

only pure background (orange) or pure signal (green) samples. The dashed curves correspond to the PDFs

obtained with the KDE fit. Right panel: feature importance score (gain metric) for the same XGBoost
classifier [MR: agregsar roc]

are smoothed out.
On one hand, for the BL approach, the likelihood function is built as the product of the Poisson

probability functions modeling the population of each bin, as shown in Appendex B. Therefore the
full ML output is binned and turned into a histogram to find the expected number of signal and
background events, to finally compute the significance with a likelihood ratio test.

On the other hand, the unbinned approach applied in this work is based on the MLL frame-
work [86–89]. It uses KDE, a non-parametric method for density estimation (thus it does not
assume a specific functional form for the underlying distribution), to fit the classifier output when
tested with only pure background or pure signal samples, respectively. These fitted distributions
are used as a one-dimensional approximation of the background and signal probability density func-
tions (PDF), p̃s(o(x)) and p̃b(o(x)), and then introduced into an unbinned likelihood function to
compute the significance with a likelihood ratio test, as can be seen in Appendex B. The KDE fit
only involves the bandwidth parameter, which controls the degree of smoothness of the estimated
density function. To obtain this parameter, we have trained independent signal and background
KDEs with 50k input points each 4. Then, the value of the bandwidth in each case has been found
through a grid search employing the GridSearchCV function in the sklearn.model_selection
Python package [119]. This method selects the bandwidth that maximizes data likelihood in a 5-
fold cross-validation strategy. For further details, we refer the reader to the MLL references [86–89].

In the left panel of Figure 3 we also show, as dashed lines, the corresponding KDE fit for the
background (orange lines) and signal (green lines) probability distributions. As expected, it can
be seen that both KDE fits describes the probability distributions of the signal and background

4
The density estimation tends to converge to the true underlying distribution for large datasets. We have checked

that increasing the number of events used in this work for the KDE fits yields no significant changes.
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XGBoost Feature Relevance 
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Machine Learning Analysis makes use of the full correlation
of the kinematic variables in the signal and background processes



Correlations between kinematic variables

Figure 4: Correlation plot of the 4 most important features (from left panel of Figure 3) for signal (cyan dots)

and background (orange dots) events. The gray scale corresponds to the average machine-learning output

ho(x)i in 2D bins. We also show the signal-enriched regions found with the SCB method (solid red lines).

For completion, we add in the diagonal plots the PDF of each feature distinguishing signal and background

events. Finally, the hatched regions correspond to the excluded areas of the SCB method.[MR: change bp

ind label]
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Marchine Learning
Output
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Results of the ML Analysis

Results are optimistic, ignoring probable systematic errors. 
One can probe currently allowed parameter space, although discovery
will demand higher luminosities.   
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Preliminary Results



Conclusions

• Searches for supersymmetry have led to strong bounds on the existence of 
colored particles (gluinos) at scales below the TeV scale. 

• Stop searches, in particular,  are starting to probe the region of parameter space 
that is consistent with a 125 GeV Higgs boson in the MSSM.

• Searches for weakly interacting particles have started to cover a similar region of 
parameter space,  which however depends strongly on the assumed decays.

• The compressed region, that leads to a proper DM relic density is starting to be 
probed through a combination of LHC and DM direct detection experiments 

• We propose to complement the standard searches with a search for a radiatively 
decaying second neutralino, which is enhanced in the region consistent with the 
observed DM relic density, a relevant correction to the anomalous magnetic 
moment of the muon and a reduction of the DD cross section.

• Let us just mention that if the necessary g-2 correction would be smaller by a 
factor 2, all our results remain the same,  apart from the values of tanβ that will 
be smaller by the same factor,  without affecting the collider cross sections or BR 
in a significant way. 
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Figure 8: Projection of the MSSM parameter space onto the M2 vs µ plane for tan � = 50 and

M˜̀ = 500 GeV. In this projection, we adjust M1 at each point of the scan such that the neutralinos

make up all of the DM, ⌦
�̃
0
1

= ⌦DM. As in Fig. 7, the left panel is for (M1 ⇥ M2) > 0 and the

right panel is for (M1 ⇥ M2) < 0, regions of parameter space ruled out by collider searches are

shown by the di↵erently-colored regions in the upper left corners, and the constraints from direct

detection experiments are shown by the gray shaded area. The light-blue shaded region is where the

MSSM contribution to the muon’s magnetic moment deviates more than 2� from the observed value

of �aµ. In the lower-right hatched region, µ becomes comparable to M1 which drastically changes

the phenomenology. The dashed blue contours show the mass splitting (m
�̃
0
2
� m

�̃
0
1
) in units of GeV

(which we adjust to reproduce the observed relic density), and the dotted red contours show the

radiative decay branching ratio of �̃
0
2
. The white region is compatible with all current constraints;

note that for (M1 ⇥M2) < 0, the allowed region of parameter space with M2 ⇠ 250�350 GeV features

large values of the �̃
0
2

radiative decay branching ratio of 20 � 40 %.

percent.
In Fig. 8 we show results in the M2 vs µ plane. We fix tan � = 50 and M˜̀ = 500 GeV

and scan over the Wino and Higgsino mass parameters M2 and µ. At each point of the scan,
we adjust the Bino mass parameter M1 such that the relic density of the (Bino-like) lightest
neutralino (⌦�̃

0
1
h
2) matches the observed DM relic density (⌦DMh

2 = 0.12). Note that Bino-
Wino co-annihilation becomes less e�cient for larger (m�̃

0
2
� m�̃

0
1
). Thus, adjusting M1 such

that ⌦�̃
0
1

= ⌦DM corresponds to choosing the maximal value of (m�̃
0
2
� m�̃

0
1
) allowed; for larger

(m�̃
0
2
�m�̃

0
1
), neutralinos would overclose the universe. Since the decay products from �̃

0

2
decays

become more energetic for larger values of (m�̃
0
2
� m�̃

0
1
), the region of the parameter space with

maximal mass splitting is particularly interesting for collider searches. Compared to the first
projection in the m�̃

0
2

vs (m�̃
0
2
� m�̃

0
1
) plane (see Fig. 7), some e↵ects are easier to observe in

Fig. 8, while other are more masked. We are again showing results for (M1 ⇥ M2) > 0 in the
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Dark Matter fixed to explained the relic density
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Figure 10: Kinematic distributions of the Benchmark Point generated using a

Madgraph+Pythia+Delphes simulation chain. In order to boost the /ET of the event, we con-

sider only (pp ! �̃
0
2
+ �̃

±
1

+ j) events with an ISR jet with p
j

T
> 100 GeV. We denote the visible decay

products of the chargino with “X”; note that while we do not consider the kinematic distribution of

these decay products here, they may be useful for a full analysis.

M1 = �282 GeV m�̃
0
2

⇡ m
�̃
±
1

⇡ 300 GeV

M2 = 287 GeV m�̃
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µ = 800 GeV BR(�̃0

2
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M
l̃
= 500 GeV a
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±
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+ �̃
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2
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Note that the production cross section �(pp ! �̃
±
1

+ �̃
0

2
+ j) is the fiducial cross section at the

p
s = 13 TeV LHC requiring one jet with p

j

T
> 100 GeV.

In Fig. 10, we show the distribution of p
�

T
and /ET both at the truth level of our simulation

chain and after including detector e↵ects via Delphes. Since the ISR jet is the most energetic
visible object in the final state, and since the �̃

0

2
and �̃

±
1

would be produced with equal and
opposite pT in the absence of initial state radiation, the (�̃0

2
+�̃

±
1
) system will recoil against the

ISR jet in the transverse plane. Since most of the pT of the second lightest neutralino and
the lightest chargino is inherited by the lightest neutralino, the /ET of the event approximately
balances the p

j

T
. Thus, our event selection criterion of p

j

T
> 100 GeV (at the level of the hard

event) ensures that most of the signal events have /ET > 100 GeV. From Fig. 10 we can note that
our signal events feature a broad high- /ET tail, which allows to select more aggressive /ET cuts
in an analysis at moderate cost in selection e�ciency. Turning to the p

�

T
distribution shown in

the left panel of Fig. 10, we can first note that the p
�

T
-distribution does indeed peak just below

(m�̃
0
2
�m�̃

0
1
) ⇡ 24 GeV. The transverse momentum of the photon can however be boosted by an

O(1) factor. This happens if the photon from the (�̃0

2
! �̃

0

1
+ �) decay is produced in the same

direction in which the �̃
0

2
is produced and boosted, leading to the high-p�

T
tail of the distribution

in the left panel of Fig. 10.
In order to suppress backgrounds, we anticipate that additional event selection cuts will
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The photon pT peaks at values close to the neutralino mass difference
The missing energy is correlated with the ISR jet pT.
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Figure 11: Left: E�ciency table for various possible /ET and photon pT cuts applied to our benchmark

point. The e�ciency is calculated with respect to events that pass the ISR jet and photon requirements

listed in bullet points in the main text. Right: Distribution of photon p
�

T
and /ET at the detector level.

There is no apparent correlation between p
�

T
and /ET , thus, a multi-object trigger would be well suited

for this scenario. Note the logarithmic color scale.

be necessary. In particular, cuts on p
�

T
more stringent than the p

�

T
> 10 GeV requirement we

have made this far may be necessary to su�ciently suppress electromagnetic backgrounds, and
additional /ET -cuts might be required to suppress backgrounds arising from events with mis-
measured jet energies. In Fig. 11, we present a table of selection e�ciencies for signal events
if additional cuts on p

�

T
and /ET over our initial criteria (pj

T
> 100 GeV, p

�

T
> 10 GeV) are

made. For example, requiring /ET > 150 GeV and p
�

T
> 40 GeV leads to a signal event selection

e�ciency of 15 %.
In the right panel of Fig. 11, we show a 2D-histogram of the distribution of signal events

for our benchmark point in the /ET vs p
�

T
plane. We observe no significant correlation in the

distribution of p
�

T
and /ET . Thus, simple cuts on p

�

T
or /ET are likely not the most e↵ective

way of searching for such signals. In order to suppress backgrounds su�ciently, we anticipate
that a multi-variate analysis of the final state using the kinematics of all visible objects (the
photon, the soft visible decay products of the �̃

±
1
, and the ISR jet) together with /ET will be

necessary. Furthermore, the new technical capabilities installed at the LHC during the long
shutdown preceding Run 3 now allow for non-trivial multi-object triggers with considerably
lower thresholds than more traditional p

�

T
-only or /ET -only triggers. A combined p

�

T
and /ET

trigger would be particularly useful to search for the soft-photon + /ET final states arising from
(pp ! �̃

0

2
+ �̃

±
1

+ j) events at the LHC when the �̃
0

2
decays radiatively.

In summary, the radiative decay of Wino-like neutralinos, (�̃0

2
! �̃

0

1
+ �), leads to a new

potential search channel at the LHC for which we performed a first study in this section: a soft
photon accompanied by /ET and additional soft visible decay products arising from �̃

±
1

decays.
This kinematic region is, to the best of our knowledge, not targeted by any of the current
photon + /ET searches at the LHC [115–119]. As we have shown throughout this work, a large
branching ratio for the (�̃0

2
! �̃

0

1
+ �) decay is a characteristic feature of an attractive region of

the MSSM parameter space. The new search channel proposed here can be especially relevant
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Missing ET is strongly correlated with the ISR jet pT

No strong correlation between missing ET and photon pT

Efficiencies



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]

9

the current bounds, due to the large Higgs and Z coupling suppression induced by the large

values of |µ|.

III. PRODUCTION AND BRANCHING RATIOS
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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.

8

 
The resulting cross sections may 
differ in factors of a few.

Liu, McGinnis, Wang, C.W. arXiv:2008.11847



Wino Bounds for positive μ x Μ2

50

200 400 600 800 1000

100

200

300

400

500

mχ1
± [GeV]

m
χ 10

[G
eV

]

σ (pp → χ20 + χ1± → Z/h + W + 2χ10)

s =13 TeV
L = 139 fb-1

95 % CL

m χ
1±
=
m χ 2
0
=
m Z

+m
χ 1
0

0lbb

1lbb

3l (2l+j)μ < 0
tanβ = 5
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L = 139 fb�1. In the top (bottom) panel, we show the bounds for tan� = 5 (tan� = 10) and

MSUSY = |µ| = 2TeV. The 0`bb (gray) [16] and 1`bb (magenta, cyan) [16, 17] bounds are projected

from searches of the �0
2�

±
1 ! hW +2�0

1 channel, with h ! b̄b and W decay to hadronic or leptonic

final states. The 3` (dark yellow) [19] and 3`/2` + j (orange) [15] bounds are projected from the

�0
2�

±
1 ! ZW + 2�0

1 channel, with Z ! 2`.

pp ! �±
1 + �0

2 ! W± + Z/h+ /ET =

8
<

:
3`+ /ET for Z ! ``

1(0)`+ bb̄+ /ET for h ! bb̄.
(10)

In this and subsequent sections, we focus mainly on two scenarios when MSUSY = |µ| =

12

Also, 100 percent BR into W/W* 
and Z/Z* have been assumed.

<latexit sha1_base64="rOQ/9f5Osrz9lAiFkW3HmVB1EkA=">AAACBHicbZDLSgMxFIYz9Vbrreqym2ARXJXpdLDdCEU3Liv0Bm0pmfS0DU1mxiQjlKGCG1/FjQtF3PoQ7nwb02kRbz8EvvznHE7yeyFnStv2h5VaWV1b30hvZra2d3b3svsHTRVEkkKDBjyQbY8o4MyHhmaaQzuUQITHoeVNLub11g1IxQK/rqch9AQZ+WzIKNHG6mdzXRHhMyz6cVczPoD4ejYzd+e2Ds1+Nm8X7ET4LxSXkEdL1frZ9+4goJEAX1NOlOoU7VD3YiI1oxxmmW6kICR0QkbQMegTAaoXJ5+Y4WPjDPAwkOb4Gifu94mYCKWmwjOdguix+l2bm//VOpEeVnox88NIg08Xi4YRxzrA80TwgEmgmk8NECqZeSumYyIJ1Sa3TBJCxXWccgkn4JbsBTgl9yuEplMonhacKzdfPV/GkUY5dIROUBGVURVdohpqIIru0AN6Qs/WvfVovVivi9aUtZw5RD9kvX0CiiOXlQ==</latexit>

µ = mq̃ = 2 TeV

and SUSY-HIT [65], respectively, by scanning M1 = [5, 500] and M2 = [100, 1000].

FIG. 3. Left: Branching ratio of �0
2 to the SM Higgs boson and �0

1 for |µ| = 2 TeV and tan� =

5 & 10, presented in the m
�
±
1
- m

�
0
1
plane. Right: Branching ratio of �0

2 to the Z boson and �0
1

for the same parameters.

FIG. 4. Left: Branching ratio of �0
2 to the SM Higgs boson and �0

1 for |µ| = 10 TeV and

tan� = 10 & 50, presented in the m
�
±
1
- m

�
0
1
plane. Right: Branching ratio of �0

2 to the Z boson

and �0
1 for the same parameters.

We see that for MSUSY = 2 TeV the Higgs decay mode is dominant over most of the

region of interest. However, for µ < 0 and tan � = 10 we see that the previously discussed

blind spot condition may be fulfilled and the Z decay mode becomes dominant. While for

MSUSY = 10 TeV the Higgs decay mode reaches maximum strength in most of the parameter
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Recasting of ATLAS bounds lead to 
weak constraints in the (somewhat) 

compressed  region.
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FIG. 3. Left: Sum of the total branching ratio of Higgsinos to the Z boson, �
0
2,3 ! Z + �

0
1,

normalized by 1/2. Right: Sum of the total branching ratio of Higgsinos to the SM Higgs,

�
0
2,3 ! h + �

0
1, normalized by 1/2. We show contours resulting from the scan in Eq. (5), for

tan� = 5.

M1 2 [5, 500], �µ 2 [100, 900], (5)

assuming M2 = 2 TeV, tan � = 5, and MA = 1 TeV. 1 For large values of |µ| the two

neutralino Majorana states behave e↵ectively like a single neutral Dirac state and, due to

the Goldstone equivalent theorem, one expects that, approximately, the neutral states will

decay 50 percent of the time into Z and 50 percent of the time into h final states, something

that is evident from Fig. 3.

In the low mass range, provided both neutralinos become lighter than the Standard
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branching ratios of these channels would be two small to be of any relevance.
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FIG. 3. Left: Sum of the total branching ratio of Higgsinos to the Z boson, �
0
2,3 ! Z + �

0
1,

normalized by 1/2. Right: Sum of the total branching ratio of Higgsinos to the SM Higgs,

�
0
2,3 ! h + �

0
1, normalized by 1/2. We show contours resulting from the scan in Eq. (5), for

tan� = 5.

M1 2 [5, 500], �µ 2 [100, 900], (5)

assuming M2 = 2 TeV, tan � = 5, and MA = 1 TeV. 1 For large values of |µ| the two

neutralino Majorana states behave e↵ectively like a single neutral Dirac state and, due to

the Goldstone equivalent theorem, one expects that, approximately, the neutral states will

decay 50 percent of the time into Z and 50 percent of the time into h final states, something

that is evident from Fig. 3.

In the low mass range, provided both neutralinos become lighter than the Standard

Model-like Higgs boson, they will decay into Z final states 100 percent of the time. However,

1 Note that for lower values of the heavy Higgs mass, such that MA < m�±
1
+ m�0

1
, decay channels of

electroweakinos to heavy Higgs bosons may become kinematically open. However, the corresponding

branching ratios of these channels would be two small to be of any relevance.

9

200 400 600 800 1000

100

200

300

400

500

mχ1
± [GeV]

m
χ 10

[G
eV

]

σ (pp → χh0 + χ1± → Z/h + W + 2χ10)

s =13 TeV

L = 300 fb-1

95 % CL

m χ
1±
=
m χ 2
0
=
m Z

+m
χ 1
0

0lbb

1lbb

3l (2l+j)

200 400 600 800 1000

100

200

300

400

500

mχ1
± [GeV]

m
χ 10

[G
eV

]

σ (pp → χh0 + χ1± → Z/h + W + 2χ10)

s =13 TeV

L = 3000 fb-1

95 % CL

m χ
1±
=
m χ 2
0
=
m Z

+m
χ 1
0

0lbb

1lbb

3l (2l+j)

200 400 600 800 1000

100

200

300

400

500

mχ1
± [GeV]

m
χ 10

[G
eV

]

σ (pp → χh0 + χ1± → Z/h + W + 2χ10)

s =13 TeV

L = 139 fb-1

95 % CL

m χ
1±
=
m χ 2
0
=
m Z

+m
χ 1
0

0lbb

1lbb

3l (2l+j)

200 400 600 800 1000

100

200

300

400

500

mχ1
± [GeV]

m
χ 10

[G
eV

]

σ (pp → χh0 + χ1± → Z/h + W + 2χ10)

s =13 TeV

L = 3000 fb-1

5-σ

m χ
1±
=
m χ 2
0
=
m Z

+m
χ 1
0

0lbb

1lbb

3l (2l+j)

FIG. 5. Constraints on the Bino-Higgsino scenario projected to 300 and 3000 fb�1 at 95% confidence

level in the top panel, 139 fb�1 at 95% confidence level and 3000 fb�1 at 5 � in the lower panel. We

choose tan� = 5, but the results depend very weakly on this choice for the range of parameters that

we explore. The 0`bb (gray) [9] and 1`bb (magenta, cyan) [10] come from the �
0
2,3�

±
1 ! hW + 2�0

1

channel, with h ! b̄b and W decay to hadronic or leptonic final states. The 3` (dark yellow) [12]

and 3`/2`+ j (orange) [8] come from the �
0
2,3�

±
1 ! ZW +2�0

1 channel, with Z ! 2`. For the gray

and orange shaded region, there are dotted lines cutting o↵ the high mass region because �limit is

not provided from HEP-Data.
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Large M2 : Higgsino Cross section almost a factor four smaller than the Wino 
cross section. BR of the second lightest neutralino is about 50 percent into  h 
and Z. Bounds are significantly weaker than in the Wino case. 

Conclusion is that in the compressed region limits are quite weak whenever the 
lightest neutralino mass is larger than about 200 GeV.

Liu,  McGinnis, Wang, C.W., arXiv:2006.07389
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BMW :  LHC Bounds Baum, Carena, Shah, Wagner
Rocha, Ou, to appear



LHC Bounds
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S. Baum, M. Carena, N. Shah, C. Wagner
D. Rocha, T. Ou, to appear



Comments on the current  g-2 Anomaly

54

In a sense, the current discrepancy is between the experimental 
determination of g-2, supported by the Brookhaven and the Fermilab g-2 
experiments, and the e+e- hadronic cross section data.

All other factors are, I believe, under good control and the uncertainties 
are small.

In that sense, this anomaly should be taken very seriously.  It is difficult to 
imagine where something could have gone wrong, even taken into account 
the current tension in the hadronic cross section data (KLOE vs BABAR), 
that cannot lead to an explanation of the measured anomaly, and has 
already been taken into account in the systematic errors. 

The good thing is that the g-2 collaboration will reduce the error by a       
factor 2 by next summer and there will be further work on the theoretical 
estimates. 
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Lattice Computations

1. Lattice computations increase our confidence on the size and magnitude of the light 
by light contributions
2. In the computation of the hadronic vacuum polarization contributions, the BMW20 
lattice collaboration finds results that reduce the tension with the g-2 experimental 
data.  These results are hence in some tension with data driven evaluations.
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Comparison of BMW lattice computation
with data driven methods

Z. Fodor ‘ 21



What would be the value of the hadronic cross sections 
necessary for compatibility with lattice values ?
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Figure 8: Comparison of the data sets and the shifted variants of the VFF,
relative to the central fit solution.

the other two any significant change in a⇡⇡µ
���1 GeV comes at the

price of huge increases in �2. These increases can be compared
to the well-known tension between individual e+e� data sets.
The central fit results of Ref. [8] reach a total �2 of 776 with
627 degrees of freedom. The tension is reflected by an error
inflation included in Eq. (18) of

p
�2/dof = 1.11. For the target

shift of �a⇡⇡µ
���1 GeV = 18.5 ⇥ 10�10, even scenario (3) leads to a

total �2 of 941.
The results in Figs. 7 and 8 show that to minimize the ef-

fect in the cross section, the changes mainly a↵ect the in-
elastic part of the VFF parameterization and thus energies
above the ⇡! threshold. In principle, these inelastic contribu-
tions could be further constrained by e+e� ! 2⇡ data above
1 GeV [81, 83, 103], ⌧ ! ⇡⇡⌫⌧ [104], and explicit input on
the inelastic channels, but this requires an extension of our dis-
persive formalism that will be left for future work. We remark
that any changes in the physics above 1 GeV will also have an
impact on �↵(5)

⇡⇡ (M2
Z), which is not yet accounted for here: the

higher in energy these changes are pushed, the higher the risk
to exacerbate tensions in the global electroweak fit [46–49].

7. Conclusions

In this Letter we examined the two-pion contribution to HVP
in view of recent hints from lattice-QCD calculations that its
contribution to the anomalous magnetic moment of the muon
could be much larger than obtained from e+e� ! hadrons
cross-section data, with most of the changes concentrated at low
energies. We relied on a dispersive representation of the pion
vector form factor and studied which of its parameters could
be varied without contradicting other low-energy observables
besides the e+e� ! 2⇡ cross section itself. We identified three
scenarios: (1) where only the elastic ⇡⇡ phase shift, or (2) where
only inelastic e↵ects, or (3) all parameters at the same time are
allowed to change, see Sect. 3 for more details. In these scenar-
ios, we then derived the correlations with the pion charge radius
and the hadronic running of the fine-structure constant.

We found that in scenario (1) the changes in the cross section
are mainly concentrated around the ⇢ resonance, amounting to a

�
�

2
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���1 GeV
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ck, N � 1 = 4

all parameters
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Figure 9: Increase in the �2 as a function of the fit output a⇡⇡µ
���1 GeV in the three

scenarios, excluding the contribution of the “lattice” input (since this depends
on the arbitrary uncertainty that acts as a weight, see Sect. 3).

relative e↵ect of up to 8%, see Figs. 7 and 8, while in scenarios
(2) and (3) the changes are more uniformly distributed over the
entire energy range, at a level around 4%. The first insight from
our analysis is thus that a largely uniform change in the cross
section is actually allowed by the constraints from analyticity,
unitarity, as well as low-energy hadron phenomenology. More-
over, this is the configuration that minimizes the discrepancy
with the data as one tries to increase a⇡⇡µ

���1 GeV while respecting
all constraints, but still even this scenario is in strong disagree-
ment with the e+e� ! 2⇡ data, see Fig. 9.

The correlations with the pion charge radius and the hadronic
running of the fine-structure constant are shown in Figs. 3 and 4,
respectively. One of our main conclusions is that in our frame-
work we can establish a firm correlation between a⇡⇡µ

���1 GeV
and �↵(5)

⇡⇡ (M2
Z): the required change in the former implies an

upward shift between 1.2 ⇥ 10�4 and 1.4 ⇥ 10�4 in the latter
for all scenarios. For the charge radius the correlation with
a⇡⇡µ
���1 GeV depends on the scenario, with the largest e↵ect aris-

ing in scenario (3), the one for which the change in the cross
section is minimized. A similar observation applies to the en-
tire space-like region, see Fig. 6. This opens the possibility
to challenge this scenario with future lattice-QCD calculations
of the pion charge radius as well as the space-like pion form
factor [86, 87]. Competitive constraints would require a preci-
sion around �hr2

⇡i = 0.005 fm2, a factor 3 below the sensitivity
of Ref. [87]. Similarly, a precision calculation of the P-wave
⇡⇡ phase shift would provide further independent constraints
on our dispersive representation, but here the precision goal of
��11(s0,1) = 2� would require significant advances over current
calculations.

To further improve the phenomenological determination of
the two-pion contribution to HVP, the most important future
development naturally concerns new e+e� ! 2⇡ data, with
BESIII [105, 106] and SND [107] supporting the results al-
ready included in the present analysis, and new data from
CMD-3 [108] forthcoming. As for direct lattice-QCD evalua-
tions of the HVP contribution, the results of Ref. [39] are being
scrutinized by other lattice collaborations, and more detailed
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g-2 is associated with a chirality flip operator

hµv2 = hµv1
v2
v1

= mµ tan�

Where do the different factors appear from ?

In the sneutrino diagram, from mixing in the chargino sector.
In the smuon diagram, from mixing among the muons.

e

4mµ
aµ (µ̄L�µ⌫µR + h.c.)Fµ⌫ �µ⌫ =

i

2
[�µ, �⌫ ]

X

µ M2

gv2
hµv2µ

µR µRµL µLM1

g1 g1ghµ ⌫̃µ B̃ B̃
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mẽ/µ̃ [GeV] tan(�Z) sign(M1) M2 [GeV] BR(�0
2 ! �

0
1�) [%] E� [GeV]

400 40 � 195 - 304 22.9 - 6.4 19.0 - 24.6

400 30 � 186 - 212 9.8 - 6.2 16.0 - 17.8

Table I: Various allowed ranges which satisfy relic dark matter density, direct detection, and

CheckMATE constraints.

Figure 3: Some exclusion plots.

- More details for SUSY-HIT and micromegas?
- Checkmate analysis
- Branching ratio / CM plots
- limits on slepton masses and mu
- alteration of relic density and DD limits in NMSSM and beyond

4 Phenomenological Outlook

To wrap up, we present the phenomenological outlook of radiative neutralino decays, and
their potential usage to enhance SUSY search limits in the compressed region. Radiative
decay can be the dominant decay mode in the compressed region, however there is a tradeo↵.
One can always reduce the mass splitting to enhance the branching ratio of radiative decay,
but one would like to maximize both to generate the clearest collider signal.

The main detection channels involving a photon produced by radiative decay come from
�
2
0�

±
1 production. After decaying, the products are � + 2j+MET or � + l+MET, both of

which can have additional jet due to initial state radiation (ISR). The low mass splitting of
the neutralinos complicates matters further. For �2

0�
±
1 production, both heavy particles are

produced with opposite transverse momenta. But most of the energy is preserved in the �
1
0

in the subsequent decays, since the mass splitting is small. Therefore, when the �
2
0 and �

±
1

decay, they produce a pair of undetectable �
1
0’s with nearly equal and opposite transverse

7

Quite interesting enhancement of the radiative decay in the compressed region.

Can it be tested ? Initial state radiation relevant to get sufficient photon pT. 
It would be interesting to provide a more realistic experimental analysis. 
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One must perform a simulation of the radiative decay channel.
and determine if one can use it to go beyond the standard 
compressed scenario channels.

S. Baum, M. Carena, N. Shah, C. Wagner
D. Rocha, T. Ou, to appear



Soft Supersymmetry Breaking : Theoretical Prejudice

 Due to RG running of mass parameters, gluinos tend to be heavier 
than the other gauginos. 

 The heavy gluinos tend to push  up the squark masses

 The third generation SUSY breaking masses receive large negative 
corrections in the RG running (related to the ones driving the Higgs 
mass parameter negative) and tend to be the smallest ones.

 Due to its large coupling to the Higgs sector, stops are particularly 
relevant and have important phenomenological effects at low 
energies.

Renormalization Group Evolution
• One interesting thing is that the gaugino masses evolve in the same

way as the gauge couplings:
d(Mi/�i)/dt = 0, dMi = �bi�iMi/4⇥, d�i/dt = �bi�2

i /4⇥

• The scalar fields masses evolve in a more complicated way.
4⇥dm2

i /dt = �Ci
a4M2

a�a + |Yijk|2[(m2
i + m2

j + m2
k + A2

ijk)]/4⇥

• There is a positive contribution coming from the gaugino masses and
a negative contribution proportional to the Yukawa couplings.

• Colored particles are a�ected by positive, strongly coupled
corrections and tend to be the heaviest ones.

• Weakly interacting particles tend to be lighter, particular those
a�ected by large Yukawas.

• There scalar field H2 is both weakly interacting and couples with the
top quark Yukawa. Its mass naturally becomes negative.
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