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The Minimal Supersymmetric Standard Model

EWK
SM Particles SUSY Particles SUSY
Even under R-parity Odd Under R-parity Sector

. i P : Electroweakinos
. .\ h x"’% ): (superpartners of SM Higgs

: and EWK gauge bosons) mix

into charginos (C1, C2) and
neutralinos (N1-N4). SUSY
has a complex EWK sector.

Lightest supersymmetric particle
SUSY: Solution to Higgs hierarchy problem is a viable dark matter candidate

3 Recent ATLAS Run 2 EWK SUSY -
Short keys in slides
searches considered, primarily MET — Missing Transverse Energy

. . pT — Transverse Momentum
focus on compressed Higgsinos



Why compressed HigQgsinos?

Importance of Higgsinos:

e The p parameter (controls Higgsino masses) must

remain small to to avoid excessive fine-tuning A oZ/W
Compressed Spectrum: Mass N2
Am~G
e In Higgsino-dominated cases, the mass splitting mToeV C1
A ~
between N1, C1, and N2 is small, creating a H v l y omr e N1
compressed spectrum low pT
" i : pions or
e Small mass splitting means weak signals, making
leptons

detection challenging
e Detection heavily relies on identifying low pT

pions or leptons in the final state



Higgsinos LSP with
Soft Leptons

Phys. Rev. D 101, 052005 (2020)



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.052005

Higgsinos LSP with Soft Leptons

7 q e N2 decay via off-shell Z boson produces low pT leptons

q e Dilepton mass (m,,) forms a peak at low values

o A characteristic signature in compressed Higgsino searches
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Analysis Strateqy
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Analysis Strateqy

e Cuton RISR and fit the m,, variable
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https://doi.org/10.1088/1748-0221/18/11/T11004
https://doi.org/10.1088/1748-0221/18/11/T11004

Results and Interpretation

Higgsino-LSP region
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Higgsino LSP with
Displaced Track

Phys. Rev. Lett. 132 (2024) 221801



https://doi.org/10.1103/PhysRevLett.132.221801

Higgsinos LSP with Displaced Track

Mass Splitting: jet
e With Am(C1, N1)=0.3 — 1 GeV, the chargino is nearly p
degenerate with the neutralino, producing low pT pions 92(1)
Chargino Travel Distance:
e Chargino travels ~0.1 to 1 mm from the proton collision P >~<1i N 92(1)
N
vertex \
,n.:i:

Track Inside Inner Detector:

e This distance allows the chargino to decay in the l Important selections to define the Signal Region:
e ISR leading jet (pT > 250 GeV)

e MET > 600 GeV (rejects SM background)

1
detector, leaving a displaced track X
1
I e S(d0) > 8 (identifies displaced tracks)
1
1

Discrimination Using S(d):

e S(d0), the ratio of transverse impact parameter to its e Low pT track: 2 GeV < pT < 5 GeV

resolution, is key discriminator for identifying this decay . o  Two SR in S(d0) (sensitive to Am changes)




Backagrounds and Validation Regions (VRs)

Most Impactful Standard Model Backgrounds
e QCD Tracks:

o  Originates from W/Z + jets events where the
signal candidate tracks originate from long lived
hadrons decays, pileup jets

o Estimated via data-driven ABCD method.

e Tau Tracks:

o  Originates from W(—1v) + jets events where a
pion or lepton from a low pT z-lepton decay is
tagged as the signal candidate track

o  Estimated via MC simulation, normalized to data

Validation Regions:

Events

Significance

Defined with similar backgrounds as the SRs in
addition with different lepton or photon content

A shifted MET range (300 GeV < MET < 400
GeV) increases data yield and reduces signal
contamination
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Results and Interpretation

2 ArLlAs ' T N o Data matches SM predictions, showing no significant
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e Exclusion limits for mass splittings:
o 0.3GeV<Am(C1,N1)<0.9 GeV
e Search sensitivity peaks at Am(C1, N1) = 0.6 GeV,
excluding m(C1) up to ~170 GeV




ATLAS Run 2 searches for electroweak

SUSY particles interpreted within
19D phenomenological Minimal
Supersymmetric Standard Model

JHEP 2024 (2024) 106



https://doi.org/10.1007/JHEP05%282024%29106

Electroweak pMSSM Scan

e Simplified models do not capture the full LSP MASS DISTRIBUTION
ATLAS EWKino scan, v/s=13 TeV, 140fb~!

complexity of SUSY phenomenology o ' " Conseros oo e L3P oty

e SUSY parameters reduced from 100 in MSSM to 19 200 =

0
600

in pMSSM, assuming CP-conservation, RPC, and
I Considered wino-like LSP models

400 mEm After ATLAS Run 2

minimal flavour violation

200

e Reinterpreting electroweak ATLAS Run 2 SUSY GOZ

400

searches in pMSSM explores electroweakinos, 200

Number of models

I Considered higgsino-like LSP models
After ATLAS Run 2
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For m(N1) < 200 GeV: Less than
20% of Higgsino-like LSP models
are excluded by ATLAS

e LSP assumed as N1

o
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N
o
o

Frac. excl
111

e This talk only focuses on Higgsino LSP and

compressed scenarios results



EWkinos Exclusion in Compressed Reqgion

ATLAS shows sensitivity to low Ewkino masses in both Am(C1,N1) vs. m(N1) and Am(N2,N1) vs m(N2) plane

Exclusion fractions shown with non-DM constraints: Precision EWK, Flavor measurements

ATLAS
ATLAS EWKino scan, v/s = 13TeV, 140fb™"
EWKino scan, v/s=13TeV, 140fb™" ATLAS exclusion fraction after non-DM external constraints
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In many bins within the simplified model contours,
Highest exclusion is seen for Am(C1,N1) = 0.1— 0.2 GeV o
9 ( ) less than 100% exclusion is observed due to
the sensitive region for disappearing track analysis \ : .
g PP g y pMSSM models' smaller branching fractions
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Benchmark Models with Higgsino-like LSP

e Models satisfy all constraints and are not excluded 8 .
e N3 and C2 are under 1 TeV with large mass splittings §j° 7t ”‘
from other electroweakinos
e Mass spectrum remains within the published Z 2 a
compressed ATLAS simplified model contours jo
e BR(N2—N1£t7), smaller in pMSSM models T ow F——x
o N2 also has a radiative decay mode: N2 — N1 + p, 3
typically suppressed but favoured at small mass ; i 2’3 .l x %
splittings ol
e In some benchmark models, enhanced radiative j a
decay, heavier electroweakinos and their decay ”
products, interesting for future searches o " 4 o




Summary and Qutlook

e Current Status:
o EWK SUSY searches at the LHC are crucial, particularly in challenging compressed scenarios,
necessitating specialized analysis strategies
o Higgsino searches are motivated by the need to address fine-tuning in the Higgs sector
o ATLAS shows data consistent with SM predictions, though SM doesn't explain everything
e Key Insights:
o Challenging final state signatures (soft pions) are key, especially in compressed Higgsino scenarios
o  Exclusion sensitivity peaks at Am(C1, N1) = 0.6 GeV, excluding m(C1) up to 170 GeV based on
Displaced track analysis
o  pMSSM paper provides an excellent overview of EWK SUSY Run 2 searches
e  Future Directions:
o  Run 3 offers exciting prospects (with more data) to continue the hunt for SUSY signals as well as with
new ideas and techniques

o Benchmark models from pMSSM results further motivate continued exploration



ATLAs  BACKUP SLIDES

EXPERIMENT

Run: 349309
Event: 1342904905
2018-05-01 16:21:51 CEST




Higgsino LSP with Soft Leptons

- Backgrounds

Preselection requirements

Variable 2 117 Process Matrix element Parton shower PDF set Cross-section
Vi S 22.1 NNPDF 3.0 NNLO [84] NNLO (85
Number of leptons (tracks) =€,2 leptons =€1 lepton and > 1 track V;Jets E“il-lﬁ:ated vi a NNPDF 3.0 NNLO (84 Generat[or I]\ILO
e [Gev] B 7 30 AR, > 005 AR »00 PESI L Triboson Sperea 22,1 NNPDF3ONNLO  Generator LO, NLO
224 ee -IU, -UJ, e) - - -ftrack -
Lepton (track) charge and flavor e*e™ or p*u* e “ e*e™ or u*u* h (ggF) PownEeG-Bo. g NLO CTEQ6LI [86] N3LO [87]
Lepton (track) invariant mass [GeV] 3 < me. < 60, 1 < my, < 60 0.5 < Mpgack < 5 h (VBF) Pownec-Box Pm%mwlsﬁ NLO CTEQ6LI [86] NNLO + NLO [87]
J /Y invariant mass [GeV] veto 3 < mpp < 3.2 veto 3 < Megack < 3.2 h+ V_V/ z YTHIA 8. NNPDF 2.3 LO [54] NNLO + NLO [87]
mer [GeV] <0or> 160 no Tequirement hif MG5_aMC@NLO 2.2.3  Pyhia 8210 NNPDF 2.3 LO NLO [87]
Ep™™ [GeV] > 120 > 120 i PownEG-Box PyThia 8.230 NNPDF 2.3 LO NNLO+NNLL [88-92]
Number of jets ) 21 21 t (s-channel) ~Powrgc-Box EsMed NNPDF 2.3 LO NNLO+NNLL [93]
Number of b-tagged jets =0 no requirement t (t-channel)  PowsEG-Box PyTHIA 8.230 NNPDF 23 LO NNLO+NNLL [77, 94]
Léaf(ilArl‘f(Jet ngGeY])) > (1)0‘? > (1)9:) (+W PowEG-Box via-MQC NNPDF 2.3 LO NNLO+NNLL [95]
min any jet, p7'** > 0. > 0.
Ad(jy, pmiss) T S20 S20 t+Z MG5_aMC@NLO 2.3.3 PyTaia 8.212 NNPDF 2.3 LO NLO [53]
a3 WW MG5_aMC@NLO 2.2.2  PyTuia 8.186 NNPDF 2.3 LO NLO [53]
vvvvv fT+Z/W/y* MG5_aMC@NLO23.3 Pyruia8210/8212 NNPDF2.3LO NLO [87]
t+WZ MGS5_aMC@NLO 2.3.3  PyTuia 8.212 NNPDF 2.3 LO NLO [53]
Y Observed 0 % U s t4i MG5_aMC@NLO 2.2.2  PyTria 8.186 NNPDF 2.3 LO LO [53]
< Fitted SM events 0.11+0.08 51+1.6 73%19  22+09 it MGS_aMC@NLO 22.2 Pyraia 8.186 NNPDF 2.3 LO NLO [53]
& Fake/nom o +0.016
prompt 0.000* 38+1.3 6.9+2.0 1.6+ 1.1 H H
B 17 single op Fit 00’ Yook oo gosex  Also an effective variable
% Diboson 0.10+0.05  0.10£0.09 0.28:+0.26 0.02183(% - -
Z(— T7)+ets Res u Its 0.0()()‘_‘§:§(2§ 12412 oy 0.310¢ ———— — Electroweakino SR Requirements
Others 0.000% 500 - - -  Variable | SR-E-low | SR-E-med! SR-E-high SR-E-1¢1T
: i
- Observed 16 8 6 a1 59 21 ' EmS [Gev] / | [120,200] : [120,200] ; >200 > 200
= Fitted SMevents  146£29  6.9+2.1 62+1.9 3414 52+6 18.5+32 | ETSS/HI® | < 10 >10 4 - > 30
g Ad(lep, p) = I = <10
& Fakefmonprompt 7932 4821 51+2.0 2745 44+6 18.2+32 | PPt | . | -, y
K17, single top 0.0130%  0,01+006 0.00%095 012013 024£0.08  0.14%019 | Lepton or track pr [GeVIl p > 5 +mee/4 | - I py >min(10,2 + mee/3) pye<s
5‘) Diboson 23+0.8 09+04 0.73+0.24 1.9+0.7 087+0.26 0.13+0.07 M2 [GeV] - 1 <50 I - -
Z(— TT)Hets 38+18 12 i (()).Zg 0.370% 49+16 6121 00272 | m§ [GeV] [10,60] I- I <60 -
Others 0.5£04 00007096 0.036+0015 0019£0017  0.9%0.6 = R | (08, 1.0] - | [max(0.85,098 0,02 X meg), 1.0] -




Displaced Track

Event level Selection:
e MET >600 GeV
e Leadingjet: pT >250GeV ,n|<2.5
e min[Ad(any jet, MET)] > 0.4
e No leptons or photons
e Njets<4
Track level Selection:
o pT € [2GeV,5GeV], |n|<1.5
e |dO| <10 mm, |z0sinB| < 3 mm
e Ad(track, MET) < 0.4
e No other track with pT > 1 GeV within

AR=0.4
e TightPrimary WP + N hits >0
e 5(d,)>8

SRs binned in S(d ):
e SR-low: S(d,) € [8,20]
e SR-high: S(d;) > 20 From Sala. Alessandro

SUSY signals QCD tracks T tracks



https://cds.cern.ch/record/2906411/?ln=en

pMSSM Scans

Runl pMSSM Scans: JHEP 10 (2015) 134

Assumptions:
e No new sources of CP-violation (beyond CKM matrix)
e No flavour-changing neutral currents (FCNCs)
e  Universality of 1st and 2nd generation sfermions
®  R-parity conserved
e Lightest SUSY particle (LSP) is the lightest neutralino

Analysis Considered:

Analysis Relevant simplified models targeted

FullHad [24] Wino X145 via WZ, Wino ¥i ¥y via Wh, Wino ¥} ¥ via WW
1Lbb [15] Wino ¥: 43 via Wh

2L0J [19] Wino ¥ ¥; via WW, slepton pairs

20L2) [25] Wino ¥ 75 via WZ

3L [23] Wino ¥; ¥5 via WZ, Wino ¥; Y5 via Wh, higgsino ¥; X0}
4L [22] Higgsino GGM

Compressed [20] Wino ¥ 75 via WZ, higgsino X AR,

Disappearing-track [27]  Wino ¥} ¥; and ¥; %]

Model generation

SPHENO 4.0.58

FeynHiges 2.18.0

Sueerlso 4.0

SPuENO 4.0.58
(fixed m(Higgs))

Calculate

i) LSP &
Successful
generation?

|m(h) = 125] < 5GeV
m(j)>LEP limit
@ < 0.12)

Yes

m(¥;) < 1200 GeV
and D2, 70) > 0
and oxwk > 0.07 fb

Scans
Workflow Yes

Particle-level evaluation

0.001 < CLE®-bet < 01

Detector-level evaluation



https://doi.org/10.1007/JHEP10%282015%29134

pMSSM Scans

Constraints Considered:
19 Parameters Ranges

Category  Constraint Lowerbound ~ Upperbound ~ Notes

Parameter Min ~ Max Note
Flavour B(b - sy) 31074 387x107* 2022PDG average (2~ window) [58]. My, (=Mz) 10TV 10TeV Left-handed slepton (first two gens.) mass
BBy -pp) 187x107  431x107°  Most recent LHCb result (2 window) [59). M; (=M;) 10TeV 10TeV  Right-handed slepton (first two gens.) mass
BB*-1v) 610107  157x10* 2022 PDG average (2o window) [38). My, 10TV 10TeV  Left-handed stau doublet mass
— Mg, 10TeV 10TeV  Right-handed stau mass
Plrec:(:fv:ak g 0004 04015 Up?.te‘: gdl?balce[l;;‘r;wak e GFmE: g6r10 up (0] My, (=Mp) 10TeV 10TeV  Left-handed squark (first two gens.) mass
e s (not including mass measurement 61]). Mg, (=Mz) 10TV 10TeV Right-handed up-type squark (first two gens.) mass
T (2) = IMeV Beyond-the-Standard Model contributions to precision electroweak My (=Mz) 10TeV 10TeV Right-handed down-type squark (first two gens.) mass
measurements on the Z-resonance from experiments at the SLC and My, 2TV  5TeV Left-handed squark (third gen.) mass
LEP colliders [62]. M;, 2TeV  5TeV  Right-handed top squark mass
m(W) 80347GeV  80407GeV 2022 PDG result (excluding CDF W mass measurement (61]) (8] My, 2TeV 5TeV  Right-handed bottom squark mass
but with the 20 window expanded by 6 MeV to allow for uncertainty M, -2TeV  2TeV Bino mass parameter
due to the top-quark mass in the MSSM Higgs calculation [63]. M, -2TeV  2TeV  Wino mass parameter
- g u -2TeV  2TeV Bilinear Higgs boson mass parameter
DM Relic density - 0.12 Latest bound from Planck [64). M 1TV 5TeV  Gluino mass parameter
OSpin-independent Exclusion conlour on direct detection of DM from the A 8TV 8TeV Trilineartop coupling
LZ Collaboration [63) Ap -2TeV  2TeV Trilinear bottom coupling
OSpin-dependent Exclusion contour on direct detection of DM from PICO-60 [66]. A -2TeV  2TeV Trilinear r-lepton coupling
My 0TeV  5TeV Pseudoscalar Higgs boson mass
tan 1 60 Ratio of the Higgs vacuum expectation values




Electroweak Supersymmetry at LHC

pp, V5 =13 TeV, NLO+NLL - NNLOappres+ NNLL

104

e Smaller production cross sections at the LHC make — —— 77 (higgsino)
— 44 —— X Xi (wino)
. . 102 - — 4q” e X£ X3 (wino)

electroweak SUSY searches particularly challenging — #.Bb"  — lialn

100 .

e These rare processes demand large amounts of

1072 4

cross section [pb]

data to uncover and achieve discovery

10-4 B

Y_Xx 13TeV

10-¢

250 500 750 1000 1250 1500 1750 2000
particle mass [GeV]


https://twiki.cern.ch/twiki/pub/LHCPhysics/SUSYCrossSections/SUSY_xsecs_13TeV_overview.pdf

Fine Tuning Equation Haber Higgs SUSY_Lecture

At this stage, we can already see the tension with naturalness, if the SUSY
parameters are significantly larger than the scale of electroweak symmetry
breaking. In this case, m% will be the difference of two large numbers,

m2 — m3tan? 3
tan28 —1

amy = —ul +

requiring some fine-tuning of the SUSY parameters in order to produce the
correct Z boson mass. In the literature, this tension is referred to as the little

hierarchy problem.

In the above equation, u, m? and m32 are parameters defined at the

electroweak scale. The question of fine-tuning should really be addressed
to the fundamental SUSY-breaking parameters at some high energy scale,
which ultimately determine the low-energy parameters appearing the above

expression.


https://cds.cern.ch/record/2852738

ATLAS SUSY Searches

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

March 2023 Vs=13TeV
Model Signature  [Lar (') Mass limit Reference
4, G-V Oep  2-6jets EPS 139 — 185 m(i)<400 GeV 201014293
2 @ gt monojet  13jets EMS 139 |q [exDegen) 09 mG)mE)=5 GoV 2102.10874
o -qat] Ocu  26jets  EP™ 139 | 23 _m()=0Gev 2010.14293
S H Forbidden 1.15-1.95 m(¥)=1000GeV 201014293
3 1eu 2.6 jets 139 |z 2.2 m(¥})<600 GeV 210101629
o ee, iyt 2jets B 139 z 2.2 m(¥})<700 GeV 2204.13072
B Oep 7-11jets  ERS 139 z 1.97 m(F}) <600 GeV 2008.06032
% SSep 6jets 139 z 115 m(g)-m(¥))=200 GeV 1909.08457
= ¥ 01 e 3h  EPS 139 |2 245 m(¥})<500 GeV 2211.08028
SSeu  Bjets 139 |z 125 m(g)-m(i})=300 GeV 1909.08457
biby Oept 2b Eps 139 by 1.255 m(f/,‘Ldoosev 2101.12527
by 0.68 10 GeV<Am(b; X1)<20 GeV 2101.12527
— — = byby, by—b¥3 - bh¥] Oep 6b Epe 139 | b Forbidden 0.23-1.35 Am(¥2.9)=130 GeV, m(¥!) 1908.03122
.,g 27 2 EMS 139 | b 0.13-0.85 Am(P3.4)=130 GeV, m(¥" 2103.08189
Ry, - 0-1eu >ljet EP 139 @ 1.25 m(E)=1 GeV 2004.14060, 201203799
& § Qi o WbE) lep  3jets/t b 139 | & Forbidden ' 0.65 m(¥})=500 GeV 2012.03799
S5 Af, hiofiby, o6 127 2jetsi b 139 | & Forbidden 14 m(#)=800 GeV 210807665
= L i, hook) /e eock) Qe 2c 36.1 e m(T})=0 GeV 1805.01649
=5 Ocu  monojet 139 |4, 055 (i &)-m(E)=5 GeV 2102.10874
R, =R, X9—Z/he) 12ep 1-4b 189 | @ 0.067-1.18 m(¥2)=500 GeV 2006.05880
bz, hoi +Z 3en 15 139 | % Forbidden 0.86 m(i)=360 GeV, m(7,-m(i})= 40 GeV 2006.05880
Multiple ¢/jets 139 | B 0.96 =0, wino-bino 2106.01676, 2108.07586
[ ] ceut = ljet 130 [wEe 0205 GeV, wino-bino 191112606
Xi¥] viaww 2epn 139 | ¥ 0.42 m(¥})=0, wino-bino 1908.08215
Xi¥2 via Wh Multiple ¢/jets 139 |%{/%  Forbidden 1.06 200410894, 2108.07586
[ ) L. W vial/v 2epn 189 | & 10 1908.08215
= § 7, 7ty 27 139 [F [FL 7R INOHE0E] 0.12-0.39 1911.06660
WS firig -6 2epn Ojets 139 |7 07 1908.08215
ee.ip > ljet 139 |7 0.256 1911.12606
AH, H—hG/|2G Oep 23b 36.1 i 0.13-0.23 0.29-0.88 1806.04030
dep 0jets Eris 139 i 0.55 2103.11684
Ocu =2largejets P 139 [ 0.450.93 2108.07586
2epu >2jets EPS 139 | @ 077 BR(E] — ZG)=BR(Y] — 1G)=0.5 2204.13072
Direct ¥ ¥; prod., long-lived ¥ Disapp. trk  1jet  EPS 139 | ¥y 0.66 Pure Wino 2201.02472
= 021 Pure higgsino 2201.02472
@
§ S stable g Rrhadron pixel dE/dx Eps 139 | & 2.05 2205.06013
é,g Metastable g R-hadron, g—qgt\ pixel dE/dx EpS 139 & [r(® =10ns] 22 m(¥})=100 GeV 2205.06013
S 8§ wi-G Displ. lep 139 | &q 0.7 = 2011.07812
= # 0.34 ) 201107812
pixel dE/dx 139 |7 0.36 (0 =10ns 2205.06013
Ben 139 Pure Wino 2011.10543
dep 0jets 139 1.55 m(¥})=200 GeV 2103.11684
4-5 large jets 36.1 19 Large 47, 1804.03568
& Multiple 36.1 m(¥})=200 GeV, bino-ike ATLAS-CONF-2018-003
= >4 139 Forbidden X m(¥})=500 GeV 201001015
2jets+2b 36.7 0.61 171007171
2ep 25 36.1 0.4-1.45 BR( —be/bu)>20% 1710.05544
1u bv 136 1. BR(f; —qpu)=100%, cost,=1 2003.11956
TR/, 0, tbs, ¥ —bbs 12eu  26jets 139 |2 0.2-0.32 Pure higgsino 2106.09600
1
. ; . ]
Only a selection of the available mass limits on new states or 10 i Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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