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Supersymmetry
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The Lightest Neutralino

Extended Standard Model particles Supersymmetric particles
Stable, massive, weakly interacting..
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In R-parity conserving SUSY scenario, the lightest neutralino as
lightest supersymmetric particle (LSP) is one of the oldest and
most studied examples of a WIMP candidate for the
cosmological Dark Matter




ATLAS in LHC
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Outline

+ Summary on ATLAS full Run2 RPC
SUSY search (Simplified model based)

+ Fresh re-interpretation from pMSSM

- Outlook for HL-LHC



Constraint from gluino search

Vs =13 TeV, 36.1 - 140 fb March 2023

" G- qa, 0lep. [2010.14293] ATLAS Preliminary3

- G- bbY, >3 bjets [2211.08028]
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Constraint from stop search
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chargino/neutralino search
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Constraint from direct slepton search

August 2023
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In Simplified Models, only the masses of
relevant sparticles are free parameters.

We hope to project our results into a closer to
reality model.



EWK pMSSM model

19 free parameters —> i.e ~400k models for BinoDM scan

Emphasis was on the electroweak sector,
with the gluino, squarks, and sleptons having very high masses.

Parameter Note

M i (=M iz) Left-handed slepton (first two gens.) mass

M;, (=Mgz,) Right-handed slepton (first two gens.) mass

M;, Left-handed stau doublet mass

M;, Right-handed stau mass

M 0, (=MQ2) Left-handed squark (first two gens.) mass

Mg, (=M3,) Right-handed up-type squark (first two gens.) mass
M; (=M;,) Right-handed down-type squark (first two gens.) mass
Mg, Left-handed squark (third gen.) mass

M, Right-handed top squark mass

M, Right-handed bottom squark mass

M, Bino mass parameter

M, Wino mass parameter

u Bilinear Higgs boson mass parameter

M3 Gluino mass parameter

A; Trilinear top coupling

Ap Trilinear bottom coupling

Ar Trilinear 7-lepton coupling

My Pseudoscalar Higgs boson mass

tan 8 Ratio of the Higgs vacuum expectation values

Analysis Relevant simplified models targeted

FullHad [24] Wino ;X5 via WZ, Wino X7 X via Wh, Wino X; X; via WW
1Lbb [15] Wino XX via Wh

21.0J [19] Wino ¥ X| via WW, slepton pairs

20127 [25] Wino ¥ %5 via WZ

3L [23] Wino ¥ ¥ via WZ, Wino Xi X5 via Wh, higgsino X1 XX
4L [22] Higgsino GGM

Compressed [20] Wino Y45 via WZ, higgsino ¥iXo0"

Disappearing-track [27]

Wino ¥} ¥; and Xi X}

Reinterpretation using ATLAS Full-Run2 EWK SUSY analyses!
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Scatter plot of models from “EWKino scan”
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Bino-like LSP typically overestimate
the DM relic density unless there are
additional annihilation mechanisms
available, not enough for study —>

regenerate models specifically for
“BinoDM scan”.
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“EWKIiIno scan” vs “BinoDM.scan.”
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Higgsino/wino-like LSP, in general provides a DM relic density prediction below the
measured value. They are by construction with enhanced co-annihilation with the chargino
and/or neutralino?2.

With significant statistics in BinoDM scan, after relic density constraint, dominant

annihilation mechanism: Z/h funnel, C1/N2 co.ann, A/H funnel.. '



External Constraints

N.B. Additional external constraints complementary to the ATLAS search
constraints are considered when discussing the results.

Category Constraint Lower bound Upper bound Notes
Flavour Bb — sy) 3.11x 1074 3.87 x 1074 2022 PDG average (20 window) [58]
B(Bs — up) 1.87x 1072  4.31x 1072  Most recent LHCb result (20~ window) [59]
BBt > 1Vv) 6.10x 1072 1.57x10™% 2022 PDG average (20~ window) [58]
Precision electroweak Ap -0.0004 0.0018 Updated global electroweak fit by GFrrTeR group [60]
(not including CDF W mass measurement [61])
I“i]?sM (Z) - 2 MeV Beyond-the-Standard Model contributions to precision electroweak measurements
on the Z-resonance from experiments at the SLC and LEP colliders [62].
m(W) 80.347 GeV 80.407 GeV 2022 PDG result (excluding CDF W mass measurement [61]) [58]

non-DM external constraints

but with the 2 o window expanded by 6 MeV to allow for uncertainty due
to the top-quark mass in the MSSM Higgs calculation [63]

DM

Relic density
Direct detection 0"§pin-independent
Direct detection T Spin-dependent

DM constraints

0.12

Latest bound from Planck [64]
Exclusion contour on direct detection of DM from the LZ Collaboration [65]
Exclusion contour on direct detection of DM from PICO-60 [66]
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“BinoDM Scan”

Constraints on the LSP mass
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A bino-like LSP with a mass < 100 GeV i1s almost excluded by the ATLAS constraints, particularly when

also considering external constraints.
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“BinoDM Scan”

Dark matter phenomenology

Color: fraction of models excluded by the ATLAS Run 2 results

ATLAS

BinoDM scan, /s =13TeV, 140fb™"
ATLAS exclusion fraction after non-DM external constraints
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(a) Models satisfying all non-DM constraints

The ATLAS constraints (from fraction color): stronger for funnel region; weaker at higher LSP masses

DM constraints (left fig —> right fig): strongly constrain the funnel regions, together with the ATLAS

constraints only a few models remain viable there.
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(b) Models satisfying all external constraints
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Collider VS Non-collider searches

Color: fraction of models excluded by the ATLAS Run 2 results

ATLAS ATLAS
BinoDM scan, /s = 13 TeV, 140fb™" BinoDM scan, /s = 13TeV, 140fb™"
-43 ATLAS exclusion fraction after non-DM external constraints ATLAS exclusion fraction after non-DM external constraints
— 10 e - - 10 © o~ e ———" 51.0 o
: g E oo | R g
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C _ jSessssssssw SN S 0 g 10741 L)
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a 10 04 o o 04 o
s c 2 c
§ o = 45 o
10751 - = 02 8 1072 = 02 8
LC LC
10753 0.0 1047 0.0
101 10

m(x3) [GeV]

WIMP-nucleon/proton spin-independent /dependent scattering cross-sections vs LSP mass.
The LZ and PICO-60 upper limit contours shown in dashed lines as a comparison.

The ATLAS searches are observed to have a high sensitivity in regions where the direct-detection searches are
insensitive and vice-versa, demonstrating the complementarity.
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“BinoDM Scan”

LSP- annihilation mechanism
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For fun :-)

Six benchmark models that survive ALL constraints.

bino-like LSP Higgsino-like LSP
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HL-LHC prospects
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Summary

- A quick overview of ATLAS full Run2 RPC SUSY search and a report on the
latest EWK pMSSM results
The bounds on electroweakino masses are weaker in pMSSM comparing
to the simplified models.
The impact of ATLAS searches on DM parameters (i.e. relic density, the
scattering cross-sections) targeted by direct dark matter detection is
presented.
- Almost complete exclusion in the Z/h ‘funnel regions’ with all constraints.

In (near) future,
- Another pMSSM strong focusing on strongly produced SUSY searches is
coming and expected to give us more hint
LHC Run3 data-taking is ongoing
More in HL-LHC

sity [fb1]

Total Integrated Lumino
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Extra slides




PMSSM technical workflow

Model generation

(fixed m(Higgs))

Superlso 4.0

micROMEGAs 5.2.1

Calculate
cross-sections
with Prospino

,\'f‘l’ LSP &
Successful

|m(h) — 125] < 5GeV
m(jy)>LEP limit
Qh? < 0.12)

Yes

generation?

m(;) < 1200 GeV
and I'(¥%, 73) > 0
and opwk > 0.07 fb

Particle-level evaluation

sl i Patch signal yields
at particle-level into preserved
likelihoods & calculate
i vin i

Detector-level evaluation

b i

Using CLs as the
discriminator

Rely on particle-level
evaluation as possible

Otherwise move to

detector-level evaluation
using RECAST

Eventually make a
‘exclusion’ decision for
each model
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Constraints on the LSP mass

ATLAS EWKino scan, /s =13 TeV, 140fb”" . L S e e S S .
600 - . - 1200+ ATLAS All considered models o
400 - B Considered bino-like LSP models - g - /s=13 TeV,140 o1 After non-DM external constraints
After ATLAS Run 2 — B 1 After ATLAS Run 2 .
R © - EWinoscan B . non-DM external constraints |
200 — «. 1000[— —]
- - ) - -
0 = 1 1 1 1 'g - -t
%) = s .
o 800 — —
§ BOO - = - = i i
€ 400 - B Considered wino-like LSP models B i
= - me After ATLAS Run 2 - 600 |— -
E 200 — B i
E o 400 | =
Z — e
600 ———— . [ :
400 - BN Considered higgsino-like LSP models - 200
~ After ATLAS Run 2 . C
200 ]
- - 0
0 - S T e O (R S O (I ]
—_ g 1 .0 : T T T T :
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(¢}] B \/\ o 05 ___X_\ . —
(&) _\ 7] o] - -
E . - . . F - Lt ] 1 1 1
(1

o
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o
N
o
o
N
o
o
[*2]
o
o

The impact of the ATLAS constraints 1s most significant at lower LSP mass!
The exclusion fractions are similar for bino-/higgsino-LSPs.

For an LSP < 400 GeV, the ATLAS Run 2 searches exclude more than 50% of the wino LSP models.
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Complementarity
between DM and ATLAS Run 2 constraints

» 104 e B » 104R S e e EEmaac
O - - o) - -
3 - ATLAS Models with Qh2<0.12 3 - ATLAS Models with Qh2<0.12
g [ Vs=13TeV,1401b”" After LZ ] € [ Vs=13TeV,140fb™ After PICO-60 i
% | EWKinoscan Wl After ATLASRun2+LZ | 5 | EWKinoscan mmm After ATLAS Run 2 il
5 10°E = 5 108 + PICO-60 -
s F S 8 F 7
E [ . € .
S - s = - .
- B | pd i ]
102}— = 102 = —=
101 = 101} =
(0]

10 100 m
§ 1.0 T <—>_<) 1.0 o - =
o - = o i ]
S 05 | . ¢ 05 - -
L’: 00 T T EETT BT T RIS ERPTITT EPIPTITT B, 41T IR EEPTTIT EUTTTY BT T Lt 00 - aaaaul i ) Py N AW ST BRI TR E T

1054 1052 1050 1048 104 104 1042 10745 10743 1041 10739

WIMP-nucleon g [cm?] WIMP-proton 6gp [cm?]

ATLAS provides good exclusion of low cross-section scenarios that lie well below the LZ and PICO-60 limits.
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ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

August 2023 Vs =13 TeV
Model Signature  [La: () Mass limit Reference
L Ll L) L) Ll L) Ll Ll l L) Al L) Ll Ll
. G—q%) 0e.p 2-6jets  ETY™ 140 1.85 mii})<400 GeV 2010.14293
monejet  1-3jets Eﬁ"“ 140 § [8x Degen.] 0.9 m(g)-m(t;)=5GeV 2102.10874
3%, B-qats 0e.p 26jets EP™ 140 |& 23 mit})=0 GeV 2010.14293
3 Forbidden 1.15-1.95 m(t})=1000 GeV 2010.14293
<3 28, 2-qaW| Tep 2:6 jets 140 | & 2.2 m(i)<600 GeV 2101.01629
% 28, Boq(eOX] ee, 2jets  EP~ 140 | 2.2 m(i})<700 GeV 2204.13072
2, B-qqWZ¥, Ocp  T-1jets EP= 140 |2 1.97 m{Ty) <600 GeV 2008.06032
g SSep 6 jets 140 |z 1.15 m(z)-m(X} =200 GeV 2307.01094
= 33, goerily 01 e.p 3b EP™ 140 | & 245 m(t])<500 GeV 2211.08028
SSepu 6 jets 140 z 1.25 m(z)-m(¥} =300 GeV 1909.08457
by by Oe,p 2b EP™ 140 | B 1.255 m(i})<400 GeV 2101.12527
b, 0.68 10 GeV<Am(b, F.)<20 GeV 2101.12527
byby, by—b¥s — bhi; Oe.p 6b ET™ 140 | b, Forbidden 0.23-1.35 Am(F3,11)=130 GeV, m({)=100 GeV 1908.03122
27 2b  EPs q40 |3, 0.13-0.85 AM(T5.£3)=130 GeV, miE})=0 GeV 2103.08189
fiiy, iy —tX) 0-1e.pu 2ljet EP™ 140 |5, 1.25 m(i})=1 GeV 2004.14060, 2012.03799
iy, = WhY) 1ep Sjets/t b EP™ 140 |7, Forbidden 1.05 miF])=500 GeV 2012.03799, ATLAS-CONF-2023-043
i i), =5 by, #1 =16 121 2jets/t b EP™ 140 i Forbidden 14 m{#; )=800 GeV 2108.07665
= § iy, iy—ch) | &, ek Oe.p 2¢ EP™= 361 |8 0.85 miT})=0GeV 1805.01649
ES Ocu  monojet Ebs a0 |7 055 (i, 2)-m(Ty)=5GeV 2102.10874
fyiy, iy =ik3, ¥3—Z/h¥] 12eu 1-4b  EP™ 140 |G 0.067-1.18 m(E2)=500 GeV 2006.05880
i, =iy + Z 3ep 1h EP™ 140 |@ Forbidden 0.86 m(¥7)=360 GeV, mff; }mit})= 40 GeV 2006.05880
YiHS viawz Muitiple ¢/jets ) E™s 140 | RS 0.96 mi¥?)=0, wino-bino 2106.01676, 2108.07586
cep >ljet  Ebs qa0 | Rl 0.205 m{F;)-m(i)=5 GeV, wino-bino 1911.12606
Wik viaww 2e.p EPs 140 |¥F 0.42 m{F])=0, wino-bino 1908.08215
Y1 XS via Wh Multiple ¢/jets EP™ 140 |X[/X} Forbidden 1.06 m{t})=70 GeV, wino-bino 2004.10894, 2108.07586
ik vial, /v 2ep EPs 140 | & 1.0 m(?,#)=0.5(m(¥} }smii})) 1908.08215
E g #, torl) 27 EP™ 140 |ENERERDNoss  o4s m(E?)=0 ATLAS-CONF-2023-029
B LriLg, (- 2ep Ojets EP™ 140 |7 0.7 m(i5)=0 1908.08215
eep > ljet  Ebs q40 |7 0.26 m(B)-ii)) =10 GoV 1911.12606
HHA, H-hGZ2G Oe.u >3b  EP™ 140 | @1 0.94 BR({] — h()=1 To appear
dep Ojets Efiss 140 i 0.55 ancii - ZG)=1 2103.11684
Qe = 2large jets Eﬁ"“ 140 i 0.45-0.93 BR(T; — ZG)=1 2108.07586
2ep =2jets EP™ 140 | & 0.77 BR(T] — ZG)=BR(T] — k()=0.5 2204.13072
Direct Y1 Y| prod., long-lived ¥ Disapp. trk 1 jet EP™ 140 i; 0.66 Pure Wino 2201.02472
Xy 0.21 Pure higgsino 2201.02472
g Stable § R-hadron pixel dE/dx E';‘f“ 140 2 2.05 2205.06013
BE  Metastable # R-hadron, 3—qgt| pixel dE/dx EPs 140 | & [r(®) =10ns) 2.2 m(E5)=100 GeV 2205.06013
g il i-(G Displ. lep Ep 140 & 0.7 1) =0.1ns 2011.07812
¥ 0.34 /) =0.1ns 2011.07812
pixel dE/dx EP™ 140 7 0.36 nf=10ns 2205.06013
ViR X X —ze et 3ep 140 Pure Wino 2011.10543
ViX] IS — WW/ZElEEvy dep Ojets  EP™ 140 m(¥})=200 GeV 2106.11684
8, B—qqty, X] = qqq 28 jets 140 2.25 Large .1}, To appear
S i i), X - tbs Multiple 36.1 m(T})«200 GeV, bino-like ATLAS-CONF-2018-003
& i, i=b¥; , X7 — bbs > 4b 140 Forbidden M} )=500 GeV 201001015
hfy, ij—bs 2jets +2b 36.7 0.61 1710.07171
fify, h—ql 2¢e.p 2b 36.1 0.4-1.45 BRI} —be/by)>20% 1710.05544
Tu ov 136 1 BR(f; —qu1)=100%, cosf=1 2003.11956
) /X201, —tbs, | —bbs 12e,  26jets 140 | 0.2-0.32 Pure higgsino 2106.09609
A A A A L A A A l A A L L A
* : ; s —~1
Only a selection of the available mass limits on new states or 10 1 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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DEAP-3600 (2019)
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FIG. 5. The 90 % confidence limit (black line) for the spin-
independent WIMP cross section vs. WIMP mass. The gray
dot-dash line shows the limit before applying the power con-
straint described in the text. The green and yellow bands
are the 1o and 20 sensitivity bands. The dotted line shows
the median of the sensitivity projection. Also shown are
the PandaX-4T [26], XENONI1T [25], LUX [28], and DEAP-
3600 [75] limits.
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FIG. 7. The 90% C.L. limit on the SD WIMP-proton cross
section from the profile likelihood analysis of the PICO-60
C3Fg combined blind exposure plotted in thick maroon, along
with limits from the first blind exposure of PICO-60 CsF'g
(thick blue) [14], as well as limits from PICO-60 CF3I (thick
red) [11], PICO-2L (thick purple) [10], PICASSO (green
band) [20], SIMPLE (orange) [21], PandaX-II (cyan) [46],
IceCube (dashed and dotted pink) [47], and SuperK (dashed
and dotted black) [48, 49]. The indirect limits from IceCube
and SuperK assume annihilation to 7 leptons (dashed) and b
quarks (dotted). Additional limits, not shown for clarity, are
set by LUX [51] and XENONI1T [53] (comparable to PandaX-
IT) and by ANTARES [54, 55] (comparable to IceCube).




The SUSY production @ 13TeV

Strong SUSY: larger cross-section; energetic jet activity.

pp, VS =13 TeV, NLO+NLL - NNLO,ppr0x+NNLL

104
— gg —— XX (higgsino)
—— 4gq —— X1 X1 (wino)
102 - aq” —— Xi X3 (wino)
", bb™  —— I rl R
a
= 10° 4
c
=
v
v
)
2 10~
G
1074 A
10°°

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

Electroweak SUSY: smaller cross-section; less jet; cleaner signature.
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Squark summary

m(z,) [GeV]

(s =813 TeV, 20.3 - 140 b March 2023 pp =40, 9—=>9X0  Moriond 2021
3000_ T ~~~L T | T I T | I T I I | ;l 1400_| LN N L I L L B B O l—
[ AmGREE ATLAS Preliminary 1 @ -CMS 137 fb'' (13 TeV) -
L g q;z‘j 0 lep. + mono-jet [2010.14293, 2102.10874] - (,2, 1705.04650, 0-1 36 fb! _
2500__ g - qW')Z? 0 lep. + 1 lep. [2010.14293, 2101.01629] ] 3 1200 - —1909.03460, 0- SS Ews -:Expected _
- G927 2lep. OS SF [2204.13072] . & [ —1908.04722, 0-lep (Hr ) —Observed
B > 2 v [1802.03158] i 1000 o
2000_ q —aqwzy’ = 2lep. SS[2307.01094] — B )
~ G, - alvw via 19 22 lep. SS [2307.01094] ) [ :
B > 11 [1507.05525] i 800 .
I~ Colours indicate different models 7 B j
1500 | Observed limits at 95% CL - . :
- - 600 —
1000+ - [/ y
. ] 4007 -
B : . onelight § :
500 F ] 200— S -
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PMSSM

- The fraction of models excluded by the ATLLAS Run 2 electroweak searches

EWKino scan

- Plots are overlaid with a contour indicating the exclusion for relevant simplified models

ATLAS Preliminary

ATLAS Preliminary
Vs =13TeV, 140 fb~", EWKino scan

ATLAS Preliminary
Vs =13TeV, 140fb~!, EWKino scan

Vs =13TeV, 140fb~', EWKino scan, ATLAS exclusion fraction

% 600 N NS Sim|. b ol ol — 1 0 ; 600 ATLAS' exlclulsiorll frcti?n ?I,\fer no-DM external constraints 1 0 _ 600 ATLASI exlclulsior? fral1cti9n gfter exterlnallco?straints ————— 1 0
3 BT — 4755 s winatioo ol vl BT —— 7S i vinoino model el
— 500 o O - 3O, i o)
= - Q = R . )
€ 400 S E 400 & £ 400 o
_ 9 i 03 i 0.6 3
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(a) All models (c) Models passing non-DM external constraints (€) Models passing all external constraints

No external constraints flavour, precision EWK constraints flavour, precision EWK & DM constraints

- Most of the excluded models are inside the simplified model contour
- Although most inside contour models can be removed by the external constraints due to the DM
relic density requirement which suppresses bino-LSP models

- A majority of the remaining models lying in the diagonal with small mass splittings 0



Fraction of models excluded by ATLAS for models satistying all of the external constraints

,/s=13TeV, 140fb™" s=13TeV, 140fb™"

BinoDM s@an, ATLAS exclusion,
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(a) EWKino scan (b) BinoDM scan

The fraction of models excluded decreases with increasing LSP mass.



