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SUSY DM at the LHC

4 Indara Suarez, Sicheng Wang, Daniel Spitzbart
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Naturalness fermion(=)

+ An natural extension to the Standard Model - = -- Q - = -H
» A lot of new particles to discover &

’

;™\ boson(+) ¥
+ \ / 3

____\‘_/____H

» play an important role in canceling large
corrections to Higgs mass in a natural way

» decay into Lightest Supersymmetric Particle - . A2 A2 11 &
. . dmir ~ [y | —Afy + 5mi log ( U2V> + Afy — mj log ( U2V> Tl #

(LSP) —> Dark Matter particle candidate _ i

» Assuming R-parity is conserved

Abundant observational
evidence for DM

» Particles within reach of the LHC

» Relic density Suggest sﬁo[ps N ATeV -aaaaiiiilll by T

WIMP ~ Electroweak scale i
Light

natural SUSY

Papucci/Ruderman/Weiler,
arxiv:1110.6926
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SUSY DM @ the LHC ]

Comprehenswe searches IN CMS and ATLAS Iooklng at a vanety of ———— —
production mechanisms for the DM candidate ~ Only looking at a few |

» Generic searches using experimental signature (e.g. #lepton, #jets) | jexample ! |

. a " —y > SR

» Targeting the production of SUSY particles according to simplified models

A pp, VS =13 TeV, NLO+NLL - NNLOgpprox+NNLL
10

— §§ —— XX (higgsino)
— g9 —— X1 X1 (wino)
— §q° X X9 (wino)
—— {t*, bb*

102 i

lL, RKL,R

100 -

cross section [pb]

1074 ~

10°°

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

Core strategy: Large missing energy from the DM candidate (LSP)
Rich phenomenology that allows us to probe the how DM can show up in collider experiments
DM limits are tied to their SUSY decay chains
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+ Search in all hadronic final state
» Probe the strong sector of SUSY
» Gluino mass also constraint by naturalness

+ Key strategy: constraint multi-jet with M
» Multi-binned cut-and-count
» Background estimates all come from data

<+ Neutralino DM excluded up to 1.5 TeV

CMS 137 b1 (13 TeV)
Pre-fit background Integrated over M_, ¢ Data
107 - Z—vV
1,0b 1 1j1b 1 H [250,450] ' H,[450,575] H, [575,1200] ' H;[1200,1500] [l Lost lepton
106 -
[ ] Multijet

10° ! ! ; : : H; [1500, =]

108

Events / bin

10*

10°

Data/pred.
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Generic All Hadronic Searches

g e

CMS 137 b (13 TeV)

—Observed + 1 s.d

e "theory

e 1800| ::: Expected + 1, 2 s.d.

experiment

pp —~ GG, G —>bb% Approx. NNLO+NNLL exclusion
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0
800 1000 1200 1400 1600 1800 2000 2200 2400 2600

Eur. Phys. J. C 80 (2020) 3
[CMS-SUS-2019-005]

Complementary ATLAS result:
JHEP 10 (2020) 062

ms [GeV]
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http://arxiv.org/abs/1909.03460
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f <+ Aggregated regions used in reinterpretation
. » Search consist of hundreds of mutual exclusive regions

¢ » Combining these search regions can go beyond
simplified models

{ ' An~30 excess was found at previous iteration by P Asadi, et al Massive invisible| %
“ external reinterpreter [arXiv:1707.05783] arXiv:1712.04939 fermion | @

» Many non-SUSY interpretation is included in the run2 ...CMS 137 b (13 TeV)
result

pp — ¢ = qy LO exclusion

m, [GeV]

—Observed + 1 s.d.y, .., — 1
2000| $2% Expected = 1, 2 5.d. ;oo -
. . . . Y arXiv:1707.05783, arXiv:1712.04939 .
& <+ Other interpretation with LQ also included :

Y » LQ reinterpretation can also be found at the recent

|
—h
<

*:I L | T T 1 | LI

95% CL upper limit on cross section [pb]

5 |
I I | L1 1 1 | | S | S|

£ ATLAS 0¢ search: arXiv:2004.14060 |
Eur. Phys. J. C 80 (2020) 3 oo b
8 [CMS-SUS-2019-005] | _

’ " 0 | | 1 | | | | | 1 | l | | | | l i 10
X 800 1000 1200 1400 1600 1800 2000
m, [GeV]
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https://arxiv.org/abs/2004.14060
http://arxiv.org/abs/1909.03460
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N Searches for Stop + LSP o

Central piece to the naturalness problem soft at low Am(t%)
> L1ghtest squark in natural SUSY scenarios

p

» Searches with signature: tt + Er 7
<+ More difficult to probe in compressed spectra > g\

(low Am(t,X°) regions) p
» Using more stats to explore low Am(t,X°)
- Softer in object kinematics and Er

production:
0¢: arXiv:2004.14060 (ATLAS)

07: arXiv:2103.01290 (CMS)
17: arXiv:2012.03799v1 (ATLAS)
17: JHEP 05 (2020) 032 (CMS)

2¢. Eur. Phys. J. C 81 (2021) 3 (CMS)
CMS Combination: CMS-PAS-SUS-20-002

boosted~at
high Am(t,%°)
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https://arxiv.org/abs/2004.14060
https://arxiv.org/abs/2103.01290
https://arxiv.org/abs/2012.03799v1
http://arxiv.org/abs/1912.08887
https://arxiv.org/abs/2008.05936
https://cds.cern.ch/record/2758361?ln=en

Search for Stop in 17

s R i T e G S O e e S O e A e S R S R S e WSS e ——
.'_ “ C t d t & |t u b u d I L] % -~ rrrrrrrrrrrerrrrrrrrr 11 ()Ibl | Id 1 I-I |Z | I_ 11 Py rrnr E NJ tmod Mlb [GeV] 3
* Uut-anda-coun Muliti-pinne ana ySIS 0 5L o heene o : : 4 Al23][>10] =175 P )
b T, = Lostlepton [ 1 (from t) I = L
| ‘1 . . .v —— 1/ (not from t) 2 Total Uncert. I ] B|238|>10| >175
. » 39 search regions to cover variety of phase = | 2 i e i
. d d d El=4|0-10| =175 ]
Space an ecay mO eS Fl=4|0-10| >175 ,‘.
& G|=4|>10| =175 -
# » Retaining ability for re-interpretations 1]z4]2r0] 175 3
R 2123888318888 18831318882888823313R8133358383 1888818888 X0 Inclusive 2
] SEE38RE 3232583823638 880 38 88 3888888828888 X1: Untagged .
5 SLIZyes°6500°%008° 8 a8 """ 88855080888~~~ 55357 X2:Mergedtquark tag 3
& o 41— — T o T ' - - - T T X3: Resolved t quark tag G
,’( t X 3F t ]
i '-':;) 2 | | Ny =5, N, =1 '
; _ ) 35"@5’ :&. | PR ST JiN;23, N =1
; p t1 - . ~0 Signal Regions '

Te~o L CMS 137 b (13 TeV) ;.
p = oy U X1 ;- 1200 — = 10 .
“ 1 \ 8 pp =ttt —t 5’((1) Approx. NNLO+NNLL exclusion - _8_ _.‘
g = | =observed = 1 S ]
k t JHEP 05 (2020) 032| | 2</%0| -y cecied s 1o, 1, &
1 [CMS-SUS-19-009] _ 3
; 800 — . A
g I =107 § top-tagger | 3
4 . . . . e i <[ | (resolved) | #
¢ <+ Optimize with heavy object identification ! B ( )
.:» . - 102 E ;
Top-tagging for large Am soft-b e 1 2 3
& » Soft-b tagging for Am ~ mw : 1 4100 2 3
¥ M 5511E 2001 e C_gl top-tagger | §
g 2 - e = e
l L M E. : | 48 (merged) b 4
) 1 O%00 400 600 800 1000 1200 1400 10
,“‘.’ m. [GeV] I


http://arxiv.org/abs/1912.08887
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Hard to explore W|th a generic search

Am = mj — mgo
. o ; .‘.‘ ’
’B p 2 b g 'O &\:
o X 1 "
fo @ PRt
7 'l
X4
<~ "V(@ 44/ X ’ N
| 0 X
% %
/\’,\' /\’,\'
> o
\ ) ¢
0 100 200 300 m;, [GeV]
soft decay products & large background
CMS Preliminary 137.2 fb" (13 TeV) ,
;! 1200 — 10 —
o pp — TT,T—t % NLO+NLL exclusion )
S 1000 =Observed £ 10,00, -
=2 2 Expected = 10,0 mon 08 .
: ; ¢ + Using soft-b ID
S00r” % 13 3 :
: R : o % exclusion up to
: ¢ 14 i o
6001~ + <10"5 ~ 600 GeV in
i S £
- V- = stop mass
400~ . =107 ©
_ o S o
. 4 s Q
-, stop-1l ' 3
20007 search IR 10O
v » 2
y ! To)
Omll...l...l.-.l.... ] 104 2
200 400 600 800 1000 1200 1400
m- [GeV:

Search for StOp |n 1 £
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* Full Run-2 dataset also allows us to look into background heavy
regions using new machine learning tools

Preselected Events

12 Event Variables

MET, MT MIb hjetsTnbtagsy Al LA UE LS 3
bjet pT, A¢(MET, lep), lepton pT Shallow
Neural

RNN Network |
allows for varying jet
multiplicity 3

> 800E 47, aS Proliminary i — Observed limit (+1o,) -

O 700 Vs =13 TeV, 139.0 fo! === Expected limit (+15,,,)

g S e ATl bt ;08 3 *» Using ML: large 3

= 500 il improvement from
400 3 previous limits: exclusion
300 E up to ~700 GeV in stop )
200 L mass
100 _z 3

O...I....I....I...nl....l....

200 300 400 500 600 700 800

m(t,) [GeV]
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1 'Final states not unique to SUSY scenarios

CMS Preliminary 137 fb™ (1 3 TeV)

1400| PP — t1 t1’ t1 —tx X1
Approx. NNLO+NNLL exclusion

— Observed = 1 Oiheory — 10
=::Expected x 10 §

(GeV)
Q
()

91200

m

experiment

o Expected Ol Expected 2| |
""""" Expected 1l -+= Expected corridor| 3

—

.3 800 -

600|—

u APt Y v
R X
400 AN
= 2 b= 1 |
v e |

CMS Preliminary 137 b’ (13 TeV)

_I|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_1

2001 15| -
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Y =R 1
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VAR 20 1 -
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200 400 600 800 1000 1200 1400

|
3
95% CL upper limit on cross section (pb)

B Pseudoscalar mediator, Dirac DM, m = 1GeV -
B gq=1,gDM=1,pp—>tfxx~LO

—
o
A

3

95% CL upper limits

(GeV) - -

- — QObserved :

+ ATLAS & CMS have interpreted their results in the tt+DM model F e Median expected :
B Median expected 2| |

» Important channel for models with coupling to SM ~ y 10 e Medan expected | i}
[ 68% expected §

» First set of results that includes all Run 2 data and all top squark
searches in CMS

» CMS-PAS-5U5-20-002
» Excludes mediator particle masses of up to 420GeV are set

95% expected

I IIIIIII|

—h

95% CL upper limit G/Gtheory

—h
<
III|_L

I|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII—|.

50 100 150 200 250 300 350 400 450 500 &
m, (GeV) &
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< A L - . i . .. oy . _ : =" o . - e, . _ : s o . _ - . . - - X . . 4 = oo _ - -2 Py . z = - o o

R o P o  SonRs o > & o o o o o2n PV, W2 T IR IO - X IR so oy (o020 > LR T n i PR B i s D g o e e” 5 - RO Ry B - Py Gt P L R e R T T 7 o - £ =" -,’f,,-_,-,'_« VP W IBT, V. B o - =X e -,’,—, =<
~' - = a - - Nl - = -« v ;' - - = \§ ‘. = = . ) = » \§ ’ " - g - = ‘ \§ ’ S . = . « \‘ ‘- y y i » \§ ‘. . g . <« i » g ] S \- -; .A ’ - ) ‘ = - = P - ot — L - PRl
= LRSI FEE D S R o e e e e 1 R e e et Tt o e e I o et et St g TRt I et O e I AN S A N PR N L= NG S AR SN - b

§ « Electroweakinos pair production
» What if the strong sector is too heavy 3
» With full Run 2 statistics can probe electroweakino sector

Perfect for use of new technology:
DNN heavy object taggers

CMS preliminary 137 b (13 TeV)
pp — X%z, X0 — H XS, Xz — W* X8 NLO+NLL exclusion

==Observed = 10y,
=== Expected 10

o~
.3

p\\:f

[

I

I

| -}
| &

m-, [GeV]

experiment

600

400

TEPR oS Ty N T TR O U (¥ B> %
- S & T g ; :

2016 analysis with Re-Reco, 36 fb™
2016 analysis with Re-Reco, reloaded to 137 b 300
Run |l selection re-optimization

Run Il selection re-optimization + boosted tag
Updated tagger, data-driven BGs, realistic systematic

Expected
limits

10~

500

200

N

~<i -

—_— }+_ .‘
jjfw

\

\

\
= |
= |

A~
M, [GeV]

1072

400

100

-
e
e e R e e

xx°—W(2v)H(bb)+MET

95% CL upper limit on cross section [pb]
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§ + Stauis also important in the SUSY model Phys. Rev. D 101, 032009 (2020)
¢ » Help in obtaining relic DM density 3

4 pp, VS =13 TeV, NLO+NLL - NNLOgpprox+NNLL
10

—— xx (higgsino)
— X1 X1 (wino)

— X£X9 (wino)

— 49
— 494
102 - — aa
ZL,RZL,R

I + Challenging search
£ » Most sensitive at thth channel «— misID _
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+ So far no consistent excess that can hint SUSY mediated DM e o
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-~ We have largely excluded the most prevailing notions of
Dark Matter and naturalness at the collider
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+  * Can the SUSY be hiding at space we overlooked? New detector technologies
I+ Can we still have light neutralino DM?

¢+ More exotic signatures? Summary plots from ATLAS | §
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Dlver31ty Through Research Mentorshlp

+ My research group has many undergraduates

+ Recruit students during their freshman year to learn
skills related to research in particle physics — create
a community

+ Involve them in projects where they can make
unique contributions — help them establish their
physics identity and prepare them for various
careers (academia & industry)

+ Bridge them into other programs (REUs, internships,
graduate programs) — invest in their future

+ Students are paid for research work through
University Funding, work study, or grant funding

+ Idea based on the TEAM-UP report, conversations
with Flip Tanedo, Frank Golf, and Daniel Spitzbart
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