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Detector Signatures

Minimal Supersymmetric Standard Model with RPV:
* R-parity is not a symmetry of the most general MSSM Lagrangian.
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Lepton number violating Baryon number violating

Consequences of RPV:
* LSP can carry charge and decay to SM patrticles.

« Strength of couplings can lead to various detector signatures.
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0 RPC — stable LSP Long-lived LSP — displaced decays Prompt decays. Single production 0(1)

BR(RPV) ~ BR(RPC)
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Outline

1. Prompt searches:
« CMS SS/3L
« ATLAS 4L
*  ATLAS trilepton resonance
« ATLAS stop

2. Long-lived searches:
* ATLAS displaced vertex + muon
« CMS displaced jets
« CMS displaced jet tagger
« ATLAS DV+0OS

3. Setting limits on RPV coupling strengths
* ATLAS RPC meets RPV

4. Projections for future colliders
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CMS

Final State:

Events

Require either 2 same-sign leptons or at least 3 leptons.
 And at least 2 jets.

Rarely produced by SM, but common in many BSM scenarios.
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Search for BSM physics in events with jets and same-sign leptons

arXiv:2001.10086

(b) T1tbs

(a) T1gqqqL

Target Models:
* Interpretations for a wide range of RPC and RPV SUSY models.
+ Two RPV benchmark models with gluino LSPs:

« 5-body decay via LQD coupling (1").

» 3-body decay via UDD coupling (1").

Signal Region Strategy:

* Over 150 orthogonal SRs, binned in various kinematic variables:

« Lepton pr, charge, multiplicity. o pWisS Ho miin
« Jet and b-jet multiplicity. « On/off Z mass (3L SRs).
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https://arxiv.org/abs/2001.10086

> Search for BSM physics in events with jets and same-sign leptons

arXiv:2001.10086

CMS 137 fb~' (13 TeV) CMS 137 fb~' (13 TeV)
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* No significant deviation from SM seen.
+ Simultaneously fit all SRs — place exclusions on the two benchmark RPV models.

» Exclude gluino masses up to 2.1 TeV for 5-body decay (left) and 1.7 TeV for 3-body decay (right).
ATLAS SS/3L:

* Only has UDD interpretation, but should be sensitive to LQD as well (see backup).
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ATLAS Search for supersymmetry with four or more charged leptons

EXPERIMENT ATLAS-CONF-2020-040

Wino slepton/snuetrino gluino
Targeted RPV models: t/v ¢
« Bino #? pairs decaying via LLE coupling (1) = 4 leptons. p F s l
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?ATLAS Search for supersymmetry with four or more charged leptons

ATLAS-CONF-2020-040

Wino slepton/snuetrino gluino
Targeted RPV models: t/v ¢
« Bino #? pairs decaying via LLE coupling (1) = 4 leptons. p i /i l
L/V
- Wino ¥ 7 + 73, slepton, and gluino production AT AN
) \\\ il]) A 7
/L/f/
«  Two decay scenarios: P 4
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T IIIIIII

« Define SRs with varying N ,, & N, requirements.

llllllll

* Suchthat Ng ,, + Ny = 4.

« Binin N, and meg = scalar p; sum of all leptons, jets, and EIss,

Significance

* Dedicated inclusive SR with N ,= 5.

loose
bveto
tight

bveto

SR0-ZZ
SR0-Z2Z

lan Dyckes Snowmass EF08 - Aug 6, 2020



ATLAS

EXPERIMENT
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Results:

* No significant deviation from SM seen.

« Simultaneously fit all SRs — place exclusions on [3 NLSPs] x [2 LEE coupling] scenarios.
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Search for supersymmetry with four or more charged leptons
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@ATLAS Trilepton resonances from chargino & neutralino pair production

EXPERIMENT
ATLAS-CONF-2020-009

Model: D
* Inspired by the B — L MSSM with RPV [1][2].
* Add U(1)g_; symmetry to the MSSM.

. . : Z/H/WT
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https://arxiv.org/pdf/0812.3661.pdf
https://arxiv.org/pdf/1811.05581.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-009/

ATLAS

EXPERIMENT

Results:

No significant excess seen — set limits.

Simultaneously fit the m; distributions in the 3 SRs.

Scan over i | j

? decay BRs to bosons & lepton flavors.

ATLAS-CONF-2020-009

1

Trilepton resonances from chargino & neutralino pair production
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» For each sampled point in lepton BR space, limits are set on wino mass as function of BR(Z).

Exclude wino masses up to 950 GeV for lepton universal decays.
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¥

L Search for B — L RPV top squark decays

PERIMENT

Phys. Rev. D 97 (2018) 032003

Marshall, Ovrut, Purves, Spinner

Model:

Also inspired by the B — L MSSM with RPV [3].
 U(1)z_, spontaneously broken by a RH sneutrino VEV.
Targets t —» b + [; via LQD coupling (1;33").

* BRs to leptons related to neutrino mass hierarchy.

SR strategy:

Require at least 2 leptons and 2 jets (at least 1 b-tagged).

Pair leptons with jets, minimizing mass asymmetry:

0 _ .1

asym __ Myp = Mpp
Mpe =0 L 1
bt bt

Define two overlapping SRs: mj, > 800, 1100 GeV.

Results:

No excess seen - set limits on stop mass.

Scan over BRs to different lepton flavors.
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.032003
https://arxiv.org/pdf/1402.5434.pdf
https://arxiv.org/pdf/1402.5434.pdf
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@ Searches for long-lived particles with displaced vertices and muons

arXiv:2003.11956

Events failing material veto (barrel)
Model: ATLAS s=13 TeV, 136 b
I I
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« Stop LSP decays via LQD term (1') to muon and d/s quark.

« Small 2’ - stop hadronizes, has displaced decay. P >,B
t ﬂ
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Signature: 77 gy 102
* Muons with large impact parameters. n ;; H
» Displaced vertices with 4 mm < rpy < 300 mm (before the SCT). p 23k 10
-200
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2 o = Observed Limit (+1 ci‘éfry) _ N _ _ _ _
2; » Veto DVs with positions consistent with the detector (active + support/services).
18
: .65— ” ~.-_ " Results:
Lab T * No events above expected background.
125 \ « Set limits in the m; vs 7(t) plane.
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CMS

Target Models:

« Many BSM models with LLPs decaying to jets.

* RPV models:
 t-ldyvialLQD (1) and § — tbs via UDD (1").
« t —dd via dynamical RPV coupling (n/M).

CMS-PAS-EXO-19-021

Searches for long-lived particles decaying into displaced jets

CMS Preliminary CMS preliminary 132 fb™ (13 TeV) 0
'E‘ 25 :I LI ‘ LI | L | LI | LI | LI ‘ LI ‘ LI | T LI |: S‘ pp _) 'E 'i" 'E _) dl x. . RPV E §
E 1 @ _ Pl
2. 201 — (O 2200]|95% CL NNLO,,.,+NNLL exclusion =
> r 4 = - o
- 4 e — 0 I
15 -1 £ 2000 = = expected +1 Oexperiment °
- 7 = observed +1 Oiheory 7 g
10 = - «
- . i 1
- ] ] X
5 — - o
c ] - o
o = ]
55 . ]
-10 o = \ 10~
- ] y
-20 = -
_25 - L1 1 L1l I L 111 | 1111 | 1111 | | 1 111l l L 111 | 1111 | L1l . i
=25 -20 -15 10 -5 O 5 10 15 20 25 0.5 1 1.5 2 25 3 35 4
X [cm]

Events failing material veto

Iog10 (cty/mm) “—

t
Long-lived g, off-shell £.

Signature:
+ Dijet systems matched to a displaced vertex.
* Transverse displacements rpy < 55 cm.

« Before outer barrel of the silicon strip tracker.

Results:
« Expected 0.75 + 0.44 (stat) £+ 0.39 (syst).
* Observed 1 event with a DV with rpy = 26 cm.

+ Close to a silicon strip layer (within ~1 cm).

Different units
~ same range
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-19-021/index.html

Upper limit on cross-section [fb]

ATLAS Searches for LLPs with displaced vertices and OS leptons

EXPERIMENT
Phys. Lett. B 801 (2020) 135114

Model:
* Neutralino LSP decays via LLE term (1) to 2 OS leptons + neutrino.

- Small 1 - #? decay is displaced.

Strategy:
« Search for 2 OS leptons forming a displaced vertex.

e 2mm < rpy <300 mm.

@) = 700 GeV _.m(q) = 1600 Gev

T T T T T 1T T —— 1 4 =] T T T T ™
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10 g = alx, = env/ uuv] B8 700, 500 o 10° a- q[x1 = euv/ ] -.= 1600, 1300 =
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10°L Alllimits at 95% CL § . - All limits at 95% CL ]
o(pp — &), m(@) = 700 GeV E 107 E
102 S ¥ g
E 10B, E
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c o e .
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Results:

q
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No events above expected background.

Set upper limits on cross section as function of 7?

lifetime.

Separate interpretations for:

Non-zero 4,,; = ee + epu final states.

Non-zero A,,, — eu + pu final states (shown).



https://www.sciencedirect.com/science/article/pii/S0370269319308366

Summary of Targeted Simplified Models Prompt

Simplified models:

Shown many exclusion contours for simplified models.
* Assume some (N)LSP & production mode.

* Turn on a single RPV coupling.

Prompt searches assume coupling is large enough for
prompt decays.
» Set limits on production xsec vs LSP mass.

* Or perform a 2D mass scan (LSP vs NLSP).

Long-lived searches assume coupling is small enough
for a displaced decay.

* Set limits on LSP mass vs lifetime.

How do these exclusions translate to limits on the

coupling strength?

lan Dyckes
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Filling in the Gaps

Setting limits on coupling strength:

* For LL searches, can convert lifetime limits — coupling limits via an equation.

« May depend on other parameters (virtual sparticle masses, mixings).

* For prompt searches, need reinterpretations.
« Use RPV signals with variable coupling strengths.
« Additional systematics for displaced signals.
* Analyses targeting RPC SUSY or other BSM may be sensitive to RPV.

« Should reinterpret these as well!

RPC meets RPV.
» ATLAS reinterpreted prompt SUSY (RPC+RPV) and exotics searches.

« Set limits on RPV coupling strengths in multiple BNV (UDD) models.

 ATLAS Run 1 summary of RPV with LNV (LLE, LQD, bRPV) [1].

Facilitating reinterpretations:

* CMS has published simplified likelihoods for their multi-bin analyses [2].
* ATLAS has started publishing full likelihoods using pyhf [3].

* Using CheckMATE to set limits on RPV CMSSM (LNV & BNV) [4].

ATLAS-CONF-2018-003 (36 fb?)

RPC-RPV Combination: 1+, (~stbs) / t-sbs |m(3,)=200 GeV, bino-like %,

'S' 2400: LR T T T T T T T =TT —_— |:|
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12 2000 __ rpe siop oL (36.1 oY 95% CL limits =
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-018/
https://arxiv.org/abs/1809.05548
https://cds.cern.ch/record/2684863?ln=en
https://arxiv.org/pdf/1706.09418.pdf
http://cdsweb.cern.ch/record/2308391

Projections to Future Colliders

No simulation available

= 70 = 70] for m.o > 60 GeV.
® © LHCb reachable A1
e <,
European Strategy Yellow Report [1] : g
504 |
* LHCDb had only explicit RPV projection (pg 698, more info [2]). Minimum B
) ) 40 excluded at 95% CL
« Search for long-lived neutralinos. . P | 50 %
0 ~0 =~ : | JLdt=2f" B 25 %
s hoPR R PN- via LQD. 0
Xi X1, X1 —uqq Q . 1l 10
*  Projected exclusion made in ¥ mass-lifetime plane for Runs 3, 4, 5. 10+ 10 102 101 10+ 10% 10 101 5%
_ 0 0 Xi et [m] X{ er [m] 20 %
* Forvarious B(h = }¥; ¥1)- R N . 10%
% LHCb reachable E LHCb reachable . 05 %
S 6 = 60 0.1 %
Can other BSM projections be easily translated to RPV SUSY? £ S 005 %
o0 507 002 %
40+ 40+
a0 20 €@Mostly excluded for
B(h- 72 7% > 0.5%
20_ T T Ty T 20_ T T T T
104 103 102 0 10! 104 1073 102 0 107!
Xj 7 [m] X1 et [m]

Fig. 4.2.5: Projected sensitivities of the search for RPV supersymmetric neutralinos decaying semileptonically
and produced through a Higgs boson exotic decay. The results are extrapolated from Run-1 results (top left), for
luminosities of 23 fb~* (top right), 50 fb~! (bottom left) and 300 fb~* (bottom right). The results are presented in
terms of the excluded parameter space of the neutralinos for different upper limits at 95% C.L. on the branching
fractions of the Higgs boson decay.
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https://cds.cern.ch/record/2703572/
https://cds.cern.ch/record/2649825

Projections to Future Colliders

CMS Phase-2 Simulation Preliminary (14 TeV)

HL-LHC projection (14 TeV)
T T ; T T ;

—

- —10
=2 95% CL median expected limit 3 % ol CMS _
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Long lived smuons search: T:; N -----+---- 3000 fb!, Phase-2 standalone E = 105_0
) ) ) > 4 | o= 3000 o, Phase-2 ~ !
» Displaced muons with CMS at HL-LHC (pg 697, more info [3]). T <
- - - 10—12_ T *; 0.5 10—2
« Translateji - u+G (GMSB) to i — u+v (LLE RPV). 5 1
10725_ _S 1.5 1 1073
F E 2 3000 fb™,14 TeV,200 PU
+ . 10°E ‘ Mﬁ = 200 GeV El 10
 Type-lll seesaw heavy leptons > 79 / ¥i in bRPV models? 125 10
104 43
g L E 3-5§ 107
F 44 ©
o ] ‘2
6| A - 45¢ -6
CEPPTHL EHRY 18 "
0 200 400 600 800 100& 56 1 I1lobl I1lsbl I2IOI 11 I5I L1 IOI 11 I5\()I Hoa 1 I5I L I‘l-_)lol 1 350
ct; (mm) M, (GeV)
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-008/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-028/index.html
https://cds.cern.ch/record/2644533/files/FTR-18-002-pas.pdf

Summary
* Presented ATLAS and CMS searches for RPV SUSY with LNV.
«  Targeting both short- and long-lived LSPs. ﬁ ' l 2&2
» Variety of production modes, mass spectra, allowed couplings.

EXPERIMENT

=) Diverse set of final states.

* Explicit interpretations for simplified models.
*  MSSM with trilinear RPV (4,4',1").

* More extended frameworks (B — L, Dynamical RPV).

» Sensitivity of these searches to new physics extends beyond the simplified models, and even SUSY.

» Existing analyses, targeting SUSY or otherwise, are sensitive to RPV SUSY — Need RPV (re)interpretations.

* Projections for RPV SUSY to the HL-LHC and beyond are a bit lacking.
* It's a great time to get involved!

 |deas?

lan Dyckes Snowmass EF08 - Aug 6, 2020



Backup
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R-Parity In the MSSM

b
What is R-Parity? P p i :
t _ X? t S

« Multiplicative quantum number defined as R = (—1)3B-L)+2s, - "’;\3'23
* R = +1 for SM particles. f"- K9 z ;H s
« R = —1 for supersymmetric partners. p p 323
t b
R-parity conserving decay R-parity violating decay

Minimal Supersymmetric Standard Model with RPV:

* R-parity is not a symmetry of the most general MSSM Lagrangian.

IR N AV RS DR
________ L;pE)n_nJmT)e?vi_oI;tin_g_ ST _Ba_ry(:n;uTnb_er_vio_laEn-g.

« Often impose R-parity conservation to prevent these terms.

« Baryon and lepton number are conserved — proton is stable.
* Bonus: “SUSY-ness” is conserved — the lightest supersymmetric particle (LSP) is neutral and stable — dark matter candidate.
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Projections to Future Colliders

European Strategy Yellow Report [1] :

C‘E 70 TE 70
- — . > =
* LHCb had only explicit RPV projection (pg 698, more details [2]). 8 o S LELD wene s e
« ho 770 7% > uqq via via LQD term. 3 &
50 o
«  7Yis long-lived. Minimum B
X1 g 40- HEFHH excludlerglg’lﬁl gt'i% CL
LI—[Cb results [T 50 %
N . 301 JL£dt =2 = %%
Can other BSM search projections be easily translated for RPV? 1 Y
204
« Scalar leptoquarks > LQD decays of squarks. 107100 102 10 0t 10 102 10 5%
Xi cr [m] Xi e [m] e 20%
« CMS projections to HL-LHC: R R . 10%
. : : > % . 05 %
R o LHCb reachable o LHCDb reachable 0
Pair production, decay to t + t or t + u [link]. %60_ % o0 ——
* Single & pair production, decay to b + 7 [link]. S = B 0.05%
o 50 507 s 0.02%
* Yellow report projection to HE-LHC: 0l 0
« Pair production, decay to b + t (pg 734). 20, -
* LLP searches:
201 — 20 ° ———
. i i - i i 104 1073 102 101 10~ 1073 1072 107!
Displaced muons with CMS at HL-LHC (pg 697, more info [link]). 2 o [l 2 e [

e Translate GMSBRPC i - u+ G toLLERPV i — u+v?

Fig. 4.2.5: Projected sensitivities of the search for RPV supersymmetric neutralinos decaying semileptonically
and produced through a Higgs boson exotic decay. The results are extrapolated from Run-1 results (top left), for
luminosities of 23 fb ™! (top right), 50 fb~* (bottom left) and 300 fb~" (bottom right). The results are presented in

Need more p I‘Oj ections. es pec ial |y beyo nd the HL-LHC! terms of the excluded parameter space of the neutralinos for different upper limits at 95% C.L. on the branching
’ fractions of the Higgs boson decay.
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https://cds.cern.ch/record/2703572/
https://cds.cern.ch/record/2649825
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-008/index.html
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RPV searches with BNV
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?ATLAS Search for squarks & gluinos in final states with SS leptons and jets

EXPERIMENT arXiv:1909.08457

g g production, g >ttt >bd
Anal SIS Overv|ew S‘ _I I | | 1 I | | 1 I I | 1 I I | | 1 I | I 1 I | | 1 I | | 1 I I I_
Y © 2000 ATLAS N _
. Reauire 2/3 SS leptons + et O, N ] Expected Limit (11 o,,;,) N
equire eptons + Jets. = - {s=13TeV, 139fb™" » susy. ]
« Define 5 overlapping SRs, fit independently. E 1800— All limits at95% CL ~— Observed Limit (t16,,...) 7
- ' SS/3L obs. 36 b’ ’
— Xiv:1706.03731 —
1600[— ! farXiv ! -
Dedicated RPV SR: _ ]
»  Require 2 SS leptons, Njeis = 6, and meg > 2.6 TeV. 1400 — —
«  meg = Scalar pr sum of all leptons, jets, and the EXIsS, 1200 :_ _:
+ Defined inclusively — sensitive to many RPV scenarios. B _
1000 —
Results: 8001— _
* No significant excess above SM background. E E
» Also set exclusions for § — tbhs/tbd. 600— -
« But assume intermediate stop is on-shell - 2D mass scan. » T -

40800 800 1000 1200 1400 1600 1800 2000 2200

 Exclude gluino masses up to 1.6 TeV. ~
J P m(g) [GeV]
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https://arxiv.org/abs/2001.10086
https://arxiv.org/abs/1909.08457

ATLAS Search for gluinos in final states with large jet multiplicities

EXPERIMENT
ATLAS-CONF-2020-002

Target models: gg production, g—tt, t.—bd,bs

— 1600
>
«  Gluino pair production in a variety of RPC and RPV models. S | ATLAS Preliminary
« All with large jet multiplicities and real E%niss. ?% 1400 ~ V{s=13 TeV, 139 fb™. Limits at 95% CL
~ - --- Expected Limit (+1 c,,,)
« Same RPV model as ATLAS SS/3L search. T cE));pecteilj I_Li_rnij(t (?:?glgdgin)
. 1200 — S— serve |m| (_. Gtheory_)
«  Real EFSS from t — Tp,qV + b. B Observed Limit (single-bin)
ATLAS, 36.1 fb
SR strategy: 1000
 Perform 3 separate multi-bin fits, requiring N, = 8,9, 10.
»  Further binning in Ny ;s and M = me=1'°. 800
J
Results:
esults 600
* No significant excess over SM background.
* For RPV scenario, exclude gluino masses up to 1.5 TeV. = I‘f R

||||I||||I||||I|||||||||||||.f||
40000 900 1000 1100 1200 1300 1400 1500 1600 1700

« Can compare with ATLAS SS/3L exclusion contours. )(
m(g) [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-002/

?ATLAS Search for BSM phenomena in events with large b-jet multiplicities

EXPERIMENT
ATLAS-CONF-2020-016

Light stop & higgsino LSPs — natural

b _ t
. b t
Final State: P z p B b
- t .écé t 4{
. i FAliA miss - S PR
Large b-jet multiplicity, no leptons, and low E7">°. 2T Ny 5 - X?,z)\g’% S
* First LHC search in this final state. SO X1 A323 b <0 Xa A323 b
E* 't”*
p i E b p i E b
S S
ﬂ 5 F I II . I I I I I B B
§ 107 ?_TLAS Prellmlnar51/ +-Data i 07 3
W | Vs=13TeV,139fb [IMuljet [t +light BR(f = b 7%) = 100% BR(Z > b 7)) = 50%
10*F m(t) = 600 GeV, m(¥’) = 550 Gev CJti+=1c E@ti+>1b | ' ( #i)
E ) 1 [Jtt+V  []Singletop - "
- Post-Fit B tiH 7/~ Uncertainty ] BR(t =t ¥1,) = 50%
10°F e TR
107 E :
; Benchmark RPV models:

« Stop pair production with different available decay paths.

» Charginos and neutralinos decay via UDD RPV coupling (13,3).

4 7 ]
e * , ' /// SR Strategy:

' ' ' ' | | « Simultaneously fit 8 orthogonal SRs, binned in N; and N,,.
g Vg Bqg 9465075625 k9 )

—

Data / Prediction
oo
CD LO —_ i
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?ATLAS Search for BSM phenomena in events with large b-jet multiplicities

EXPERIMENT
ATLAS-CONF-2020-016

"té{'production, t— bagf, 21 s bbs and c.c., BR(t — bzf)=100% t-t production, t — tzfz / bﬁ, 55?2 — tbs, 11 — bbs and c.c.

; 1 5 T | T T . T - | T T T | T T ; 1 50 T T T T . T . | | E— T T T T
o L ATLAS Preliminary _ L) ATLAS Preliminary _
(_2 | Vs=13TeV, 139 fp™! ==== Obs.limit(+15,°0) i g {s=13 TeV, 139 fo ! === Obs.limit(z15,°0)
—_ P Exp. limit (+ 1) —_ B ¢ essasas Exp. limit (t10,,) 7
ey - b - 7 - - L t ’
< P ; A A" ||m|tS at 950/0 CL C{}é— i b ATLAS Obs. 36.1 fb™, JHEP 09 (2017) 88
E = >;" T ALy 8 - “g | > D S A ATLAS Exp. 36.1 fb™', JHEP 08 (2017) 88 |
- o 4 S~ "1_)‘:"%’23 . .
1000 EDY%M =g — . 1000L 7 * ‘%,}’ All limits at 95% CL &\ Turnon
L _ 8 N — s By \ 'i_ St+ 70
b - + b A W 1,2
) BRRRIIL Y 1 b i N, ]
!-' . |
500 i |
H ."‘.;' i 500 —
| | | e | | | | | | | | 1 1 | 1 ] 1 l 1 I 1
600 800 1000 1200 600 1000 1200
. m(t) [GeV] m(t) [GeV]
Exclusions:

* No observed excess over background prediction.

» Exclude stop masses up to 950 GeV in these models.
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More info on CMS displaced jet tagger
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M Deep neural network to search for LLPs decaying to jets

CMS-EXO-19-011

CMS Simulation 35.9 fb" (13 TeV) CMS Simulation 35.9 b (13 TeV)

2 split SUSY

- Split SUSY
- PP—99g, —qq¥5 mg— my =100 GeV

Training: - pp—§d, §—>qg¥3 my = 100 GeV

mg (TeV)
N
(8}

mg (TeV)

+ Developed a DNN for tagging jets from LLP decays.
« Trained on split SUSY models with RPC.

&

-
_____
- i

- -

«  Pair production of long-lived gluinos, § - qg 7}

1T uncompressed ; compressed
g - 95% CL expected limits ] 0.5 I~ 95% CL expected limits i
) "t —e— LLPjettagger ] r —e— LLP jet tagger
Evaluation: F --G- JHEP 05 (2018) 025 1 [ -<3- JHEP 05 (2018) 025 ]
0 i sl P | sl 2o aaanl 2o sl 2ol o sl 2o el 2o el 2o a il ol 2oa el 2o a el
« Calculate expected exclusions for the split SUSY model. 10° 0% 10° 107 107 1 (10) 10° 10*  10° 107 10" 1 (10)
Cto (M CTp (M
* Compare with a “conventional” analysis.
. CMS Simulation 13 TeV . CMS Simulation 13 TeV
- Inclusive search in final states with jets and piss. 8  amspitsusy T2 § Fmmspitsusy T T
=) L 55 Split SUSY (no DA) ] 3 L #2525 Split SUSY (no DA)
° -~ GMSB - ° -~ GMSB
® 40 '}HEE RPV SUSY = ® 10" #=8 RPV SUSY
(o] F ] o -
..g [ cT=1mm 4mm ] % [ cn=1m <4mm
) o s - SM background: tt 7 s - SM background: tt
Generalizability: 102 = L I -
- Evaluate performance on and RPV models. EEEp - Short lifetime : F Long lifetime :
~n~ . . ~ . -3 E— - - —-——-—-——-—-—- - ~ - — - ———————————— —] -3 —-=--=-=-=—=======-====-=-=-=============-= b
- i production, with £ - bl via LQD term (1"). 107 - 107 E
: m(f) - 1200 Gev I | | | | | | | | | I | | | | | | |
~4IIII\IIII\II = o N T Y T T 1 I v ' 44I\I N T T T T T
Simil ; del 107001 02 03 04 05 06 07 08 09 1 070 0.1 02 03 04 05 06 07 08 09 1
imilar performance across models. Efficiency (LLP) Efficiency (LLP)
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http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-011/index.html

CMS

Deep neural network to search for LLPs decaying to jets

CMS-EXO-19-011

CMS Simulation

35.9 b (13 TeV) CMS Simulation 35.9 b7 (13 TeV)
E , 5| SPlitSUSY 1 E 2 Split SUSY ]
52 77 [ PP—09,g—qaXs, my = 100 GeV - 5SS | PP—09,9—qaxs mg—my = 100 GeV
£ i £ [
- 15
o _ P ACET : o
[ o] : ]
1 uncompressed : . compressed
05 - 95% CL expected limits ] 0.5 " 95% CL expected limits
' —e— LLP jet tagger ] - —e&— LLP jettagger
- -<3- JHEP 05(2018) 025 ] | --3- JHEP 05 (2018) 025 ]
0 i Lol TEERET | FEETERETT | Lol Ll Ll 0 il TR | pul Lol Ll Ll Ll
10° 10* 10° 102 10" 1 10 10° 10* 10°% 102 10" 1 10
cto (M) CTo (M)
Training: Evaluation:
« Developed a DNN for tagging jets from LLP decays. » Calculate expected CLs limits on split SUSY model.
« Trained and evaluated on jets from split SUSY models with RPC. « Compare with inclusive SUSY search with jets and piiss
«  Pair production of long-lived gluinos, § — qg7?. « Test both large and small AM = m(§) — m(7?).
« Use variety of m(g) & m(¥?) - range of jet momenta. « Stronger exclusions for ct, = 1 mm.
» Detector signature strongly depends on ct,. » Lose sensitivity at low ct, due to proximity to primary pp
* Provide as an external parameter to DNN. interaction vertex.
« Perform hypo testing over wide ct, range with a single network.
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CMS

Mistag rate (udsg)
3

1072

1073

10—4||||||||||||||| i 1l L1 L1 1
0 01 02 03 04 05 06 07 08 0.

Generalizability:

Deep neural network to search for LLPs decaying to jets

CMS-EXO-19-011

" = Split SUSY
- 220 Split SUSY (no DA)
- GMSB

_g== RPV SUSY

=imm <4=m
- SM background: tt

8

Short lifetime

CMS Simulation 13 TeV

1 IIIIIIII 1 IIIJIII|

1

Efficiency (LLP)

« Evaluate performance on GMSB and RPV models.

«  RPV model:

« tt production, with £ —» bl via LQD term (1").
e m(t) =1200GeV, ct =1 mmor1m.

’ CMS Simulation 13 TeV
""""""""" IR UL IR I I I
- Emm Split SUSY 3 (mg,m)?o) = (2000,0) GeV
" 2222 Split SUSY (no DA) L

GMSB

mz= 1600 GeV

C’Cg=1m -
SM background: tt

Mistag rate (udsg)
3
Py
B
<
%)
C
%)
<

1072

Long lifetime

1073

10—4 IIIIIIIIIIIIIIIIIIIIIIIIlIIIIlIII
0 01 02 03 04 05 06 07 08 09 1
Efficiency (LLP)

« Jet flavor composition varies significantly across models.
« Split SUSY — uds quarks from LL gluino decay.
«  GMSB — gluons from LL gluino decay.
*  RPV - b hadrons from LL stop decay.

—> Similar performance for each model.
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CM> Deep neural network to search for LLPs decaying to jets

CMS-EXO-19-011

Overview:
« Classifies jets as originating from b, c, uds, g, or LLP.
+ Classification training done using jets from split SUSY (range of mg, my, 75), W+jets, and ttbar MC.

Domain adaptation by backpropagation of errors - Mitigate differences in classification performance between MC and data.

) B T e
InpUt ':\ __________ a_ P_C}?%SL/_(?@_____-__-_--_-_--_E ":\ aLclass/a“_j ' Lcla,s>
Charged PF candidates: N h
. . . . . . Input features 1D convolutions Dense
« Kinematic properties of associated track (absolute and relative to jet Fwwm——— T T — — Dense
. arge =55l E R
aXIS). candidates ;.5'—_) -%:J :.é—_J % o || w ict i
) gllallall e ol 8 Predict jet
« Track quality. [(25x17) | 2ol ] P 8|8 class
« Transverse+3D impact params (and their significances). Neutral PF BRBRIBR c 2 |8 m
Neutral PF candidates: candicates | > IZ1ZIEIEI 7 |E] 1€l 2 Ml [l
 Energy, fraction of energy deposited in ECAL and HCAL. % — = gl Dense
« Compatibility with photon, PU hypotheses. Seconday 1 o | &)l ]l ]l ] <] & I
» Collinearity with respect to jet axis and the nearest secondary vertex. (4x12) gllellell= § . Lﬁ g Predict jet
. . - — T — 8 S|l 8| —» domain
Sec}g_ndary ;{ertlces. " > 3llg (simulation,
. inematic properties. = L data)
- number of associated tracks. i
- 3D displacement from the PV. P T 21 s
. Y. - omain w ‘ % omain w omain
Global jet features: s e 2 s |d———| ¢
« Jet momentum and eta G
* Number of constituent PF candidates and recon. secondary vertices.
« CSV b—tagging algorithm variables. —» Forward '5:1___'_'_': Backward Feature P Label [ Domain
propagation N propagation extraction prediction prediction

LLP lifetime hypothesis.
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ATLAS RPV meets RPC
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Reinterpretations for variable RPV coupling strength and long-lived R-hadrons
ATLAS-CONF-2018-003

ATLAS

EXPERIMENT

Filling in the gaps:

« Depending on RPV coupling strengths, LSP can be:
» Stable (at least on collider scales).
» Long-lived with displaced decays.

« Short-lived with prompt decays.

Prompt RPC and RPV analyses were reinterpreted in models with variable coupling strength.

Multiple models considered with non-zero UDD coupling (1), including:

t t b
t p
N L '\ .4&{1) : : ‘
t - 5(? - ~0 " S - § {
- - s <
TS~o -0 T X1 A3 g L= s A323  A3ag
¢ X1 t b l A\ b s
p P 323
t
t t b
144
. . 323
Prompt decay to SM Single production 0(1)

0 RPC - stable LSP Long-lived LSP — displaced decays
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ATLAS

EXPERIMENT

Reinterpretations for variable RPV coupling strength and long-lived R-hadrons

ATLAS-CONF-2018-003

Stop decays via 43,5:

Set limits on stop mass for a wide range of 13,5.

72 assumed to be bino, with m(¥?) = 200 GeV.
* Bino = no nearby chargino - fewer decays.
« Also, nature of ¥ matters since decay requires off-shell

stop, and higgsinos have a larger coupling to stops.

Show contours for various t lifetimes and BR(t — bs).
« As 13,5 increases:
« t lifetime decrease.

 Direct f - bs decay takes over t - tj)(— tbs).

Limits account for single stop production at high A%,5.

Zsingle -, 102 for m(£) = 500 GeV, 14,3 = 1.

Opair

Also accounts for mass of virtual stop in ¥ — ths decay.

lan Dyckes
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RPC-RPV Combination: 1t (—tbs) / t->bs, m(¥,)=200 GeV, bino-like ¥,

B IIIIII| | | IIIIIII I I IIIIII| I | IIIIII| I LU I _I
- ATLAS Preliminary - ©- Expected 4
C {s=13 TeV —&— Observed -
il ] 95% CL limits N
- —— RPC Stop OL (36.1 fb™) :
il RPC Stop 1L (36.1 fb™) -
- RPV 1L (36.1 fb™ g -
-~ —— Dijet (37 fb™), TLA (3.2 fb™) § B
~  —— Dijet pairs (36.7 fb™) S
- S -
— ¢
¢ &
L ® w
— . o
[ ! 2
: lllII 1 1 lIIlIII 1 1 llIIIlI 1 1 IlJIlll 4 1 lJllIIILL 1 :l
RPC 10 107° 1072 10~ 1
Aao3
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ATLAS Reinterpretations for variable RPV coupling strength and long-lived R-hadrons

EXPERIMENT ATLAS-CONF-2018-003

g 0.4F7 | [ | | l [ | | [ ] g T | | [ [ I | -
5 - ATLAS Simulation Preliminary Prompt . 5 C ATLAS Simulation Preliminary Prompt E
@ 0.355— i1 (>tbs), m(tX;) = (800, 200) GeV 0.01ns 3 © 0'6: 51, (—tbs), m(E) = (800, 200) GeV 0.01 ns .
:GC:J 03;_ > 1 lepton, jet pT>40 GeV 0.1 ns _; % 053_ > 1 lepton, jet pT>4O GeV 0.1 ns _E
u —1ns ] N —1ns ]
> il - => - ]
T 0.25E —10 s - W 04K —10ns ~
0.2 — —RPC = : —RPC -
- ] 0.3 -
0.15 = n ]
- . oF .
0.1F = 0.2 :
0.05F = 0.1° E
O:ﬂf | | | | |E—|—. L] 0: | | | T e e B T —

2 3 4 5 6 7 8 10 11 1 0 1 2 3 4 S 6 7
Jet multiplicity b-jet multiplicity

« Jet multiplicity increase as lifetime of bino LSP decreases.
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Summary plots
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CMS

Overview of CMS long-lived particle searches

CMS Preliminary 3-140fb-! (8,13 TeV)
RPV UDD, §-tbs, mg = 2200 GeV g '1808.03078 (Disp. vertices)  0.0006—0.08 m| 38 fb! (13 TeV)
RPV UDD, §-+tbs, m; = 2500 Gev i (CMS-PAS-EXO-19-021 (Displaced jets) ~ 0.003-1m 132 b (13 TeV)
RPV UDD, i-3d, m; = 1300 GeV i 11808.03078 (Displaced vertices)  0.0004-0.1 m 38 fb" (13 TeV)
RPV UDD, i-dd, m; = 1600 GeV 3 'CMS-PAS-EX0-19-021 (Displaced jets) ~ 0.002-1.32m 132 fb~1 (13 TeV)
RPV LQD, t=bl, m; = 600 GeV 3 _ 36 fb~! (13 TeV)
RPV LQD, E=bl, m; = 600 GeV £ (CMS-PAS-EX0-16-022 (Disp. e +disp. p) ~ 0.0005-0.4m 3o~ (13 Tev)
RPV LQD, t=hbl, m; = 1600 GeV t CMS-PAS-EX0-19-021 (Disp. jets) [ ooos=024%m 132 fb~! (13 Tej\l)
GMSB, §—gG, mg = 2450 GeV § CMS-PAS-EX0-19-021 (Disp. jets) 0.006—0.55 m 132 fb~1 (13 TeV)
GMSB, §—9G, m; = 2100 GeV g 1906.06441 (Delayed jet + MET) 0.32-34m 137 fb~! (13 TeV)
Split SUSY, §~qgx?, mg= 1300 GeV § 1802.02110 (Jets + MET) <lm 36 fb~! (13 TeV)
Split SUSY (HSCP), f3y=0.1, mz = 1600 GeV g CMS-PAS-EX0-16-036 (dE/dx) >0.7m 13 fb~! (13 TeV)
%Y  MGMSB (HSCP)tanf =10, u>0,m: =247 GeV CMS-PAS-EX0-16-036 (dE/dx + TOF) >7.5m 13 fb~* (13 TeV)
ae Stopped £, t-tx9, m; = 700 GeV 3 1801.00359 (Delayed jet) 60-1.5e+13 m 39 fb~1 (13 TeV)
Stopped §, §-qdx?, fip = 0.1, mg = 1300 GeV g 1801.00359 (Delayed jet) 50—3e+13 m 39 fb~* (13 TeV)
Stopped g, §-qdx3(uux?), f;g = 0.1, ms =940 GeV § 1801.00359 (Delayed pp) 600—3.3e+12 m 39 fb~1 (13 Tev)
AMSB, x* -x%n*, my: = 700 GeV x* 2004.05153 (Disappearing track) 0.7-30 m 140 fb~1 (13 TeV)
GMSB SPS8, xJ-yG, my = 400 GeV X0 1909.06166 (Delayed y(y)) 0.2-6m 77 fb~1 (13 TeV)
H-XX(10%), X—ee, my =125 GeV, my=20GeV x | 1411.6977 (Displaced dielectron) 0.00012-25 m 20 fb~! (8 TeV)
E H-XX(10%), X—up, my =125 GeV, my =20 GeV X 1411.6977 (Displaced dimuon) 0.00012-100 m 20 fb~! (8 TeV)
5 H=XX(10%), X—bb, my =125 GeV, my =40 GeV X CMS-PAS-EX0-19-021 (Displaced jets) 0.001-0.53 m 132 fb~! (13 TeV)
dark QCD, mg, =5 GeV, my, =1200 GeV Xpk 1810.10069 (Emerging jet +jet) 0.0022-0.3 m 16 fb™! (13 TeV)
1 1 1 1 1 1 1
1074 1073 1072 1071 10° 10! 102 103
ct [m]
LHCP 2020

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included). The y-axis tick labels indicate the studied long-lived particle.

* From CMS Exotica public results.
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http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO/index.html

* o - - L] L]
ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary
July 2020 \/E =13 TeV
Model Signature  [£dt (7] Mass limit Reference
E » Direct Y| ¥, prod., long-lived ¥} Disapp. trk 1 jet EP™S 36.1 Xt 0.46 Pure Wino 1712.02118
= % 'l Pure higgsino ATL-PHYS-PUB-2017-019
S’E Stable g R-hadron Multiple 36.1 |2 2.0 1902.01636,1808.04095
S & Metastable § R-hadron, z—gq¥! Multiple 61 PENRERER g 24 m(F)=100 GeV 1710.04901,1808.04095
( VLD X —zZltll S 139 =1, BR( 0.625 Pure Wino ATLAS-CONF-2020-009 \
LFV pp—v; + X, Vr—eufet/ut Cp,eT T 3.2 1.9 Ay,=0.11, 4132/1331233=0.07 1607.08079
ViX] 105 — WW/zetteyy dep Ojets  EP™™  36.1 m(¥})=100 GeV 1804,03602
2z, gaq(;f’(|), v\-": — qqq 4-5 large-R jets 36.1 1.9 Large 17|, 1804.03568
E Multiple 36.1 2.0 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
& 77 i), X) > tbs Multiple 36.1 0. m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
if, i=b¥i, X — bbs > 4b 139 Forbidden m(¥})=500 GeV ATLAS-CONF-2020-016
fyiy, [y —bs 2jets+2b 36.7 1710.07171
nhih, —qt 2e.u 2bh 36.1 BR(7; —be/bu)>20% 1710.05544
136 BR(7 —qu)=100%, cosf,=1

N v

2003.11956 )

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.

107!

e From ATLAS SUSY public results.

Mass scale [TeV]
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults

ATLAS RPV Summary Plots

EXPERIMENT

Glumos decaylng V|a neutrallnos m Squarks decaying directly to SM (juiy 2018)

p— —_— 1010 - -
> 2400+ /\” g—»qq)(1 %3 - qqq, RPV Multijet, arX|v 1804 03568 “-e " I . . A", t-qq, 2 x 2 Jets, arXiv:1710.07171 ]
8 I A, G- tt7, X2 - uds, RPV 1L+Jets, arXiv:1704.08493 ATLAS Preliminary 1 'Q_:' 10°c ATLAS Preliminary A",E-bg, 2 x 2 Jets, arXiv:1710.07171 3

— 2200 [ A", G~ ttg3, X3 - uds, SS/3L, arXiv:1706.03731 Vs =13TeV, 36.1 fb™! ] m 108F Vvs=13TeV, 36.1-36.7 fb~! A", dg = ts, SS/3L, arXiv:1706.03731
?g 2000 } A, G- qqid. X0 - 1qq, RPV 1L+]ets, arXiv:1704.08493 J X , L All limits at 95% CL A", fIR—>tb, SS/3L, arXiv:1706.03731 ]
~ X, G- qail, 2 - 1qq, SS/3L, arXiv:1706.03731 b 10°f A',E-> by, B-L Stop, arXiv:1710.05544
E 1800 P bkt . 1060 o A’,E—»be: B-L Stop, arXiv:1710.05544 |
| Expected Limit ] N \\ A", pp - t-qq, ATLAS-CONF-2018-003
Rl [ Al limits at 95% CL | 10° E -\ = Observed Limit E
[ B N «= Expected Limit ]
} 104 E \\\ \\\\ 3
o 103 ;_ \\\\ ‘\\\\ 13 Te\/, _:
" \\\\ \\\\ NL o{gp\‘[) br ]
1 102} ~e PN T 2= ]
] i e S — ]
T 10! E \\::\‘\ o ~Jd3 7 E

[ RO S~ v

] 100 F ‘~:\:~ (). sy %o ]
I : \\\d f‘ '\.'V‘k\\\*-j~\2{/~“‘(*d'm :
400 / i 107tk 1
200} ] 1072} -
| . I R L X L . ] . i ) i ] 10—3 . 1 . 1 " 1 i 1 i 1 ” 1 " 1 " 1 . 1 " 1 . 1 " -
1000 1200 1400 1600 1800 2000 2200 0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
m(g) [GeV] m(q), m(t) [GeV]

* From ATLAS SUSY public results.
» Assumes decay mode listed in legend occurs with 100% BR.
« Assumes decays are prompt.
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults

Other
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Pair produced gluinos, § — tbs/thd.
* Via RPV UDD coupling (1').

* s,d indistinguishible in detector.

Above diagonal, stop is off-shell - 3-body
decay.

+ 1 CMS search with prompt decay.

« 1 CMS search with displaced decay.

Below diagonal, stop is on-shell —» have to
scan over stop mass as well.

» 2 ATLAS searches with prompt decays.
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