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Violation of Baryon Number
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What is R-parity?

 R-parity conservation invoked in SUSY analyses to prevent Baryon # violating and Lepton # violating
terms; also to prevent proton decay

* R-parity: | R = (—1)3(B-L)}+2s

e SUSY particles have -1 R parity

e SM particles have +1 R parity
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Why Violate it?

* The most general gauge invariant and renormalizable super potential would include violating terms
 R-Parity is proposed “ad hoc” to prevent proton decay
e |f R parity = conserved -> Lightest Supersymmetric Particle (LSP) is stable

* If R parity = violated -> LSP allowed to decay into only SM particles (proton still stable)

} If large A" -> prompt decay ;»
if small ->Long lived decay i

1 ) IR T A
WRp = 5)\¢jkLiLjEk ~+ )\:;jkLinDk -+ 5)\:;;-kU7;DjDk + k; L;Ho.

Lepton Number Violating

: If U is top quark.. decay to |
Wb — Iy
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RPV search with multi lepton & multi jet final state

arXiv:2106.09609
t ATLAS
t
P EXPERIMENT
~ Model:

{

-~ « RPV SUSY featuring gluino or stop production

~ -~

f - lightest neutralino ()?(1)) is the LSP
P

Signature:

- at least one isolated lepton

Signal Regions:

- at least 8-15 jets; several of which may contain

Lepton category | Jet multiplicity Analysis regions b-tags
4...7 jets 0b¢,0b ¢, 0b mge, 1b,2b, 3b, > 4b
1¢ category
8...> Nt jets 0b, 1b, 2b, 3b, > 4b
265 category | 4...> N2 jets 0b 3¢, 0b, 1b, 2b, 3b, > 4b
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https://arxiv.org/abs/2106.09609

RPV search with multi lepton & multi jet final state

ATLAS

EXPERIMENT

arXiv:2106.09609

Background Estimation:

Results:
« data-driven model based on observables at

medium jet multiplicity to predict b-tag jet » Exclusion limits on higgsino masses between

multlpi]hc:lty at higher multiplicities used S 500 GeV and 320 GeV
searcC
';‘ T T T T T T T T T [
. (4 Yt Tt o\
Neural Networks used to extend data-dri * Improves upon earlier search O , Tl AR :
el.,ll’a etWOrKs used 1o e?( en a a-ariven — 1500 Xira™ tt)S./(1 — bbs SRR |
estimate to shape of machine learning | 132 | (s=13TeV 139f' [2] Obs. limitewk. production |
dlscrlmlnate arXIV:1 704.08493 \é/ — ' 0 - Bino LSP
.g 10° [ I [ I - All limits at 95% CL Hiogsino LSP -
o ATLAS -®- Data i— ATLAS t — bbbs B wino LSP =
-
oL E=13Tev, 133 1" tt + jets
1£ + 9 jets (pr > 20 GeV) B W+ jets 1000
10" | sssese higgsino, m(j?) = 300 GeV (x20) Bl Z+ jets
Other
10°
10* ———— 500
1 03 ................ : ............... M -
D ——  E— —  S————  p—— B —— . i I
'8 | 1 1 | 1 | 1 1 1 |
. 1000 1500
o
a m(t) [GeV]
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https://arxiv.org/abs/1704.08493

ATLAS RPV summary plot
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BSM search for multiple b-jets and 0O leptons

b _ arXiv:2010.01015
b ATLAS
P _
i Aéiiﬂéiq EXPERIMENT
,/’ X+ /1 S
1 323 Model:

Tso X1 823 o
t* » RPV via stop pair production
D b
S

- charginos/neutralinos decay via UDD RPV coupling (4355)

b
Signature:
t
D t - no leptons, high jet multiplicity (6 or more), > 4 b
{ b tagged jets
-7 0 yn S
- X1,2 323 * N0 requirement placed on missing transverse momentum
~ ~ — /! In event
CoSe o X1 323~
t* b
p
S
b

First limits from ATLAS on the production of stops that decay exclusively to a chargino and b-quark.
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https://arxiv.org/abs/2010.01015

BSM search for multiple b-jets and 0O leptons

ATLAS

Analysis Strategy arXiv:2010.01015

t-t* production, t — b (3, — bbs) and c.c., B(t — by, )=100%

- Data-driven estimation for multi-jet dominated 1500

I I I | 1 , | I | I | 1 I
background > ATLAS _ EXPERIMENT
(2.  Vs=13TeV, 139 fo ! = Obs.limit (10, ) il
+’|-\‘— ....... Exp. limit (+ 1 cw)
» extrapolate from events with low b-jet multiplicity to high 12 I All limits at 95% CL ]
E - -
| _ | | 1000 =
- validate background estimates using region-dependent i _
selection 2 ‘ ]
g 105 - ATLAIS I | | -;-D | ----~_)Ib~i - ]
3 - Vs =13 TeV, 139 fb" |:]M?JtI:jet g:h n’é*m : 500 —
10*F m(t) = 600 GeV, m(x,) = 550 GeV %E +\2/1c EtSH zlﬂt» i
SRT Post-Fit B tiH 77 Unc?ertai:ty -
10° ¢ O i -
> ________ ' ......... CTTTTTTT . ] | ] ] r”"'t"“ ] ] ] I ] ] ]
107 et 600 800 1000 1200
10 e B m(t) [Ge
Results (1) [GeV]
_ 1
'% 1.1 A 2220 70 WS
o 0.9 vy, i i ]
508 - - . ' ' ' -
© (64 (7 (8 (ég (6_5 (7) (8; (ég
a 'q) 4 ) ) 8) 8 18 Y .
/ / / : N) N) % - Excludes stop masses up to 950GeV in these models
j*""b
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Search for 3L resonances from neutralino/chargino

ATLAS

EXPERIMENT

( >3 leptons, =1 leptonic Z candidate

l

13—( Number of leptons )2—41
No l Hadronic boson or second lYeS

arXiv:2011.10543

leptonic Z candidate

[If >2 additional boson candidates, ChOOSG]

that closest to expected boson mass

Analysis Strategy:

Model:

* No SM process naturally produces 3L resonance -> nice place

* B-L MSSM with RPV to distinguish signal from background

« EWK pair production of two char INO’S or a ~
PalrP gino's (777} - Decay of interest: y;” — ZI — I

chargino/neutralino pair ()(1 )(1

orthogonal Rs constr cted for the decay of the second
- wino pairs promptly decay to SM bosons *3 9 S u y

unconstrained y;"/ )(1
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Search for 3L resonances from neutralino/chargino

ATLAS

EXPERIMENT

arXiv:2011.10543

- No significant excess seen in m,; distributions of the signal
regions

« Multi-bin fit is used across 3 SRs

N 1- ) I LI ) l | L | l || ' L ] L | .17‘| "l LI I ) | ' l | ] | I 1 I | :

2 goF. Yi! ATLAS E
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> — 1 1 I | | 1 1 I I | | 1 1 I p— E N : 'zizt.’.zizo production :
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Search for stops with final states 2 tops & light flavor jets

arXiv:2102.06976

CMS

Model:
1. RPV SUSY

2. Stealth SUSY

Signature:

> ] jets

exactly 1 e/u
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http://arxiv.org/abs/2102.06976

Search for stops with final states 2 tops & light flavor jets

CMS

arXiv:2102.06976
g} Results:
. 105CMS 21.1 b (13 TeV) :
E’ o Syn,1 SN2 Syn,3 S\N,4 — Bkg Fit \ \
w # N observed » stop mass up to 670 (870) GeV for the RPV 4/
10 - = RPV m_= 450 GeV _
1o° SYY m_ =850 GeV (stealth) scenario are excluded /
102 nnem==mun. e D e ™ T bbb or| 2
10K 018 data 8 - - no significant signal over SM background
1 observed
10 R e b " P PR PP T
f - 3] YRS RS TN - * ................................................. * ,..., ........................ ‘ ...... ¥.........,.......,......,......,...‘. .........
S . SESOEN N5 1AM YENES 3 5 SETMEORAEN JENAEI SR . SR
§ 7 8 9 10 1127 8 9 10 1M >27 8 9 10 1327 8 9 10 11 512 102 137 fo” (13 TeV)
=) Njets 3 'l'"'l""I""l""I""I:;';I"';lo";(‘)l".'”'l'
A= CMS pp >ttty X, —i
t;: 10 B 68% expected
Background Estimation: = F N @ e 95% expected
8 —e— Observed limit
e 1 === o (NNLO+NNLL)
« Neural network to distinguish signal and 77 -
background as well as spatial distribution of jets é’ 107"
-
4 [ Bt->ty¥)=1.0
2
- Jet multiplicity in 4 regions of NN space O 10 |
plicity g P °\ch; B(Y, — fij) = 1.0
S 193 Mo = 100 GeV
- gradient reversal technique S P U P PR FU S PEETY S S
300 400 500 600 700 800 900 1000 11001200
m-[GeV]
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http://arxiv.org/abs/2102.06976

Search for dijet resonance

arXiv:2206.09997

p Jet
Model:

X Jet 1. Scalar diquark as benchmark->large cross section

X Jet 2. RPV SUSY-> stop dijet resonance
D Jet Signature:

- equal mass dijet resonance

- At least 4 jet final state

7

P Jet

1. Resonant production via a particle Y, of pairs of dijet
resonance X

Jet
2.Non-resonant production

Jet
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Search for dijet resonance

$ Data Top squark: t t* — (ds) (ds)
LO QCD MC RPV coupling A;,,, B(ds)=1
C Ms ------- PowExp-3p fit —— M(1)=0.6TeV RGSUlt
ModDijet-3p fit - M( t )=1TeV
- - - - Dijet-3p fit —o-- M(T)=2TeV
e, 0.15< <025 0.25< < 0.35 035< <05 - Extended limits on four jet and dijet production cross sections

* 0.5TeV to 0.77TeV stop masses excluded

do/dm,, [pb/TeV]

— — — — -— - — — -
O O O O O O O O oo
© © N o a0 »~ w N L

» <0.76TeV excluded for diguark masses

=g 1 T ' ] 138 fb” (13 TeV)
Ul- (_U i T n [r— rr ot o] 1 rrryrrrr
stk ] 0O - -
8 § -1 ¥2 | NDF = 2INDF= T Y2 INDF = ] Q. i CMS XX = 1)) |
~1D :i: | 23.09/ 18 | 3351/19 T 8.39/14 e 10—1:_ -
05 1 15 2 3 1 15 2 3 1 15 2 3 T ' 95% CL Limits ;
Average dijet mass [TeV] X —e— Observed ]
. A 1072k B8 Expected +15.d. -
Analysis Strategy D 3 AN Expocted £25.d. -
. — m.. . ’ i ——- Top squark: t t* — (d §)(ds)
a mﬂ/ my; measure of the boost of the two dijet o el o g 11 S
systems - :
* ¢ IS a good variable to bin the data-> increases 10 =
sensitivity i '
L] ] u u u _5 l 1 ! 1 I 1 L 1 | I 'l\'\l 1 l l l L l L I l | l |
» optimize the number of a bins for maximum signal 10955 1 15 > 25 3
sensitivity Dijet resonance mass [TeV]
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https://arxiv.org/abs/2206.09997

Search for LLPs decaying to jets with displaced vertices

arXiv:2104.13474
Phys. Rev. D 104, 052011 (2021)

CMS

p t \
b
~0 = Model:
X 28 <= - < )
. 5 1. RPV SUSY->LSP is LLP gluino or neutralino
CENI]
’ 5 2. RPV SUSY->LSP is LLP stop
p t Extension of previous search arXiv:1808.03078
Signature:
P d
LLP’s produced in pairs decaying to multiple jets
T _/_ ~ containing charged particles ( > 5 track vertex)
_ - d
- 2 reconstructed vertices within radius of the beam pipe
~ -~ d
t : dgy > 100um +/- 25um
P d
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https://arxiv.org/abs/2104.13474
https://arxiv.org/abs/1808.03078

Search for LLPs decaying to jets with displaced vertices

\‘\‘ v
R 7. o
dyy 7 TS
A ¢\ \/“: BV
A Fad
~{_ | d
- BV
e
=
=
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Search for LLPs decaying to jets with displaced vertices

CMS

arXiv:2104.13474
Background Estimation Result \
* Vertex refitting procedure removes more than * No excess over SM observed

40% of background vertices due to pileup

- Upper limits set on both RPV SUSY models
* Three bins for distance between vertices to

maximize signal significance - Can apply these results to other signal models

101 fb™' (13 TeV)

E LI l I I l LU} I L I LR L I LI I LI I L I L ) )
€ 1oL CMS [ ] Background template CMS 140 o' (13 TeV) o CMS 140 o' (13 TeV) o
-— - : L _ E %13 > tbs —— Observed + 10, = T dd —— Observed 10, .
d N Multuet S|gnals, m = 1600 GeV '] CMS disp. jets () ===: Expected +1c,,, 1 g CMS disp. jets --=-- Expected+10,, ] é
B | i F sessssens ct=0.3mm '] ; 3000 ‘ d % g 3000 ' . %
"qé; SO T ct=1.0 mm - 3 S Y . L i g 3 | g
o ks W T ct =10 mm d Se2500F 310 2 F 2500 ELC
K . ) 2000 1 ¢ 2000 1 o
: . S S
107 & X semsEReN T B L 1 _1
3 £ 1500 o 1500 a3
: M- ;: O\o e O\o
i ] 1000} 1078 1000} 1073
1072 E [
= : . 500 500
-lllill ! I | S . I | I | - ;’lll.ll I | | I L1 1 I- L L1t | Lo L 10_2 C | Lol [pyt| 1 (NN 10_2
0O 05 1 15 2 25 3 35 4 0.1 1 10 100 0.1 1 10 100
d,,, (mm) ct (mm) ct (mm)
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https://arxiv.org/abs/2104.13474

CMS summary plot

_Moriond 2021 132-140 b (13 TeV)
310 E | L lllllll | L IIIIIII | L lllllll I IIIIIII | Illlllll | llllllll | Illllg
o s CMS Preliminary -
c 10 E PP 58,5997 Delayed jets (1906.06441) E
*é' 104 ;_ - = 2400 GeV Displaced jets (2012.01581) _;
E ? m_ = 100 GeV Displaced vertices (EXO-19-013) §
‘é’ 10° e Approx. NNLO+NNLL o(pp — § §)=
S — -
- 2 —
o 10°E =
e - Z
O 10 &

o) = =

1E =

10 BTN e ST g

10—2 B L1 IlIIIIl L1 IIIIIII L1 Illllll L1 IIIlIIl L1 Illllll L1 IIIIlIl L1 lIIIH
10~ 1 10 102 10° 10* 10° 10°

CTy (MmM)

L. Osojnak BLV 2022



Conclusions

* Diverse set of final states with a variety of production modes presented for both CMS and ATLAS results
short and long-lived LSP decays
-UDD and B-L RPV
* New techniques improve limits across different physics models
» Data-driven background estimation
* Neural Networks

 With start of Run 3 at the LHC we will have new data and hopefully new results on RPV and baryon number
violating searches!
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Search for LLPs with displaced vertices + jets

ATLAS

ATLAS-CONF-2022-054

q q ] EXPERIMENT
p
Target Models: ~ _ q
g 0 2 :
~0 7y q Signature:
X1 A
« Small values of RPV UDD coupling(4”) .n;,- : ~0 7/
Ry X1 A q Rpy < 300mm
g G ©
- A"constrained experimentally to be small-> LLPs arise P ! DV
q q nselected tracks =
q

1.Strong RPV scenario

2.EWK RPV scenario
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-054/

Search for LLPs with displaced vertices + jets

ATLAS-CONF-2022-054 AT L AS
Managing SM background: Results: EXPERIMENT
- Large radius tracking - Data agrees with background expectation
- trackless and high pT jet filters . set limits in the m()(l) vs 7(y )

» set limits on sought signatures

é‘ B J l L] ] 1 1 I | I L L] l L] 1 1 L I | ' ] 1] I ] 1 1 1 I |
2 1.2 ATLAS Slmulatlon Prehmlnary __ 102 Strong APV, pp—>gg gj’Q% X1"‘7q‘7 —
= - ) o S ) E
S 1_ Strong RPVx m(g) = 1800 GeV, m& )S— 830 i?rv t; 1ns i = s ATLAS Prellmmary rsnéfl(&) Ob1s2e?\(l)e(jev E
g e —¢— Standard Tracklng =~ =~ c - V/5=13TeV, 139 fb" € -
2 N ‘“‘*‘*‘*t ‘ —— Standard + LRT . O 1 B Dotted: (ez<;p)ect1e(()1 10
= __ i, _— o 10 — T(x7) =10ns —
% 08: 0. . “* +*+ ++++ i % ; — (¥ =1ns §
S o6 ¢ . +‘H N @ — (%) =01ns ]
@ T ¢ + - O 0 — 7(¥9) = 0.01 ns

N * * | i @ £ Prediction + 10
> ¢ + pe -

0.4 ¢ + _ -

Q n \ \ + 7 L .......................................................................................................

L ¢ ,, i e

0.2 % ¢¢++ ++++ +++ + — 0y ST
- i E ———————=
; oA :
0_ s 2 0 2 2 2 ol s 32 21l + M - T ———— _‘
0 50 100 150 250 10-2

1800 1900 2000 2100 2200 2300 2400 2500 2600
m(g) [GeV]

py
El
e
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-054/

Search for LLPs with displaced diphoton vertices

ATLAS

EXPERIMENT

ATLAS-CONF-2022-051

Signature:

- Displaced Diphoton Vertex (ee or yy)

Model:

- Gauge mediated SUSY Breaking (GMSB)

« NLSP decays to SM particle (x)

- Displaced production of Higgs or 7Y boson from pair
produced LLP
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Search for LLPs with displaced diphoton vertices

ATLAS-CONF-2022-051
) N % g : pe,
= oLATLAS Preliminary=s... A £ A I I A S
o | ls=13TeV, 139"  H f | 0P Results:
I il | :
o | EXPERIMENT
5[ 10°
X * No excess above SM background estimation
: 10*
o - Limits set on GMSB models
i 10°
~51— 10°
- -g- E ATLAS Preliminary —— Observed
B : : : : 10 ?’}3 Vs =13TeV,139 fb"! ---- Expected
- ~ ey 103 BN Expected + 10 -
_10__- ........................... ',_. ......................... o .......... e R H )
P I T T T W N R T N q P T TR T N TR T N N 1 | t_.ﬁ(,?? yZ 4+ G)
-10 -5 0 5 10 et
t(e) [ns] 10?2 =03 -
Photon Selection: — io0a
— =0
101:— 3
- Utilizing LAr calorimeter : ]
1. timing of photon signal a3 E
760800
2. pointing of its trajectory back to the beamline m(%;) [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-051/

Overview of Signatures Covered
AB # 0,AL =0,A|B—-L] #0

UDD()")

BilinearB — L

AB =0,AL # 0,A[B—L] #0
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ATLAS LLP Summary Plot

ATLAS Long-lived Particle Searches* - 95% CL Exclusion ATLAS Preliminary

L. Osojnak

Status: July 2022 [£dt = (32.8 - 139) ! Vs =13 TeV
Model Signature  [Ldt [b~] Lifetime limit Reference
RPV T — uq displaced vtx + muon 136 t lifetime ' ' l I 0.003-6.0 m I m(t)=1.4 Te{/ 2003.11956
RPV ;‘1] — eev/euv/uuy  displaced lepton pair 32.8 j‘l’ lifetime 0.003-1.0 m m(g)= 1.6 TeV, m({{)= 1.3 TeV 1907.10037
GGM i) — ZG displaced dimuon 329 | lifetime 0.029-180m  m(&)=1.1TeV, m({®)= 1.0 TeV 1808.03057
GMSB non-pointing or delayed y ~ 139 )2‘1’ lifetime 0.24-2.4m m(°, G)= 60,20 GeV, By=2% | CERN-EP-2022-096
GMSB? — (G displaced lepton 139 | 7 lifetime 6-750 mm m(f)= 600 GeV 2011.07812
% GMSB # — G displaced lepton 139 7 lifetime 9-270 mm m(#)= 200 GeV 2011.07812
8 AMSB pp — i3, ¥, ¥;  disappearing track 136 | X lifetime 0.06-3.06 m m(¥7)= 650 GeV 2201.02472
AMSB pp — i, 2P 2] large pixel dE/dx 139 )?f lifetime 0.3-30.0 m m(i%)— 600 GeV 2205.06013
Stealth SUSY 2 MS vertices 36.1 S lifetime 0.1-519 m B(g — Sg)= 0.1, m(g)= 500 GeV 1811.07370
Split SUSY large pixel dE/dx 139 g lifetime >0.45m m(g)= 1.8 TeV, m(i])= 100 GeV 2205.06013
Split SUSY displaced vix + ET* 328 g lifetime 0.03-13.2m m(g)= 1.8 TeV, m(i])= 100 GeV 1710.04901
Split SUSY 0£,2-6jets +EM™S  36.1 g lifetime 0.0-21m m(g)= 1.8 TeV, m(¢})= 100 GeV | ATLAS-CONF-2018-003
H—ss 2 MS vertices 139 s lifetime 0.31-72.4 m m(s)= 35 GeV 2203.00587
< H—oss 2 low-EMF trackless jets 139 s lifetime 0.19-6.94 m m(s)= 35 GeV 2203.01009
02 VH with H — ss — bbbb  2{ + 2 displ. vertices 139 s lifetime 4-85 mm m(s)= 35 GeV 2107.06092
Elt: FRVZH — 2y4 + X 2 p-jets 139 | ya lifetime 0.654-939 mm m(yq)= 400 MeV 2206.12181
‘é FRVZH — 4yy + X 2 u—jets 139 | yq lifetime 2.7-534 mm m(yg)= 400 MeV 2006.12181
T 4o Z4Z4 displaced dimuon 329 | Z4 lifetime 0.009-24.0 m m(Zy)= 40 GeV 1808.03057
H— ZZ4 2 e, t + low-EMF trackless jet36.1 Z4 lifetime 0.21-5.2 m m(Zy)=10 GeV 1811.02542
$(200 GeV) — ss low-EMF trk-less jets, MS vtx 36.1 s lifetime 0.41-51.5m o x B=1 pb, m(s)=50 GeV 1902.03094
% P(600 GeV) — ss low-EMF trk-less jets, MS vix 36.1 s lifetime 0.04-21.5m o X B=1pb, m(s)= 50 GeV 1902.03094
2 P(1TeV) - ss low-EMF trk-less jets, MS vix 36.1 s lifetime 0.06-52.4 m o X B=1pb, m(s)= 150 GeV 1902.03094
W — NE,N — £6v displaced vix (uu,ue, ee) + 139 | N lifetime 0.74-42mm m(N)= 6 GeV, Dirac 2204.11988
W — NEN — Cby displaced vtx (upu,ue, ee) + pu 139 N lifetime 3.1-33 mm m(N)= 6 GeV, Majorana 2204.11988
;2:‘ W — NE,N = (v displaced vitx (uu.ue, ee) + e 139 | N lifetime 0.49-81 mm m(N)= 6 GeV. Dirac 2204.11988
W — NE,N — téy displaced vix (uu,ue, ee) + e 139 N lifetime 0.39-51 mm m(N)= 6 GeV, Majorana 2204.11988
| a3 sl L 3 sl L 3 sl a3 el L el R S B
0.001 0.01 0.1 1 10 100 cT [m]
Vs =13 TeV Vs =13 TeV
partial data full data l il il il il il Ll
‘Only a selection of the available lifetime limits is shown. 0.001 0.01 0.1 1 10 100
7 [ns]
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Search for LLPs using displaced jets

arXiv:2012.01581

Models:
1. Dljet Model

2.exotic decays of SM-like Higgs boson
3. general gauge-mediation models with ¢ — gé
4. mini-split SUSY with § — gg 7"

5. RPV SUSY with § — tbs

6. RPV SUSY with f — bl

7. RPV SUSY with 7 — dI

8.RPV SUSY with 7 — dd

L. Osojnak BLV 2022


https://arxiv.org/abs/2012.01581

