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R-Parity Violating SUSY

e R-parity: b
— A multiplicative quantum number
— Standard model (SM) particles: Ry, = +1 w
— SUSY partners: Ry, = —1

. b
R-parity conservation (RPC): 7 el H (
— Lightest SUSY particle (LSP) becomes stable. X" \ ¢

— Proton lifetime is protected.

e The SUSY Lagrangian can be expanded with the RPV terms':

1 - - 1 ==
Wrpv = 5 AijkLiLiEg + A;jkLiQ]'Dk 3 ijUiD;Dk

— Any one of the As doesn’t facilitate proton decay by itself.

General approach is:

— An underlying RPC SUSY scenario is responsible for the production.
— Focus on a given A > 0 at a time.

— As are large enough to cause prompt decays.

1/R. Barbier et al.,, “R-Parity-violating supersymmetry”, Phys. Rept. 420 (2005) 1.
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http://arxiv.org/abs/hep-ph/0406039

CMS Searches

o At CMS, RPV(-like) signatures are searched for in two categories:

Benchmark Model

. . Final State CMS PAS

(pair-production)

g — uds/udb/csb > 65 EXO-12-049
SUSy- g — tbs 0+ >6) SUS-12-015
LSP RPV Decay! | 0 £/t > 20+ > 2+ > 2jy B2G-12-008

t — tutb/truv /tpev >30+>1b SUS-13-003

G— qllv | §— qallvy 4L SUS-13-010

LQ1 — eq/vgq eejj, evjj EXO-12-041*
Leptoquarks: LQ2 — ug/vg Wij g, pvjg EX0-12-042
mBRW model LQs — 7b [/t — qqtb bThad + > 2j EX0-12-032

LQ3s — 7t UThad + > 27 EX0O-13-010*

All analyses presented here use the full /s = 8 TeV CMS dataset.
t A combined “RPV SUSY Searches at the CMS” paper will be available soon.

*

NEW

e Final states are characterized by an abundance of leptons and jets.

e All CMS results presented here are publicly available at:
—https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS| (Supersymmetry)
—https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEX0 (Exotica)
—https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G (Beyond-two-generations)
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EXO-12-049: § — uds/udb/csb

® §— qd — qqq via N5 113 203 RPV couplings.
e An all-hadronic search, where a 3-jet invariant
mass peak is sought after over QCD and tt+jets

backgrounds.

e 3 signal regions are defined with at least 6 jets:

Selection Inclusive Heavy-flavour search
criteria search low mass high mass
Mass range 400-1500GeV  200-600GeV ~ 600-1500 GeV
A 110GeV 110GeV 110 GeV
Min. fourth-jet pr 110GeV 80GeV 110 GeV
Min. sixth-jet pp 110GeV 60GeV 110 GeV
Min. sphericity 0.4 — 0.4

CMS simulation at Vs = 8 TeV.
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EXO-12-049: 5 —

e Decays into light-flavor jets are
excluded at 95% CL for My < 650
GeV.

uds/udb/csb
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SUS-12-015: g — tbs

Model RPV t CMS preliminary, L = 19.3 fb", {58 TeV. CMS preliminary, L = 19.3 fb, {5=8 TeV.
i} Electron+Muon Sample, N =4 §] Electron+Muon Sample, N5 ]
b % 500 [ eco 1 g 3 qco il
> I OY+ijets > I OY+jets 4
S m . wets m . weets b
I oo . wob |
400 [ Single Top 4 [ Single Top ]
s . i . w A
= = ]
4 I ]
b 300 e Daa E - oan E
=21 Sys Error =1 sys Error ]
¢ 200, E
electron pp > 35 GeV |n] <2.5 E
muon pr > 35 GeV |n| < 2.1 100 3
jet  pr>30GeV |n <24 o ]
N, N,
~ z o o 3
e g —tt— ths S 25F 4 = asp
3 2F E 8 2F
: " > ; 8 8
via A RPV coupling. T 15F — E % 15E E
53 pling L 1 8
. 05F E 05F -
e 0 search regions: " L e e ——

e/n+6,7,> 8 jets (with >1 b-jet).

e Dominant backgrounds are tt+jets, and ttZ/W for high b-jet multiplicities.

B-tagging/mistagging scale factors and MC b-tag multiplicity modeling are verified in

signal depleted regions (Njet < 6).
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SUS-12-015: g — tbs

=193 Fo Tev

e B-tag multiplicity distributions are used 1500)
to discriminate signal vs. background.

e 95% CL exclusion for Mz < 1036 GeV, 500
B(g — tbs) = 1. o=
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B2G-12-008: b — ts/td

- t wt
P b v
e Analysis requires fully leptonic decays of top quarks:
> 20+ 2> 2b+ > 2jy. v 2 B
t W
e Sensitive to decays via RPV couplings X5, and Afs;.
5 b =
e Dominant background is fully leptonic tt-+jets process. muon pp > 20 GeV  |n| < 2.4

electron pp >20 GeV  |n| < 2.5

e 3 signal (and 1 control) regions are defined using the jet  pr>30 GeV |y < 2.4

pr of the second leading light-jet:

— [30-50] GeV, [50-80] GeV,
CMS Prelimi L£L=195b" /s=8TeV
[80-110] GeV, >110 GeV. > prelminary / Vi-BTe

CMS Preliminary MC Simulation /s = 8 TeV
< 400
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B2G-12-008: b — ts/td

e Search is conducted over the 3D
distribution of p}F(jy), p?r(jy)
and M(tTeco,jK).

— Forms of background fit functions are guided by MC.

— Signal shapes are extracted using MC entirely.

e 95% CL exclusion for M; < 307 GeV,
B(b— tj) = 1.

CMS Prellmlnary L£L=195fb"" Vs=8TeV

T T T T T
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- 95% CL expected limit
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o & — 0% — t0EIT — 00T U (1h)

e 4 signal regions:
- 3(4)¢ including 0(1)Theq + > 1b

— Veto opposite-sign same-flavor (OSSF)

pairs compatible with M.

— Each signal region is split to 5 St bins.

electron  pr > 20(10)T GeV [ < 2.4
muon pp > 20(10)F GeV || < 2.4
tau pr > 20 GeV [n] <2.3

jet  pr > 30 GeV Il < 2.5

1 subleading lepton

e Dominant prompt lepton background contributions are estimated using MC:

- WZ, 77 tZ, ttW.

e Misidentified lepton contributions are estimated via data-driven methods (except tf):
- jet—e/p/Thad (fake-rate method), v*—e/p (asymmetric conversions)

CMS Preliminary Ns=8TeV, L,=195 b
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CMS Preliminary Vs=8TeV, Lm 19.5 fb!
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(9) = a(a@)X° — 9(a@)e=0T — q(q@q)t=(Fv

Exactly 4-lepton requirement

electron

pr > 20(10)T GeV || < 24
muon pr > 20(10)F GeV  |n| < 2.4

1 subleading lepton

(e/p) with an OSSF pair.

9 signal regions:

— M;: mass of the OSSF pair closest to the Z mass.

— M>: mass of the remaining pair. 3 My <75GeV [75 < My <105 GeV [ M; > 105 GeV
2[72 0.76+0.18 15+4 0.30+0.07
=[rare 028+0.13 27%10 0.12£0.05

Backgrounds are: é” fakes 04104 0.7£0.7 0.05+£0.05

— T all backgrounds 1.440.5 18+4 0.47+£0.10

— >4-prompt (ZZFZEWW) MC » [obsarve 5 50 5

b o

— 3-prompt (WZttW) Fake-rate Method s[2Z 0.10£0.03 150 0.05£0.01
=[rare 0.120.05 25E12 0.06£0.03

— 2-prompt (DY) Fake-rate Method Y Makes 03503 06206 0052005
5 all backgrounds |  0.524+0.34 153* 0.16=0.06

- ) bserved 0 160 0

Sensitive to the following o Leeve

. 7Z 9.8£2.0 3218 0.98£0.20

RPV couplings: % [rare 0312£0.14 25%12 0.0110.005
& [ fakes 03+03 08£08 0.06+0.06

— Esp. A121, A122 V| all backgrounds | 104%2.0 3518 10202
='| observed 14 30 1

— Also A131, A132, A231, and A232.
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oSUSY (fb)

10"

€(T1) ~ €(T2) :

Hence, only T2 interpretations are presented.

Results can be interpreted in a variety of pMSSM
models (4-lepton efficiencies are provided).

95% CL exclusion for My < 1.4 TeV,
assuming Ai21 > 0 or A122 > 0, and M)ZO > 400 GeV.

q
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Leptoquarks

LQs are bosons, carry both baryon and lepton number, and have fractional electric charge.

Phenomenology is described by the effective mBRWT model:

— Expand the SM to allow all terms respecting the gauge invariance.

— Group LQ@s into 3 generations (one for each fermion family).

— Require chiral couplings, and only to a given generation of SM fermions.

— Pair-production cross-section at the LHC is calculable (99 = LQLQ, q7 — LQLQ).

Unknown parameters are:
— Mg and spin (CMS 8 TeV searches are for scalar leptoquarks).
— lepton-quark-leptoquark Yukawa couplings, A.
— Branching fraction, 3, for LQ — £q.
The complementary LQ — vq’ channel is given as 1 — 3.

LQs «» RPV LSPs with X[, > O:

— Final states may slightly differ due to lower jet & lepton multiplicites.

1 W. Buchmuller, R. Ruckl, and D. Wyler, “Leptoquarks in lepton-quark collisions”, Phys. Lett. B 191 (1987).
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EXO-12-041: LQ; — eq/vq 1 2

e 2 search regions: electron  pr > 45 GEVT Il <2.5(2.1)F
. . jet  pr >125(45)" GeV |n| <24
-B=1 [eejj] :ee+ >2j .
_8=05 el S 9 Emisss55 GeV muon*  pr > 10 GeV o Inl < 24
B=05[evjj]: e+ >2j + EF*eo> e « muon veto 1 subleading jets  } evjj channel

e (3 =1 results are also applicable to pair-produced stop decays via RPV X/3;.

e Dominant backgrounds:
eejj Channel ‘ evjj Channel
Z+jets (MC, norm. to data) tt+jets (MC, norm. to data)
tt+jets (Data, “eu” method) | W+jets (MC, norm. to data)

—— e R AN eSS S
: — Data, 19.6 fb" ° —_ =
m CMS Preliminary X 7745y jots 10 m CMS Preliminary o ”fje':‘:'o o

5=8TeV S8 (T (from Data) 5 = B
) % Other backgrounds 10 (5=8TeV ” Other backgrounds
10 QCD multijets QCD multijets.
— LQ.M=650GeV.p =10 10* — LQ.M=650GeV.p =0.5

N(Events) x (50.0)/(bin width)
2,

N(Events) x (20.0)/(bin width)
3

N =
SR 2

00 1000 1200 1075500400 600 800 1000 1200 1400 1600 1800 2000
mg " (GeV) [Preselection] m,; (GeV) [Preselection]

-1
105 200 400
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EXO-12-041: LQ, — eq/vq

e Selection optimization for each Mg hypothesis:

-’g: E CMSPrelmmary —Daalgefb’ 3
. . — E3LQ.M=650GeV,p =05
-B=1 leejjl: ST, Mmin(e,j), M(e,e) Ele B=8Tev W E
— yal > Miss E T &84 Other back inds |
_B - 05 [61/]]} N ST: M(67])7 ET ? MT(@, V) § 25: chmu\wggsu |
_ S 2 E
e A broad excess is observed: § E E
— Excess is background-like in eejj channel. Pl E
) D . |
- Mpg = 650 GeV, 8 < 0.15 can't be excluded. g E
> jn |
. o 5 -
e 95% CL exclusion for Mo < 1005(845) GeV, > % E
B =1(0.5). R 01
lcms Prellmmary (s=8TeV 196 b
,,,,, ARRREAE  ARRRRSE = 7 :
0.9F S = = SSATL st 7rev)] = 1ok AL 103187, 7Tev)
a R o Cusecn o' ey § & 1OF Il Cusectdn ot )
08 : 3 Gusecisn 5;12'6(;51')8 ™ ff o F Gren SR Wi one. (113
0.7 El - El;?eclad 95% CL. \jppef limit @’ 1: bserved 95%:LL :’;ﬁ;lwm‘t
06E 3 CL upper limit i o £
osh ERE 101& S
El E is=
04F oo i H NN
- 10° 10%:
| = CMS eejj + evjj (Obs) |~ E
0.3 S eci + vl E0) | E \
E — CMS evj (Obs.) E L
02 Cosesen |10 10%
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EXO-12-042: LQ, — uq/vq

e 2 search regions: muon  pr > 45 GeV In| <2.1
BC— . grons: - N Sy jet  pr > 125(45)f GeV  |n| < 2.4
e [,u,u,]]] FZ R = J electron®*  pp > 45 GeV In| < 2.1

- B8=05[prjj] : p+ > 2j + EF5>55 GeV + cloctron veto for f— 0.5 subleading jets

e (3 =1 results are also applicable to pair-produced stop decays via RPV \,.

e Dominant backgrounds:

ppgg Channel ‘ prjjg Channel
Z+jets (MC, normalized to data) | W+jets (MC, normalized to data)
tt+jets (Data, “en” method) tt+jets (MC, normalized to data)

CMS Preliminary (s=8TeV, 19.6 fb" CMS Preliminary (s=8TeV, 19.6 fb"
6
10° %K} = Data 10 = Data
SSS 7Ny +jets 10°
10 5% ti+jets “ZZZ tt+jets
c Other Background c 10 Other Background
@ 10°F == 1Q, M =500 GeV B 40 2 = LQ, M =400 GeV
2 o ff ——LQ, M =900 GeV 2 " F —— LQ, M = 750 GeV
= 102 & =B
5 ool g 10°g
Ww 10g L 10
1 ‘ 1
107 107 = T
200 400 600 800 1000 1200 1400 1600 1800 2000 200 400 600 800 1000 1200 1400 1600 1800 2000
M, (1, jet) [GeV] M [GeV]
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EXO-12-042: LQ, — uq/vq

CMS Preliminary (s=8TeV, 19.6 fo*

e Selection optimization for each Mg hypothesis: [ E-paa
L. 10° E Zly +jets
-B8=1 [ppjjl: St, Mmin(p,5), M(u,p) i Foiives
_ S c 100 er Backgroun
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5
>
w
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B8 =1(0.5). 0
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tau pr > 50 GeV  |n] < 2.3
muon pr > 30 GeV  |n] < 2.1
electron  pr > 30 GeV  |n] < 2.1
jet pr>30GeV | <24

LQ3 — 7b search:
— Thad/IThad + >2j (with >

- M(Thag,j) > 250 GeV

1 b-tag)

t— q(jrb search: (= xTb— o7tb — qgrtb via Ay for g,k < 3)
— €Thad/WThad + =57 (with >1 b-tag)

LQ3 — 7b results are also applicable to pair-produced stop decays via RPV \},..

Dominant Backgrounds:

Irreducible tt+jets Data-driven “ep” method (ST shape from MC)
Fake Thad Data-driven fake-rate method (St shape from MC)
QCD (for eTp,qq channel) Data-driven “SS OS” method

Other prompt-prompt | MC

St distribution is used to discriminate signal vs. background.
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e 95% CL exclusion for
~ Mpg < 740 GeV, B=1.
~ M; < 576 GeV, X}, >0.

e LQs3—tv limits follow from

SUS-13-011 (£ — tx°).

CMS Preliminary, 2012
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EXO-13-010: LQ; — ¢

e 2 categories:
— Cat. A: Same-sign p7y,,q + =27 /
Split into 2 channels of average leptonic |n|: |7| < 0.9 (central), |7j| > 0.9 (forward) e
Tau pr, St cuts are optimized for each My g hypothesis.

_ - > miss < 50 CeV tau  pp > 20 GeV [ < 2.1
Cat' B: 1Thaa + 237 + /”1‘ ) :‘)() ('IC\_ muon pr > 25(30)T GeV || < 2.1
Cat. B uses a looser tau ID, and Cat. A is vetoed. electron  py > 15(30)1 GeV  |n| < 2.5(2.1)

Split into 4 tau pt bins. ST, jet1,2,3 p cuts are jet  pr >40(30)F GeV |n| < 2.5
optimized for the best expected limit. t Category B

e Results are also applicable to pair-produced shottom decays via RPV A4,

e Backgrounds:

Cat. A \ Cat. B
Single/Double Fakes (Matrix Method) | Th4q fakes (fake-rate corrected MC)
tE+jets, W-jets tt+jets, Wjets, DY+jets
Prompt-prompt (MC) Thad Prompts (MC)
Diboson, ttW, ttZ, etc. Diboson, ttW, ttZ, etc.

Halil Saka | RPV Searches with the CMS Detector 21/23



EXO-13-010: LQ; — 7t

CMS Preliminary, 19.7 fb™ at s=8 TeV
T T T T T T
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CMS Preliminary, 19.7 fo™ at /s=8 TeV
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Conclusions

o CMS efforts are varied, cover a variety of multi-lepton, multi-jet final states.
— A systematic approach to all possible scenarios.
— Limited subset of model interpretations are presented here today.

RPV SUSY Leptoquarks

Benchmark Limit  Coupling | B(LQ — 4q) : 1 05 0

g — udb 200-835 A5 LQ1 — eq 1005 845 N/A

g — uds 650 A5 LQ2 — pg 1070 785 N/A

g — tbs 1036 A5, LQ3 — Tb 740 510* 6607

g — qlly 1400 Ai21,122 LQs — 7t 634  495%  724%

b— ts/td 307 Mfss 31

t — tlly 1100 A122 T Obta:med by re:mterpret:mg SUS-13-011.

£ tetw 900 233 o staistital combinaton o f — 1,0
All mass limits are in units of GeV.

o No discoveries yet, but the journey continues to 13 TeV and beyond.
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Backup
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EXO-12-041: LQ, — eq/vq
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