Searches for Physics Beyond
the Standard Model at CMS

T . H . E MS §

OHIO Jamie Antonelll @,

SDAQFE for the CMS collaboration : g
Z

UNIVERSITY

La Thuile February 28, 2014



Introauction

CMS Integrated Luminosity, pp, 2012, Vs = 8 TeV

Data included from 2012-04-04 22:37 to 2012-12-16 20:49 UTC
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e SUSY, dark matter, 4th generation, large extra
dimensions, gravitons, hidden sectors, microscopic
black holes - or something completely unexpected

« CMS has an extensive program of searches:

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO

List of searches covered in this talk %

e // resonance search EXO-12-022
e WW resonance search EXO-12-021

e Vector-like b’ search B2G-13-003
e Vector-like T search B2G-12-015

* Displaced dijet search EXO-12-038

J. Antonelli La Thuile 2014 3 Feb. 28




ZZ resonances EXO-12-022

RS Graviton heavy G* — boosted Z’s
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boosted Z's — collimated decays

CMS Preliminary Vs =8 TeV det=19.8fb'1
Y e
10000 __ Z+jets (Madgraph) ]
jet pruning: > eo00f ;
. Q) . (x 4000))
remove plleup, Qe i

o

. . c [
UE, soft radiation :
2000F N

CMS Preliminary Vs =8 TeV det=19.8fb'1 I

RN RS R RARAS AARRE RAARS RARRE RRARS RAARS AR - 7
S00F b owsaz E Qo 60 B0 100 120 740 160
3000 [ 2t tesrepn - Jet pruned mass [GeV]

R jet substructure:

= | classify jets by likelihooo
o j to have N sub-jets

1 = T /Tl N = dlosz’k min(ARq x, AR k...ARN k)
k

- ‘h.' Ty -
0O 0.1 02 03 04 05 06 0.7 08 09 1

Toy

J. Antonelli La Thuile 2014 4 Feb. 28




// resonances EXO-12-022

divide high purity (L) and low
purity (R) regions in To1
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WW resonances

EXO-12-021 My
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RS Graviton

similar to ZZ search - high mass bump hunt

use similar jet pruning/substructure
techniques

use low mass
sidebands of
hadronic leg to
measure W
background

CMS Prelimlinlarly,|1£|9.|5 fb1 at |\E
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Comonact Maon

WW resonances EXO-12-021
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b searches B32G-13-003 %

b’ - vector-like 4th generation down-type quark

Little Higgs models use 4th generation to stabilize Higgs mass

Vector-like quark eludes limits on only 3

generations in SM

b" decay chains: Categorize search sample by:
b — tW # leptons
b’ = b/ # OS SF lepton pairs
b’ — bH # Z candidates (using My)
# hadronic tau decays

3,4-lepton final states # b-tagged Jets
Total activity (St):
St = 2pr (leptons, jets, missing E)

J. Antonelli La Thuile 2014 8
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p" searches B2G-13-003 %

dift t ch s for diff td
) g CMS Preliminary (s =8 TeV, fL dt =19.5 fb , CMS Preliminary (s =8 TeV, f Ldt=19.5 fb™
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S, (TeV) S, (TeV)
NOSSF m(£+£_) ST NTh = O, Nb—jets =0 N7—h = 1, Nb—jets =0 NTh = O, Nb—jets Z 1 NTh = 1, Nb—jets Z 1
(GeV) (TeV) obs exp obs exp obs exp obs exp
0 - > 2.0 0 < 0.02 0 0.04 + 0.05 0 0 £+ 0.02 0 0 + 0.22
0 - 1.5 —2.0 0 0.07 £+ 0.06 0 0.18 4+ 0.19 0 0.05 £+ 0.06 0 0.46 £+ 0.28
0 - 1.0 —-1.5 0 0.21 £+ 0.18 2 2.6 £ 1.2 0 0.36 £ 0.14 2 3.9 +£ 2
0 - 0.6 — 1.0 +3 3.1 + 1 126 28 + 12 2 4.9 + 1.9 146 58 + 28
0 - 0.3 — 0.6 32 27 + 10 289 290 £+ 129 42 39 + 17 410 480 + 241
0 - 0—20.3 72 79 + 22 1194 1324 + 330 37 32 + 15 316 331 + 160
1 > 105 > 2.0 0 0.001 £+ 0.02 0 0 £+ 0.21 0 0 £+ 0.03 0 0 + 0.21
1 < 75 > 2.0 0 0.004 £+ 0.02 0 0 £+ 0.21 0 0.01 £+ 0.04 0 0 + 0.21
1 onZ > 2.0 0 0.2 &+ 0.12 0 0.009 £ 0.21 0 0.04 + 0.06 0 0.04 + 0.05
1 > 105 1.5 —2.0 0 0.15 £+ 0.09 0 0.22 £+ 0.22 0 0.08 £+ 0.05 0 0.2 + 0.18
1 < 75 1.5 —-2.0 1 0.11 £+ 0.08 0 0.03 £+ 0.05 0 0.07 £+ 0.05 0 0.06 4+ 0.07
1 onZ 1.5 —2.0 3 1.1 +£ 0.6 0 0.31 £+ 0.17 1 0.28 £+ 0.18 0 0.25 £+ 0.12
1 > 105 1.0 —-1.5 2 1+ 04 1 1.3 &+ 0.6 0 0.5 &+ 0.22 1 2.1 &+ 1.2
1 < 75 1.0 —-1.5 0 1.1 £+ 0.38 1 0.9 & 0.44 1 0.6 &+ 0.27 0 1+ 0.7
1 onZz 1.0 —-1.5 11 15 + 6.9 9 5.9 + 1.6 2 3.3 &£ 1.2 1 1.7 &+ 0.6
1 > 105 0.6 —1.0 13 10 £ 2.4 21 23 + 7.2 T7 7.4 + 2.4 23 28 + 14
1 < 75 0.6 —1.0 14 10 + 3.6 21 11 + 3.4 t4 8.3 + 2.6 714 12 + 6
1 onZ 0.6 — 1.0 106 111 £ 40 108 70 £ 17 716 24 £ 7 17 17 £ 4.7
1 > 105 0.3 — 0.6 63 65 £+ 12 285 372 + 96 36 35 + 13 169 187 + 94
1 < 75 0.3 — 0.6 84 86 + 21 290 279 + 71 52 56 + 22 167 171 + 87
1 onZz 0.3 — 0.6 *669 735 + 166 *2099 2705 £+ 772 122 108 + 24 325 284 + 73
1 > 105 0—0.3 180 195 + 33 1620 1712 4+ 482 17 17 +£ 6.4 97 79 £+ 35
1 < 75 0—0.3 617 644 + 102 10173 9211 + 2694 62 74 £+ 28 297 288 + 97
1 onZ 0—0.3 *4255 4439 + 691 *49916 49192 £ 14670 *140 149 + 24 795 826 + 229
[ Total3 | All [ All [ 6125 6430 + 916 66055 65233 £ 19038 | 541 564 £ 150 | 2680 2774 £ 903 ]
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b searches B32G-13-003 %

CMS Preliminary Vs=8TeV, f Ldt=19.5fb"

»XB (pb)

Oy,

e ST D W bin counting experiment

750 800
m,, (GeV)

CMS Preliminary (s=8TeV, f Ldt=19.51"

N 1D limits set for each
N b7 decay mode independently

O, XB (pb)

|00 O imits are also calculated
e oo for mixtures of the 3
decays - displayed as
' b’ = bH equilateral triangle

O, XB (pb)
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b’ searches B2G-13-003

b, = CMS Preliminary
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Tsearches B2G-12-015 4

T - vector-like 4th generation up-type quark

T decay chains:
— bW
— 1/

— 1

Similar final states to b’, but different analysis strategy
Target single and multilepton final states

- multilepton channel split into OS1, OS2, SS, trileptons
- targeting different T decay modes

J. Antonelli La Thuile 2014 12 Feb. 28




T searches B2G-12-015 %

S | n g |e |e ptOn C han nel ,2106 CMS preliminary  ys=8 TeV — 19.6 fb'!
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Input event quantities into Bl comtsenst mae
boosted decision tree (BDT): -.
# |ets
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e’[ p-l— _ - BDT Discriminant

' : BDT output shapes for signal,

T (ZpT Je’[S) background, and data used Iin
limit-setting
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| searches

B2G-12-015 |

Multilepton channels

CMS preliminary {s=8TeV 19.6 fb"' OS dileptons
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All channels require large Hr,St

OS 1: low # jets, Zveto T — bW

OS 2: high #jets T — tZ tH

SS: lower background than OS
trileptons: lowest background

channel OS1 0S2 SS trileptons
tt 5.241.9 80 =12
single top 2.0+1.3  2.0+1.0
Z 9.7429  2.5+1.9 - -
ttW - - 5.8 +£1.9  0.25+0.11
ttZ 1.83+£0.93 1.84+0.94
WW 0.53+0.29 -
WZ 0.34+£0.08 0.40£0.21
77 0.03+0.00 0.07%0.01
WWW /WWZ/777/WZZ 0.13+0.07 0.08+0.04
ttWW - 0.05+0.03
charge mis-ID 0.01+£0.00 -
non-prompt - - 7.9 +£4.3  0.9940.90
total background 17.443.7 84 +12 16.5 +4.8 3.7 +1.3
data 20 86 18 2

14 Feb. 28




Tsearches B2G-12-015 4

. CMS preliminary (s=8 TeV 19.6 fb™”
Combined results BR(bW)
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‘Displaced Jets EX0-12-038 %

Model iIndependent search
- any neutral long-lived particle decaying to quark pairs

Benchmark model used to set exclusions
- hidden valley (HV) decays: pp—HO—=2X09, X0—=qg-gbar
- HO is BSM higgs
- XOis long-lived hidden sector particle
- {c1) ~0.1-200 cm

Striking signature of new physics
- very low SM background

J. Antonelli La Thuile 2014 16 Feb. 28




‘Displaced Jets EX0-12-038 %

Object definitions
Tracks:
- tagged as prompt or displaced
- displaced = dxy > 500 pm Lxy

Di-jet direction

JetS axy
- standard anti-kr algorithm

PV

track helix
Dijets:
- vertex fit to all displaced tracks from jet pair
- track clusters made using Lxy wrt SV

J. Antonelli La Thuile 2014 17 Feb. 28




‘Displaced Jets EX0-12-038 %

| | | |
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‘Displaced Jets EX0-12-038 %

Tracking efficiency measurement

- CMS Preliminary, s =8 TeV -

K,/ bin

10*
—e— Data

—e— Simulation

Dominant systematic effect

10°

Measured In data:
- Ks=11+11- decays

Simulation accurate to 10% even
far from the center of the detector ¢ ... . =

K Transverse Decay Length [cm]

Data/Sim
¥
,‘;
K
)
p
:
o
III|IIII|III | |
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‘Displaced Jets

EX0-12-038 %

Two signal regions defined:
- optimized to low and high Ly

For each signal hypothesis,
choose region with best
expected sensitivity

Set limits on 3 orders of

o B? [pb] (95% CL)
S

magnitude Iin lifetime

T TT | I I I T 1T I|
CMS Preliminary

fL dt=18.6fb", /s =8 TeV

m,, = 1000 GeV
m, = 150 GeV
— Obs. Limit
------ Exp. Limit
[ Exp. = 1o
[ ]Exp.x20

1 10 10?

ct [cm]
Lxy < 20 cm(low) > 20 cm(high)
prompt tracks <1 <1
prompt energy fraction < 0.15 < 0.09
vertex/cluster disc. > 0.9 > 0.8
expected background | 1.60 + 0.26(stat.) = 0.51(syst.) | 1.14 £ 0.15(stat.) £+ 0.52(syst.)
observed 2 1
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Displaced jets EX0-12-038 &

Data event in high signal region
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CMS Experiment at LHC, CERN S e | e Cte d j etS

Data recorded: Mon Nov 5 06:43:54 2012 CEST
Run/Event: 206596 / 355731202 0
Lumi section: 321

Orbit/Crossing: 84146846/ 350

black tracks:
matched to SV

secondary vertex (SV) with 5 tracks, located within a tracking layer

consistent with a nuclear interaction in the tracking material
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Displaced jets EX0O-12-038 &

Data event in high signal region
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Data recorded: Mon Nov 5 06:43:54 2012 CEST
Run/Event: 206596 / 355731202 0

Orbit/C-r.o.s's'lrrg-'-84146846 / 350

______________________________________________ black tracks:

matched to SV

—

Jet 3,
et=73.94
eta=1.789
phi = -2.433

-20

secondary vertex (SV) with 5 t icking layer

consistent with a nuclear inter. erial
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« New phenomena at /s = 8 TeV could very well be in the
current CMS dataset

 CMS has conducted a broad program of searches for
new physics

- Summary

e Using a wide variety of novel analysis strategies
e See upcoming Young Scientist talk by Thomas Reis

13 TeV data is coming in 2015
 Most exotic searches are statistically limited

e Sensitivity of high mass searches will greatly improve at
higher LHC energy
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Backup
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EXO)tica Results

J. Antonelli

SSM Z/(1t

)
(i)
SSM Z'(bb)

SSM Z'(ee)+Z'(uy)
SSM W'(jj)

SSM W'(lv)

SSM W' (WZ—Ivll)
SSM W'(WZ—4j)

coloron(jj) x2
coloron(4j) x2
gluino(3j) x2
gluino(jjb) x2

LQ1(ej) x2 stopped gluino (cloud)
LQ1(ej)+LQ1(v)) stopped stop (cloud)
LQ2(yj) x2 HSCP gluino (cloud)
LQ2(uj)+LQ2(v) Leptoquarks HSCP stop (cloud)
LQ3(vb) x2 g=2/3e HSCP

LQ3(tb) x2 q=3e HSCP

1 neutralino, ctau=25cm, ECAL time

RST(vy), k=0.1 j+MET, SI DM=100 GeV, A

RS1 (S‘;‘a; ::8:1 j+MET, SD DM=100 GeV, A
RS1(WW—4j), k=0.1 y+MET, SI DM=100 GeV, A
RS1(ZZ—'4J), K01 y+MET, SD DM=100 GeV, A
bulk RS(ZZ—'HJJ)’ Ke0.5 [+MET, €&=+1, SI DM=100 GeV, A
P [+MET, &=+1, SD DM=100 GeV, A

[+MET, &=-1, SI DM=100 GeV, A
[+MET, &=-1, SD DM=100 GeV, A

ﬁ
— dijets, A+ LL/RR
— dijets, A- LL/RR
dimuons, A+ LLIM
— : dimuons, A- LLIM
e ! single e, A HnCM
— : single y, A HnCM
inclusive jets, A+

1 2 3 4

inclusive jets, A-

Excited

FermIOﬂS ADD (yy), nED=4, MS

ADD (ee,uy), nED=4, MS
ADD (j+MET), nED=4, MD
ADD (y+MET), nED=4, MD
QBH, nED=4, MD=4 TeV
NR BH, nED=4, MD=4 TeV
Jet Extinction Scale
String Scale (jj)

Multijet

Resonances

CMS Exotica Physics Group Summary — January, 2014
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Long-Lived
Particles

Compositeness

Large Extra
Dimensions

CMS Preliminary
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Beyond Two Generations (B2G) Results |

CMS Searches for New Physics Beyond Two Generations (B2G)
95% CL Exclusions (TeV)

T'(5/3)(dilep,ss) g, (combined)

T'—tZ(combined) :
Vector-like T' £1(1.2%)(combined) 38 T Resonances

T'—tH(combined)

g, (semilep)

T'—=bW(combined)
Z'(1.2%)(semilep)
B'—bZ(multilep)

B'—>bH(multilep) S g, (all-had)

B'—tW(multilep)

Z'(1.2%)(all-had)

B'—>bZ(dilep)

W'(lep)
tb Resonances

Vector-like B'

B'—bZ(semilep)

t*(dilep)
B'—bH(semilep)

Excited tops

B'—tW(semilep) t*(semilep)

EEEEEEN ENEEEEEN T I I I
0 0.5 1 156 2 25 3 35 4 45 5 0 05 1 156 2 25 3 35 4 45 5

J. Antonelli La Thuile 2014 20 Feb. 28




