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Last piece of the SM: Higgs boson
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Hierarchy problem

+ Why is Mu ~ 10? GeV so much less than My ~ 1018 GeV?

arXiv: hep-ph/9709356

fermion loop corrections
dominated by top loops

f SM2(H) ~ A2 A2

Q At ~ fermion coupling
A: cutoft scale

H

- Higgs mass 1s quadratically sensitive to new physics between Mu-
Mp

» Cancelation of divergent terms suggest new physics at the TeV
scale

Physics

Carnegie Mellon University




Dark Matter

- Astrophysical evidence for neutral, non-luminous matter

+ Multiple lines of independent evidence
arXiv: 1001.1739

I | I | ] I | I | l | | I !

150_ — &t ; ‘- .
. NGC 6503 : AN
=100 I palo -3
n e | & i
E arXiv: hep-ph/0404175 - i |
~ 50 - o
disk B . ] g ‘
- Gravitational lensing
-' . 1 | 1 | I 1 | | | | | 1 | |
% 10 20 30

. Radius (k.pc)
Galactic rotational curves

« DM: not understood 1n the context of the standard model

Physics

Carnegie Mellon University




Supersymmetry

SUPERSYMMETRY m% t%fom

Provides a neutral,
weakly interacting DM

/ candidate

f

o e %

e u T

g\ A Supersymmetry:
Quarks @ Levons @ rorce particies Squarks W) Steptonz P SUSY force .
Standard particles SUSY particles fermlOn @bOSOn

credit: CERN

» Since we do not observe superpartners
near SM particle masses, supersymmetry
must be a broken symmetry

/> | € Supersymmetric
Ph ¥ 1CS k "shadow" particl
= 6 credit: CERN

Carnegie Mellon University



Supersymmetry: solution to the hierarchy problem

+ Supersymmetry introduces a scalar partner that cancels
divergent terms

OM?2(H) ~ -AsA?
» A scalar partner S cancels

corrections to SM?(H) . As ~ scalar coupling
( \ A: cutoft scale

+ For a (natural)125 GeV Higgs there must be TeV scale
supersymmetry

=+ top squarks, Higgsinos and gluinos are the lightest
Physics candidates

Carnegie Mellon University
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Nevents = O ZLe s -

Backgrounds at the LHC

proton - (anti)proton cross sections

< =10%*cm2s!
Vs =8 TeV gives 36 pb-!/hr

Backgrou Cross section

nd =6 (ph) Events/hr

QCD 107 4x108
""" W+ets | 1x105 | 4x105
Drell-Yan|  4x10¢ 1x106
tbar | 250 o 9xI0
WW(Z.Z) 56(33) 2(1)x10°
"""""" Top |
squark 0.08 3
(500 GeV) 5

A =Acceptance

Need handles to reduce \
backgrounds

ZL = Lummosﬂy

¢ = efficiency |

2

10

1 I' 1 1 L] T Il | L] L L] LI ) ll
arXiv:0812.2341
G101
Tevatron LHC
—
Oy
jet (7 A _
Gjet(ET] > vs/20)
OW -.;:" "
o (E/" > 100 GeV) <
y Tig o /
Cpioes(M,=120 GeV) /N
200 GeV
500 GeV
ll 1 L ALl lll i ' L Al lll
0.1 1 10

Vs (TeV)

-1

events / sec for £= 10" cm™s



Handles for LHC backgrounds

Sample Feynman diagrams contributing to each process

QCD: multyjet events
Identifiers: jets

- Wjets: multijet events, leptons and
neutrinos (jets) from W decay

UO1N03S SSOIJ SUISBAIOIP

Identifiers: one lepton, ET

9 » Drell-Yan: two leptons (neutrinos)
(quarks) from Z decay

7@ « [dentifiers: two lepton resonance

et q
o - TTbar: Two b jets, two W’s
L - Identifiers: b jets, leptons from W'’s, jets

yVur Vi, q° 9


http://arxiv.org/abs/1207.1069
http://arxiv.org/abs/0803.0901
http://arxiv.org/abs/1301.6872
http://arxiv.org/abs/1405.7662

Simplified decay chains at the LHC

LPCC SUSY o WG

| | 10 T T T T T T T T T T T T
—é —5105 §
— B - O

— - .
?2 1§ —=10*
- - 'YV >
7)) ~ . ﬁ
p 107 1
o = =10 é
(@F B -
B 102 N &
SN 107 =
— - E é
Z. 107 N o
5 =10 % . . —
E AN . Lightest supersymmetric particle (LSP)

10 200 400 600 800 1000 1200 1400 1600

SUSY sparticle mass [GeV]

+ Common characteristics
- Assume single dominant decay mode for SUSY particles
 missing transverse energy from LSP )70
+ Typically involve X + Efs®
Physics « Jets, leptons, photons

10
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The Compact Muon Solenoid

Om m m im am 5m 6m /m
Key: <\
Muon .
Electron | ~\\ Overall diameter:15.0 m
Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron) i Length 28 7m
""" Photon LA * *

Weight: 14 kT
Magnetic field: 3.8 T
pLOS:

nsverse slic
through CMS

- Particle flow combine information from all subdetectors
for object reconstruction: muons, charged and neutral
hadrons

Physics
L‘g/'v/ 11

Carnegie Mellon University



http://en.wikipedia.org/wiki/Compact_Muon_Solenoid

miss

Classic search: jets and Et

CMS, L=19.51fb", Vs=
3=Ny,, =5, H_>500 GeV, A >200 GeV

8 TeV

Jets
-'U_') 5 B I I I | I I I | I I I | I I I | T T ]
o 10°=(a) ¢ Data Bl Witt(e/u+v)+jets =
Lﬁ - B Z(vv)+ets B ocD .
104 = Witt(t T, gtV)Hets — pp—adg, geqq E
US-13-012 -~ pp-T5~0
10° e pp—3g, sﬁqclo -~
— Pp—0a, a—dx, ]
107 M(gluino) = 1.1 TeV =
M(squark) =700 GeV7
10 N
3
& 1
=
O PO A
R P st RN
Dc.t-s -0.5~ | Sy |$ =
cD"B' 200 400 600 800 1 000

r [GeV]

Physics

Carnegie Mellon University
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HAr = |ﬁT| = | = Yets P1|. HT = Lijets PT

General, inclusive signature

Sensitive to a broad range
of SUSY decays

My, = 911 GeV.
H; = 1982 GeV

- CMS Experiment at LHC, CERN

| Data recorded: Fri Jun 15 02:48:37 2012 CEST
—\| Run/Event: 196349 /43041508
—r— { Lumi section: 71

Jet p; 893 GeV

Jet pr 989 GeV

Jet p; 100 GeV

E,miss = 936 GeV




LSP mass [GeV]

Where we are now: end of Run 1

0-g production, g—tt ';Z?

~ o~ . ~Y ~0
d-q production, g—q,

F | T T T ‘ T T T ‘ T T T ‘ T "OT T ‘ T T T 7 ;‘ 900 L | T T ‘ T T T ‘ T T T ‘ ‘ T T T ]
imi —— 5US-13-012 0- - 3] - .. :

900-CMS Preliminary 232 :jg::g|:p2(vlsT+r(|Tng.f1f:3fb_1: 8  ECMS Preliminary ]
L - | ] -14- +1+2-lep (razor) 19. ] » 800 P
800 I\EI-T E8PT29\‘,| —— SUS-13-007 1-lep (n,_ = 6) 19.3 76" ] 2 Vs =8 TeV = SUS-13-012 (H_+ W) 195"
CIor Observcgl 4 = SUS-13-016 2-lep (OS+b) 19.7 fb" nE_ 200 ;'CH EP 2014 — SUS-12:028 (o) 1.7 10" e

- .. Ob d -1 oSUSY = SUS-13-013 2-lep (SS+b) 195 fb" - 5 - _ ]
700 co__. Ex::cr:‘t,:d Fineory . == SUS-13-008 3-lep (31+b) 19.5fb" | - | — Observed SUS-13-019 (M_,) 19.5 b ]
C . 1 600 } - Observed -1 Oiiify {
600 - g ] - Expected .
500 - = 500 =
400 755 3 400E E
/ g : N C ]
300 o8 | . 300 -
2001 " é 200 {
100 : - 100 -
0 1. Y I ] 0 | [T I IR R

|
800 1000 1200 1400
squark mass [GeV]

| |
1400 1600
gluino mass [GeV]

i
600 800 1000 120

+  Where 1s new physics?

LSP mass [GeV]

Tt production, Tt ;2? /c 5‘(?

700 7| T 1T ‘ T 1T ‘ T 1T ‘ T 1T ‘ T 1T ‘ T 1T ‘ T 1T T L
- CMS Preliminary — Observed i
600 /e — ]
B \/g =8 TeV -~ - Expected ]
"ICHEP 2014 ]
500 SUS-13-011 1-lep (MVA) 19.5 fb™ _]
[ = SUS-14-011 0-lep + 1-lep + 2-lep (Razor) 19.3 fb™ a
- = SUS-14-011 0-lep (Razor) + 1-lep (MVA) 19.3 fb™ i
400 |- — SUS-13-009 (monojet stop) 19.7 fb' (T ¢ %) -
| = SUS-13-015 (hadronic stop) 19.4 fb™ _
300 .
200 =
100/ /.7 -
0 y 1 1 J_A_l';"‘ f’ 1 1 ‘ . ‘ L 111 ‘ 1| | ‘ -\ 1ol : ‘ :\ LA | \7
100 2000 300 400 500 600 700 800

stop mass [GeV]

+  Option 1: msufficient sensitivity because of energy or luminosity

+ Option 2: Not looking in the right place

» Nearly all SUSY searches require substantial ET™

13



miss

How to hide Et

. There are many examples of models that trade EF"™ for
jets

e Compressed spectra: |
- X1~ i g !
coincidental squark-LSP mass )‘ a
: miss T~ .20
degeneracy hides ET , can be q X1
revealed by initial state radiation

q q f f
e Long decay chains: little P / qr / No / f / Ny

pr remains at end of chain. i - -

e Stealth SUSY: mass degeneracy required by symmetry.

e R-parity violation: Wrpv D A LiQ; Dy,

O
Q

Physics

Carnegie Mellon University
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Stealth mechanism

arXiv: 1105.5135, 1201.4875
Fan, Reece, Ruderman

o . Absent or
Mediation ’

suppressed coupling

MSSM (Portal) Stealth
Msysy ~ e MEwk

Physics

Carnegie Mellon University
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Assume usual SUSY
breaking sector with some
mediation to MSSM

Introduce hidden sector S, S

 No coupling to SUSY
breaking sector

+ SUSY approximately
conserved, enforcing mass
degeneracy

+ OM = M('S)-M(s) small




Stealth SUSY

! - Typical squark decay that terminates
______ F%ss1 1n high pr, undetected LSP

qL Xi @‘5\\\0 « Results 1n substantial MET

\ + Allow gaugino to

\ decay to hidden sector
| with mass degenerate

R > | superpartners ( S ,S)

. Low ET™ signature generated naturally from small oM, required
by the fact that SUSY is conserved in the stealth sector

Physics

Carnegie Mellon University
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Stealth SUSY signature

pairproduced - ) a%&fw M(S) = 100 GeV
Jﬂ, 2B SM=10GeV

Assume decay to either
neutralino or chargino

- Signature: 6 jets and WW (yy)

* Analysis targets general set of final states with photons or
leptons, jets and no ET"° requirement

- Current search strategies are insensitive to this model

Physics

Carnegie Mellon University
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Analysis overview

Search separatelfr for WW (yy) decays
Use selections:

- S~

- Electron & muon (ep) - Two photons (yy)
» Dominant background: ttbar + Dominant background: QCD

Selection designed to reduce + Low cross section from QCD

QCD, Wjets, and DY with yy
St: total transverse energy
» Use variables: Njets, ST St = Z;Z’T | zt: pr + Hr
(ontggsj

PhYSiCS STN2Xquuark

Carnegie Mellon University
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Selections and trigger

e YY
* Isolated muon trigger - Isolated diphoton trigger
Oftline selections: .  Offline selection

* Muon pr > 30 GeV . pr(y) > 40 (25) GeV

- Electron pr> 15 GeV

- Jetpr>30 GeV
- 0 b-tagged™ jets

. Jet pr>30 GeV

o | Jets reconstructed using anti-kr
C"mbmé‘}%‘?‘i‘;‘fgg? e talgorithm (R=0.5) from particle
tflow objects

Physics

Carnegie Mellon University
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Overview of top background

+ Dominant SM background: ttbar

» Shape from > 2 b-tag
+ Normalization (0 b-tag) from 2-3 jet

b-tags

Carnegie Mellon University



Top background estimation for eu

- Strategy: apply normalization and Njets shape corrections to MC
samples (MadGraph + Pythia) derived from control samples

19.7 b (8 TeV)
..UE) - CMS > 2 b-tags e,u m
4l ] .
Q1= 5, > 300 Gev oy 07 - Shape control sample with
LL T em I Single t B > 2 b
= Drell-Y -
10 = e Dirliosoann E — tag
- S. > 700 GeV ey . . .
L r>700 Gev .- M 1 = Three (inclusive) St bins
- S, > 1200 GeV -
10
1 E_ [ ) [ [
- - Jet multiplicity well
o - modeled by MC
Sz g ~_+ Uncertainties from variation
8 T of renormalization/
2345627 ' factorization scales
Physics
— 5

21
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Background estimation for eu analysis

. Sample Leptons I\]jets Nb-jets

» DY contributes to e through “Search et uT >4 0
Top shape ex, ut >2 >2

L—tT Top normalization e*, uT <4 0

o : Drell-Yan ;ui, ut >2 0
Estimate DY from dimuon Non-Prompt eyt >0 0

mass < 130 GeV

 Backgrounds with a non-
prompt lepton: small

- Validate background estimation in 1 b-tag validation control
sample

Physics

Carnegie Mellon University
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Results 0 b-tag: signal region (ep)

19.7 b (8 TeV

N

N r 0 b-t .
e — - ag e,M ]
S ol CMS 1,
10" e Data =
> = ST > 300 GeV [ Single t + tt -
LL] . Drell-Yan N
sl | s [ Diboson B
100 ] Non-prompt =
il 777 AN 3 Systematicunc. o 4
C O\ S, >700 GeV ----- M;=600GeV |
ol 7 ANNN : i B
LA DG g
= ZN\ NN E
- \ % NN S, > 1200 GeV
N SO o
10 N\ 1 - =
— \i\ é@&\i\ N Ej = -
- N AR NN
— AN L ARRRE A — ]
NN el e b
Uy \ NSRS
— N
— NN
- N8
o | moma | | | | Al bl 0 Tt el I
X
T T S —
N~
-icg 1 L SRRRRRAR KK KKKXKKIRKIIKKEL .o G RREEIIIIIIAKL % .............................. J .................
4y} LR i LI { }
a t
23456=7 23456=7 23456:==7
Njets
Physi
23

Carnegie Mellon University

Signal tends to produce events
with many jets

Three St thresholds (300, 700,
1200 GeV) are optimal for all
squark masses

Dominant systematic
uncertainty: statistical
uncertainty on top shape
control sample




Stealth SUSY limits: WW

19.7 fo' (8 TeV)
CMS pp—q4q 3

- Set limits on squark mass o g, ax,
. . . i v —> w= §
+ Combine exclusive jet 10° "1 Expectec -
multiplicity bins (4, 5, 6, >7) e

Bl O * 1o,

» Use the St threshold with

e . 10°F § 1. d. 5. €
best sensitivity :

300 400 500 600 700 800 900
I\/L (GeV)

» Exclude squark masses ~550 GeV

Physics
&9/¥/ 24
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St invariance method: St shape independent of Nijets

Background estimate (yy)

=R A L L L ]
:C) ‘|]c|1 CMS Simulation B
5104 il Js=7Tev  _ ° Validated for:
S p[ 1 & ~ « inclusive QCD events (data &
< L QCD Pythia6  — . :
oll —N=2 __ simulation)
— Nis - . data with 1-y
1 EXO-11-071 § simulation with yy
0| EXO-12-009 -
o ia00 50005000 45065000

S (GeV)

—— + Estimate St shape from low jet multiplicity
Physics

Carnegie Mellon University
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Background estimate (yy)

St invariance method: St shape independent of Nijets

S >4 jets
T4

2 NE

=3 =

G 1

o =i .

s | S 5! Signal

= search

z WG region
oM,

............ .’

Background shape from
jet-multiplicity sideband

St > 1200 GeV

St (GeV)

.

Shape from 3 jet data using fit
- Functional form described 1-y

data and yy simulation

- Normalize with an St sideband (1100-1200 GeV)

Physics

Carnegie Mellon University

20




Results (yy)

. 19.7 o™ (8 TeV) 19.7 o™ (8 TeV)
E 18} CMS 1 > CMS -
o 16 —4- Data, 4 jets - g —4— Data, = 5 jets ]
— 14 — Expected background ] o — Expected background ]
Z Systematic uncertainty = Systematic uncertainty
2 12 \ e M; =900, M, = 450 GeV' — o gl M, =900, M, =450 GeV _
§ ol \ - M, = 900, M =850 GeV' | S k0 M, = 900, M =850 GeV ]
LL o S, S|deband Lﬁ S, S|deband ]
-y used for normalization Shape from fit
6 = . N
; - -~y 10 3 jet data
4}t - f .
: 2—-— o @i AT ]
2 i ] : L Reen |
O Co e .F I l P = O_l I-TI | I [ t . T' jabsl 'ru-'L..-l.:.t.u:
1500 2000 2500 1500 2000 2500 3000
S; (GeV) S. (GeV)

» Systematic uncertainty dominated by normalization region
statistical uncertainty

Physics

Carnegie Mellon University
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Stealth SUSY limaits: yy

19.7 b (8 TeV

N

AN

Set lim: " > - CMS L o
- Set limits on squark mass - PP—>G79,9 — 9% 7S o
. ARATE TS G 12000 - 107M" - 90 eV o
+ Combine 4, >5 jet bins < | NLO+ NLL exclusior 1020
and all St bins in 1000 - Obs. imit = 1, | E
interpretation B limits 10, T
800 | ©
- Exclude squark masses : 102
- I SR,
1050 GeV 600 |
400/- _
200L g it
... K le TR R :; Lo o
T : § “ E’; 200 400 600 800 1O(I)\(/)L1 280 1\;100
Photon/jet overlap 5 (GeV)
Physics
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R-parity violation
arX1v: 0406039
Wgrpy = —)\ka L Ek -+ )\ k:L QJDk + = )\ k:U D. Dk

(AL AB) = (1,0) (AL,AB) = (1,0) (AL AB) = (0,1)

lepton number violating baryon number violating

(| = left-handed lepton doublet E = right-handed lepton singlet
Q = left-handed quark doublet U,D = right-handed quark singlet
I, j, k = generation indices A\, A\ = RPV couplings

- Allow SUSY particles to
decay directly to two SM
particles

. Generator of low- 'S
signatures

Evans, Kats, arXiv:1209.0764
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Example higgsino mediated top squark decay

Evans, Kats, arXiv: 1209.0764 q

S

Any lepton flavor

» Both top squark and Higgsino should be light

» Allow R-parity violation in decay chain

J
» 1: lepton generation index q

* 1,k: quark generation index -

Physics . N g

Carnegie Mellon University




Example higgsino mediated top squark decay

- Search using 7z completed EXO-12-032

EXO-12-032

19.7 b7 (8 TeV)
oYL L L B L B B
S [CMS — 0, XxB%, B=100% 3
Q of — Observed limit ) * Njets > (21 b'tag)
> -- - Expected limit : :
; W Ewected 1o, - One leptonic 7, one hadronic
1§ Expected+20,, 3

* e(W)7h

*  Sensitivity from St of events

~
~
-~
— ~
~
~
~
~

= ~

= ~

— -~

- ~

- s

~
~\

-
~ iy .
~--~
-----

1025—

-3IIlllllllIllllllllllllllllll
10500~ 300 400 500 600 700

M (GeV)

Physics
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Example higgsino mediated top squark decay

» First (second) generation LQ analyses give some sensitivity
Require ee (uu), at least two jets
© M(LL), M(4), St

» Dedicated search optimized for this

Private Work 8 TeV A1z (np)
= L —— LQ Selection decay
% — LQD Selection
.§ —— Theory ¢ Njets 2 5, 2 1 b'tag
ol re-interpretation: . EIrPiSS <100 GeV

EXO-12-041

. M(L0) > 130 GeV

St optimized for each mass point

Projection for analysis

0’k with Niew 25 Improve sensitivity by a factor of
R e g, 2-3 improvement
Physics
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Projections for 13 TeV

arXiv: 1307.7135, Snowmass report

CMS Preliminary

Snowmass2013SUS

4 Lyl 1 1 I 1 I'vl\' 1 LI LI I LI 1 I 1 LI 1 I 1 LI I L L LI | LI LI I LU ]

—~ 10 A | = % C ppoity, ?J—>t7¢° 8 TeV, 20 fb' 7
fe) 3 600 1 1 .

o 3 Factor of ~10 —_ 'Q'g' 14 TeV . O, - 1-leptonchannel = =emeee 14 TeV, 300 fb" (scenario A) ]

~ . ’ — o - - -13- - === 14TeV, 300 fb' io B)

B 10 increase from - 0. 8 TeV = 2.3 B Bas:ed on SUS .13 011 e (scenario B)

ag, e S € 500 |- Estimated 5c discovery reach —

1 02 g_“‘ 8 tO 14 TGV — Tﬁ;*’ 5151* , 14 TeV‘; B //&ﬁ',"//&\x"’ _- e \\ .

= o ~r e Y . —_ /Q "0 } . .’ » __

10 E ‘\‘ tt, 6b1b1 , 8 TeV ] 400 |- O S ’,/ Y .

= v 3 B N’ \,o" ” \ :

= \‘ Xlx ’ 1 4 TeV = ~ §Jo &':o ’/ i i

1 W8TV o OF T L

- - n . RSN A , v

- = 'O' o P »* A 1 —

1 O 1 E_ _E 200 | ”0 "o " " '.’Q » 1 —

- . B ¢"F o" o" \ :

1 0-2 __ __ - .':’ J;%": e :o"‘ ‘l -

= = =R YRR W 3e -

= = 100 [ 227" 1 —

3 - - ;/:'/,; ,,// P

1 O- B ,o" ‘o I .

E I I I . . I . : a 0 ;,‘:'III/L.' 1 I L1 11 I L1 11 I L1 1 I L1 1 1 I 1 | | :I I 1 1 1 1 I [ II | .| ]

500 1000 1500 200 20 300 400 500 600 700 800 900 1000
m~ [GeV
m [GeV]  [GeV]

* Substantial increase in sensitivity to new physics from &
to 13(14) TeV

Physics

Carnegie Mellon University
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/Snowmass2013SUS

Future directions

» The future direction allow for the possibility that only
one squark 1s light, particularly the top squark

- Strategy:

1. Address as many models as possible standard SUSY
searches with added low Et"™ bins

- SS dileptons, multileptons

2. Design creative analyses for challenging (fun)
decay chains

Physics

Carnegie Mellon University
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14
12
10

o N OB~ O

25

20

15

10

5

0

Same-sign dileptons

CMS \s=8TeV,L =195 fb™

T T T T T
High-pT leptons, RPV0

¢ Data

— 7/ /S

- G [ ] Rare SM processes
— X% ko .

- v 1 |l Charge misID

= 7

- | ¢ 1 [l Non-prompt e/u

’h/ X/ ??;; /??f////// S/

7 //////////'//// [ ] Total bkg uncertainty
= //./ NS K S S S S SN S S

wpltti 7

S PIID VIPIIIIPIID VI ISP IIIIID VPP // %

WL/ /K S S S S S S S S S S S S S S S S S S S SN S S S AN S /S S S s

S SKS S SSSSSSSSSSSSSSSSSSSTS S SSANSSS S S S S

oo/ X S S S S S S S S S A K S

Y X

v/ 77/ ////// /S 997

b/ /S S S S S S S S YS9 9P VIS

CMS Vs =8 TeV, L =195 fb™!

_ T T T ]
C High-p_ leptons, RPV0 1
N T —
/
< ., —
N ¢ Data
= /S S —
i/ [ Rare SM processes ’
L % . ]
i, i I Charge misID N
8 .
< - —
G4 I Non-prompt e/w
P/ A —
4 ~7 Total bk fainty
77777777 s ota g uncertainty _
Sk S SN S S S s
Pl /sl S S NS S S s —
LSS g /S
v/ /77 s 1
- S f/, 4 —
— S S S S S S —
- 7/ SUS-13-013 =
- SN —
SN
- SN —
- N —
/) )/ /

0 1 2 3
Bin of SS analysis (RPVO0):
No MET requirement
Hr > 500 GeV

Z Ne—

b-tags

g g (or bb)

~
G
Un
ol

ttbar background suppressed by
same-sign requirement

SS dileptons background estimation
can be modified to search for low ET™*
events

Dominant backgrounds
» Rare SM backgrounds (ttW, ttZ)

* non-prompt leptons

35



Stealth decays with a dijet resonance

(or bb)
(off shell?) ¢ E w
- Allow the top squark to decay

R
/ directly to stealth singlino

3 S G

» Signature: top quarks with additional jets

+ Could be b jets, but not necessarily

- Challenging signature because of similarity to top quark
background

» Search for (paired) dijet resonance in top events

» Select a sample of top quark events using leptons and

. ) bjets
Physics

Carnegie Mellon University
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Summary

+ Low-EXsS SUSY searches are an important complement to
existing searches

»  We search 1n events that have either two leptons or two
photons plus many jets

»+ Exclude squark masses below 550 GeV for stealth decays
with leptons and 1050 GeV with photons

- Limits on squark masses for stealth models are comparable to
those from models with Et "

» Future direction: top squarks and Higgsino mediated top
squark decays

Physics

Carnegie Mellon University
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Drell-Yan background

- Estimate DY background (~10%) with a data-driven procedure that
accounts for signal contamination

» Fit the dimuon mass distribution (50-130 GeV) in p™p” control
region

+ DY shape from MC
+ Diboson shape from MC

+ Use first order polynomial to describe non-peaking components
(top, and potential signal)

- Floating parameters: DY normalization (Npvy'™), polynomial slope
and normalization

Correct DY MC in search region using R=Npy™"/NpyM¢ for each Njets
bin

Physics

Carnegie Mellon University
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Non-prompt lepton estimate

Signal produces OS dileptons
l:l:

» Use same sign e,u pairs to
estimate contribution from non- ]
prompt leptons ]F

* Subtract background MC from
SS data to estimate non-prompt
contribution to OS signal region

- Cartoon of sample event
with non-prompt leptons

Physics

Carnegie Mellon University
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Signal efficiency

Sample efficiency for 600 GeV squark
» The nominal branching fraction for W(W)—e(p) is

approximately 2%

*  Most significant efficiency reduction comes from
isolation
Selection Efficiency [%]
N]ets >4, St >300 99.03 4 0.05
1 loose u, 1 loose electron, no isolation 1.70 = 0.06

1 loose u, 1 loose electron, loose isolation ~ 1.10 £ 0.05
1 tight u, 1 tight electron, tight isolation 0.96 = 0.05
Veto additional loose leptons 0.96 = 0.05
0 b-tagged jets 0.83 = 0.04

Physics

Carnegie Mellon University
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No MET handle on stealth

Missing Energy
arXiv: 1105.5135 + Mass splitting between S and
04 dm=1,5,10,20 GeV<

S controls MET

 As mass splitting goes down,

|
gl bino LSP

F S MET goes down
L Stealth SUSY has a variety
TN of signatures:
Al h b jets, gauge bosons, but...
MET [(S}ZV]IOO o no MET!
Physics -

Carnegie Mellon University



RPV top squark decays

A Mk, 1=3 {—
. . q
+ Top squark — {(e,}),(1.]),(7,0) } q

- Limits from leptoquark searches EXO—12-041(O42)
(032) CMS Prehmmary F : 8'TeV‘“ﬁ”19_7fb"

- Direct decay by LQD operator N

Ne)

LQLQ—>m1u .
+ Selections =
BN —mzd:sm"fux:’.m i
+ Two same flavor leptons ee (pp) 5 b N\ oLt |
= N\ EX 20 3
- At least two jets %0y N
- Selections on kinematic variables 10°
. 10“;
- M(LL), M(Ly), St .
10350200 500 'eoo' T 500 B0 ton 1100 200
M, (GeV)
ML equivalent to
Physics M(top squark)
43
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Higgsino mediated top squark decay

Evans, Kats, arXiv: 1209.0764 q ° AHOW t()p Squark {o decay

b // i to Higgsino

i 7 ,
_____ A > T states by RPV
- Third generation LQ search (z,b) EX0-12-032 N
oYL L L L B B
-CMS — 0. XB%2 B= A
- Two same flavor leptons (77) o f O 7 BT
i e) — Observed limit
. . & 1% -~ Expected limit E
+ Implemented search region with Niets A
Z (2) 5 1? Expected+20,,,
»+ Many jets increase sensitivity to TN N
Higgsino mediated decays S -
1025—
Physfcs 10556506 —206 500500705~

a4 M, (GeV)

Carnegie Mellon University




Indirect Iimits

WO T wa o wvw o

Limits assume single coupling dominates and M=100 GeV.

a—h gources of constraint: charged current universality, 7 BRs, v, mass

v-less double 3 decay, D — D° mixing, Z, pion, DT BRs, etc.
* assume CKM mixing is due to absolute mixing of up-type quarks

" 20 bound Dreiner, arXiv:hep-ph/9707435
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St 1nvariance method: inclusive QCD events

Rl IR I I y
2, ‘|]E|.‘ CMS Simulation : .
Pl s=7Tev | * Used in search for black holes to
i corme estimate QCD background in all
10l —N yg - hadronic events
—NZ5 1« Alsoused to estimate QCD
10° | i events with photons in SUSY
| EXO-11-071 1 searchat 7 TeV (SUS-12-014 )
ot EXO-12-009 -
S o0s ™ 4008 a0 o 500s
S, (GeV)
Physics

46

Carnegie Mellon University



St 1nvariance with y or yy

p (8 TeV)
o - 19.7 it (8 TeV) L CMS
= —a— CMS - c } — = ]
C B ] > Simulation, = 2y
> B o —— Data, 1y 7 >1 0'1 == v =
107" & — o : —— :
g — £ I Y :
0 — L . |
< 102 ’ = 102 = - E
- ) - —e-Z2]els ]
o - = 3jets ; :
- 4 jets I 4 jetS
10'3:——V—25jet8 — =5 jets |
o | o 10 e e e e e
n F _,‘L) - .
o . E R { ----------------- =
i) 1 e S E i) e e s— — ’ ................... —
_ﬁj " 1500 2000 2500 3000 *Z.’i 1500 2000 2500 3000
= S; (GeV) = S; (GeV)
Region Niets St (GeV)
» St shapes do not depend on Search >4 >1200
N St sideband >4 1100-1200
jets Niets sideband =3 >1100

Physics

Carnegie Mellon University
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Stealth SUSY limuts: 13 TeV projections

- Backgrounds increase by 19.7 fb™ (8 TeV)

> [ cms 1 2
a factor of two © | ppdd, g =7 S N =
o S.1200[ m = 100, M_ = 90 GeV N 2
° lelts based on 10 fb'l Ecix’ - NLO + NLL exclusion - <1020
-~ — Obs. limit Y 1 - =
10001 ..... Obs. limit = 10, i N
+ Photons: [ — Exp. limit W\ - g
. . I Exp. limit = 10, 4 ] -
- Signal efficiency ~30% 800 . 103
L - (o)
» Exclusion improved to 6001 SRR
~1300 GeV l 1 ]
4001 .
- Leptons: ; 1
- Signal efficiency 2% 0008
L. 200 400 600 800 100012001400
- Exclusion limit M, (GeV)
improved to ~900 GeV ..
» Projection for 13 TeV
Physics
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CMS Experiment at LHC, CERN CMS CMS Experiment at LHC, CERN CMS.

Data recorded: Sun Nov 25 03:04:12 2012 CDT | \ Data recorded: Sun Nov 25 03:04:12 2012 CDT " N\
Run/Event: 207905 / 1162442586 AN Run/Event: 207905/ 1162442586 ™~
Lumi section: 871 e Lumi section: 871 ~ e

Muon pr = 34 GeV 4 =

=

Electron fO7

/1O




Compressed spectra example

+ Small mass splitting
+ e.g. M(1) - M(t) ~ 5-10 GeV
» Can recover some MET by

requiring a hard ISR jet to
boost the undetected LSP

- For top squark decays, can
utilize the fact that there are
spin correlations for pair
produced top quarks but not
top squarks

Theory paper, arXiv:1205:5808

Physics

Carnegie Mellon University
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Jets

- Reconstructed jets from quark (gluon) events

Run : 138919
Event : 32253996

Run : 138919
Event : 32253996

Jet 1 Pr: 585 GeV

ﬁﬁh
% 1 S -f‘""---}- - o jetl P‘r: 585 Gev
-4 ,“ - ..: = ..//
"2 Jet 2 Pp: 557 GeV =N r’
- e Ny
n 9% o ﬂ
£, o ) Jet 2 Pt : 557 GeV 7
2 S — =
'ﬁ‘ 3
atl 2
0
-2 ‘p

- Jets reconstructed from particle flow objects

» Anti-kr clustering, radius parameter R=0.5

Physics

Carnegie Mellon University
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b jets

arXiv: 1211.4462

CMS Preliminary, 19.8 fb™ at \s = 8 TeV

Identify jets from b quarks g B cpiting
@3 c quark

I uds quark or gluon

Separate using track impact
parameter and secondary
vertex information

tt enriched sample
(eu + =2 jets)

Combined secondary Q 1S } -------------------------------------------------------------
nldty -
vertex (CSV) discriminant L — S -

Nb. of secondary vertices
CMS Preliminary, 19.8 fb" at (s = 8 TeV

Multjet sample . _ Data - Efficiency: 70% (b quarks), 20% (c),

(jet p_>60 GeV/c) B b quark

[ b from gluon splitting 0
@ c quark
[ ] uc?s quark or gluon 1 A) Udsg

CMS prelim., 20 fb'j at 1'{; =8 TeV

Y
w

S
©

.

Good data/MC agreement

RERIRERY Y

LtIL) - T CSVM T T T T T T B
o : \ -
9 o Clwenedawsse  BTV-]3-001 =
& - —— fit £ (stat @ syst) E
E 11— ] SFb Moriond —]
@ =
S 11— N
© \ AN » AN A N A
o ‘k 1 b Bt o ‘ﬁ D ’ b - > N N N\

N 3 = S RS N N \ \k

N
O.BE

. ; | | | | | | | I I llll |
0 01 02 03 04 05 06 07 08 09 1 07 o L T

CSV discriminator Jetp_[GeVic]




The pileup challenge

Extreme Run 1 event
with ~ 70 yertices!

: bun.ch Integrated
Year pileup Spacing luminosity
(ns)
2010 2 36 pb
2011 | 510 = 50-75
2012 | 20-30 |
Run2 | ~50  50(25) 300 fb

- Object 1dentification must be robust for high pileup events

Physics

Carnegie Mellon University

Compact Muon Solenoid
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nd

exotic matter

force particles

electro-weak

symmetry breaking
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0.08
0.06

H1
ZEUS

< O o b

DO inclusive jets
DO angular correlation

CMS incl. jets : aS(MZ)

CMS R,,

CMS ft cross section
CMS inclusive jets
CMS 3-Jet mass

=0.1 185+O.0063

2.4M 1.27G - . -
charge T
color charge (r,g or b) @
mass (eV) s
spin o
up  charm g
g
— — 0
/ - (1]
4.8M 104M 42G ' >
) <]
d ‘ ;
w N | —
0
p - 2
S o = ®
down strange ; e 8
& / g
" 4 3
— [~]
’ (]
0.511M 105.7M [ \ 2
a
e ’a
=2
Q
S | %
electron uon =
N S
<22 <0.17M 80.4G 91.2G
\’e '\’u
e-neutrino H-neutrino
12 fermions (+12 anti-matter 5 bosons (+1 opposite charged W)
r Ess
~ T T T T T T

-0.0042

10

10°

outside of

standard model
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Inclusive tt cross section [pb]

—_
o

Production Cross Section, o [pb]

1 T T T T T T T T T T T T T T T T T I T T T T | T T 1 T ] T T T | g
— ¥Y¢ Tevatron combined* 1.96 TeV (L=8.8 f5") i -
~ m ATLAS dilepton 7 TeV (L=4.6 fb') ATLAS+CMS Preliminary Sep 2014 3
| @ CMS dilepton 7 TeV (L=2.3 fb") _
| O ATLAS l+jets* 7 TeV (L=0.7 fb) TOPLHCWG
| O CMSlsets 7 TeV (L=2.3 ")

B ATLAS dilepton 8 TeV (L=20.3 fb’)

® CMS dilepton 8 TeV (L=5.3 fb)
—%* LHC combined eu* 8 TeV (L=5.3-20.3 fo) —]
— O ATLAS l+jets* 8 TeV (L=5.8 fb") " ' ]
— O CMS l+jets* 8 TeV (L=2.8 fis") I :
— * Preliminary 250 B 77

200F .
=== NNLO+NNLL (pp) 150 o1

——— NNLO+NNLL (p9)
Czakon, Fiedler, Mitov,
m  =172.5 GeV, PDF

I 1
11 1 11 1 1 1

7

8
PRL 110 (2013) 252004

@ o, uncertainties according to PDF4LHC
| I | 11 1 | 11 1 | 11 1 1

s 2 & 3 3§
|T| ||.|.!.|.|!T|....|...|..|.|.|.|.|T|...J..!.!JJJ.ﬂ]....|..|..|.!!!!T|....l..l..l.l.llq....l..!.l

—

—
Q

4 5

6 7 8 9

\s [TeV]

Comparison of measurements

and theory predictions

Feb 2015

ol o

¢ 7 TeV CMS measurement (L < 5.0 fb™)
$ 8 TeV CMS measurement (L = 19.6 fb™)
— 7 TeV Theory prediction

— 8 TeV Theory prediction
Z CMS 95%CL limit

IW |21j|22j|23j|24j

All results at: http://cern.ch/go/pN;j7

I, |a1j|32j|23j |a4j|Wy lZy llewzlzzl’,\”;_’l'EWle\(l o | 1j |2j l 3 llmhllW l llty Lz lgngggl_TlVHlltHl
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'W qqll
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http://www.isgtw.org/sites/default/files/Standard_model_infographic.png

The Compact Muon Solenoid

CMS DETECTOR STEEL RETURN YOKE
. . 12,500 tonnes SILICON TRACKERS
Overall diameter:15.0 m y Pixel (100x150 ym) ~16m” ~66M channels
L en gth 2 8 7m Microstrips (80x180 pm) ~200m? ~9.6M channels
Weight: 14 kT SUPERCONDUCTING SOLENOID
Magnetlc ﬁ e 1 d 3 8 T . Niobium titanium coil carrying ~18,000A

S

e/ MUON CHAMBERS
" — Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)

~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL

Brass + Plastic scintillator ~7,000 channels
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https://cms-docdb.cern.ch/cgi-bin/PublicDocDB/RetrieveFile?docid=11514&version=1&filename=cms_120918_03.png
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Detector performance with particle flow
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Production Cross Section, o [pb]

SM measurement summary

Feb 2015 - CMS Preliminary.

¢ 7 TeV CMS measurement (L < 5.0 fb™)

¢ 8 TeV CMS measurement (L < 19.6 fb™)
— 7 TeV Theory prediction

— 8 TeV Theory prediction
Z CMS 95%CL limit
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Multileptons (N¢=3, >4)

\/§=8TeV,det=19.5fb'1
, 82822203%1 4 Onsened - Use final states with many
. ot opons leptons (N¢)
- T . E . SUS-13-002(003)
1—_ - -jvzv — + Low SM backgrounds:
L | - tW(2), WZ, ZZ

0-300 300-600 600-1000  1000-1500 >1500 ST (GeV) . tt (DY) With a third
misidentified lepton

{+ Ne=3,n07’s - Known background
estimation procedures that

can be extended to low-
MET bins

i+ No MET requirement
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Gaugino branching fractions
arXiv: 1103.6083
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Unification of couplings
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