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New physics at the TeV scale?

A Higgs boson has been discovered

oIf new physics has something to do with making
the Higgs light, we expect it at the TeV scale...

eSUSY
—Naturalness: gluino, 3™ gen. squark(s), y*x° < ~1 TeV

eExtra dimensions (UED, ADD, RS)
—TeV-scale objects from KK excitations

eToday, results from five searches
-One with 12 fb1, four with ~20 fbl @ 8 TeV
—-Two SUSY hadronic searches with b-jets + MET
-Dijet (Z’, Gkk) and dilepton (Z') resonances
—-Lepton + MET final state (W'ssm, Wkk, CI)

CMS (s=7TeV,L=51fb"\s=8TeV,L=53fb"
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Inclusive search with ar GV PAS-SUS-12-028

eHadronic final state: =2 jets with missing transverse energy
—Events categorised according to Hr (>275 GeV), Njet (2-3, =4), and Nb-jet (0,1,2,3,=4)

eNegligible QCD due to at variable Dijet Multijet
—Robust, discovery-orientated, for LHC start-up .
—-Use jets only (eg, use Hr as estimator of MET) KT = E = 1 1 — (AHr/Hy)
/ XT MT 2 \/] — HT/HT)

eMain backgrounds: tt, W+jets, Z(—vv)+jets
—Data yields in 3 (kinematically-similar) control samples + transfer factors (ratios) from MC
—-Background systematic uncertainties (10-30%) from multiple closure tests in data
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ot direct/gluino-mediated production of b

eData compatible with bkgd.-only hypothesis in all event categories
eLimits with simplified models: individual topologies, kinematics depend on masses
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Direct production
of bottom squarks
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ar: direct production of t (and

other models)

eNo observed exclusion for direct t production
—-Expect to exclude [320,500] for misp = 50 GeV
-Yet to update to full 20 fb! and parked data

e Currently, interpretations in 6 simplified models

Ny NJ

—-Direct / gluino-mediated pair-production of a', b, t

eExpected limits improve w.r.t. 7 TeV by ~200 GeV

Observed (expected) limits on
parent sparticle and LSP masses

Model Mparent MLsp
sé Dp _’55* — qqx°y° 775 (850) 325 (350)
é’g pp — ENb* — bbyy° 600 (675) 200 (250)
. pp — tt* — ttyOy° - (520) - (100)
53 | PP~ 99~ qaqaqx’s® 950 (1050) 450 (550)
§§ op — §9 — bbbby%¥® 1125 (1200) 650 (700)

pp — gg — tttty0y° 950 (1075) 325 (375)
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Multiple b-jets + MET search  [cws-rassus-12.02

eTarget gluino-mediated pair-production of b or t squarks T A A ;
~hadronic final state: >3 jets, >1 b-jets + MET =
—Candidate events categorised by Hr, MET, and Nbp-jet

B W+jets |
[l Single top—
[ [elein; ]
[]Z+jets
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Events / bin
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eEvent selection
-Trigger based on Ht and MET (g€ > 90%)
—-Physics objects from particle flow algorithm
-Veto events with isolated leptons and single tracks
~Jets: pT > 50 GeV (2" jet: pT > 70 GeV), |n| < 2.4 — -
-Ht > 500 GeV, MET > 125 GeV
-A@™" > 0.4 to suppress QCD

10%E

Data/MC

[ i
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; M Single top—
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L [ Z+ets
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o

eBackgrounds estimated from data control samples

-tt, top, W+jets:  e/p+jets sample (low Mr, to suppress signal) 10

—-QCD multijets: invert A@™" requirement

-Z—vVv + jets: use Zee and Zup samples T
—Kinematically-similar control samples, binned identically to SR % 2

—Estimate: 3D shape from data + normalisation + MC scale factors | _________
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Result of fit with SM-only hypothesis

eBinned likelihood fit performed simultaneously over
all Hr, MET, Nbp-jet bins in signal and control regions
eNo significant excess in data
Events with Np.jet 2 3

CMS Preliminary, L _=19.4fb", {s =8 TeV
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Gluino-mediated production of t or b

eLimit of mgiuino >1200 (1025) GeV at low misp for 4b (4t) final state

N

m cp (GeV

CMS Preliminary, 19.4 fb™, Vs =8 TeV
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Dijet resonance search CMS-PAS-EX0-12-059

eMany models predict existence of new massive objects that couple to g or g
-Study dijet mass spectrum to look for narrow resonances on falling background

eHigh-level (software) trigger
—Loose jet requirements at L1
—Use particle flow to reconstruct jets
-Anti-kt (AR = 0.5), pt > 40 GeV, |n| < 2.5
-Ht > 650 GeV or mjj > 750 GeV (g€ ~100%)

CMS Experiment at LHC, CERN
Data recorded: Fri Oct § 12:29:33 2012 CEST  ,
Run/Event: 204541 [ 52508234
Lumi section: 32

CMS,

» O

e Event reconstruction
—Cluster with anti-kr algo with AR = 0.5
-Jets: pt > 30 GeV, |n| < 2.5, ID requirements
-Jet energy scale corrections (eg, pileup effects)

eEvent selection

-"Wide jets” (reduce sensitivity to gluon radiation)
—Add FSR jets to nearest of 2 leading jets (AR = 1.1)

—-|An;jj| < 1.4 (suppress QCD t-channel contributions)
-mj; > 890 GeV

Event with highest
mijj (5.15 TeV)
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Dijet mass spectrum

eFit to data using following 4-parameter function:
9 9P dr  Py(1—x)P

—Allows for smooth variations but not localised excesses =
dmjj xP2+P31In (x)

eData well described by the fit, no statistically significant outliers

= 30.65 (35 d.o.f.) x = m;/+/s
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Model limits

eDominant systematic uncertainties on signal, propagated through to m;i:
—-Jet energy scale (~1.5%) and resolution (~10%), lumi (4.4%)
—Variations of background parameters from best-fit values

e Model-independent cross-section upper limit on generic qq, qg, and gg final states
—-Upper limit compared to various models to derive mass limits

N 104 :I | T T | T T | T T | T T | T T T T | T T | T T | T T | |:
- - CHETE strin .
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o & E¢ Diquark (D) qq [1.20,4.75]
n 10 3| | Axigluon (A)/Coloron (C) qd [1.20,3.60] + [3.90,4.08]
a3 % NG _ Color Octet Scalar (s8) gg 1.20,2.79]
O ¢ W’ Boson (W’) qq 1.20,2.29]
© 102 oswcLuppertimit N7 T Sy . Z’ Boson (Z') qq 1.20,1.68
~ —e— Gluon-Gluon Y., MaTO98Ses0 3 . ~ - .
104L —o QuarkGivon % N RS Graviton (G) qg+gg 1.20,1.58]
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Z' dilepton resonance CMS-PAS-EX0-12.06

eStudy dilepton mass spectrum to look for Z’ resonance Mee resolution from MC
—Peak on top of Drell-Yan continuum 2 T e M Preiminary, 5 TeV, 195 15"
Qﬁi:: . +4-DY —ee

m2 m

eEvent selection
—Two isolated leptons: ee or p*tu~

N =152.636 = 28.164
S =14.764 + 1.948
C=1.754 + 0.017

-me > 300 GeV : b —
~Axg (Z' 1 TeV) = ~0.77 (u), ~0.64 (e) ""séo"'ao'oo'"as'oo""go'oo'"ast)o"'agn'oge)'[;g;]oo

. . . _ _ i Data/MC ID efficiencies from T&P
e epton identification, challenging at high energies

—Require high efficiency/purity over 35 GeV — 1 TeV
—Track pT resolution worsens, pileup effects, etc...
—-ID is optimised for high-energy regime

CMS Preliminary, /s = 8 TeV,fL dt=19.6 fb"
— T I I T T T

—_

Efficiency

o
©

o
©

——oveo

—e— DATA(BG subtracted)

:

eChecks on MC modelling of ID in me« ~ mz control region
—-ID eff. corrected to data (also for 200 < mg < 300)
—Electron energy scale validated against data
—Mee resolution is corrected to data at Z peak

o
o

A0 O
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Ba C kg Foun d S e*u* mass spectrum (MC validation)

eBackground shapes taken from MC (except fakes) %102 oS Prlminary 8 TeV, 191" J
~Relative contributions defined by onio £ 10 SISO
-Total normalised to data in m«z ~ mz sideband 1 . E

10" E
eIrreducible Drell-Yan background dominates 10° -
-2-20% systematic (o, PDF) R B oo e

Jets background (validation)

ePrompt lepton pairs: tt, tW, diboson, Z—tt (~10%)

~Estimated from MC _ CMSPrelminay 8TeV 196t

_ _ _ _ [0 barrel-endcap —e— DATA -

—MC validation in e*py* control sample O 10°F [ jets (data) E

o = [ wtjet ]

—-7% systematic (ott) N mwjet h

-UE) : B (i + other prompt leptons 3

g 3:_ [ ly/Z—e'e _:

e Jets faking electrons: V+jets, multijets (<5%) ”“0§ { pass + 1 fail

—Negligible effect for muons 10°8 E

—-Fake rate FR(pTt,n) measured in e+jets sample 10k .

-FR/(1-FR) applied twice to ee events (both fail ID) : L

1E 3

-40% systematic uncertainty
—-Validation in ee events with (1 pass / 1 fail) 1075200 400 600 800 100012001400160018002000

m(ee) [GeV]
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Dilepton mass distributions

eConsider three event cateqgories: pu, ee (barrel-barrel), ee (barrel-endcap)
eNo significant deviations from background estimate
eData/MC agreement over many orders of magnitude

MM mass spectrum (Combined) ee mass spectrum

> 10° - — T s > 10°g™ o ] 5
(D) = . -1 — () - .. -1 3
0] 5 CMS Preliminary, 8 TeV, 20.6 fo© 0] 5 CMS Preliminary, 8 TeV, 19.6 fb~
> 10°¢ —e— DATA E > 10°¢ —e— DATA E
£ 10°s [ v/z—uw'y E £ 10°F [ viz—e'e E
o 10° 3 , tw, ww, Wz, 2Z,vt = o 10° 3 , tw, ww, Wz, ZZ,wt =
102 [ ] jets (data) Ef 102 [ ] jets (data) Ef
10 = 10 =
1 E 1E E
10-1= . E; 10_1;5 E;
102 = 102 I, E
10°F ”” H - 10°F H -
10-4 E Lo | ] ] I N | " ] 10 4 E Lo | ] ] ] ] ] Loy | ]

70 100 200 300 400 1000 2000 70 100 200 300 400 1000 2000
m(uw) [GeV] m(ee) [GeV]
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Limits on Z' mass

eUpper limit on oxAxe for Z’ relative to SM Z: . o(pp = Z' + X — 60+ X)
—Many systematic uncertainties cancel " olpp 2 Z+X U+ X)

-Axe (3-6%), background shape (2-20%)

e Mass limits:
-SM-like couplings: Mz, ssm > 2.96 TeV
-Superstring-inspired: mz,y > 2.6 TeV

CMS Preliminary

Combined limit for
HH, ee (EE), ee (EB)

I

I IIIIII|
| 1 IIIIII|

IIIII|

3

Robert Bainbridge  “Search for Physics beyond the Standard Model at CMS”  XXVII Rencontres de Physique de la Vallée d’Aoste  La Thuile, 29th February 2013 15



LeptOn + ETmiSS (W/ — [V) CMS-PAS-EX0-12-060

e ook for Jacobian peak on falling Mt distribution:

—Et™Miss estimator from particle flow Mg = \/2 : P'gr . Emiss . (1 — cos Ay,

eLepton (e,u) identification Electron channel
—-IDs optimised for high-energy regime >1o7;M§rr?"'m'in?r|y' T |f'L'dt'=2'°fr-1' '@TSIT%V
~Muons: pt > 45 GeV, |n| < 2.1, Apt/pt < 0.3 8106?:x:zzzz(:3v.w e 3
—Electrons: Er > 100 GeV, |n| < 2.5 K10°E W snoe e Joeor E
~Lepton isolation corrected for PU effects %102 B B
5122 : IDY->rc leoson E

000.0.0‘
B
1 syst uncer.
R
0.0 0.0‘

eEvent selection
—-Exactly 1 isolated electron or muon ’
-0.4 < pt/ET™ss < 1.5, A@ey > 0.8n 10"
-Mt > 300 GeV 10°
-Axg = ~0.67-0.75 for W masses of 1.0-2.5 TeV 10°

500 1000 1500 2000 | 2500

eDominant backgrounds G 10— MT[GGVE
—Off-peak high-Mr tail from SM W decays s gg E
—Contributions from tt, single top, DY E géwwqwmwwm- ......................... E

- 500 1000 1500 2000 2500
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Result for lepton+MET search

eBackground prediction given by MC £(My) a
: : .y : T) =
~Fit to MC with empirical function: (M3 + bMrt +¢)?
e Systematic uncertainties Muon channel
_ CMS Preliminary fLdt=20fb" Vs=8TeV
—Electron E and muon p scale and resolution > oF T T
- . i 8 —— W' — u v M=2500 GeV IW—wv IQCD
—EtMSS scale and resolution also considered 10°
_Lum|n05|ty ;105 W' — v M=500 GeV Itf+singletop|]W—>w
: =10? . e
~All propagated to Mt spectrum and refit §1° - >
. . . . 10° |
~Similar considerations for signal shapes '-”102 [owoson - cta
1 O I syst uncer.
eNo significant deviation from bkgd expectation i
10
My >1.0TeV Mt >15TeV Mt > 2.0TeV 2
Muon channel 10
Data 33 3 1 10_3 AAAAA
SM background 26155 2.27+0€2 0.33107° =
W, My =25TeV 47433 35143 20+48 500 1000 1500 2000 2500
W, My = 3TeV 99712 74713 51572, M, [GeV
Electron channel O 10E : =
Data 21 1 1 % 8E E
SM background 25100 1.98910-088 0.22370:0%2 T 2 3 4 E
W, My = 25TeV 49+11 381992 237571 o oE et E
/ _ +0.24 +0.2 +0.16 © Steathaaiik i el L R R =
W, My =31V 1052 7727019 >80t ¢ 95500 1000 1500 2000 2500
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Limits for SSM W’

eW’'ssm: heavy copy of SM W, with SM-like BF and decay modes: benchmark model
—-Decay to tb considered in decay width, BF(¢&v) ~8%
-Assume no interference with SM W

eExclude W'ssm with masses below 3.20 TeV (e) and 3.15 TeV ()
eCombining the channels gives mwssm > 3.35 TeV (c.f. 2.5 TeV for 5 fb'! @ 7 TeV)

Electron channel Muon channel
. 94MS| plrtleliminary, 20 fb, 2012, (s =8 TeV . 9!\"3. plrelliminary, 20 fb', 2012, Vs =8 TeV
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Lepton+MET search: further interpretations

e W’ with non-zero LH coupling leads to interference with SM W

—Destructive (constructive) with same- (opposite-) sign coupling to fermions (quarks)
-m > 3.10 (3.60) TeV for SSMS (SSMO)

e Split UED
—-Second Kaluza-Klein excitation (W?kk): m > 1.7 (3.7) TeV for y = 0.05 (10) TeV

e Four-fermion contact interaction (Helicity-non-conserving model)
-Binding energy scale A of 13.0 (10.9) TeV in the electron (muon) channel

Split UED (combined channels) Cl (electron channel) Cl (muon channel)
CMS preliminary, 20 fb”, 2012, (s=8 TeV 1o+ CMS preliminary, 20 fb”, 2012, \'s =8 TeV 1ot CMS preliminary, 20 fb", 2012, \'s =8 TeV
o) ERL T Observed 95% CL limit a FToT T Lo a F T Lo
é L I Observed 957% GL limit W' — ev é § Observed 95% CL limit H-E' - Observed 95% CL limit
P — — — Observed 95% CL limit W' — uv N Expected 95% CL limit N Expected 95% CL limit
oM 10* TR WA W Expected 95% CL limit m - m -
X = i K -‘,\ I Expected 95% CL limit+ 10 X I:I Expected 95% CLlimitz 10 X I:I Expected 95% CLlimitz 10
C % % | [ Expected95% CLlimit=20 103 0 L 103 o o
o) C LY ot ! NNLO 2 ] [ | Expected 95% CL limit=2 0o 2 ] [ | Expected 95% CL limit= 2o
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Summary

e Analyses shown demonstrate sensitivity to TeV-scale objects

eHowever, new physics beyond the standard model has yet to appear

eThere is still much to be learned from the 8 TeV dataset (plus parked data)

eSeveral preliminary results based on full 8 TeV dataset already available

—https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS
—https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO
—https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G (BSM via top)

eMany more new results to arrive in the next few weeks

eHowever, the LHC is a 14 TeV machine...
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The real fun begins in 2015...
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Backup slides



SUSY search strategies and naturalness

eFocus in 2010-11 was on model-independent, signature-based searches (0¢, 1¢, ...)
—Data-driven methods for background estimation (now, appropriately, more reliant on MC)

e/ TeV data disfavour constrained models (eg, CMSSM), so turn to natural SUSY?
—Minimal spectrum required: gluino + t + LSP = final states rich in b-jets

eNew focus (and huge effort) on analyses targeting specific models
—-eg, several new dedicated searches to maximise sensitivity to direct'f:’production
—-Alternatively, add b-jet identification to existing inclusive analyses (two examples today)
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SUSY summary for 7 TeV dataset

fb\s =7 TeV
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Dijet resonance:

limits for gq, qg, gg
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Multi b-jets + MET: background estimation

—-tt, single top, W+jets
-Invert e/p veto
-Mt < 150 GeV (suppress signal)

-QCD multijets
—Invert Ap™n" cut

, control sample
-Z(—vv) + jets
-Two leptons within Z mass window
—-Loose b-tag requirements

Robert Bainbridge
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Event sample legend
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Multiple b-jets + MET: example distributions

e Plots for illustration only (MC only used for scale factor corrections)

e All distributions for Np-jet = 3

Signal region Single lepton control region Low A@ control region
(tt, single top, W+jets) (QCD multijets)
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High m« events

CMS Experiment at LHC, CERN

Event with highest mee (1.78 TeV)

Data recorded: Sun Jul 15 03:34:01 2012 CEST

Run/Event: 198969 / 1188478742

Lumi section: 1021

‘Electron 1, |
pt = 881.11
eta=0.372
phi = 2.929
\
y
A 4\ 1 |

Electron 0,

pt = 882.81
eta=0.611

phi = -0.207

Event with highest my, (1.82 TeV)

CMS Experiment at LHC, CERN

Data recorded: Sun Jul 22 06:02:46 2012 GMT-4
Run/Event: 199409 / 676990060

Lumi section: 553

Compact Muon Solenoid

Muon 0,
pt = 897.88
eta=0.518
phi = 1.095

Muon 1, - /\\_

pt = 882.75
eta = 0.988
phi = -2.065
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signal shapes
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