Non-SUSY searches including Dark Matter
at the LHC

Cristina Biino - INFN Torino mf,?
(_Torino

LCWS2015

November 2-6,2015
Whistler BC Cénada :

s ;
L TRIUMF

2 EXPERIMENT B



Outline

— -

Exotic searches by ATLAS and CMS at LHC(")

 Resonance searches
— Di-jets
— Di-leptons
— Di-photons
— Di-bosons
 X+MET and Dark Matter searches
— Mono X (where X is a single jet, photon, W, Z, ...)

(*) This talk covers only a selection of results
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ATLAS and CMS detectors at the LHC
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Two general purpose detectors, designed to search for the Higgs Boson
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ATLAS

EXPERIMENT

Run Number: 276731, Event Number: 876578955

Date: 2015-08-22 07:43:18 CEST

Lumi section: 347
Dijet Mass : 5.4 TeV

CMS Experiment at LHC, CERN
Data recorded: Sun Jul 12 01:52:51 2015 CDT
Run/Event: 251562 / 310157776

Jet 0,
pt =262 TeV
eta = 0.357

phi = 0.346

. - . _
P Jet 1,
K pt = 2.55 TeV

eta = -0.160
phi=-2885

CMS¢|
[ A =0 |
ATLAS-CONF-2015-042 )

The highest-mass, central

dijet event. The invariant EX015001
mass is 6.9 TeV

Display of the event
with the highest o=

eta =-0.160

CMS-PhysicsResults R

periment at LHC, CERN

Data recorded: Sun Jul 12 01:52:51 2015 CDT

Run/Event: 251562 / 310157776

di-wide-jet mass (5.4 TeV}*** ‘P
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Di-j
Signature =2 classical bump search in dijet mass spectrum, sensitive to
any resonance coupling to quarks/gluons

— data driven, background parametrised by smooth function
Powerful = generic search, many interpretations, high mass reach

Simple

CMS: Phys. Rev. D 91, 052009 (2015)

ATLAS: Phys Rev. D 91, 052007 (2015)

197fb‘ (8TeV)

# 10 — 10 Illll I L I L ll LI I L ll |||||||||||||||
% o ATLAS 1 1 0 b tags
2 . Y5=8 TeV, J' L dt=20.3 fb + Data
£ 10 :

E 10° < 10?2

= [«}]
1 ‘v'gr (D ! i i =
§ 10" Data ‘Qe, -é_ 102 Wide jets (R=1.1)
&, 10° — Fit \E; 10 | ; nl <25 & |an] < 1.3
b o g*, m=0.6TeV 5 f b 8Ty Z(22TeV)
e g, m=2.0TeV g 10 <N
10 g, m=35TeV 10 " ‘i‘“’ ToV)

1 ol D . = - [ =

£ 1 N 7

"E ol 080 --’K’o 10

g E 10 | N

2 = K] 2: i :
o = S é
3 B = 7 :?"'"f'"”"'"T—'; -
- e “E E
03 0405 1 z 3 45 7000 2000 3000 2000 5000

LCWS2015

Reconstructed m, [TeV]

Resonance searches

Dijet mass (GeV)

C. Biino




Di-jets results

ATLAS: Phys. Rev. D 91, 052007 (2015)
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CMS: Phys. Rev. D 91, 052009 (2015)

19.7 fb™ (8 TeV)
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Limits are interpreted as resonances (string, excited quarks, scalar
diquarks, W’, Z’, RS graviton) and quantum black holes.
Resonances with masses 2-5 TeV excluded depending on model.
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Di-jets at 13 TeV
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The parton luminosity ratio
increases rapidly at high
masses. At 13 TeV, with a
much smaller integrated
luminosity, we have the

same sensitivity as at 8 TeV
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Di- IeRtons events at 13 TeV
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CMS Experiment at LHC, CERN

Data recorded: Sat Aug 22 04:13:48 2015 CEST
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e Traditional tool to search for narrow resonances using leptons (mainly e, u but also T)
* Low background (DY) and good mass resolution

19.7 b (8 TeV)
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ATLAS: Phys. Rev. D 90, 052005 (2015) CMS: JHEP 04 025 (2015)
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Di-leptons at 13 TeV
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Good agreement between data and total background expectation in whole mass range
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Di-leptons
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Typical mass limits 2.5-3 TeV depending on model.
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Di Rhotons events
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Di-photons
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* Sensitive to spin-2 (RS graviton) or spin-0 (heavy Higgs) resonances

* Clean topology with well understood SM yy background (Higgs
searches)

* The photon reconstruction and ID at high energies is challenging

ATLAS: Phys. Rev. D 92, 032004 CMS: PAS EXO-12-045 and 048
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Di-photons

Y

ATLAS: Phys. Rev. D 92, 032004 CMS: Pas EXO-12-045 and 048
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Observed limits (TeV) Limits on RS graviton mass 1-2.7 TeV
(sensitivity similar to di-lepton)
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W/ wW/Z

Z/H/H

W/Z/H
W/Z/H

Search for resonance decaying to pairs of W, Z, H

o

Challenging topology: at resonance masses above 1 TeV the decay products of
bosons overlap due to strong boost = needs dedicated techniques to handle
boosted topologies of final states
Main models used as benchmark in Runl analysis: Extended Gauge Model, bulk
Randall-Sundrum model , Minimal Walking Technicolor, Heavy Vector Triplet (HVT)
@, ,--.‘q 1
*@C'ﬁ@‘ boosted X single
fat jet
GeV  2Tev 80GeV > 1) :
ATLAS arXiv: 1506.00962 o 0.4 e
S | CMS — - g/g MADGRAPH+PYTHIA
> 0.22F L ' ' ' ' ' = o | Simulation —t>Wb—dqb
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8o 162— - Pythia QCD dijet —i < S Z-qq
g 014 Ay l<1.2 E 0.2
£ 012 i< 2 E I
g o1 162 <m, <1.98 TeV r
0.08F {y>0.45 4 - AT A
0.06F- £ 0.1 R A
0.04 57 4 I AR A
0028 Pprl Ll jE: i A A S
0 —""605 01 015 02 025 03 035 CMS arXiv: 1506.01443 % 50 100 150 200
m, [TeV] Jet mass m, (GeV)
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Ogse,(PP — X) [Pb]
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19.7 b7 (8 TeV)

T T ] I.... LI ] T T 1 ] T T T T T"7

CMS Preliminary

| X = WZ = lli (EXO-12-025)
e X = WV — qaqq (EXO-12-024)

T e X = WV > vgq (EXO-13-009)
—— X = WZ - qqll (EXO-13-009)

I mumin X — WH — vbb (EXO-14-010)

- —— X - VH - qqut (EXO-13-007)

X — VH — qgbb,6q (EXO-14-009)

"m0 (Pp = X )0ny(Pp = X Mo pp = X))

X=x/X",v=w/z

HVT Model B (g, =3)
L BR(X—W2) = BR(X—WH)
~ BR(X—=WW) = BR(X—ZH)

T R T

Resonance mass [TeV]

CMSPublic/PhysicsResultsEX014010

6,,x B(Z— HZ) (pb)
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CMS: arXiv 1506.01443
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b Bullet cluster Gravitational lensing

Observed IGAIFQOrINIIQl 1T IO

\ /@ Mass densit

N
//\ Ca ; contours
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105 ly

Galaxy rotation curves

OOV N aYdeldlaY i alal .Yl

Planck 2013: DM vs luminous matter from o
CMB'anisotropy measurements >

Fritz Zwicky

'Vé‘ra Cooper Rubin
and Kent Ford




Content gf gniverse

coufeUsf JINGL.26 The only properties that
have been gathered from
4% the cosmological data are
- that it is abundant, stable,
= cold, neutral and interacts

very weakly with ordinary
baryonic matter.

3%

So far no non-gravitational
interactions of dark matter
‘ - 23% have been found.

E Ordinary Matter
Nothing in the SM

. Dark Matter of elementary
particle physics
. Dark Energy fits the profile.

LCWS2015 ~ X+MET and Dark Matter searches



Particle probes of Dark Matter (DM)

™ AR A e L. 2 Y Y. ol _— F— A 4 DA PN PO

Indirect detection

O <

3 X

Q .

= SM particles DM particles
(@)

S X

Collider searches
>

* The DM particles interact so
weakly that they are expected
to pass through the detector
components without any signi-
ficant interaction, making them
effectly invisible

* One way to see DM particles
nonetherless is to look for
“missing momentum” and
additional SM radiation

The common theme of searches
for DM is that all methods are de-
termined by how the DM particles
interact with the SM.

Search for DM at the LHC

Visible radiation

X )

SM particles > Missing

momentum

X _J

Search for a particle recoiling against DM
* MET and a photon, jet, W, Z, Higgs,...




DM — mono-jet events
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.| CMS Experiment at LHC, CERN
C § Data recorded: Fri Oct 5 20:41:32 2012 CEST
§| Run/Event: 204553 / 26729384

g Lumi section: 31

\ ] . Event displays for
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* Lepton veto
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DM — mono-photon search

e W | VYU B E a QIIA'AII 2 Yol e BB o1 B |

* Large E;™s with one central high-p; photon well separated from

ETmiss
* Lepton veto
* Main background: Z (vv) + vy and Wy/Zy with lost leptons

ATLAS: Phys. Rev. D 91, 012008 (2015),

19 6 fb (8 TeV)

CMS arXiv:1410.8812 Phys. Rev. D 92, 059903 (2015)
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DM — General EFT & Simplified model

Y aVWe Nl

- ve Field Hypothesis, for a given effective operator:
ﬁe;;‘;’:sr - B O‘tr<<|V|med=|v|='=(gqu)1/2
4 Less free parameters:

SM_ X * M. effective energy scale

q
* M, Dark Matter mass
9q gy Compute the excluded M.:
o M*exclude= M*generated (O-theo/o-excluded)l/Zp
_ x where p is the power of (1/M.) in the EFT
! Lagrangian

More free parameters:
* M,andg.g,

* Mediator type M, .4 and width I ., (g,8,) Mmed
Compute excluded M. as a function of M, : Yq Ix

» forgivenM, andI': M.=M_, (g.8,)"? B
* EFT region starts from M__.>5TeV q A

Explicit mediator such as a Z’-like vector :> simplified Model
q SM X
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* No excess is found. All measurements are
consistent with SM
e Extract limits for different EFT operators
using most sensitive signal region in each
case
—==227 e EFT validity truncation
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DM — mono-photon search results

tance order of fb (or less)
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Conclusions

CoOlIcinNn?2inl?

Search for new physics beyond the
SM, SUSY and non-SUSY is one of

the motivations for the LHC
experiments

In Runl ATLAS and CMS collected .

20 fb! of data at 8 TeV

Many exotic searches have been
performed by ATLAS and CMS

A large phase space covered
searching for possible new final
states and testing many models

No evidence for new exotic physics

Many mass limits above TeV
A few anomalies observed to be
followed...

LCWS2015

Run2 in on going, expect to collect
~100 fb! of data at 13 TeV

With the increase in energy of
Run2 new physics can be just
around the corner.

Will surpass soon the Runl
sensitivity in most exotic searches

Hope something exotic may pop
up soon (instead of upper limits)!

Conclusions

C. Biino



Thank you

For a list of ATLAS & CMS exotic results:
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G
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“Only a selection of the available mass limits on new states or phenomena is shown.
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Runl vs Run2 sensitivity

* Parton luminosity ratio increase rapidly at high masses
» With much smaller integrated luminosity than Runl — 13 TeV data same sensitivity as 8

TeV
5
W) 52013
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http://www.hep.ph.ic.ac.uk/~wstirlin/plots/plots.html http://collider-reach.web.cern.ch/collider-reach/

*  From parton luminosity ratio — present dataset @13 TeV more sensitive than Run 1 for
masses > 5 TeV

LHC results C. Biino



Outline
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Exotic searches by ATLAS and CMS at LHC")

 Resonance searches
— Di-jets
— Di-leptons
— Di-photons
— Di-bosons
 X+MET and Dark Matter searches
— Mono X (where X is a single jet, photon, W, Z, ...)

* Long-lived searches

— Displaced photon/lepton/jets ; Delayed photons; Stopped
particles; Disappearing tracks ; Heavy stable charged
particles; ........

(*) This talk covers only a selection of results

LCWS2015 Outline C. Biino



