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 Search for Supersymmetry
» The Dark Matter connection
e Summary



Physics case for new High Energy Ma

Understand the mechanism Electroweak Symmetry Breaking

- Discover physics beyond the Standard Model
Reminder: The Standard Model

o M
- tells us how but not why ° \W“”
3 flavour families? Mass spectra? Hierarchy? 4 5
- needs fine tuning of parameters to level of 10-30! 5
- has no connection with gravity / > -
- no unification of the forces at high energy o000
Most popular extensions since 2000 e
. MSSM
= SU persym metl'y > 0 CL'« World Average
- Extra space dimensions .
Many other ideas: More symmetry and gauge bosons, 2T N\

L-R symmetry, quark & lepton substructure, Little Higgs models, »
Technicolor, Hidden Valleys, 4t generation... 0

Higgsless models disfavoured these days © -




2012: A Milestone In Part

Observation of a Higgs Particle at the LHC, after about 40 years
of experimental searches to find it
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The Higgs particle was the last missing particle in the Standard Model
and possibly our portal to physics Beyond the Standard Model
R 2020 B



Searches for New Physics

Important SM parameter — stability of EW vacuum Precise measurements

150 PR == arXiv:1205.6497
hsabiy e of the top quark and
e R T e first measurements of the
3 1m6F y 1 arXiv:1403.6535 Higgs mass
; Meta=stability: - -  1~‘2~3'0"' -
= | A We also know that:
e Universe content
} i0 Stability | . visible matter 5%
B0 122 124 126 128 130 13 v, |

Higgs pole mass M;, in GeV

. dark matter 27% ,
New Physics inevitable?
But at which scale/energy?

E)vt F/Lm: J_s ﬁﬁm/'/

k_ N. Arkani- Hamed

dark energy 68%




A Higgs @ 125 GeV

A malicious choice!

MSSM at the weak scale I"I
|

Strumia
80 90 100 110 120 T 130 140

The Higgs:
so simple yet so unnatural

: : Stockholm Nobel Symposium
Guido Altarelli May 2013

1941-2015
' “We do not understand why the mass of the Higgs is 125 GeV

It most likely tells us something on what is Beyond the Standard Model” |

= 2




New Physics”

- New Gauge Bosons?  gypersymmetry ZZ/WW resonances?

v CMs

Technicolor?
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Little Higgs?

Hidden Valleys?
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What stabelizes the Higgs Mass? Many ideas, not all viable any more
A large variety of possible signals. We have to be ready for that



Beyond the SM S

= Many extensions of the SM have been w Tjet+MET

developed over the p u jets + MET

i} a 1lepton + MET
= Supersymmetry —_

Same-sign di-lepton

|
a Extra-Dimensions N S _ a Dilepton resonance
. “&_\‘-},f = Diphoton resonance
= Technicolor(s) ..“‘m:& N . Diphoton + MET
m Little Hi ‘1‘-‘}\' T a Multileptons
Ittle RIggs<. R
No Hi h‘&/ a Lepton-jet resonance
= NOHIgYOS e . s Lepton-photon resonance
s GUT \ A3 = Gamma-jet resonance
: = X Dib
= Hidden Valley ~<\ ‘{" A o ZLJE;" resonance
2 m
= Leptoquarks ‘\;&&? a W/Z+Gamma resonance
= Compositeness 'N\ = Top-antitop resonance
th ] VoL - a Slow-moving particles
m 4 generatlon (t, b) a Long-lived particles
= LRSM, heavy neutrino = Top-antiiop production
a Lepton-Jets
m efc... a Microscopic blackholes
a Dijet resonance
a eic..

tion onlv)




Beware of “Discoveries’: Exa

r N - '
EVIDENCE FOR A MASSIVE STATE IN THE RADIATIVE DECAYS OF THE UPSILON Parton distributions!
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L 10~ [AM, =25 GeV ] Excess in inclusive jet

Is the X(8.31 GeV) the o770 HI3  analysis in 1995
Higgs particle? A lot of 0 ¢ .. ......3 Substructure?
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Excess of events at high Q2 in ep DIS at HERA, mainly in H1: in 1996
7 events found with an electron-quark mass of ~200 GeV, expected ~1 event
*4 events found with expected 2 events in ZEUS Leptoquarks?

excitement summer 1984
A




Searches for Physics
Beyond the Standard Model

We understand the Standard Model at 7 & 8 TeV from the
Standard Model measurements made, as reported before

Ready to search for physics BEYOND THE STANDARD MODEL




Searches for BSM Physi

* First Searches at the LHC (2010-2012)
— Supersymmetry with MET plus jets, lepton(s), photons

— Extra Dimensions and black holes, heavy resonances (in
electrons, muons, taus, jets), leptoguarks, excited
leptons and quarks, 4™ generation, a few very exotic
sighatures (R-hadrons)...

* Evolved Searches (2013-...)

— Supersymmetry on third generation squarks, compressed
spectra, stealth SUSY, EWKIinos, VBF processes...

— Higgs in decays or as study object, vector-like quarks,
boosted objects, long lived particles, fractional charges...

— More dedicated Dark Matter searches!
 We are now facing a restart of the machine at 13/14 TeV...
Back to the basics or do we change paradigm?




Reminder: Increased

The increase is a consequence of the steeply falling parton distributions!
The parton luminosity increases strongly for given Mx with /s !

Cross section ratios: 14 (13) TeV / 8 TeV

ttH

stop pair (0.7 TeV)
stop pair (0.9 TeV)
gluino pair (1.5 TeV)
gluino pair (2.5 TeV)
Z' SSM (3 TeV)

Q* (4 Tev)

QBH (6 TeY)

11 (for 13 TeV / 8 TeV: 8.4)
16 (for 13 TeV / 8 TeV: 12)
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Search for Large Extra Iﬁ

Mono-jet final state +Missing E; (ADD)

pr jet > 110 GeV
MET > 200 GeV

i T
graviton,.”

e
MET

Limits on M,

arXiv:1408.3583

between Lower limit on the Planck Scale
3 and 4 TeV versus number of extra dimensions
> 95 CMS | o e I .
CMS E 8 ® oCLémsts (LO)B TeV, 197 1" -
s =8TeV L T s — CMS (LO) 7 TeV, 50" ]
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Quantum Black Hol

o Schwarzschild radius | Landsberg, Dimopoulos, Giddings, Tho

. 2 M
4-d|m., Ivlgravity= IVIPIanck : Rs ~ M2 C?H Rs — << 1035m
PI
- _ . R~ L Mgy o R¢ > ~ 1019m
4 + n'dlm., Mgravity_ MD NTEV. S M M S
D D ™ ppe—

Since Mp is low, tiny black holes

of Mgy ~ TeV can be produced if
partons ij with Vs;; = Mgy pass at a
distance smaller than Rqg

3-brans

« Large partonic cross-section : o (ij > BH) ~ n Rg . TRINAN
s (pp — BH) is in the range of 1 nb—1 fb Evaporates in 102" sec
e.g. For Mp~1 TeV and n=3, produce 1 event/second at the LHC

« Black holes decay immediately by Hawking radiation (democratic evaporation)
-- large multiplicity
-- small missing E |expected signature (quite spectacular ...) |

-- jets/leptons ~ 5




Search for Micro Black

ses-omession — Extra Dimensions! 2015 12 jet event with S;5.4 TeV
’/Graviton ¢ |

)
% Planck scale
: £ § a few TeV?

CMS Experiment at LHC, CERN
Data recorded: Mon Sep 28 08:09:43 2015 CEST

L S Run/Event: 257645 / 1610868539
pAS_EXO_ 1 5_007 2.2 (13 TeV) 221" (13 TeV)
> FambEp e T 1T 7 77T T T T T T T o e T T T T T T T T T
’0_)105 CMé Preliminary —— Datawithlrr?ultiplicity 28 = ) L CMS Pre"minary BlackMax: non-rotating BH |
Look for the decay producs 5., e ] - Ol
. ~ ----MD=4TeV.M::=6Tern=6 E ° — - Expecied Median
of an evapora’[mg black hole 25 L P I I Expected 1o )
0 “ - Mp=4TeV,M,, =8TeV,n=6 5 3 Expected 20
| PR = 2
n
o

1Define S; to be the scalar
sum of all high p; objects
found in the event
JLook for deviations

at high S;

llIIJ

(Data - Fit)/Fit

| |
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- o -
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Black hole mass excluded in range below ~8-9 TeV depending on assumptions
_ R



E.g. Di

Plot the di-lepton
Invariant mass

A peak!!
A new particle!!
A discovery!!

EventzS0 SeVio 1 '
>, &

I-lepton R

Run-I “expectation”
L,»ww
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‘ Example : The Di-lepton chunnell\‘
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(Rnndall Sundrum)




2011: Z’ Bosontoeeo

SU(3)o x SU(2), x U(1)y. Extension of the symmetry?
New Gauge bosons?

Mid 2012

CMS [hep-ex 1206.1849] ee(5.0fb ")+u*u (5.3

* Many new models have Z-like narrow - 10*
resonances decaying to dileptons

oo
=8 05% C.L. limit

§

[
;
§

095% expected
* Interesting features in dilepton spectra

— around 2c each for CMS & ATLAS in e+

— similar in scale to 2011 Higgs excess

Worth watching in 2012’s 8 TeV data... 10°
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New Gauge Bosons

CMS Preliminary

8 TeV, ee (19.6 fb'™"), p*u’(20.6 o)

¥ 10

10° E

10°

107 &

median expected

I 68% expected
95% expected
Z'SSM

Zy

—— 95% CL limit

100

Tevatron limits (approx. 1 TeV)
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2012 data — 2.9 TeV limit
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Fast increase in limits (1 TeV — 3 TeV) in short period of time

Early 2013

CMS

H 1

reliminary, 20 fb', 2012, |s=8 TeV
Observed 95% CL limit
Observed 95% CL limit W' — ev
Observed 95% CL limit W' — uv
Expected 95% CL limit
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PDF uncertainty
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W, Z" Limits from 2012 data
are around 3 TeV




Events / GeV

New Gauge Bosons: 13 TeV

P
EX0-15-005 W, Z" Limits from 2015 data ~3.2-3.5 TeV
261" (13 TeV) - /Event /LS: 254833 / 1268846022/ 846
10° W T " cMs
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Di-jet Resonances

Jets of particles
emerge after a high
energy parton-parton
scattering

The highest mass Di-jet event recorded so far‘

Di-jet invariant mass = 6.14 TeV (R=1.1 jets)

‘cms, |

Run-I1

= |

S/

e
Pyt «* Jet 1 ]
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4 z e 197
Jodor
SB Ry 23N
- ql‘..‘ * 4
*, #‘;‘»»;_Q 7.‘

N .
7 b
,S g o~ \
4 f\
- .'
Jet 0 ;, »
pt= 3.04 TeV
eta = 0.059
m\s.

In this event
_>I more than 45%
of the full
proton-proton
energy
ends up in jets
-




Run-I Di-jet Sear
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* Search for dijet resonance in smoothly falling mass spectrum

— leading jet mass mj > 0.9-1 TeV from trigger and other constraints  gagma rmarsae 5% oo Li;m MV
Expectod  Observed

— Background estimated from smooth functional fit qé—rqg ggg ;g

_ P W s o 251 245

arXiv:1501.04198 de Po(1—x) Leptophotic W* g’ 198 17

. —_— Leptophilic W™ — g7 1.67 1.66

. - [ Qpu black holes 5.82 582
arXiv:1407.1376 dmy — xPrtPin(x) kbl

BrackMax black holes 5.75 5,75

N (al decays)




Run-II Di-jet Sea

241" (13 TeV)

; - T T T I T T T T I T T T T I T T T T I T T T T I I:
lﬂ_-) 10° - CMS — ¢ Data _;I
—_ L Fit 3
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© 1 3
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Dijet mass [TeV]

2.4 fb! limits from 13 TeV already
surpass the 20 fb-1 limits from 8 TeV
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=10 e
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L L e Excited quark 7
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b N z ]
L ... RS graviton ]
1 2 95% CL upper limits
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CMS 95% CL Exclusions of Dijet Resonances (TeV)
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Are Quarks Elementary Parti

JET 2 ?%, n.14 — —— Rutherford Scattering
* o} - -- QCD
\\16 'g 0.12 L -+ New Physics
: JERAE
008 | %, B
. 0.06 NPT T b T —
J€T1 o Lol ol
2 4 6 8 10 12 14 18
) _ o Xdijc-_ = 9XD(|Y1—V2|}
2617 (13 Tev) .
5 035 — p— Measurement of the production angle
=< 0.3 e = o -
R e of the jet with respect to the beam
S o02f wH=I e = . .
% oase— e (GRW) =9 Tev E -> High Energy Rutherford Experiment
-~ '015,_4____ M, >48TeV e
= o " ]
005 e T_ﬁ ep-ex] O elec1tgon
0.1 42< M; <4.8TeV _f <10' cm
0.05 = e _:, _+_47:¢£ . » 'E_:
01 . ++3j: M”fa.z Tev E proton
0.05F — - E (neutron)
mE_ | ad<m<asTev. E quark
0.05F == E
0.1 o 24< M” ::3.0 TeV = nUC|eus @
0.05- — = ~10"%cm
0.1 E 1.9-< M” <24 TeV _; 10 cm
0.05 E
2 4 6 8 10 12 14 _ 16
X < 5x108 cm

dijet

Quarks remain elementary particles after these first results .



High Mass Search: X 4

News from the 2015 data run in last December!
->Some excitement over and observed excess in both experiments
For a di-photon mass of around 750 GeV

ATLAS-CONF-2015-081 CMS EXO-15-004
> Wgr——T 77— 7T V7 T 1TV 11—
A& ATLAS Preliminary j CMS Preliminary 26" (13 TeV)
3 B & Data g T T T
§ 103|§— ___ Background-only fi E g 1
m’é— E=13TeV, 321" —é g
m.;— —;. -
'E H T
= - E o
B B g 2E
107 | | L | | AT o 4

3AF AF mAF

Statistical fluctuation? A new resonance? See ~ 230 papers on the arXiv since...




This triggered ~ 228 papers

#Run2Seminar and subsequent yy-related arXiv submissions

260

240

A. David: http://jsfiddle.net/adavid/bk2tmc2m/show/ i

220

200
y 14/2/2016
160
140
120
100

80

60

Cumulative number of submissions

40

Papers on the arXiv that are related to the 750 GeV bump
Two of these “appeared” first time before 15/12 ©

20

-20

13 Dec 20 Dec 27 Dec 03 Jan 10 Jan 17 Jan 24 Jan 31 Jan 07 Feb 14 Feb
Date and time of last update (UTC)

: —
More fun on: | https:/indico.cern.ch/event/489481/contribution/37/attachments 1217605/1778943/750gev_v6.pdf
B



http://jsfiddle.net/adavid/bk2tmc2m/show/

Search for a 4th Generation
and Vector-like quarks

We can’t be sure that there are only 3
generations (u,d) (s,c) (b,t)
A possible new generation should be heavy!

Look for b” and t’ quarks




Ath Generation Sear

.
* Rich program for 4th generation
— Ieptuns b’ = tW, (3, 2I) + b-jet
— lepton+jets q', b'" degenerate, Vib=1
— all hadronic o W bels
B' = bZ (100%)
* More challenging modes like top T = 1Z (100%)
+gamma not yet done = bW (100%), jets
t' = bW (100%), I+l

» ttbar resonances across the spectrum

— boosted top technique at high mass  oMsLestlatveszTev
— lepton + jets Q1%
$1%0 = 83.040.7 GeVic?
[j - o ']
& 140

miic = 82.5+0.3 GeVic?

No evidence found for a new quark S
generation for quarks with mass < 550 GeV! £
A 4t generation would also affect the Higgs & e

rate in a substantial way, by a factor 9 or so, .

which is not observed 20

-> However: listen to George Hou... !! % 20 40 60 80 100 120 140 160 180 200
m(W-jet) (GeV/c?)




0% BF(T, Tyq — W'W — FF* + X) (pb)

BR (T — Ht)

Searches for Top/Botto

m color-triplet spin-1/2 fermions; L & R components transform the same
way under weak isospin

\‘g =8TeV

cMS

L; 19.5 fb’ ‘

—e— Observed Limit =
- Expected Limit 3
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ATLAS

ciior ILdt:14.3&20.3fb"
Preliminary

\s=8TeV

Summary results:

Same-Sign |l
ATLAS-CONF-2013-051

Ht+X,Wb+X comb.

ATLAS-CONF-2013-060

ATLAS-CONF-2014-036

02 04 06 08 1
BR (T — Wb)

Zb/t + X |

Status: ICHEP 2014

© Vector-like quarks

Relevant eg in
composite Higgs
models
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Searches for Top/Bottom Partne

I Summary table

Q'—=gW(semilep+M)
T'(5/3)(dilep,ss)
T'—=tZ(semilep+lep)
T'—tH(semilep+lep)
T'—bW/(semilep+lep)
T'—=bW(semilep+M)
T'—=bW(hadronic)
T'—tH(H—=yY)
T'—tH(hadronic)
B'—-bZ(multilep)
B'—bH(multilep)
B'—tW(multilep)
B'—=tW(ss-dilep)
B'—bZ(dilep)
B'—bZ(semilep)
B'—bH(semilep)
B'—tW(semilep)
B'—bH(hadronic)
t+MET,vectorial(had)
t+MET,scalar(had)
ttbar+MET,scalar(dil)

ttbar+MET,scalar(semilep)

But this topic got in the spotlight again with X(750)...

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




Searches with Booste

Discussed in topical “"Boost Workshops”
Last one Chicago 10-14 August 2015
http://boost2015.uchicago.edu/

- Several different techniques to 2220 P Py Tre ez
identify merged jets are on the @ 200 G (15 ToV) o W (e 30000 Herwiges
L 1580 ST Wz b 88100 Pyt 72
market. T 16001 CMS Preliminary (19.8 f)

* N-subjettiness, Tn, uses T21=T2/T1 as a

—s— Untagged data
15 =8 TeV Tt
—— QCD Pythia Z2* CAR=08 ™ ;

discriminant to separate QCD jets from 2% - aconerigu
. 100 / AN g
melrued W/Z iets o /=~
TN = — Z pT,k mi_‘[]_ (&R]_:k, &Rz}ki LI &RN,FE) 60 III,."XI:i:,'/.,.--;;-'-". ‘
dﬂ 4" Il." -"ﬂ}-/ e ",
auoma{cumn 0 Boostad QCD Jat, A=0.6 %f ...i;l AL
22 e s S 2000 L% [EXO-12-024]
A s T 0z 04 08 08
I.T W oe “ QCD JE! Jet t,,
|r . ' 11 .: ] & [
- 18 "o ! s L s - SIGNAL BACKGROUND
14 I‘\ T - ’;' 5 .CF ) Mgy~ My . Mgy -
12 48 ' :E’D GeV ~mg~0
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[Thaler, Tilburg, arXiv:1011.2268]




Resonances Decaying Into

Heavy resonances decaying into gZ or qW, or VV jets only (CMS)
or llgg (ATLAS) using boosted jets and jet substructure analysis

CMS CMS,L=19.7 fb", (s = 8 TeV CMS,L=19.7 fb, /s = 8 TeV g
I Observed I Observed
a 1t [ Expected (68%) —_ 1t [ Expected (68%)
o : Expected (95%) _‘é - Expected (95%) W
L — GRS - WW (Idﬁpl= 0.1) — — Gns - ZZ (klﬁn= 0.1) X
107 N 10
T T W
g o
O 102L O o2l
S 10 o 10 g
x X
o b
-3 | 3|
RN eE N Jets start to merge for
1 1.5 2 2.5 3 1 1.5 2 2.5 3
Resonance mass (TeV) Resonance mass (TeV) X - 700 900 Gev
arXiv:1405.1994 ATLAS
g ~eaAS —e— Observed 95% CL
= Expected 95% CL
I e [ ] + 1o uncertainty

arXiv:1506.00962

[ | + 20 unceirtainty
EGMW', c=1

These type of analyses
will get even more
— important at 13 TeV

_1 .
107794 96 18 2 22 24 26 28 3
my, [TeV]

olpp = W') x BR(W

Excess in WZ of 3.40
(2.5 with LEE)




Diboson Producti

EXO-15-002 =

o (MSlrpised L1878 isz8Tey

* Run 1: CMS ~20 excess near 1.8-2.0 TeV S RUN 1 [
. - T | i i s [PRPUY JUS , SR .

* Repeat search at 13 TeV using most sensitive 2 [ T e ez v [
-, _ %—»“’—tlﬂfr\.ﬁ 1

channels: IvJ, JJ : ) o "

=9 !

* Analysis categorized in dijet mass for 3 Lo\
- sy s & . =) ] . ALY - S, - S El
optimal sensitivity to WW, WZ, ZZ signals TENDRAWT e

+ 13 TeV: no excess observed in the region of R _*
interest near 2 TeV R o '

- More data needed to fully exclude Run 1 excess "0 i i i i
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M; [GeV]

Ge 2 WW (Iv)+))) W’ DWZ (lv)+))) Gg i 2ZZ (1)

222887 (13 TeV . .
™ e m—— g 0 T B AR
g =g e | g [T | ——— j
7 I:L_.. e et aiasn | H T 1 :x:ulsi‘mlh i :;IE 1 ......... | B aspmstotic €1 Eapected < 24

= | : ! : ! ———— o BRIG,  Z) k=05 E|
ga ' § T | WWenze2z ?
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No particular enhancement around 2 TeV in the 2015 data so far!...



Real Exotic Objects!

Spring 2015: many new searches for truly exotic particles, ie
long-lived particles or other unusual signatures




Searches for Unusual P

eavy stable charged particles with unit
narge traversing the detector

eavy stable charged particles with multiple
narge traversing the detectors

eavy stable charge particles with fractional
narge traversing the detector

eavy new particles decaying in the detector

-
C
-
C
-
C
-
-

or before the detector

eavy new particles stuck in the material in
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Look for photons that do not point back to PV
(large |zpca|) or arrive late at calorimeter (large ty).
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L]

& jof| ¥ Dt Ey=> 75 GaV ATLAS |

@ F — DatmE7™ < 20 GaV == 8TaV ]

E [ -—A-1607Vr=025ns , ILdt:EﬂEIh'1 .
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L L 4

L - : 4
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u =

- I i

L | 4

L 111 I L 111 I 11 | -I 111 I 1111 I 1 L1 | | T | I L1111
4 a3 2 - o 1 2 8 4
t, [ns]

Phys. Rev. D 90, 112005 (2014)

107

FTTTAIrT Py aiag

Signal region: 2 photons (Er>50 GeV) &
MET>75 GeV.

2D search in zpca and ty,

Low-MET control region used to model

bkgd.
HEP-PH/0202233; 853 citations!
Set limits on GMSB SPS8 model.

T ATLAS ——— (Obsarved Limit i
B = === Obsarvad Limit +1 i
- __E =8 TeV: [L.di =20.3 1™ —— Expacted Limit Oﬁf.’

[ Expected Limit +1ogg
[ Expected Limit £2 g,y 3
I5 = 7 TeV Observed Limit
------- 15 = 7 TeV Expected Limit i

GMSB SP38

|
100 150 200 250

300
| | | | | | }"ILI:-IIH':I
11 I150I 11 IED,I]I 11 .IEEDI 11 -!S,uﬂ! 11 -!35[]! 11 :1_{]{]' 11 I45|:|I
I I I I l m{fﬂ aev)
11 ISD{}I 11 hml 11 Iﬁ[]ﬂl 11 Iﬁuﬂl 11 I?DIDI 11 IE{}DI 111
m{i‘:} [GeV]




Disappearing tracks

Require high-prisolated track with little energy
deposited in calorimeters (Eco < 10 GeV) and
>3 missing hits in outer layers of tracker.

Signal region

Expected bkgd 14+12
Observation 2
Set limits on AMSB chargino production
+
X 1951 (8 TeV)
E i T T T T T T T T T T T T | T T T T | T T T T ]
N = CMS
1 1:-{1025_ tanp =5, >0
s L C ]
r -
0. % i .
X ; 10 Expected limit =2 o i

Backgrounds from reconstruction failure modes:

* unidentified electrons

* unidentified muons

* hadrons with mismeasured pr

» fake tracks
Estimate backgrounds with tag-and-probe
methods.

JHEP 01 (2015) 096

I Expected imit =1

107

11 1 1 I 11 1 1 I 11 11 I 11 11 I 11 117
100 200 300 400 500 600

m.. [GeV]

Similar constraint from
Phys. Rev. D 88, 112003 (2013) (ATLAS) -,




StOpped particles Backgrounds: beam halo muons,

cosmic rays, HCAL noise.

Signal region
Expected bkgd 13.2 +38 o
Observation 10
= S Limits on gluino, stop mass for
A over |3 orders of magnitude!
? 186 fo [STEN’]
h r 3 1400 [ CMS 'iﬁ'i":.f’m :
n * g L T ?m
E ool Eg> 120 GeV, E, > 150 GeV -Emm:; 1
et = F Ey > 70GeV -;mmladmnmth
l* - ;

Look for calorimeter cluster asynchronous with
p-p collisions. 281 hours of trigger livetime.

mini-split gluino

q q 107 I'I{.:I'43 1||:J]'E 1[;4 16’9 “;-2 1;}-1
g //,,, 7 Eg. R-hadrons

10 102 10* 10* 10° 10"
T[s]

Similar techniques employed in
arXiv-1501.05603 Phys. Rev. D 88, 112006 (2013) (ATLAS)




SUSY force particles

v N - Candidate particles for Dark Matter
B — Produce Dark Matter in the lab

. ® "
% Picture from Marusa Bradac



Detecting Supersymmetric
|

Energy produced in the detector

Supersymmetric particles decay and produce a cascade of jets, leptons
and missing transverse energy (MET) due to escaping ‘dark matter’
particle candidates

Very prominent signatures in CMS and ATLAS



SUSY Searches: No signal yet

Status in 2013

MSUGRA/CMSSM: tanf = 30, Ao= -2my, u>0
T

= BREREREVER] LA BN B BN IR B .
3 ATLAS preiminay  J  *S0 far NO clear signal of
ésooo [La-zamiiseev 7 SUpersymmetric particles
_:"3 8 0-lepton combined E haS been fOUﬂd
3.)- 4000 K d I IOWGCI = Observed limit (+1c o\ )]

~o- Beecedimitlew) - e\\e can exclude regions

3000 where the new particles

could exist.
2000

é;. ,‘5 “""0""\,,’_““_“.&"
AE

*Searches will continue for
the higher energy in 2015
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gluino mass [GeV]

Plenty of searches ongoing: with jets, leptons, photons, W/Z,
top, Higgs, with and without large missing transverse energy

Also special searches for contrived model regions



Run-l Limits on Squarks

Results depend on the topologies studies, assumed mass of the LSP etc.

9-g production, g— q 5(“?

600 -

S‘ T LI LI I [T T
8 [ CMS Preliminary 3
§ 800 Vs =8 TeV —SUS-13-012 (H + #) 185" -
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~ SUS-13-019 (M_,) 195 fb™
“ Observed -1 ages’ A

- - Expected

v
\
\
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squark mass [GeV]

. Popular presentation of data:
: Simplified ModelS (SMS)
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Combined limits typically > 1-1.3 TeV on sparticle masses
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Run-l LimIts on

- Combined limits typically ~1.3 TeV on
- gluino mass

g-g production, g—tt )”c?

gg production, g— tt(*)i?; m({) >> m(g), including up to five-body decays

; : . : ' y .‘ ‘ I . = : I : -"1 ! l : ! ! : oy A R TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT
& 900 —CMS Preliminary —— sus13.01204ep (E+H)1951" E 1200 a Iilmils 5 95%', o I I I A"lLAS I I e
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[ - - Expected o TR SUS13008 3epBL) SR T | - -Expected SS/3L + jets + £ e J
- . o | — Observed T , N |
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What is really needed from _

End 2011: Revision!

N. Arkani-Ahmed
N 2011 Cm P“L""“I /ij Si Usf
_—7 J > —_—
~

Papucci, Ruderman,

Weiler arXiv:1110.6926 [ZSoe j

LHC data end 2011 \\(

Stops > 200-300 GeV

Gluino > 600-800 GeV ~ e
LI'DU l-J'R. » L

Moving away from \L

constrained SUSY models L-

to ‘natural’ models 2.0 —

Natural SUSY survived ‘ N\

LHC so far, but we unawiiﬂut '\‘mn it (H.ff_.) ) (?.ﬂ{;)

are getting close to . MI Mj

push it to its limits!
I 32 20




Natural SU

Stop mass limits in the studied channels
push the lower limits up ~ 700 Gev )
Natural SUSY requires already ~ 1% fine-tuning

(*) less strict limits in pMSSM SUSY

i

t-t production, t—t i? /c 56?

i, production, t— b % /1> ¢ ¥7/t> Wb, / T t %]
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Run-Il: Gluino S

IJIJ - QQ, Q —’qﬂli” naczms
—
—CHS Pm’rm.rn&r}r — Observed E‘.lq:-mad
[ —SUS-15-002 (W,), 2.2 " (13 TeV)

* No significant signals observed - SUS15003 (W), 2216 (13 TeV)

F —S8US-15-004 (Razor), 2.1 b (13 TeV)
- —SUS-15-005 {ey), 2.2 15 (13 TaV)

* Exclusions reach to > 1.7 TeV*,  =SUS-13:018 (M), 18.5 10" @ TeV)
significantly exceeding Run 1 limits
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F 1800—
8 - CMS Preliminary — Observed ---- Expected

—SUS-15-002 (K;), 2.2 b (13 TeV)
~8US-15-003 (My,), 2.2 fb™ (13 TeV)

P

I | L o 1
&0  eo0 1000 1200 1400 1800 1800

1400 —SUS-15-004 (Razor), 2.1 fo™' (13 TeV) m; [GeV]
~SUS-15-005 (a7), 2.2 b (13 TeV) pp — gg_ g _.u B Dec 2015
1200~ —SUS-14-011 (Razor), 19.3 o (8 TeV) B T
K CMSPmrmnmy —Obeen'ad -~ Expected -
1000 —35US-15-002, 0-lep (), 2.2 167 (13 TeV) -

~ 8US-15-003, 0-lep (M), 2.2 b (13 TeV) ]
—SUS-15-004, O-lep (Razar), 2.1 fb' (13 TeV) .
=50UI5-15-004, 1-lep (Razar), 2.1 o' (13 TeV) .
—SUS-15-007, 1-lep (M), 2.1 it (13 TeV) -
—5U5-15-008, 2-lep (SS), 2.2 b7 (13 TeV) ]
—5US-14-010, O+1+2+=3-lep, 19.5 b (8 TeV) ]

Run 1 exclusion

11 | 11 | || | 111 I 111 | 111 | 111 | || I 111 I 1
[
8

IIilIIIII

| S ] I | i | i | I i1 1 31 | 11

800 1000 1200 1400 1600 1800 _ . -.
| [ T

my [GeV] 1400 1600 1800
(*): in particular simplified models and for low LSP mass M [GeV]




RUN-II: Opposite Sign Dil

CMS had a ‘persistent’ excess in this channel with Run-I

CMS Preliminary 22 ' (13 Tev)

SUS-15-011

* Off-peak selection similar to Run 1, on-peak § 085353 2 25 100 1 arhen 'z
. ) . i O = Expeciedimd, & 10y o
analysis now includes a region targeting the ™= —="= ':‘fm 1 s
ATLAS excess | 11 E
. - . 10"5
* No significant signals are observed: oF &
L 4
* Upper limits are below predicted yields aof- | 2
scaling from the Run 1 excesses ool A 3
For gluino masses in the range 500-1100 GeV 10001100 1200 1300 ‘r‘;%"[éﬁ,] "
PR B OMS Preliminary 221" (13TeV)
8 EEUh—Er.‘;’ Central signal region I E 10° —}— data -
Runl 2 20- o vackgrounds | 9 B MET Templates
S | I Oreh-Yan g [) FS background
excess ~§ *°- e s e 1 - 2w I Other SM 2
W I oetertisomeomil Ip (lep, )+H, >600GeV -
150?& xsmmnmmn p-_'mllE)E&', ::tu}hu:
100 & N =2 =
o —
I
m, [GeV]
o 2 + 2
g [ Systematic uncert. . . § 15
E 151 + H|*P—+ * + -'!E 1 ¥ T ¥ 1
2 s L | H> 0.5 i
30.5- ........................ B R B + ........ _- 0@1601@2&02503‘50350
=y 0 ETS GeV

This excess is NOT confirmed with the 2015 data so far



Recent New Direc

Multi-jet (=6), no MET
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Summary of SUSY S

In short: no sign of SUSY with the data collected so far

Summary of CMS SUSY Results* in SMS framework SUSY 2013
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Astronomers found
that most of the .
| matter in the Universe
must be invisible Dark }
Matter

- F. Zwicky 1898-1974

Distance




The Generic Dark Matter Conne
y

Searches for mono-jets and mono-photons can be used to search for
Dark Matter (DM)

DM Indirect

- 8 pu .' S o \:\» . q
Ry g DM q
' \ _ Collider
DM
Indiréct ' ' y ’
Collider
Direct : \ \\\\
| \DM
Use effective theory
or better simplified g FPhotonHiET a Jet4MET u w
models to relate
measurements to oo 2 "
Dark Matter studies - D~ . -

q DM q DM




Mono-object Searches

« Mono-jets: Generally the most powerful
* Mono-photons: First used for dark matter Searches
* Mono-Ws: Distinguish dark matter

Effective Field Theories for DM

Couplings to u- and d-type of quarks interpretation are under scrutiny!
] Alternatives such as SMS proposec
« Mono-Zs: Clean signature : =
« Mono-Tops: Couplings to tons A s arXvi1407.8257
_ _ ' " arXiv:1411.0535
° - . - : - i N R
Mono-Higgs: Higgs-portals e S L R A
. Projected 90% : ... : -1 \
* Higgs Decays? Cimis, (o o emel
16001 9a=gpu=1 feeerbackgond | yyapessnssril | \\
s Pl S L
Example Monojets . I O G : o
= — 8 : £ 2| | 13
/ » . \'\ Sh L — LHC14:300f67" | | | %]
graviton, ” >0 \ i I[;;c?(? tgr??l(r)fb | /I
,u’ Y | 10!t~ =~ v background | .';_/_...
________________ __I - :

MET R Tror] heg s T )
Dark Matter? % 2000 4000 6000
Mmed [GeV] Mred [GeV]




RUN-II Dark Matter Search

EXO-15-003

Search for dark matter

* Search for generic dark matter in final states
with jets and large missing transverse energy

Events [ GeV

* Traditional monojet search extended to
multijet final states, searching for DM pairs .
produced via a vector mediator 5

0806360 400 500 600 700 800 800 1000

* Limits comparable to those setin Run 1 ET™ [GeV]
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2117 (13 TeV) < 107 |
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Summary of Exotica Sear

LQ1(ej) x2
LQ1(ej)+LQ1(vj)
LQ2(uj) x2
LQ2(pj)+LQ2(vj)
LQ3(vb) x2
LQ3(tb) x2
LQ3(tt) x2
LQ3(vt) x2
Single LQ1 (A=1)
Single LQ2 (A=1)

RS1(jj), k=0.1
RS1(ee,upy), k=0.1
RS1(yy), k=0.1
RS1(WW—4j), k=0.1

CMS Prellmlnary

SSM Z'(tT)
SSM Z'(ij)
SSM Z'(bb)
SSM Z'(ee)+Z'(up)
SSM W'(jj)
SSM W'(lv)
SSM W'(WZ—Ivll)
SSM W'(WZ—4))
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Are we looking at the right place




New Physics in Rare D_

Analysis of the BO—K*u+u- decay (full run-I data-set) r\(\\ é\ \\
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Other New Physics

« Plenty!
— Compositeness/excited quarks & leptons
— Little Higgs Models
— leptoquarks F
String balls/T balls Strong dynamics
Bi-leptons A o
RP-Violating SUSY e e
SUSY+ Extra dimensions W' Z 0 e
Unparticles
Classicalons
Dark/Hidden sectors
Colored resonances

And more....
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1 or 2 Higgs doublets




Summary .

The LHC has entered a new territory. The ATLAS and CMS
experiments are heavily engaged in searches for new physics.
The most popular example is Supersymmetry, but many other
New Physics model searches are covered.

No clear sign of new physics yet in the first 20 fb-! at 8 TeV
and first data at 13 TeV. This cuts into ‘preferred regions’ for
many models, like SUSY. But watch the 750 GeV bump!

More exotic channels are now being covered: vector-like
particles, long lived particles... Still many unexplored
channels left to explore

The LHC did its part so far with a great run in 2
Collected about 20 fb-'@ 8 TeV by end of 2012

As of 2015 the energy Is 13/14 TeV, excellent fi
And maybe one day soon:
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Interpretation into Sim

> Most of SUSY interpretations are performed using Simplified Models of Supersymmetry*

> This approach puts more emphasis on the experimental signature leaving aside the model details
> Hard interaction producing two SUSY particles (fully decoupled from other particles)
> A single decay chain is implemented producing a given and fixed topology
> However the masses of the SUSY particles are scanned usually in 2 dimensions

> Upper limits are set on the cross-section x branching ratio of the given process

* Interpretations in full models are also provided: mSUGRA, pMSSM, etc



