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Physics case for new High Energy Machines

» Understand the mechanism Electroweak Symmetry Breaking

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

i M
- tells us how but not why 3 \M%‘ew
3 flavour families? Mass spectra? Hierarchy? 19 parameters! 0 <_
- needs fine tuning of parameters to level of 103°! 0

- has no connection with gravity

J My0.11740.05
- no unification of the forces at high energy / o

sin:Gr:O,Bl?i[}.O[IE
IS

Most popular extensions since 2000 §G)

- Supersymmetry
- Extra space dimensions
Many other ideas: More symmetry and gauge bosons, composite

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

Higgsless models somewhat disfavoured these days .e SR B
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What stabilizes the Higgs Mass? Many ideas, not all viable any more
A large variety of possible signals. We have to be ready for that
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Some Interesting Collisions

...already in 2010...

GATLAS

1 EXPERIMENT

CMS Experiment at LHC, CERN
Data recorded: Tue Oct 26 07:13:54 2010 CEST
5 <}l Run/Event: 148953 / 70626194
\| Lumi section: 49
| Orbit/Crossing: 12688625 / 466

* Events with five jets of particles and large missing energy which

could come from a possible dark matter particle
* Butafew eventsis not enough to prove we have something new
* No visible excess has been building up with time...



Beyond the Standard Model

* Apart from the naturalness argument:

— Standard Model accommodates, but does not explain:

* EWSB

* (CP-violation

« Fermion masses (i.e., the values of the Yukawa couplings to the Higgs field)
— It doesn’t provide natural explanation for the:

* Neutrino masses

* Cold dark matter

* Logical conclusion:

— Standard model is an effective theory - a low-energy approximation
of a more complete theory, which ultimately explains the above
phenomena

— This new theory must take off at a scale of ~1 TeV to avoid significant
amount of fine tuning

— Three classes of solutions:
* Ensure automatic cancellation of divergencies (SUSY/Little Higgs)

* Eliminate fundamental scalar and/or introduce intermediate scale A ~ 1 TeV
(Technicolor [ Higgsless models) - basically dead now

* Reduce the highest physics scale to ~1 TeV (Extra Dimensions)

September 2015 Javier Cuevas, TAE 2015, Benasque 5
P q



BSM signatures

= Many extensions of the SM have been _ = 1iet+MET

= Supersymmetry
s Extra-Dimensions
m Technicolor(s)

= Little Higgss 2 7-" -

= No Higgs

developed over the -
—~ >

= 4™ generation (t', b")
s LRSM, heavy neutrino

m efc...

(for illustration onlv)

September 2015
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GUT
= Hidden Valle

jets + MET

1 lepton + MET
Same-sign di-lepton
Dilepton resonance
Diphoton resonance
Diphoton + MET
Multileptons
Lepton-jet resonance

::: -?-::'-:1‘1_' ‘:-‘
AN\,
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\ \\, 7\ Leptnn-p_hﬂtnn resonance
\ \ 2K ‘ ; Gamma-jet resonance
Y~ Q‘m‘-‘“{‘ ﬁ‘ < Diboson resonance
: ‘;“"“"ﬂ\\ Z+MET
“\\\\ Wi Z+Gamma resonance
RN RN |
\ \‘ Top-antitop resonance
AN Slow-moving particles

Long-lived particles
Top-antitop production
Lepton-Jets
Microscopic blackholes
Dijet resonance

etc...
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Large Extra Dimensions

Size: » TeV!; SM-particles on brane; gravity in bulk
KK-towers (small spacing); KK-exchange; graviton prod.

Signature: e.g. x-section deviations; jet+Er miss ....
Warped Extra Dimensions

5-dimensional spacetime with warped geometry
Graviton KK-modes (large spacing); graviton resonances
Signature: e.g. resonance in ee, yy, yy-mass distributions ...

TeV-Scale Extra Dimensions

SM particles allowed to propagate in ED of size TeV!
[scenarios: gauge fields only (nUED) or all SM particles (UED)]

nUED : KK excitations of gauge bosons

UED : KK number conservation; KK states pair produced (at tree-level) ...
Signature: e.g. Z'/W' resonances, dijets+Eniss, heavy stable quarks/gluons...



Search for Large Extra Dimensions
Mono-jet final state +Missing E; (ADD)

p;jet > 110 GeV
MET > 200 GeV

" e |
11-003 L,hl.:.lnff
4
-
p > < p
graviton .
1
MET

Limits on M, arxiv:1408.3583
between Lower limit on the Planck Scale
3 and 4 TeV versus number of extra dimensions
%107""I""I""I""Ilil'l""l"""" ;Q:CMS\ I [
(] Ty [ 95% CL limit ]
q CMS y ] w—~ = 8f less(LO)BTeVJQ.? !
g0 (5=8TeV . < 7k < CMS (LO) 7 TeV, 5.0 "
5 J-L d-1o5m’ = : -~~~ ATLAS (LO) 7 TeV, 4.7 fb" -
w10 [_Jace -] R — LEP limit 3
:lig:u—rr W, =3 E | T CDF limit 1
104 ::::: D‘MA:‘J;.QT:'H'.IM;:‘IGEV 5:7 Dgllmit 7:
103 ----- UNPd =17 A, =2 TeV
102 g me ST
0 b T S
1
200" 300 400 500 600 700 800 900 1000 2 3 4 5 6
Ere [GeV] o)

Mp (ADD) at LO Vs |[Lumi| &=3 5=3 5=6 5=6

95% CL limits [TeV] |[tb?] | Exp. Obs. Exp. Obs.

CMS Monojet 8 19.5J 3.94 3.96 2.95 2.94
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Search for Micro Black Holes

EXTRA-DIMENSION Nice events, eg a10 ]et event

A . .
oot Extra Dimensions!
’/ Tavl OY
% g, g Planck scale
Q‘<§§X a few TeV?
a X >«
,
? UNIVERSUM 3-brane
arXiv:1202.6396 - CMS (s=8TeV  L=12.1fb" R CMS /s=8TeV  L=12.1fb"
L Multiplicity N = 8 E -
Look for the decay producs gio°r R &
of an evaporating black hole  § Uncertainty g
w < Mp=15TeV, M =55TeV,n=6 E .

2 .
10°¢ - My =20TeV,MJ"=50TeV,n=4

i —
—-My=25TeV, MJ"=45TeV,n=2

Define S; to be the scalar :
sum of all high p; objects 105 i
found in the event :
Look for deviations
at high S;

b 45/ BlackMax
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Black hole masses excluded in range below ~5 TeV depending on assumptions



Searches with Boosted Objects

Heavy
&

BOOST dedicated meetings
http://boost2015.uchicago.edu/

- Several different techniques to ﬁzzun“‘f 5T e Py
identify merged jets are on the @ 2000 Gt 3T ) i
|-u1ﬂﬂﬂ 'I.'I:‘ :.f‘ru'd' ::WZH:::W Pjﬂi;:!"
markEt"' 1600 CMs Prnllrnina‘ryr{m.ﬂih") [ _n,}
* N-subjettiness, Tn, uses To1=To/T1as a 1400 = Vemeddats o o, [

. . . . 1200 QCD Pythia Z2* CA R=08 :
discriminant to separate QCD jets from Qco Herwige+ N
. 1000 ; S
meraed W/Z iets TN -
1 | s TP NN -
™ =— ) premin(ARix, ARy, -, ARN ) 60 /= \
do - 400 ,./_/,a @ \
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a7 R ss| T ©“" 0z 04 o8 08 1
8 W Jet o] 5.4 QCD Je!: " Jet 1,
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Resonances Decaying into qV or VV

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

M
CMS CMS,L=19.7fb", (s =8 TeV CMS, L=19.7 fb", s = 8 TeV
I —— Observed i —— Observed
a 1t EEE Expected (68%) = [ Expected (68%)
g g Expected (95%) o F Expected {95%)
< I —— G WW (WM, =0.1) | — i —— Gy — ZZ (WM, = 0.1)
E 107 E* 10
TE :
Q 107t O 102
) m
X o
5 i
10°%- 10°%- Jets start to merge for
ct .oy by Ny ct v vy b Sy
1 1.5 2 25 3 1 1.5 2 2.5 3 X = 700_900 GeV
Resonance mass (TeV) Resonance mass (TeV)
arXiv:1405.1994 ATLAS
~eaAS —e— Observed 95% CL
Vs=8TeV, 203" .. Expected 95% CL

arXiv:1506.00962

3
10°g [ ] + 1o uncertainty
C [ | + 20 unceirtainty

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

o(pp — W) x BR(W' = W2)
2

Excess in WZ of 3.40
(2.5 with LEE) 1
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Top: a window to BSM physics ?

950

= ; = 22|-_ T T T T T T T h=]
< ATLAS 3 g 2 anss « Date ;
T Vs=8TeV, 20.3 b Summary results: 900 = = 20'5_ I . [CJSHERPA yyi, norm. to data 3
& samesn gt [fleso E g rpeemlieemn’ Cggpag S
m — » E 165_ Hadnonic Selection
i ks’ awililos: T iy m(top) F CN CS 2
12 . [
Vector-hke quarkas. b in hadrom.
PN B channel E
@ B 1
9 =
e w i1
2 2 T
Q E.. art B s SH AL T L LT H B e srerorart
b (®] uﬂ 50 100 150 200 250 300 350 400 450 500
~s. my; [Gev]
0 0102030405060.70809 1
BR(T — Whb) W'— tb— jjbb candidate
- - 2 b-tag channel
BRIL, — L)
] m. = 500 GeV me = 500 GeV
A M. = 20 Gey m. = 120 Gey
e}
y Matter
- 1 - - _1 - -
BRIL, — hi,) ¢ BRI, — ) BRIE, — hi,) . BRI, — 7]

» No significant excess observed yet

» Eagerly await analysis of 13 TeV data

September 2015 Javier Cuevas
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Summary of Exotica Searches

LQ1(ej) x2
LQ1(ej)+LQ1(v))
LQ2(uj) x2
LQ2(pj)+LQ2(vj)
LQ3(vb) x2
LQ3(th) x2
LQ3(tt) x2
LQ3(vt) x2

RS1(yy), k
RS1(ee,uu), k
RS1(jj), k=
RS1(WW—4)), k=

Leptoquarks

5

CMS Prellmlnory

SSM Z'(t1)

SSM Z'(jj)

SSM Z'(bb)

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

SSM W'(lv)

SSM W'(WZ—1vll)
SSM W'(WZ—4))

e* (M=A)
u* (M=A)
q*(gg)

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

September@o15
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Excited
Fermions

Multijet
Resonances

1 2

stopped gluino (cloud)
stopped stop (cloud)
HSCP gluino (cloud)
HSCP stop (cloud)
q=2/3e HSCP

q=3e HSCP

neutralino, ctau=25cm, ECAL time

j+MET, SI DM=100 GeV, A
]+MET, SD DM=100 GeV, A
y+MET, S| DM=100 GeV, A
v+MET SD DM=100 GeV, A
[+MET, €=+1, SI DM=100 GeV, A
+MET, &=+1, SD DM=100 GeV, A
I+MET, £€=-1, S| DM=100 GeV, A
I+MET, €=-1, SD DM=100 GeV, A

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

dijets, A+ LL/RR
dijets, A- LL/RR
dimuons, A+ LLIM
dimuons, A- LLIM
dielectrons, A+ LLIM
dimuons, A- LLIM
single e, A HnCM
single y, A HnCM
inclusive jets, A+
inclusive jets, A-
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Long-Lived

Particles
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1 2
|

Dark Matter
1 2

3 4

Large Extra
Dimensions

Compositeness

4 8 13 17 211B

CMS Exotica Physics Group Summal
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The Hierarchy Problem

Higgs boson mass receives corrections from fermion
loops: f

S
The size of corrections is ~to the UV cutoff (N\)
squared: A2
AMS = —(->| + M3) + ...

In order for the nggs boson mass to be finite, a fine
tuning (cancellation) of various loops is required to a
precision ~@ (M,/A)?> ~ 1034 for A ~ M,

This is known as a “hierarchy problem” stemming
from a large hierarchy between the electroweak
symmetry breaking and Planck scales, and it requires
new physics at A ~1-10 TeV

September 2015 Javier Cuevas, TAE 2015, Benasque 14



Important properties of SUSY

Elegant solution to the hierarchy problem (i.e.,
why the Higgs mass is not at the Planck scale)

Dark matter candidate with the right
abundance

Gauge unification
predicts a light Higgs m, < 130 GeV
consistent with EW precision tests



Searches for BSM Physics

* 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), leptoquarks, excited leptons and
quarks, 4t generation, a few very exotic signatures (R-
hadrons)...

* Evolved Searches (2013-...)

— Supersymmetry on third generation squarks, compressed
spectra, stealth SUSY, EWKinos, 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?

September 2015 Javier Cuevas, TAE 2015, Benasque 16



MSSM and cMSSM

SUSY is a renormalizable and calculable theory and has been thoroughly
studied theoretically over the last four decades

MSSM has just two Higgs doublets; nevertheless the number of
parameters describing the model is still very large: 124

— 18 are the SM ones + Higgs boson mass (now known!)
— 105 genuinely new parameters:

* 5real parameters and 3 CP-violating phases in gaugino sector
» 21squark/slepton masses and 36 mixing angle
* 40 CP-violating phases in the sfermion sector

This makes it very challenging to search for generic SUSY, and
simplifying assumptions are typically made
One of these simplifications is constrained MSSM, or cMSSM, which

assumes gaugino unification and degenerate squark/slepton masses at
high energy (typical of gravity-mediated SUSY breaking)

That results in just five parameters fixing all the SUSY interactions:
common scalar and fermion masses Mo, M1/2, ratio of the vacuum
expectations of the two Higgs doublets tan6, sign of Higgsino mass
term sign(w), and trilinear coupling Ao

September 2015 Javier Cuevas, TAE 2015, Benasque 17



Detecting Supersymmetric Particles

I ~ simulation
Energy produced in the detector

Super-symmetric 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

September 2015 Javier Cuevas, TAE 2015, Benasque 18



squark mass [GeV]

SUSY Searches: No signal yet to date

Status in 2013

MSUGRA/CMSSM: tanB = 30, A = -2m,, 110
T I T T T I T T

I T T l-'.l T II:T I T I T T T T T T I T T .

i i ATLAS Preliminary eSo far NO clear SIgnaI of

i i - . .
5000 — i det=20.3 o' (sssTev —|  supersymmetric particles

- 'f ) —

B H o

= ‘: ” d O-lepton combined - haS been found

B : .
4000 — % allowe —— Observed limit (+16525Y) .

] ‘E Sos Expected imit (410, ] *VVe can exclude regions
—— {5 [ stauLsP 1  where the new particles

C £ N could exist.
2000 - sx‘ .......................................................... = 1 i

- : eSearches will continue for

[ excluded 1  the higher energyin 2015
1000 — —

K | 1 | | | oo e

800 1000 1200 1400 1600 1800 2000 2200
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 ¢ggHoNS:1s
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Examples R

;‘ 900 T | T T T 1 T T T | T T T l T T T | T T T I ]
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o » ]
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Limits on Squarks and Gluinos

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

7

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



What Is really needed from SUSY?

End 2011: Revision!

N. Arkani-Ahmed
CERN Nov 2011

Papucci, Ruderman,
Weiler arXiv:1110.6926

LHC data end 2011
Stops > 200-300 GeV
Gluino > 600-800 GeV

Moving away from
constrained SUSY models
to ‘natural’ models

Natural SUSY survived
LHC so far, but we
are getting close to

push it to its limits!
September 2015
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Stop Searches

Stop is special for “naturalness” — directly cancels the
top loop

Search depends on stop mass and decay channels -
broad program...

Focus on just two Feynman diagrams representing
relevant production and decay: t — t+} and t — b+y
— Both result in the same signature: bbW*W-+MET

— This is the same signature as tt production (unless both W’s
decay hadronically) - gives you an idea of the dominant
background

>
O O

>




Stop Searches

* Depending on the mass differences between the stop and
neutralino (chargino), several kinematic regions are
defined:

300
200

100

S
>

> 200 300 400 500 600 700 !
mg! [G eV] !

200 300 400 500 600 700 !
mz [GeV]!

* Different regions correspond to different challenges, so
search strategy generally depends on the region

* Given that 4-body decays are enormously suppressed
kinematically, the region AM < M, in the tyo mode is
usually covered by other channels, e.g. FCNCt —cyx decay



Stop searches: what’s the best final state
to pursue the search

The final state depends on the W boson decay
channels

— All hadronic channel hasf the highest branching®
fraction, but backgroundsl are huge

— Dilepton channel is clean@ but the branching fraction is
tiny
— Tau channels are tough

Single-lepton (e+jets,u+jets) channels as a
compromise between BR (30%) and purity

Standard variable when dealing with MET: MT
MT2 or stransverse mass (Lesters & Summers, hep-
ph/9906349 ):

Mt = " 2prE1(1- cosA ) M= _ mi [max(r%r%)}

A
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Data/MC

Entries / 30 GeV

Final optimization

putting a cutoff in each of them.

BDT or ANN reflecting how signal-like they are.

Select events with MT > 120 GeV
Several signal regions defined with a cut-based or MVA

approach (~ 40 % improvement)

o
o
()
()
CMS Preliminary \s=8TeV, ILdt =195 fb'
2
15- :
0.5 e
0
e T
105 f— t7 BDT1 Loose —®— Data
e 1 .
E i [ 1/top
i o
104 [ WHjets
[ rare
i e SMATS tz‘: (250/50) -
10°

100 150 200 250 300
M; [GeV]

t2tt
CMS \s=8TeV, ﬂ.dt =19.5fb™

.................................... 102
400~ pp - T, T 17 === Observed (+10""°")

- BDT analysis === Expected (+10)
350 E unpolarized top 10
300F (a)
250 1
200

: 10"
150 F
100F

5 0=

50 F
0

100 200 300 400 500 600 700 800

m [GeV]

o upper limit [pb]

t2bwW

\s=8TeV, fl.dt =19.5fb"

Cut-based approach, variables are treated independently

Multivariate: all variables are combined in a likelihood,

-------------------------- iy 10?
400F- pp - TF, T~ b7 ==== Observed (:15""")
F BDT analysis === Expected (+10)
350 — 10
£ (©
1
= 10"
10?
o 103
300 400 500 600 700 800

m.=05m.+0.5m,
% t X,

m- [GeV]

o upper limit [pb]



stop: Combination of channels:

tf, production, t— b ) /1, ¢ %,/ t> Wb E[ /Tt %]

e : - ~0 ~0
450_|_| T 1 | LI L | 1T T 1 | T T 1 | T T T 1 | T T 1 LI B B t_t prOdUCtlon, t% t X / C X

- ATLAS \s=8TeV,20fb" S 40 > — 700 T 1 1
- ~ 0 i [1}] > B I ' E B I PR ET | LR L I === I L I L I 1 I_
a00F ot xé tOLA1L combined & 3q 8 N N
- Bty t2L, SC = o - imi _ i
C -7:—> W1biofbff’i? ww E 20 % o __CMS Preliminary Observed E
350 ElioW b, tiL, t2l 10 g - Vs =8 TeV -~~~ Expected 7
- EEtocy tc i ’ 4 B ]
= Emiobiy e, tiL 0576180 190 200 210 & ZICHEP 2014 i
300~ m; [GeV] - 5OQf ~ SUS-13-011 1-lep (MVA) 195 fb™ il
— —— Observed limits ---- Expected limits All limits at 95% CL ] [ == SUS-14-011 0-lep + 1-lep + 2-lep (Razor) 19.3 fb™ ]
- p LT = I e SUS-14-011 0-lep (Razor) + 1-lep (MVA) 19.3 fb* -
250— —] 400 |- = SUS-13-009 (monojet stop) 19.7 b ( T ¢ %) il
- 7 | == SUS-13-015 (hadronic stop) 19.4 fb il
200 - E . ]
- ] 300— &;\" " ~]
- 7 - o o ’6\&’." ]
150{— — - e :
L J 200~ & -
] 100} ' -
— ' ' 1
— = 1 ' —
] B /4 ’ ] —
i — 4 , 5 [} ' i
} o by 1 AN | ey W | Sy W el R ¢ | | IR A

200 300 400 500 600 700 800 100 200 300 400 500 600 700 800

m; [GeV] stop mass [GeV]

Start to filling holes with new ideas:
indirect search (from tt cross-section)
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Prospects for run 2

Discovery reach in
stop mass will reach
to 800 GeVina
conservative scenario

Crucial region for
testing naturalness
and whether SUSY
has arole in
Electroweak
symmetry breaking

Naturalness prefers
lighter than 700

stop

GeV

Higgs mass of ~125
GeV prefers mg,,
heavier than 300 GeV

September 2015
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Recent New Directions

Multi-jet (26), no MET
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Summary of SUSY Searches (ATLAS)

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

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

Status: Feb 2015 Vs=7,8TeV
Model ey Jets ET™ [Ldidm) Mass limit Reference
MSUGRA/CMSSM 0 26jets  Yes 203 |@E 1.7TeV  m(@=m(z) 1405.7875
44, G—qit; 0 26jets Yes 203 |@ 850 GeV m(i})=0 GeV, m(1" gen. @)=m(2" gen. g) 1405.7875
@ qav. d—ak) (compressed) 1y O-ljet  Yes 203 |a 250 GeV m(g)-miE) = m(c) 1411.1559
S & i-qab 0 2-6jets  Yes 203 |Z 1.33 TeV m({})=0 GeV 1405.7875
E K3 .Eg—)qq,{"f—»quii\-;)? Teyp 3-6 J:eis Yes 20 | & 1.2 TeV m(xi"{)dUDGeV, m{F*)=0.5(mi¥})+m(z)) 1501.03555
@ 33, F-qqtl/ vyt 2ep 0-3 jets - 20 |& 1.32TeV mii})=0 GeV 1501.03555
©  GMSB (7 NLSP) 1-27r+01¢ 02jets Yes 203 |& 1.6TeV  tang>20 1407.0603
‘G GGM (bino NLSP) 2y - Yes 203 |& 1.28 TeV m(¥)>50 GeV ATLAS-CONF-2014-001
% GGM (wino NLSP) Teu+y - Yes 48 m(¥})>50 GeV ATLAS-CONF-2012-144
£ GGM (higgsino-bino NLSF) ¥ 15 Yes 48 m(i)>220 GeV 1211.1167
GGM (higgsino NLSP) 2e,u(Z) 0-3jets Yes 5.8 m(NLSP)>200 GeV ATLAS-CONF-2012-152
Gravitino LSP 0 mono-jet  Yes 203 | P scale 865 GeV m(G)=1.8x 104 eV, m(z)=m(g)=1.5TeV 1502.01518
Su @obht 0 3b Yes 204 | & 1.25 TeV m(i})<400 Gev 1407.0600
%'8 ¥ 0 7-10jets  Yes 203 |& 1.1 TeV mi¥}) <350 GeV 1308.1841
w E ¥ 0-1ep 3h Yes  20.1 3 1.34 TeV m(¥})<400 GeV 1407.0600
a0 o biv] 0-1ep 3b Yes  20.1 H 1.3 TeV m(¥})<300 GeV 1407.0600
o e bibi,bi—bt] 0 25 Yes 201 | 100-620 GeV m(¥})<90 GeV 1308.2631
X8 bbbtk 2e,u(SS)  03b  Yes 203 |b 275-440 GeV mi¥})=2 mi¥}) 1404.2500
g% Aot “2ep 12b  Yes 47 | #[F10A67GeV m(ET) = 2m(F)), m{F1)=55 GeV 1209.2102, 1407.0583
@ g fif1, - = Whi| or i) 2ep O-2jets  Yes 203 |& 90-191 GeV 215-530 GeV m(X:,']:I GeV 1403.4853, 1412.4742
% S i, 0 —.;,\‘/_, 0-1e,p 1'.2 b Yes 20 h 210-640 GeV m¥))=1 E}e\l 1407.0583,1406.1122
o8  ih, ik 0  mono-jetc-tag Yes 203 |7 90-240 GeV miiy}-m(i!)<85 GeV 1407.0608
?ﬂ % fifi(natural GMSB) 2ep(2) 1h Yes 203 | @ 150-580 GeV m(i})>150 GeV 1403.5222
by, b= +Z 3e,u(2) 1h Yes 203 |h 290-600 GeV mi¥})<200 GeV 1403.5222
friLr, Etd) 2e.p 0 Yes 203 |7 90-325 GeV m(¥})=0 GeV 1403.5294
¥ T vt 2ep 0 Yes 203 |k} 140-465 GeV miFY)=0 GeV, m(Z, #)=0.5(m(¥] }+m(i})) 14035294
. g 1 —F(T7) 27 - Yes 203 | & 100-350 GeV m(¥))=0 GeV, (%, 7)=0.5(m(¥; }+m(t})) 1407.0350
o= FERS—ELviL eV, (VL E(3v) e 0 Yes 203 | 5L 700 GeV m(EE)=m(E2), m(E})=0, m(Z, 9)=0.5(m(F5)+m(E})) 1402.7029
C  pi-wilzt) 2-3e.p 0-2jets  Yes 203 | KA 420 GeV MY} )=m(¥), m(¥’ sleptons decoupled | 1403.5294, 1402.7029
ff’?g—*wx\;?hi?‘ h—=bb/WW(TT/yy ©HY 0-2b Yes 20.3 XA 250 GeV m(¥;)=m(¥%), m(¥))=0, sleptons decoupled 1501.07110
KR, K93 —lwl dep 0 Yes 203 |F, 620 GeV mED)=m (), m(El)=0, m(Z, #)=0.5(m(E2)sm(i})) 1405.5086
Direct X1 %, prod., long-lived ¥;  Disapp. trk 1 jet Yes 203 |X 270 GeV M )-m(F)=160 MeV, (¥} )=0.2 ns 1310.3675
g 4 Stable, stopped g R-hadron 0 1-5jets  Yes 279 3 832 GeV m(¥)=100 GeV, 10 us<()<1000 s 1310.6584
=3 Stable g R-hadron trk - - 19.1 z 1.27 TeV 1411.6795
2L GMSB, stable 7, ¥ »#@, jij+rle.n) 124 - - 191 | & 537 GeV 10<tang<50 1411.6795
= & Gwss, =G, long-lived £ 2y - Yes 203 |} 435 GeV 2<1(i})<3 ns, SPS8 model 1409.5542
aa, ¥ —aqqu (RPV) 1 p, displ. vix - - 20.3 i 1.0 TeV 1.5 <cr<156 mm, BR(u)=1, m(¥})=108 GeV | ATLAS-CONF-2013-092
LFV pp—=ir + X, Vr—=e + 2e.u - - 46 Ay,,=0.10, 4;3,=0.05 1212.1272
~  Bilinear RPY CMSSM 2eu(SS)  03b  Yes 203 |@.& 1.35 TeV m(@)=m(g), eesp<1 mm 1404.2500
O R oW ) —eer,, eut, dep - Yes 203 | 750 GeV m(T))>0.2xm(¥}), A1 #0 1405.5086
= B, K oW K srov,ers, Beu+T - Yes 203 | & 450 GeV m(E])>0.2xm(X} ), 13320 1405.5086
8949 0 6-7 jets - 203 |& 916 GeV BR(r)=BR(5)=BR(c)=0% ATLAS-CONF-2013-091
g—nt, [y —bs 2e.u(SS)  03b Yes 20.3 3 850 GeV 1404.250
Other Scaieppteriiber 2015 ° S Javier CUBY, TAE 2015, Benasquafiewsey 150019z

=8 TeV
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Summary of SUSY Searches (CMS

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

Summary of CMS SUSY Results* in SMS framework
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Dark Matter: Complementary Searches?

After the discovery of the Higgs particle @ the LHC:
Dark matter is the next important physics problems to tackle for the LHC

The search is complementary to other experimental techniques used.

September 2015 Javier Cuevas, TAE 2015, Benasque 33
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Mono-X signatures
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q X
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No signal — limits on “traditional”

9.7 fb™ (8 TeV)
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Does the Higgs “see” DM?

« |FF Higgs is the mediator...
De Simone, Giudice, Strumia,1402.6287

DM coupling to Higgs, | pm

Stdldl VIVl COUpIEU Lo Uie A1gys

0 Vs=8Tev
F YLdt=195fb! |
i ' Vs =14 TeV
i ! YLdt =300 ot
1
1071k thermal
FA\-—- abundance
1072
10 102 103

DM mass in GeV
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DM coupling to Higgs, Ypm

FENMoN Uivi coupied w e Higgs
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Higgs-portal Model ATLAS

fs=7TeV, [Ldt=45m"

ZH = €€ +inv

fs=8TeV, |Ldt=20.3f"

10°
DM Mass [GeV]

Then DM cannot be
too light

‘ Moreover, future

searches (direct) will
remove the M,,/2 strip
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The LHC Run 2 has started

. but not without challenges!

« ULOs, UFOs, DUFOs, MUFOs, QPS,
TDIs, Earth faults

* Mainissue (25 ns): electron-cloud

Painful for 2015 — a commissioning year - but
these shouldn’t be long term issues for Run 2

“|ot’s of things can g0 wrongu‘}
“itis a miracle that this is w

5 orking at all”

to arrive
* Big thanks to our LHC colleagues!
>> Respect! <<
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Resoultion [GeV]

Data/MC
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Run2 performance:
Di-muon spectroscopy
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13 TeV SM measurements

Impressive to see these very nice results so early !

The “CMS Ridge” in ATLAS:

- Same behavior as at 7 TeV ?
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1 million Ws and 100k Z --> rates and ratios:
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Run 2 perspectives

: Cross section ratios: 14 (13) TeV / 8 TeV
Minimum bias "‘I : : | 100 WJSZE)IG
77 E E ratios of LHC parton luminosities: 13 TeV / 8 TeV i"
WH | /
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1 10 100 1000 10000 100000
v vV

10 fb-!  2fb"" Ifb! equivalent to Runl reach

Exponential increase of parton luminosities respect to Runl
Run1 limits surpassed after few fb-! of luminosity collected at Run2
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High mass searches immediately interesting

e CMS PAS EXO-15-001
e Datais fit with a 3 parameter

function inspired by QCD:

42 pb'(13 TeV
do- (1_x)p1 m.. :||||||||||||||||||||||||||||||||||||p|||(|||?|)|:
=po—— —» Xx=— — &k cms :
9 E —&— data E
§_10 1 = background fit to data E
= E 0 e e Qcb Mc 3
e Above 3.5 TeV e F ) ;
S 10_2 I q* (4.5 TeV) _
- ~5 background events are expected >
. o] — -
(from fit to data) and 0oL 4 -
E -
- ~1 events of signal from the E <25, |An|< 1.3 E
* B ij> 1.1 TeV -
considered q* model (4..5 TeV). 10E  wide dots ) d
- 4 events are observed in data. - Nt A
Hi ‘ 3 N ]
) ) 107 . &E
e With the current integrated S : S
= il i : =

luminosity we expect to exceed the
sensitivity of the 8 TeV Runl analyses
only for narrow resonances with

......................

2B

(Data-Fit)/o

1500 2000 2500 3000 3500 4000 4500 5000 5500

masses greater than about 5 TeV. Dijet Mass [GeV]
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Di-jet resonance searches

o x B x A[pb]

T | T T TT | LI T T TT T TT | TT |4|2 Fklj-: {I-I:Ial-l.-le“;r‘-:r CMS PAS EXD-IE-DD‘I
102—_CM5 === Strin = LI fird .
" Preliminary Excitad quark 1 ¢ Observed limits at 95% CL on cross section
A 4 R o Axigluon/coloron ] f i i
R . Scalar diquark ] of qq, qg, gg resonances
» b l"q_. L3 g R Sq |
1ok M v | * Get worse when there are gluons in the final state
C . RS graviton (k/M=0.1) 3 . . .
SRR\ : because radiation increases and resolution
- " 95% CL upper limits - .
I _ Z guongluon - degrades
% —e— quark-gluon . .. . .
TE v , ——aquarkquak 3 e Extend to 7 TeV in di-jet mass for the first time
! . { e plateaus at high mass due to absence of events
107F SN E
T||||||||‘J‘i|||11||l’+||||||.i‘-|||||||||' .
1000 2000 3000 4000 5000 6000 7000 Mass Limits (TeV)
Resonance mass [GeV] Model Run 1 (20 fb™) Run 2 (42 pb-)
Observed | Expected | Observed | Expected
Confirms Run2 is already more String Resonance (S) 5.0 4.9 5.1 5.2
sensitive than Runl for M> 5 TeV Excited Quark (q*) 3.5 3.7 2.7 2.9
Axigluon (A) / Coloron (C) 3.7 3.9 2.7 2.9
Scalar Digquark (D) 4.7 4.7 2.7 3.3
Color Octet Scalar (S8) 2.7 2.6 2.3 2.0
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Di-jet resonance searches

Highest Mass di-jet event M =5.4 TeV CMS PAS EXO-15-001

Jet 0, Jet 1, )
pt =2.62 TeV pt =2.55 TeV
A eta = 0.357 eta = -0.160 Y
phi = 0.346 phi = -2.885 2
. |

i
1000
500

On

Jet 1,
pt = 2.55 TeV
eta = -0.160

phi = -2.885

) CMS Experiment at LHC, CERN
CMS Experiment at LHC, CERN Data recorded: Sun Jul 12 01:52:51 2015 CDT
Data recorded: Sun Jul 12 01:52:51 2015 CDT .

Run/Event: 251562 / 310157776

Run/Event: 251562 / 310157776 et &
Lumi section: 347 Ll-Jm' section: 347
Dijet Mass : 5.4 TeV Dijet Mass - 5.4 TeV
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Di-jet events with Mjj > 5 TeV

ATLAS

EXPERIMENT

% Jet 0,
'_,//// pt = 2,62 ToV
SN eta = 0,357
e Y, phi = 0.346

Run Number: 276731, Event Number: 531676916

Date: 2015-08-22 04:20:10 CEST

r 2045 ET (GeV)

L 1835
| 1625

Jet 1, 1415
pt =255 TeV
eta = -0.160

CMS Experiment at LHC, CERN
Data recorded 12 -

12015 CDT

Run/Event: 2515
Lumi section: 347
Dijet Mass : 5.4 TeVW

phi = -2.885

4

-

CMS:

=5.4 TeV

ATLAS: Mijj = 5.2 TeV




Muon + IV\ET resonance search

9 Early Alignment used in data
W’ 42 pb1(13 TeV)
£10°
§ CMS ¢ Data
3 , - - Prellm_mary W - uv
miss Z,I *
IViuon selection u+E; L2y
10° B tt
Good-quality isolated high-p; muon with |77 Diboson

p>55GeVand |n|<2.4

Event selection

= Single high-p; muon accompanied by a 1
large missing transverse energy (E;™'ss). 10

I

=Events containing additional muons with
pr> 25 GeV are vetoed

. . . 1073
= Kinematic selection: 200 400 600 800 1000 1200M1(zggv)
T

0.4 < p;(p)/ E{miss < 1.5

transverse mass

AD(p, E;miss) > 2.5

last bin includes overflow
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Di-muon resonance search

48 pb' (13 TeV) 48 pb” (13 TeV)
> J__II T T T T |||||:§ Illllllll+||:l)at€l:llllllllllf
8 10 ;_ ¢ D*ata . CMS | E 1R, Cumulative Plot [3Dy1z - ww Prelin?it';nasry_i'
> T E Oz —=v'w  proliminary § & B, ]
T 10‘ Ot tw 1 § 1¢? mww, wz, zz -
0] = = W 3
> E WW, WZ, ZZ = ]
L = Bww, wz, 3 10 3

1 5 :
= 1
9 ]
10 = 107
10 10 800 1000
m(utu) [GeV]
10°°
10 Highest mass event = 920 GeV
70 100 200 300 400 1000 )
m(utu-) [GeV] Early alignment of Muon system

last bin includes overflow and Tracker used in data

contribution from di-jets

2 isolated muons muons are required to satisty: negligible and not shown

pr>48 GeV and Inl <2.4
MC samples: aMC@NLO for Drell-Yan, POWHEG for ttbar and dibosons
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September 2015

Di-muon resonance search

CMS Experiment at LHC, CERN

Data recorded: Sun Jul 12 10:18:52 2015 FET
Run/Event: 251562 / 367325039

Lumi section: 414

Muon 1, Muon 0,

pt =431 GeV pt =414 GeV
eta=0.58 eta = 1.46
phi=0.08 phi =-3.03

Muon 1,
pt =431 GeV
eta = 0.58
phi =0.08

‘ PR S

i‘ \

% i

| A\ t

R T e o T S Ny £

Muon 0,
pt =414 GeV
eta = 1.46
phi=-3.03

‘\L 115 FET

M =920 GeV
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Events / GeV

Di-electron resonance search

42 pb' (13 TeV)

= T T T T T T T T T T | —]

10°e , CTMS E

o ; 4 Data Preliminary —i

= [ ] vzZ—e'e -

10 ¢ [ f, tW, WW, WZ,ZZ, 1t 3

B [ ] Jets (MC) E

= + %

10 + =

1072 é

107°
10—4 | | | | | |
80 100 200 300 400

1000
m(ee) [GeV]

last bin includes overflow

Events = m(ee)

42 pb' (13 TeV)
L L
CcMS

Preliminary
¢+ Data

[ ] vZz—e'e
[ ff, tw, WW, WZ, ZZ, 11

[ Jets (MC)

N
|

L L L
Cumulative Plot

T TTTI] T 7T

1 ‘ Il Il 1 ‘ Il 1 1 ‘ 1 1 = | 1
200 400 600 800

1000
m{ee) [GeV]

1200

Highest mass event ~ 1 TeV
Runl Limit for SSM 72" <2.9 TeV
Run1 sensitivity will be reached

after about 2 fb-!

2 electrons in ECAL with E;> 35 GeV and at least one electron in the ECAL barrel

(Iml <1.4442 or 1.566 < In| <2.5 with one electron within In| <1.4442)

September 2015
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CMS CMS Experiment at the LHC, CERN
Data recorded: 2015-Aug-22 02:13:48.861952 GMT
Run / Event / LS: 254833 / 1268846022 / 846

M= 29TeV Il




Di-electron resonance search

An event with adi-electron mass of 2.9 TeV has been observed

The event consists in two perfectly balanced electrons and no other significant activity

CMS Experiment at LHC, CERN

Data recorded: Sat Aug 22 04:13:48 2015 CEST
Run/Event: 254833 / 1268846022

Lumi section: 846

Electron 0,
I\/I _ 2 9 T V I I ' pt = 1256.20 Electron 1,
— . e s eta =-0.239 pt = 1278.63
phi = -2.741 eta =-1.312
e — phi =0.420

September 2015 Javier Cuevas, TAE 2015, Benasque 51



High mass di-electron event
| electron0 | electron1 _

E; 1260 GeV 1280 GeV
N -0.24 -1.31
) -2.74 rad 0.42 rad
charge -1 +1
mass 2.91TeV
cos 0 -0.49
Yy -0.78

“Collins-Soper” angle, cos B¢, negative while DY bkg peaks at positive cos 6.
The rapidity of the di-electron is rather large

Background is very low but not negligible ~ 0.002 events for M>2.5
Background uncertainty studies are ongoing (theory uncertainties expected to
dominate)
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SUSY Searches Commissioning

-1 CMS Preliminary 42 pb™ (13 TeV
- Foms 42pb" (18TeV) +Dafa<> CMS Preliminary 42 pb! (13 TeV)
o E e Data qc_) 4 DY B %
@ [ Preliminary I W+jets o 10 E %TT E O —+— Dala
g 10 i = = ] S B W Jets MC
ok [ DY+ets I [ Single top 7 2 . TTJets MC
- I Muttijet 10° g B Wdets E g IR Single Top MC
102 B ] 3 o Fit
E r 1 5
E o 10
L 2 |
10 E -g
= 7 z

!

01 2; T 51.4
S gg: -+ 8 §'-21++
it 3 NeS U I @ S
gggg [ | T+ T + § : ; " 500 1000 1500 2000 2500 3000 3500 M:(Eé()ev]
6E : : : 0.5¢ =
K 08 1o S 0 005 0.1 0.15 02EI0 2? 03I 0|35t> 0.4 ,  CMs Preliminary 42 pb" (13 TeV)
ectron Isolation 2 4 oway
e
_ -+ —+4— Expected QCD from ee |
CMS DP-2015/035 ;10 1;? = = —— Expected QCD from fake-fake ]
© 1' ‘T’ ]
. S, b — |
Key observables shape checked with MC z10%} i E
Trigger efficiencies measured 10° ——
bkg estimation methods tested o
b
5 1 -L-- L_+_
o ¥ T+ *
O 0 20 40 60 80 100120140160

E?'SS (GeV)
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Events / 50 GeV

Data/Pred.

BSM Searchers validating Top at 13
TeV

> L B [ T 17T [ T T T | LI | T T T |
8 r —&— Data 2015 (\s =13 TeV} 7
olP:= ATLAS Preliminary —— M Total <
CMS Proimnay A Pe ey S F L=mpb I wiess 3
—e—Data i -~ T Top ]
I a2 L 4
102 -W+jets _E W LML LA L L L Y B g -Z4jels
JQcD 1 T g3k . = i —
I 1 20 = amLas Preliminary = gf‘éﬁ_yan L o' B Oooson E
ERDY+ets T " fs=13TeV,85pb" ] Di-Boson ] r CRT selection ]
10 E - @ Top r 1
E 2l 27 | |
] 10 E — e selection ] Wejets E oL i
é 10 = = : :
] E ] e .
1071 = 1 E C ]
F ‘L | t ; L (- I_ 1 _
5 1 i Q 25 : E
2:_ E i = 2E 3
1:1' E = Al _+__+__T_ B = | | | | ‘ ‘ ‘ g 1: .*.:'!"m;..;':"‘%....... .+................ S B
- = = S0 N T T N AT T T T N N N N Y B S 0.5E g + SR SR ——
0 : : : : : E : - - : >
200 6500 800 1000 1200 100 200 300 400 500 800 700 800 0 =50 1500 1500 5600 5500
L, [GeV] My [GeV] m,(incl) [GeV]

Not yet sensitive = use relaxed cuts to validate data
Top is an important background for many BSM searches
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Summary

Standard Model: Our understanding of the strong and
electroweak interactions has improved dramatically.

— Amazing NLO and NNLO calculations that describe the data!
A fundamental scalar that couples to mass. At 125 GeV

— Is it the very Higgs of the SM? Elementary or Composite? First scalar of
many? Is it “natural®? Does it couple to Dark Matter? Connection to
matter-antimatter asymmetry? ...

No new physics has been discovered (yet)
— Supersymmetry is ever elusive;
— Exotica are, for now, just that;

We will get answers to some of these questions soon (LHC Run Il
and beyond) Run Il has started and is on and we’ll soon be crossing the
“tew fb" at 13 TeV” mark

Peak lumi Days proton  Approx.int

E34 cm2s-! physics lumi [fb]
2015 ~0.5 65 3
2016 1.2 160 30
2017 1.5 160 36

ceptember s0re 2018 1.5 160 36 .



