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Plan of the talk

Z BOSON | 1. Introduction :

* Exploring the unknown
e The LHC Run2
2. Di-photon story
3. Searches for resonances :
dileptons, lepton+MET, dijets
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Searches for diboson resonances
Searches for vector like quarks
Searches for long lived particles
BSM searches at LHCb
Conclusions
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Exploring the unknown

SM : Beautiful theory

Many “WHY” :

e Origin of EWSB ?

* Naturalness ?

e Unification ?

* More forces ? More dimensions ?
* Neutrinos nature and masses ?

* Matter/anti-matter asymmetry ?
* Nature of the dark matter

* Dark energy ?

At the LHC :
* Energy frontiers : 13 TeV runs LHC now :
— opening new phase space at high mass key period
e Collisions rates : above the design value <:> for the search
Excellent LHC performance For new physics
— exploring small cross sections (at the energy frontier)
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Exploring the unknown

Model DRIVEN

ew ideas
Topology DRIVEN

e Grand Unified Theories

e Leptoquarks

e Compactified Extra Dimension
e Quantum Black Holes

e Little Higgs

e Hidden Valley

e Contact Interactions/Compositeness

¢ Exited Fermions
e Technicolor

e Resonances (bumps hunting)
e multi-boson resonances

e boosted topologies

e Large missing transverse momentum
e Heavy quarks

e Excesses in high mass tails
Long lived particles
stemtatics scan / topologi

SUSY -> Loic’s talk
Extended scalar seckor -> Suzanne’s talk

DM -> Marie-Helerie’s talk If signal is observed
— Characterisation
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LHC performance

Run 2 Dataset

2015: ~3 /fb

2016: ~40 /fb delivered to CMS and ATLAS
August 2016 : 13 /fb analyzed & presented
at ICHEP
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Pile-up events

* Challenge : high values for the mean

number of pile-up events
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Di-photon story

* yyresonances at 750 GeV: | 2015 data| Mass resolution at 750 GeV < 1%

JHEP 09 (2016) 001 CMS 2.7 fb' (13 TeV, 3.8T)
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Di-photon story

e yyresonances at 750 GeV: | 2016 data

12.9 fb" (13 TeV)

3 10k amasPrelimnay . o » - O
© 5 « Data = SB10° ¢ E_?ta o 2
(e} — |
~ R - ] TR R S = EBEB —— Fit mode v
*qg"; 103§ | Backgr.ound only fit - o 8 - w1 s.d. ;g
2 i Spin-0 Selection ) - 8 2102 l + 2 s.d. »
E Vs =13 TeV, 2016, 12.2f0" 3§ = c g m
- qJ =m () C >
1 > L @)
10 =D Ll =
= 1 = 10§_ o)
1 E @ - Q
= 3 O - N
C J ~N
107 = 1§_ ‘('n
= 3 = c
o ' ] N o
= . . 3
2 10f = I | U
8 s = o &
8 of s 3 =
< sH = <
« = =
1 S R
00T B e 400 600 800 100012001400160018002000
Y
, . m,, (GeV)
2015+2016 combined : 201542016 combined :
M= 710 GeV (I/M = 10%) M= 760 GeV ([/M = 0.014)
¢ 2.30 (local); <10 (global) ¢ <10 (local)

TLF - November 7-9, IPN Orsay 8



Heaviest diphoton mass event : 2.2 TeV
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Date: 2016-06-29 14:32:52 CEST
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Zy channel

* Search for resonances in the Zy channel : | 2016 data

CMS Preliminary 12917 (13 TeV)
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Resonances : Dilepton

* Same flavor opposite sign .

Lepton Flavor Violation (ep, et, ut)
(ee, pp, tT)
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Resonances : Dilepton
: ———— -
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Resonances : lepton+MET

e W — e+ MET, p+MET e W — 1t + MET

ATLAS-CONF-2016-061 CMS-PAS-EXO-16-006
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Resonances : di-jets

* Develop techniques to optimise the searches :

At medium/low dijet mass :
use data scouting at trigger level
or dijet + ISR (g or y)

At high dijet mass :
use standard triggers

High Medium Low

Boosted di-jet

(jj =2 J)
Initial state IniﬁaI;tate
Radiation (y or g) Radiation (y or g)
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Di-jets at high mass

* Dijet: qq, qg, g8 * Dijet:bb
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the highest dijet invariant mass
7.7 TeV

CMS Experiment at LHC, CERN
Data recorded: Thu May 12 00:40:47 2016 EEST
Run/Event: 273158 / 238962455
Lumi section: 150
_Dijet Mass: 7.7 TeV
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Di-jets at “low” mass

Data scouting

CMS Preliminary 12.9fb"' (13 TeV)
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Probe mass as low as 100 GeV
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Di-jets summary

Low mass | High mass search
<€ : >
] ® . .
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Diboson signatures

Search for VV, Vy, (VH, HH) resonances (V=W,Z)
In leptonic/hadronic decay channels using large-R jets 2015 data
with jet substructure techniques oo
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Diboson signatures

2015+2016 data

e Search for VV in the semi-leptonic channels :
Boosted V-tagging used

ATLAS Prellmlnary
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Diboson signatures

Overlaying limits from all WZ searches,
no persistent excesses
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joint interpretation of VV/Vh channels

CMS rreiminary 22261 (13 TeV)
N L L R R R LI R RN I NN L R R
F 2015 data .
I —e— Asympt. CLS Cbs. I
|~. - Asympt. CLS Exp. £ 1o -
a N, = Asympt. CLs Exp. =20

\ HVTg (9,=3)

0...
-
Y
-

T lll!lll

1

1 lllllll

1

-
.......
LIS
-

L1t

.
e
.

~
b
......
.....
.......

- -Ivgq R e, =
F . libb/vbbiwbd e N =
- . qqqq .
_l l | 1 | L l 1 L 1 | l 1 1 i 1 l_
1 2 3 4
M,. (TeV)



Vector Like Quark (VLQ)

VLQ in composite H theories: T — Ht, Zt, Wb, and B— Hb, Zb, Wt
VLQ : spin 1/2, colored, charged particles with both LH & RH coupling to charged currents
* Single production through EWK coupling - dominant in high mass (model

dependent) :
IQI 2/3 IQI 4/3
> ' T ] CMS Preliminary 2.32 fb" (13 TeV)
8 20— ATLAS Prelnmmary QData ." 1 > 0 10 e Oboorved
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g 14' Post-Fit 8 - ttVandtZq (V=Zor W) >
T =2 6 Tin 2lep + 1top-jet|
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Vector Like Quark (VLQ)

VLQ in composite H theories: T— Ht,Zt, Wb, B— Hb,Zb,Wt
VLQ : spin 1/2, colored, charged particles with both LH & RH coupling to charged currents
e Pair production through QCD - dominant in low mass :

TT production, T—Zt 9 t
) CATLAS Prelminary ~ —— Observedlimit 7
= FVs=13TeV, 14.7 fb" - - - Expected limit ]
o - Limit at 95% CL Em:io . h !
a1] i
X Ct20 Z,H,W
© =— Theory cross-section | t t

10 o
g t

>9 jets and > 3b-jets, high H;

—2 | ﬂ T l' - T T T |_ T _1
107°¢ S 107 E ATLAS Preliminary ¢ Data2015 [Jti+light [Jtt+cc |
o L @ 1 s=13TeV,321b" Wt +bb Ot +V/H [INon-f
800 1000 o) L0 ) SR A B B L A B B IR B 10° f Post-fit 72 Uncertainty 1
= = ATLAS Preliminary 3 5 . . )
— E Th ] 10°F Control Regions  Signal Regions 3
= (s=13TeV, 14.7 fb’! e ] . !
= m—— Obs. Limit - 104
T N 95% CL Exp. Limit | pr—
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© |:| 95% CL Exp. +26 - 102k
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0.75 '

Sizp sy Yoy Gi2p Gi3p Yogp 10,5, F2qp 1 e
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Search for long lived particles

Search for unconventional signatures :

Detector signatures of
long-lived heavy particles

S ——,,_ Disappearing track
¢_——._\\ (ot ecin
, .
depends on LLP lifetime, / :

mass, & decay products N Isolated / late jets

== =0

Highly
ionizing
particle

Highly ionizing and
slow particle

Figure credit: Laura Jeanty
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“Long-lived” = decays
within or outside of the
detector volume
LLPs : in a variety of
models:

- Split/RPV/Stealth SUSY

- Exotic Higgs

- Hidden Valley, etc.
LLP signatures tend to be
unusual and require
dedicated searches &
reconstruction
algorithms

Results include :

® Displaced photons

® Disappearing tracks

® Displaced leptons (ep)

e Heavy stable charged
particles




Long lived particles

* Displaced “lepton-jet”
Collimated jet-like structure  LiTypeo OMS Simuiaion
containing e/p/m ‘ '

* Displaced |~ lem] |
e-|u pair | \ [f = be by
Large transverse

Impact parameter

RPV stop — bl*

2.6t (13 TeV)
10°

e Displaced jet
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F S = e N
[ — observed limit expected £ 26 ‘é F - 107 4N
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Heavy stable charged particles

Distinctive signatures of large dE/dx and long time-of flight CMS-PAS-EXO-16-036
Two analyses : track reconstructed (i) tracker-only; (ii) tracker + muon chambers
Trigger : muon (pt>50 GeV) or MET>170 GeV

12.9 fb™ (13 TeV)

I T T T T T

§ -(:IMIS Tracker - Onlly - 2016 data
© 10* =Preliminary =
§ ; ¢ Observed N ; 3 10 : | | 12 9 fb (1 3 TeV)_
10° [[4] Data-based SM prediction_| o = CMS Tracker + TOF=
X [ Gluino (M = 1000 GeV) T B’ = Prel(mlna -
10° E c B ' Theoretical Prediction —=— gluino; 50% gg 7
Ei’i ] _8 1 gluino (NLO+NLL) —«— gluino; 10% gg =
10 E = E L stop (NLO+NLL)  —=— stop =
- = = B e stau, dir. prod. (NLO) —e— stau; dir. prod. —
1 = d N R stau (NLO) —e— stau ]
2 21075 ¢+ o a=1e(0) —e— Q| = 1e =
107" = 3\.) H L ==1Q]=2e (LO) 1Q| = 2e 3
A ] o N R i
105 500 ST 1000 800 2 !
Mass (GeV) 1 O g\ =
Constraints on HSCP benchmark models : L )|
* gluino and stop1l pair production from 10°%F E
split SUSY (R-hadrons) - .
e staul from mGMSB model 10 L N, ,
* Drell-Yan production of long-lived lepton-like 1000 2'300 (GeV)
dass e

fermions 1Ql=1 and 1Ql=2
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Long lived particles

CMS long-lived particle searches, lifetime exclusions at 95% CL

APV SUSY,T - i, m(f) = 420 GeV
8 TeV, 19.7 b (displaced leptons)

H - XX (10%), X - ee, m(H) = 125 GeV, m(X) = 20 GeV
8 TeV, 196 b (displaced leptons)

H —= XX (10%), X —» uu, m(H) = 125 GeV, m{X) = 20 GeV
87TeV, 2051 (displaced leptons)

GMSB SPS8, 7, —» Gy, m(z) = 250 GeV
8 TeV, 19.7fb" (disp. photon conv.)

GMSB SPS8, ; -Gy, m(i‘"; =250 GeV
8 TeV, 19.1 fo” (disp. photon timing)

APV SUSY, m(@) = 1000 GeV, m(3,) = 150 GeV
8TeV, 1851 (displaced dijets)

RPV SUSY, m(@) = 1000 GeV, m(%,) = 500 GeV
8TeV, 1850 (displaced dijets)

AMSB Y, % =%, + ', m{) = 200 GeV

8 TeV, 19.5f " (disappearing tracks)

cloud model R-hadron, m(g) = 1000 GeV
& TeV, 1861 (stopped particle)

AMSB ¥, 1an() = 5, u > 0, m(y) = 800 GeV
8TeV, 188" (vacker + TOF)

AMSB ¥, tan(f) =5, u >0, m(i:) =200 GeV
8TeV, 188 1" (racker + TOF)

outer radius: beamspot
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e

leptonic

photonic vertices /

hadronic
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displaced
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BSM searches at LHCb

LHCb active in BSM searches : - Complementary region with respect to ATLAS and CMS
- Very good displaced vertex reconstruction
- Good particle identification
- Powerful heavy jet tagging

* Search for higgs-like bosons decaying into long-lived particles (LLP)
Channel considered : h®— x%° with x°being the LLP

x> = qqq
Benchmark model : MSSM mSUGRA with baryon number violation Dvé
- H mass particle from 80 GeV to 140 GeV x°
- T(LLP) =5-100 ps (up to 30 cm flight distance) p-p DV
- M(LLP) =20 - 60 GeV

0

Jd3 01 "wgns ‘pZTE0'609T:AlIXIe

:6" | Q.,-.... mpo = 125 GeV/ 2 :d 1
N e B
: I
TS 2 mprp = 48 GeV/c?
- tp LHCb S 1 (f) Mo = 125 Sé\é/bcz
2030 40 50 60, 0 25 50 75 100

miLp  [GeV/c’] TLLP [ps]




BSM searches at LHCb

e Search for long lived particles decaying to jet pairs

80 [~ EEE ATLAS (7 TeV)

M §104E|\||| T T T T T T T T T ™3 = B CMS (7 TeV)
) = F 3 & D200 8k N LHCb (7TeV)

- + ) . — = 3 ¢
H € o My, = 25GeV/c? My, = 50 GeV/c? LHCb b b Do (1 9; TeV)

€ r _ 2 _ ar 2 = 7 E e
Iy 1 i + mg, = 35GeV/c <& my, = 35GeV/, T, — cc i E 60 CDE (1.96 TeV)
K w10 E O m,, =43GeV/c2 O m,, =35GeV/c2, 7, — 55 E m, = 130-170 GeV
— «Q F ]
N X T 1
o Tz [ i

= 40
= & 10° = )
b g 3
- F H m, = 120 GeV
= i ] GeV
Ul o]
N 10 = 2 m, = 90-200 GeV

A | | 1 Lol 1 1 | | | |
1 10 102 ) 1 10 100 1000
lifetime [ps] ¢t [em]

* Search for exotic massive particles decaying semileptonically
LHCb-PAPER-2016-047

* Search for the SM Higgs boson decaying in bb or cc in association with W or Z
LHCb-CONF-2016-006

* Search for hidden-sector bosons in B — K™0u*u- decays
PRL 115 (2015) 161802

e Search for heavv charged long-lived particles using RICH
EPJC 75 (2015) 595

* Search for Maiorana neutrinos in B— mtuy
PRL 112 (2014) 131802

e Search violation of lepton flavour and baryon number in tau lepton decays at LHCb  PLB 724 (2013) 36

2
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Exotic searches : CMS summary

About 50% of the run 1 searches are updated at 13 TeV
B 13Tev [_]8TeVv

LQ1(ej) x2
LQ1(ej)}+LQ1(vj) B=0.5
LQ2(pj) x2
LQ2(uj}+LQ2(vj) B=0.5
LQ3(tb) x2

LQ3(vb) x2

LQ3(tt) x2

LQ3(vt) x2

Single LQ1 (A=1)
Single LQ2 (A=1)

RS1(jj), k=0.1
RS1(yy), k=0.1
RS1(ee,up), k=0.1

CMS Prelimi

SSM Z'(rr)

SSM Z'(j)

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

SSM W'(Iv)

SSM Z'(bb)

Leptoquarks

3 4 TeV

RS Gravitons

e* (M=)
p* (M=A)
q* (qg)

q* (qy) f=1
b

1

2

2

3 4 Tev

nary

3

CMS Exotica Physics Group Summary —

Excited

Fermions

4 5 6

TeV

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

ADD (y+MET), nED=4, MD
ADD (jj), nED=4, MS

QBH, nED=6, MD=4 TeV
NR BH, nED=6, MD=4 TeV
String Scale (jj)

QBH (jj), NED=4, MD=4 TeV
ADD (j+MET), nED=4, MD
ADD (ee,up), nED=4, MS
ADD (yy), nED=4, MS

Jet Extinction Scale

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

ICHEP,. 2016
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Exotic searches : CMS summary

About 50% of the run 1 searches are updated at 13 TeV

Vector Like Quarks pair prod.

Q- gwW
T—tH
T—tZ
T— bW
B — bH
B - bZ
B —tW
X5/3 = tW
X5/3 = tW

T— bW

Vector Like Quarks single prod.

Tt g0
T Lt
ToH
TS
T—tZ cw=15
T—=tZ ca=15
B—bZ cw=15
T—bW cw=15
Y= tH Con=1.0

0 03

Resonances to heavy quarks

Z'(1.2%) — it t* — tg S=3/2
Z'(10%) — tt t* — tg S=1/2
gKK — tt b* — tW Ke=1
W = tb b* = tW | Ka=1
W’ — tb Mva < Mw b* = tW KuKa=1

13 TeV

8 TeV RUERCLITELM

0.6
Observed limit 95%CL (TeV)

09 12 1.5

8 TeV radion — HH

Zhmowm | W= WH
|

05 1 15 2 25 3 35 4 Z = ZH
Observed limit 95%CL (TeV) Py
Gbul-( - WWwW
&
Grux — 2Z

W' = VW HVT(B)

new physics W= IWH FNT(E)
searches with Z - VHHVT(B)
heavy SM particles raion = HH

0 025 05 075 1
Observed limit 95%CL (TeV)

125 15 175 2

Excited quarks

8 TeV |

||

0 04 08 16 2

Observed limit 95%CL (TeV)

12

Resonances to dibosons

6fb
10 fb

13 TeV I

13 b

2010

30fb |

2810 |

401b.

181b
201b.

1.5 2

0 05 1 25 3
Observed limit 95%CL (TeV)

*model-Independent



Exotic searches : ATLAS summary

About 50% of the run 1 searches are updated at 13 TeV

ATLAS Exotics Searches* - 95% CL Exclusion

ATLAS Preliminary

Status: August 2016 f£ dt = (3.2-20.3) fo! Vs=8,13TeV
miss _ o
Model ¢y Jetst ET'® [rdi[m] Limit Reference
T T T T T T — L T —T
ADD Gk +&/q - z21j Yes 32 | Mp 6.58 TeV n=2 1604.07773
ADD non-resonant (£ 2e,pu - - 20.3 n=3HLZ 1407.2410
@  ADDQBH - (q 1epu 1j - 20.3 n=6 1311.2006
'3, ADD QBH - 2j - 15.7 | Mu 87TeV || n=6 ATLAS-CONF-2016-069
S ADL . . 32 | M 8.2 TeV n=6, Mp = 3TeV,rot BH 1606.02265
ADLC E t D 36 | M 9.55TeVl| n=06, Mp =3 TeV, rot BH 1512.02586
£ n EXTra DIMENSIONS .; samssssssssssszssrey KW = 01 1405.4123
ol RS1 .. .. . 3.2 Gkx mass 3.2 TeV k/Mp = 0.1 1606.03833
< Bulk RS Gkx = WW — qqlv 1epu 1J Yes 13.2 Gkk mass 1.24 TeV k/Mp = 1.0 ATLAS-CONF-2016-062
W Bulk RS Gyx — HH — bbbb - 4b - 13.3 | Gkk mass 360-860 GeV k/Mp =1.0 ATLAS-CONF-2016-049
Bulk RS gkx — tt 1eu 21b,>1J/2) Yes 20.3 BR =0.925 1505.07018
2UED/RPP lep =22b24j Yes 3.2 | KKmass 1.46 TeV Tier (1,1), BR(A®D — tt) = 1 ATLAS-CONF-2016-013
SSM Z' — ¢ 2epu - - 13.3 | Z’ mass 4.05 TeV ATLAS-CONF-2016-045
Q  ssM7 - rr 27 - - 195 1502.07177
3 Lej 2 Z' mass 1.5 TeV 1603.08791
ss N ‘A’ g g b 3 | W’ mass 474 TeV ATLAS-CONF-2016-061
'§ HV e a u e o S o n s > | W mass 2.4 TeV gv= ATLAS-CONF-2016-082
g: HVi v — vz — gyqyq nivuer b - cu - 19.5 W’ mass 3.0 TeV v = ATLAS-CONF-2016-055
] HVT V' - WH/ZH model B multi-channel 3.2 V’ mass 2.31TeV 8v = 1607.05621
Y LRSM Wy, — tb 1epu 2b,0-1j Yes 20.3 1410.4103
LRSM Wy, — tb Oe,u >1b1J - 20.3 1408.0886
] ° A 19.9TeV nu=-1 ATLAS-CONF-2016-069
=
s o Contact Interaction |
cl |Crrl = 1 1504.04605
s Axial-vector mediator (Dirac DM) O e, u >1j Yes 32 |ma 1.0 TeV 84=0.25, g=1.0, m(x) < 250 GeV 1604.07773
G  Axial-vector mediator (Dirac DM) O e, u, 1y 1j Yes 3.2 ma 710 GeV 84=0.25, g=1.0, m(x) < 150 GeV 1604.01306
ZZyy EFT (Dirac DM) Oepu 14,<1]  Yes 3.2 M, 550 GeV m(y) < 150 GeV ATLAS-CONF-2015-080
Scalar LQ 1° - 3.2 LQ mass 1.1 TeV p=1 1605.06035
9: Scalar LQ 2" Le ptoq u a rks - 3.2 | LQmass 1.05 TeV p=1 1605.06035
Scalar LQ 3" fes 203 _ p=0 1508.04735
VLQ TT - Ht 4+ X leu 22b>3) Yes 203 Tin (T,B) doublet 1505.04306
>0 VLQ YY — e v A e~ Yin (B.Y) doublet 1505.04306
< VLQBB— H k 20.3 isospin singlet 1505.04306
=
3 S vlaBB - eav u a r s 20.3 Bin (B.Y) doublet 1409.5500
L& vq QQ = vvyvvy e — oo 203 1509.04261
VLQ Ts/3 T3 —> WEWE 2(SS)/28eu21b,21] Yes 3.2 990 GeV ATLAS-CONF-2016-032
Excited quark g* — gy 1y 1j - 3.2 4.4 TeV only u* and d*, A = m(q") 1512.05910
° g Excited quark a* — o - 2.i - 15.7 5.6 TeV only u* and d*, A = m(q*) ATLAS-CONF-2016-069
2 S Excite E d f 8.8 ATLAS-CONF-2016-060
=.9 .
L E Excite XCIte ermions 203 fo=fi=fr=1 1510.02664
WO Excite 203 A=3.0TeV 1411.2021
Excited lepton v* Beut - - 20.3 A=1.6TeV 1411.2921
LSTC ar —» Wy ety - Yes 203 1407.8150
LRSM Majorana v 2eu 2j - 20.3 m(Wg) = 2.4 TeV, no mixing 1506.06020
o Higgs triplet H** — ee 2e(SS) - - 13.9 H** mass 570 GeV production, BR(H;* — ee)=1 ATLAS-CONF-2016-051
g Higgs triplet H** — (t 3eut - - 20.3 Y production, BR(H;= — £r)=1 1411.2921
@  Monotop (non-res prod) len 1b Yes 203 non-res = 0.2 1410.5404
Multi-charged particles - - - 20.3 DY production, |q| = 5e 1504.04188
Magnetic monopoles - - - 7.0 Nroduction, |gl = 1gp, spin 1/2 1509.08059
PR | 1 L PR

*Only a selection of the available mass limits on new states or phenomena is shown. Lower bounds are specified only when explicitly not ex

‘+Small-radius (large-radius) jets are denoted by the letter j (J).

PR

1071 1

10

ded.

ass scale [TeV]

8 TeV




Conclusions

* SM not complete - Need for BSM
New physics to discover at the TeV scale ?

LHC experiments conducting BSM searches in broad and complementary signatures

* Unfortunately the observed small excesses :
- Diboson in Runl

- Diphoton in 2015
are not confirmed using 2016 data

* No new significant excesses observed

However set new frontier scale — Major extension of reach compared to run 1

Further constraints BSM model parameter space
The results probe well into the TeV, even multi-TeV, mass scale range

More data to come — Many more searches will come with the full 2016 data now

available - Stay tuned!
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