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Lecture Pla

Overview of the 3 lectures in the next days

* Lecture 1:

— Introduction to searches for new physics

— Searches for exotica and new phenomena
* Lecture 2:

— Searches for supersymmetry

— Searches for real exotic particles
* Lecture 3:

— The hunt for dark matter

— QOutlook for the LHC and for the Future




Physics case for new High Energy Mac

-

- Discover physics beyond the Standard Model

Understand the mechanism Electroweak Symmetry Breaking

Reminder: The Standard Model ol g
- tells us how but not why 0 \wmw
3 flavour families? Mass spectra? Hierarchy? 19 parameters! <_
- needs fine tuning of parameters to level of 10-30 | 0
- has no connection with gravity / o i
- no unification of the forces at high energy 0 o000
Most popular extensions around 2000 e
. MSSM
- Supersymmetry >0 8 ol vere
- Extra space dimensions .

Many other ideas: More symmetry and gauge bosons, composite 0
Higgs models, L-R symmetry, quark & lepton substructure, VLQs »
Little Higgs models, Technicolor, Hidden Valleys, 4th generation... 0

Higgsless models clearly 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

Events / 3 GeV

proton

‘,,—f"

80 100 12092 140 160 180
m,, [GeV]

The Higgs particle was the last missing particle in the Standard Model
and possibly our portal to physics Beyond the Standard Model
B 200 B



The Theorist and Experime

' The party in 2012!  Not everybody at the party
A. Pomarol ICHEP2012 eg higgsless models...

Dilaton

But careful about resurrections, Higgs imposters‘




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




Physics Beyond the Standard Mod.

4
Important SM parameter — stability of EW vacuum A Higgs at 125 GeV
. g X 12065497 Precise measurements of the
R top quark and the Higgs mass

1 arXiv:1403.6535

2
(o)
—

We also know that:

Universe content

[ 1 isibl Tt %
r Me_ta—'stabi'lnzyu ,-1"2‘.3‘7-‘,17.3?" ] :;I e ma 5%

Top pole mass M; in GeV
=

~
n
———

dark matter 27% N

170 =8 g ‘
t. “' Stability ‘ dark energy 68%

1 6 N 0 O :
120 122 124 126 128 130 132

Higgs pole mass M, in GeV

New Physics inevitable?
But at which scale/energy?

E)__L \ ’\.lﬂ _IS E LEJ{D under exploration r.i-g-llt_l:.c:\:v__'
" When
“l Whae ﬁ\j\ Searches!!

. 0 500 1000 1500 2000 2500 3000 3500 4000
N. Arkani-Hamed

particle mass (GeV)




New Physics”

- New Gauge Bosons?  gypersymmetry ZZ/WW resonances?

v CMs

Technicolor?

- It u 3 H'q-=‘ ) y B siond
LMY — :

Eventz=/50 Ge V.

B 3
3 2175 i 90zZ (W) -
: i i
3 125 ° I
10 -

entries / 10GeV/ (o

400 (=] BOQ 1000 f?EF_ H’ﬂﬂ_ 1600
W mass (Gel)

Little Higgs?

Hidden Valleys?

Tzt —lbl -
a
g a5 fgoifbs' ] A Conceptual Diagram
3 -
g F
_3 251
i q 2 q
w2 WS

1.5 b T

0.5F

0 /00 ] 1R E]

Il bhv mass (fev) ——

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)




New Physics Searche

Same signatures can come from
quit different phenomena: We should explore both the energy

“The Inverse Problem” See eg the scale and the interaction strength
LHC Olympics workshops (2004) (couplings) with our searches

Energy Frontier
SUSY, extra dim.
Composite Higgs
= LHC, FHC

Big
Ideas

SUSY

Extended
Higgs Sector

Minimal
Dark Matter

Intensity Frontier
Hidden Sector

= Fixed target facility

Compositeness,
Extra dimensions

Interaction strength =———>

Wz’

Energy scale —>»




2010-2012: LHC dataand T
e N

g, Frond s'uts)
Unification

SUPERSTRING
M-theory heterctic
Ga ﬁlhnnny EgwEg

Type-EA Type-I
Sols)

"Data are coming! Data are coming!”

New modern version of the
~ plot, ie the new experimental

THOUGHT DOfF targets



Careful with “Discoveriesl

EVIDENCE FOR A MASSIVE STATE IN THE RADIATIVE DECAYS OF THE UPSILON x o § PDFS/TH
b
, , r— Analysis error! fo § L
104 40 effect - ST i
E m; N
$ 80 IStatistlics! | E o
Q 2 o ] 2 i
2 60 z 1
2 Z107 | 1 .0 -
m 20 | | 0 i *+ 10 E_ (c) _E B . . i.;oet'l'.r::;versf(]'?.ner%;. 350. * Ge:fso
08 10 12 14 03 EaM =25 Gev : Excess in inclusive jet
= S04 1 analysis: substructure?
Is the X(8.31 GeV) the afe ]
Higgs particle? A lot of  E..............3 NON of these were

100 150 200 250

) B
M, (GoV) actual discoveries!!

excitement summer 1984
u

Excess of events at high Q2 in ep DIS at HERA, mainly in H1:
7 events found with an electron-quark mass of ~200 GeV, expected ~1 event
*4 events found with expected 2 events in ZEUS  -> Leptoquarks?




New Physics Hunters @ the LHC.

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter
|

The ATLAS experiment

1 | \ The CMS experiment
Toroid M(;gne'rs Solenoi‘d Magnet SCT\. Tracker Pixe\l Dete }7/ S C M S
) 5““ a er r ECAL 76k scintillating

PbWO, crystals
£ ngth 20.7 M . MUON ENDCAPS
l \n d a I SO L H C b a n d M O E DAL HCAL Scintillator/brass 473 Cathode Strip Chambers (CSC)
n Interleaved ~7k ch 432 Resistive Plate Chambers (RPC)
/) —- - 3.8T Solenoid

Si Strips ~16 m2
~137k ch

?
N
i

Steel + quartz
Fibers 2~k ch

Pixel

Tracker Pixels & Tracker
« Pixels (100x150 um?)

ECAL ~1m2~66M ch
HCAL -Si Strips (80-180 um)

LHCb MoEDAL Muons 200 BMEN  UON BARREL

Solenoid coil 250 Drift Tubes (DT) and
480 Resistive Plate Chambers (RPC




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 fully in the analyses at 13 TeV...
Strategy now a combination of the above!




Summary of Exotica Searc
8 TeV data @ 20 fb!

2014

LQ1(ej) x2
LQ1(ej)+LQ1(v))
LQ2(uj) x2
LQ2(uj)+LQ2(v))
LQ3(vb) x2
LQ3(tb) x2
LQ3(tt) x2
LQ3(vt) x2

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

CMS Prell

SSM Z'(t1)

SSM 2'(jj)

SSM Z'(bb)

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

SSM W'(lv)

SSM W'(WZ-Ivll)
SSM W'(WZ—4j)

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

CMS Exotica Physics Group Summary —

Leptoquarks

Similar results for ATLAS

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

q=3e HSCP

neutralino, ctau=25cm, ECAL time

Excited

Fermions

Multijet
Resonances

ICHEP,

j+MET, SI DM=100 GeV, A
j+MET, SD DM=100 GeV, A
y+MET, SI DM=100 GeV, A
v+MET SD DM=100 GeV, A

H+MET, §&=+1, SI DM=100 GeV, A
I+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, AHNCM
single y, A HnCM
inclusive jets, A+
inclusive jets, A-

2014

Long-Lived
Particles

3

1 2
E Dark Matter
1 2

3

4

4

Large Extra
Dimensions

Compositeness




ummary of SUSY S

2014

Similar results CMS

ATLAS SUSY Searches™ - 95% CL Lower Limits DA y
Status: Feb 2015 Vs=7,8TeV
Model Ty Jets ET™ [Ldntm™ Mass limit Reference
T T T —r—— T T T —
MSUGRA/CMSSM 0 26jets  Yes 20.3 7.8 1.7TeV  m(g)=m(z) 1405.7875
4. qaqjﬁ 0 26jets  Yes 20.3 q 850 GeV m(¥})=0 GeV, m(1* gen. §}=m(2* gen. §) 1405.7875
3y, i—q¥, (compressed) 1y O-1jet  Yes 203 |4 250 GeV m(@)-m(t) = m(c) 1411.1559
% g8 g_.qqx, 0 26jets  Yes 203 |Z 1.33 TeV m(¥})=0 GeV 1405.7875
T S R lepu 3-6jets  Yes 2 |2 1.2 Tev m(¥})<300 GeV, m(E* )=0.5(m(t})}+m(2)) 1501.03555
(%) BB, B—qq(Ll/Ev/v)) 2e.p 0-3 jets - 20 g 1.32 TeV m(E])=0 Gev 1501.03555
GMSB (7 NLSP) 1-27+0-1¢ 02jets  Yes 20.3 z 1.6TeV  tang>20 1407.0603
% GGM (bino NLSP) 2y - Yes 203 |& 1.28 TeV m(¥))>50 GeV ATLAS-CONF-2014-001
§ GGM (wino NLSP) Teu+y - Yes 4.8 m(¥})>50 GeV ATLAS-CONF-2012-144
£ GGM (higgsino-bino NLSP) s 1b Yes 4.8 m(i})>220 GeV 1211.1167
GGM (higgsino NLSP) 2eu(Z) 03jets  Yes 5.8 m(NLSP)>200 GeV ATLAS-CONF-2012-152
Gravitino LSP 0 mono-jet  Yes 20.3 F'2 scale 865 GeV m(G)>1.8 x 10~ eV, m(g)=m(§)=1.5TeV 1502.01518
s gbbE) 0 3b Yes 2041 |% 1.25TeV mi)<400 GeV 1407.0600
ZG;E gl 0 710jets  Yes 203 | & 1.1 TeV m(F}) <350 GeV 1308.1841
b E gty 0-1ep 3h Yes 201 B 1.34 TeV m(¥})<400 GeV 1407.0600
@ ity 0-1ep 3b Yes 201 |& 1.3 TeV m(¥})<300 GeV 1407.0600
biby, by—bE] 0 2h Yes 201 | & 100-620 GeV m(¥})<90 GeV 1308.2631
£S hby byttt 2e4(89)  03h  Yes 203 |h 275440 GeV m(E:)=2 m(El) 1404.2500
o § i, i —bVT 1-2e.u 1-2b Yes 4.7 | 1 11067 GEV miE;) = 2miE)), miE))=55 Gev 1209.2102, 1407.0583
8’3 7, L= WBE of 1) 2ep  O2jets  Yes 203 |@ 90-191 GeV 215-530 GeV m(P)=1 Gev 1403.4853, 1412.4742
E:; S i, otk 0-1eu 1-2b Yes 20 n 210-640 GeV mE])=1GeV 1407.0583,1406.1122
U:E' iy, f—ck) 0 mono-jet/c-tag Yes 203 [§ 90-240 GeV mif,)-m(E))<85 Gev 1407.0608
"'}., g b (n_atur_al GMSB) 2e,pu(Z) 1b Yes 203 f. 150-580 GeV m(¥})>150 GeV 1403.5222
iy, =iy +Z 3eu(Z) 1b Yes 20.3 f 290-600 GeV m(ﬂ)dnﬂ GeV 1403.5222
fpiig, (—0F] 2ep 0 Yes 203 |7 90-325 GeV mpP").n GeV 1403.5294
BIRT, K] =) 2e.n 0 Yes 203 |A} 140-465 GeV m(¥})=0 GeV, m(Z. #)=0.5(m(¥] }+m(¥}}) 1403.5294
I’.)?,' X} —iv(ry) 27 - Yes 203 |k} 100-350 GeV m(¥})=0GeV, m(z, #)=0.5(m({} )+m(i})) 1407.0350
E g BRI viL L), 69T L) 3ep 0 Yes 203 |ELE 700 GeV m(FF)=m(i?), m(,?n)-o, m(f, H=0.5(m(¥T)+m(})) 1402.7029
© x.x"_.wxlzx. 23eqpn  02jets  Yes 203 [ FLE 420 GeV mi¥} )=m(E%), m(E)=0, sleptons decoupled | 1403.5294, 14027029
X|X2~WX| hzl’., h—bb/WW/tt/yy &Y 0-2b Yes 203 Ef.f: 250 GeV m{E;)=m(E3), m(E))=0, sleptons decoupled 1501.07110
oRS, ¥05 —lrt dep 0 Yes 203 |R%, 620 GeV m(F2)=m(E), m{E})=0, m(Z, 7)=0.5(m(¥3)+m(i}) 1405.5086
Direct ¥ 7 prod., long-lived ¥7 ~ Disapp. ttk  1jet  Yes 203 |& 270 GeV m(E})-m(F})=160 MeV, 7(F})=0.2 ns 1310.3675
g Stable, stopped g R-hadron 0 1-5jets  Yes 27.9 I 832 GeV m(¥})=100 GeV, 10 us<r(2)<1000 s 1310.6584
= é Stable g R-hadron trk - - 191 | & 1.27 TeV 1411.6795
DT  GMSB, stable 7, ¥ @, irle. ) 120 - - 191 | &) 537 GeV 10<tang<50 1411.6795
3 g GMSB, ¥]—y6, long-lived 7] 2y - Yes 203 | 435 GeV 2<1(7))<3 ns, SPSB model 1409.5542
a4, f‘,'_.qqlu (RPV) 1 p, displ. vix - - 203 g 1.0 TeV 1.5 <cr<156 mm, BR(u)=1, m(i)=108 GeV | ATLAS-CONF-2013-092
LFV pp—i, + X, v, —e + 2ep - - 4.6 A]“-O 10, 1,32=0.05 12121272
=~ Bilinear RPV CMSSM 2e,u(SS)  03b Yes 2[) 3 4.8 1.35 TeV m(§)=m(g), ctesp<t mm 1404.2500
o ff)?f,f’,*—awf?.j'?—beeﬁy‘ey\‘tr de.p - Yes 203 | & 750 GeV m(¥))>0.2xm(¥; ), 1,220 1405.5086
= TR B W B v, eriy 3eu+1 - Yes 203 | & 450 GeV miF})>0.2xm(E} ), 413320 1405.5086
&—q4q 0 6-7 jets - 203 |& 916 GeV BR(1)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091
gt ii—bs 2e.4(SS)  03b  Yes 203 |& 850 GeV 1404.250
Other Scalarcharm, r:ar:/\’l 2¢ Yes 20.3 @ 490 GeV . m(¥)<200 GeV 1501.01325
s=8TeV -1
Read - Fasrv 10 1 Mass scale [TeV]




Run-1: We Observed Mild Deviat

November 2015

LHC Beyond-the-SM Anomalies

hitps://'www.dropbox.com/s/2xrrexnsbwnedek/L HC  anomalies.pdi?dl=0

B. Hooberman

Dataset

Max Significance

Z+jets+E, ™= ATLAS 8 TeV 3.00 EPJC 75 (2015) 318
Strong SUS e Z7a ATLAS-CONF-2015-082
(jets+Er™**+X )| bilepton mass edge CMS 8 TeV 2.60 arXiv:1502.06031 [hep-ex]

Soft 20+E s ATLAS 8 TeV 2.30 ATLAS-CONF-2013-062
Same-sign =20+b+E, M= ATLAS 8TeV 250 arXiv:1504.04605 [hep-ex]
EWK SUSY A0+E (WZ—32 channel) CMS 8 TeV 20 EPJC 74 (2014) 3036
( |.;§3F:;.t.;:| ns+E | A+E-"=2 (30+71,. ., channel) CMS 8 TeV ~Ja PRD 90, 032006 (2014)
30+F ATLAS 8 TeV. 2.2¢ JHEP 04 (2014)169
All-hadronic boosted diboson ATLAS 8 TeV 3.40 JHEP 12 (2015) 55
:Di el resonance seaich (M ~ 1.8 16V) CMS 8 TeV ~20 PRD 91 (2015) 052009
Resonance v Teconance My ~ 1.8 12v] CMS B 18V 2.2 CMS-PAS-EXC-14-010
— _ v) ATLAS ATV 3.0g PRL 114 (2015) 081802
| 1%t gen. leptoquarks (eejj / evjj channels) CMS 8 TeV 2.60/2.40 CMS-PAS-EXO-12-041
Heavy right-handed neutrinos CMS 8 TeV 2.80 EPJC 74 (2014) 3149
Hi ggs itH (same-sign muon channel) CMS B8 TeV By = 8.5°35 JHEP 09 (2014) 087
Higgs—pr (lepton flavor violation) CMS 8 TeV 2.50 CMS-PAS-HIG-14-005
B — Ko¢ (Kup / Kee) LHCDb 8 TeV 2.60 PRL 113 (2014) 151601
Flavor 5 _, o wraneh ng ratio) LHCb 8 TeV 2.26 JHEP 06 (2014) 133
B — Kuu (Ps' angular distribution) LHCE 8 TeV 3.7o LHCb-COMNF-2015-002
WW cross section” CMS 7 TeV 1.00 EPJC 73 2610 (2013)
S\ WW cross section” CMS 8 TeV 170 PLB 721 (2013
measurements WW cross section” ATLAS 7 TeV 1.4o PRD 87, 112001 {2013}
WW cross section” ATLAS 8 TeV 2.00 ATLAS-CONF-2014-033

¥ See Jaiswal and Okui 2014 and Monni and Zanderighi 2014 for explanation




LHC experiments are back in business at

a new record energy 13 TeV
3 June 2015

< I AL L AL DAL B L -
2 - ATLAS Online Luminosity ~ (s=13Tev -
- / £ 5 [IHLHC Delivered __
’ , 2 C ] ATLAS Recorded ]
£ C
E af | ., 2015
3 C  Total Delivered: 421 fb 7]
B - Total Recorded: 3.87 fb” .
® 9C ~
g | ~15% of the Run-1 E
's [ luminosity! ]
S ]

G L L L L L 1 1 1 1 1 1 1 1
24/05 21/06 19/07 16/08 13/09 11/10 08/11

Day in 2015
CMS Integrated Luminosity, pp, 2016, s = 13 TeV

Data included from 2016-04-22 22:48 to 2016-08-17 22:07 UTC
25 T T

I LHC Delivered: 24.26 fb '
CMS Recorded: 22.38 b '

201

* ~ similar to the
Run-1 luminosity?

| 2016 / |

.l—"-
o
.o—""-'-
o n L L — 1 1 1 L 1 1 1 1 1 1 1 1
2° 005 et e W0 W ™ o b b Wb b WoN 09 0O
22 %0 P ™3 Mo i 3 Vo W e d ERERCRS A I o

15}

Total Integrated Luminosity (b ')

For ICHEP results: ~ 13 fb1 from 2016 data

Date (UTC)



New Physics Searches with 1

Generic LHC Collision

N13 TeV 0.13 TeV £13 TeV
N'Events =oc X L % = 8 Tev X 8 Tev
proton NEvents ) o . E .
/ WJS2013 \
100- ——— . T T ’ P 1 ~1/7f01’

[ ratios of LHC parton luminosities: 13 TeV /8 Te 2015 vs Run-1

proton

o ____‘ ag
| % £qq
> T qg
g Ut | ]
€ 7 ;
g i P : ]
= - :
- - ' 2015 Run—1
------------- : NEVGIltS ~ NEventS
—— T Il .
—————— 1
1 MSTW2008NLO
X ’ g o l ) l
100 1000
M, (GeV)

For searches above 1-2 TeV the 2015 data sample becomes already important
The 2016 data (~30 fb! at the end?) will take over for ALL searches



Run-Ill: From 8 Te

Min. bias plE - - - .

Wz 204 - Predicted cross-section ratios
Single t (s-ch.)
Single t (tch.)

tW

tt

ggH

VBF

VH

- ttH
it (0.7 TeV)

1 (0.9 TeV)

aq (1.0 TeV)

gg (1.5 TeV)

(2.5 TeV)

Z' ey (2.0 TeV)
G* (3.0 TeV)
HSCP g (2.0 TeV)
W —tb (2.0 TeV)
XgsXga (1.0 TeV)

XgXe3 (1.5 TeV)

> (oL)

13 TeV

13 TeV with 2.2 fb™?
- potentially more sensitive
than 8 TeV (19.8 fb1)

8TeV

(o)

1 10 10° 10° 10*
ICHEP dataset G413 1ev! g Tov




Extra Dimensions




@ Extra Space Dimensions &

i .‘ & ‘;'..‘.':;', oges
Problem Mpy=——==12-10GeV

-
.

mpw = —— = 246 GeV
(Gpv2)2




i e T NN

Large Extra Dimensions planck scale (Mp) ~ TeV

Size: » TeV; SM-particles on brane; gravity in bulk

KK-towers (small spacing); KK-exchange; graviton prod.

Signature: e.g. x-section deviations; jet+Ermiss .... A _ K )
Arkani-Hamed Dimopoulos Dvali %€, S5

Warped Extra Dimensions  pg o (oo
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 look-like SUSY

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

L UED
nUED : KK excitations of gauge bosons Universal Extra Dimensions

UED : KK number conservation; KK states pair produced (at tree-level) ...
Signature: e.g. Z'/W' resonances, dijets+Eniss, heavy stable quarks/gluons...
B 0 B



Search for Large Extra D
Example: Mono-jet final state +Missing E+ (ADD)

Lower limit on the Planck Scale
versus number of extra dimensions

pr jet > 250 GeV

MET > 250-700 GeV

Limits on M,
between
~ 7 and 4 TeV

M, Lower Limit [TeV]

arXiv:1604.07773

L |
L ATLAS
[ Ys=13Tev,3.21"

[ Alllimits at 95% CL

\ I I
- - Expected Limit (= 10,,,)

Observed Limit

=:=-=:= Obs. Limit (after damping) ]

4 A3 wiATLAS e SR :
;o § 10° -5 =13Tev, 321" . 2 )+ jets ——— ATLAS {s=8TeV,20.3fb" -
s 2 _E Signal Region e 7
_r._f,- ) § 107 [Ep 250 GeV, Ef*>250 Gev = w:__ :v]" :: [
JEL W et L = . N T
1-003 V e
----- m(B, 5') = (350, 345) GeV
10° mn;,:d__;nso.mw)aw L
p—>% p
graviton, 10" —
i -2
2 1 ;.1-c‘++++‘T b E O | | | |
b} E L .o E
- S R LI ) N T - 2 3 4 5 6
400 600 800 1000 1200 ) 1400
ET* [GeV] Number Of Extra Dimensions
95% CL lower limits on M [TeV]
n extra 95% CL observed limit 95% CL expected limit
dimensions Nominal (Nominal after damping) + 1o (theory) Nominal + 1o (expected)
2 6.58 (6.58) ’:gfé 6.88 fg:gi
3 5.46 (5.44) 1048 5.67 o
4 4.81 (4.74) ’:g:g; 4.96 ’jgﬁg
5 4.48 (4.34) +041 4.60 03
6 4.31 (4.10) fg:;}‘ 4.38 ’:gjg




A High p+ Mono-jet event

L L ot St

p, = 602 GeV
ET'“i“ =523 GeV

CATLAS
A EXPERIMENT

Run Numbe

A high-p_monojet event - SM interpretation Z = w + jet




Micro Black Holes? -

o Schwarzschild radius | Landsberg, Dimopoulos, Giddings, Thomas, Rizzo

: 2 M
4'd|m-/ Ivlgravity= IVIPIanck : Rs - M > CEH Rs — << 1035m
PI
- _ . R~ L Mgy | R¢ > ~ 1019m
4 + n'dlm., Mgravity_ MD NTeV. S M M S
D D e

Since Mp is low, tiny black holes i
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 (ijj > BH)~ tRg 7 o e
e (pp > BH)isintherangeof 1 nb-1fb SVECIELEE 17 L0 526
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

Note: Quantum Black holes usually decay typically just to two fermions ‘ Dvali |




Search for Micro Black

saesomensov — Extra Dimensions!
’/Gravitoi
% g,’.[,% g Planck scale
,2\<§§X a few TeV?
% Q\ e SN
¢,
? UNIVERSUM 3-brane

Look for the decay producs
of an evaporating black hole

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

at high S;

2015: 12 jet event with S;=5.4 TeV
CMS.|

CMS Experiment at LHC, CERN
. & Data recorded: Mon Sep 28 08:09:43 2015 CEST
Run/Event: 257645 / 1610868539

CMS-EXO-15-007

| 2.2 157 (13 TeV) 221" (13 Tev)
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Black hole mass excluded in range below ~8-9 TeV depending on assumptions



earch for High Mass Resonance




E.g. Di-lepton R

cMs  —

Plot the di-lepton
Invariant mass

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

L,»ww -
SL=01fbt

EventzS0 SeVio 1 '

o ™

-'HJ'EJ mﬂ'ﬂﬂ ]‘Eﬂ? 'F.?Eﬂ 1400 1600
W mass (GeV)

‘ Example : The Di-lepton chunnell\‘

‘ \/ \.‘ 60%) \
(New gauge bnsn:ns) \ (ADD)

Ay, Ly 1/Z
(Little Higgs) (TeV-! Extra Dimensions)

5[1]
(Rnndall Sundrum)




Example: Z’ Resu*
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Sequential Standard Model Z" excluded for masses below 2.9 TeV



Search for New Gauge Bosons I

Search for Z" in dilepton decay channel Y

T T T L T

¢ Data CMS
[ y/z—e'e Preliminary
I, tw, WW, WZ, ZZ, tt

] Jets
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Lepton+MET: Sear
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Leptoquark LQ->lepto

Searches in leptions + jet channels
A small enhancement was seen in Run-1 in CMS in the e-jet channel (2.60)

N(Events) x (100.0)/(bin width)
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New data does not show any deviation from SM expectation.
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Dijet Resonance Search -
A " Coloured objects are easy to produce
o O/\/%) at pp colliders->High sensitivity early on

Cg’\m@” The highest mass dijet events recorded
so far in Run-2

Dijet invariant mass = 7.7 TeV Dijet invariant mass = 7.5 TeV
ot ' Angular selection
ola=032 .\ Jet pr=3.1,3.0 TeV
LEn=Res | . - | mjj=7.5 TeV

B | Jet 2,
pt = 3.38 TeV
eta =-0.56
phi =-2.49



Early Dijet Searches

241" (13 TeV)
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2.4 fb! limits from 13 TeV already
surpass the 20 fb-1 limits from 8 TeV
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Significance

[=T\

k=]

Dljet Searches: 114

ATLAS Prellmlnanf 5 CMS Prellmmary 12.9fb" (13 TeV)
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String g 7474 7.0(69) 5.0 (4.9)

Scalar diquark qq 6.9 (6.8) 6.0(6.1) 4.7 (4.4)

Axigluon/coloron qq 55(5.6) 5.1(5.1) 3.7 (3.9)

Excited quark qg 54 (5.4) 5.0(4.8) 35(3.7)

Color-octet scalar (k? =1/2) gg  3.0(3.3) - —

w’ qq@ 27(31) 2623 23 (3.9
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Are Quarks Elementary Partic

JET 2 E::%, n.14 _ —— Rutherford Scattering
™ e* E 0.12 _ “---- SS\EPhysics
p — P
0080
'je'T1 008 .| [ |
2 4 6 8 10 12 14 16
CONF-2016-069 N e el
 (s=13TeV, 157 10" ATLAS Preliminary Measurement of the production angle
g AT et ey of the jet with respect to the beam
' o e -> High Energy Rutherford Experiment
] Total uncertainty
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: St Wil B " s
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Quérké remain elémentary particles after these first resulm



Access to lower mass/scale |

What about low mass & small couplings
Problem for dijet triggers: trigger thresholds lead to data sensitivity that
starts around a dijet mass of 1.2 TeV. Problem is the rate/data volume!

Solution: Reduce data size per event from 500 kB to 10 kB -> Keep only
reconstructed jets at HLT/no raw data! This allows for a 1 kHz extra trigger
rate for such data, without affecting the overall data taking (5% correction).
Trigger used: Sum jet p; > 250 GeV for jets with p> 40 GeV

arXiv:1604.08907 Data Scouting! EXO-16-032
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Access to lower mass/sc

CONF-2016-070 * Bymp hunting in dijets
Produced with an ISR
photon or high p; jet
to give the trigger

Jet (pr>430 GeV) + 2- |ets Y {pT>1 50 GeV) + 2-jets

0
: X +j (P, >430 GeV) ATLAS Prellmmary : § - xﬂr {FT.T:-15!] Gev:- ATLAS Prellmlnary
= ) ' E = « Data 3
= Background fit 3 - Background fit ]
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- ; ; = 10° = FitRange: 169 - 1493 GeV e
g 25 E g — -
E 2F — o
& E = =
400 500 600 ef'f ,
200 300 400 500 1000
m, [GeV]

m, [GeV]



Access to lower mass/sc

EXO-16-030 Production of a Z’ with

CMS Preliminary 271" (13 TeV) an ISR_ Jet.
o A — - «Jet with p;>350 GeV
6 9F — hecez 1 *H; > 650/800 GeV
— 4= mm expected o : . -
o £ oUR2 - . )
S ggb o COFRunt . E
o 355 .. CDFAuwn2 -
0 - ATLAS 13@203 fb’ :
35 — ATLASRun2(ISRy) 32" 5 =
= ATASAun2(TLA)32f0°  § - z ,
D5E — CMS1aBR (DaiaSooung) - E
156 ) \ q g
~ - —
055 ﬂ@? Jet 7 _—
- /”
; ] e i,
200 300 400 500 —-
Z' mass (GeV) boosted di-jet

Sensitivity ‘beats’ the old UA2 result, going now below 140 GeV



Search for a 4th Generation

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 in 2010-2011

No evidence found for a new quark
generation for quarks with mass < 550 GeV!

A 4% generation would also affect the Higgs
rate in a substantial way, so it is unlikely
to exist!



Vector-like Top/Bottom Partn

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

way under weak isospin

CMS L=195fb" (s=8TeV _

' il
Expected Limit + 16 ] o
| m e \f@ctor-like quarks
10_1 : ignal Cross Section

o w-we . RElGVANt eg in
composite Higgs
models
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0% BF(T, Tyq — W'W — FF* + X) (pb)

850
800
750
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Exclusions up

Summary results:

BR (T — Ht)

s Same-Sign ! | 700 to masses of
P Sone:
' Zb/t + X 800'900 GeV

ATLAS-CONF-2014-036

And up to 1.75 TeV
For singly produced
~ VLQs

Observed 95% CL m, limit [GeV]

Status: ICHEP 2014
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Vector-like quark pair production
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earches with Boosted Objects




TeV Resonances into Top Quark Pair.

Recent developments in models: a prominent role of top production
-light SM fermions live near Planck brane, heavy (top) near TeV brane
-decay of Randall Sundrum gravitons into top pairs!!

» Eg RS — t thar HCAL Deposits ==

ECAL Depdsits="

[~ KK gluon, KK W

%

<— Higgs

Subjets

=High P+ tops

- So far no signals found of the kind X -> tt _‘



Searches with Booste

- Several different techniques to
identify merged jets are on the
market...

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

1 L]
™ = - E prrmin (AR k, ARok, -
0
k

discriminant to separate QCD jets from

meraed W/Z iets

Boosted W Jet, A= 0.6
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[Thaler, Tilburg, arXiv:1011.2268]

x10°

Discussed in topical “"Boost Workshops”
Last one Zurich 18-22 July 2016
https://indico.cern.ch/event/439039/
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Resonances Decaying into

Search for heavy resonances decaying into VV jets
using boosted jets and jet substructure analysis

arXiv:1506.00962 arXiv:1606.04833
Sobamas eomewoma 1 8 "R ot
= - Vs=8TeV,203fb" - Expected 95% CL S - (s=13TeV, 32" --- Expected CLss limit
to10? : T A\ T
JetS Sta rt tO merge for > E [ ] = 1o uncertainty 3 é AL Expec:e:: ;0 i
= £ 20 - E xpected + 20 3
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channel of 3.40 (2.50 with ;g i —— Se~E-mem = B e
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. =% O 1
Bump around 1.9 TeV in CMS B 4
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i |
2015 data: Not confirmed
more data needed to i

completely settle the issue Mo, (TeV)




Diboson Search with th

WZ -> 4quarks (2jets ) channel
10* — .

E ; lATII.AEI PI I_ v i ¥ ' S‘ 1 0 EL h‘ T T T ‘ T T T T ‘ T T T T [ T T T T | T T 17T ‘ L ‘ T T 17T | T T 7T :_t
§ F T ',3 ':"E'i'::;_, & - . ATLAS Preliminary 95% C.L. exclusion limits-
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2.0 TeV excess seen at 8 TeV strikes (a little) back? Let's see what happens
with more data..

More channels analysed: X-> VV, VH, HH, vy, Zy,... No striking signals seen



A new Particle at 750 GeV: X

Excitement in December 2015
->Some excitement on an mild observed excess in both
experiments for a diphoton mass of around 750 GeV

ATLAS-CONF-2015-081 CMS EXO-15-004

otally unexpectec

10¢
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Statistical fluctuation? A new resonance? ?7??
Moriond: CMS: 3.4 0! ATLASupto 3.9 o !l (global significances)




This triggered >540 papers

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

12/8/2016

Constant rate of 2 papers/ working day!

#Run2Seminar and subsequent yy-related arXiv submissions
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A new Particle at 750 GeV: X

What does the 2016 data say ? (4 x 2015 data!!)  Last Friday

' at ICHEP!!
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The excess is NOT seen in the new data from 2016!

So, not for this time, but a sign of new physics can be found any time now

We need only one significant deviation of the Standard Model to show the way!
B



A New Particle at 750 GeVV??
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Guess we know the answer to that now.. I



ATLAS Exotics Searches* - 95% CL Exclusion

Exotics Search S

ATLAS Preliminary

Status: AUQUSI' 2016 f-E dt = (32 _ 203) b1 \/_ =8, 13 TeV
Model £,y Jetst ET™ [ram'] Limit Reference
T T T T T L | T — T
ADD Gy + g/q - 21j Yes 3.2 6.58 TeV n=2 1604.07773
ADD non-resonant (' 2e,p - - 20.3 n=3HZ 1407.2410
ADD QBH — {q 1ep 1j - 20.3 n=6 1311.2006
ADD QBH - 2j - 157 | My 87TeV n-6 ATLAS-CONF-2016-069
ADD BH high ¥ pr >lep >2j - 3.2 | My 8.2 TeV n =6, Mp = 3 TeV, rot BH 1606.02265
ADD BH multijet - 23j - 36 My, 9,55TeV »n =6 My =3TeV, ret BH 1512.02586
RS1 G — (€ 2eu - - 203 (GRS e Te k/Mp = 0.1 1405.4123
RS1 Grk — ¥y 2y - - 3.2 Gy mass 3.2 TeV kMg =01 1606.03833
Bulk RS Gk — WW — qqlv leu 1J Yes 132 |Gk mass 1.24 TeV kfMp = 1.0 ATLAS-CONF-2016-062
Bulk RS Gxy — HH — bbbb - 4b - 13.3 Gkx mass 360-860 GeV k/Mp =10 ATLAS-CONF-2016-049
Bulk RS gy — tt Tep z1b=142 Yes 203 |ERKmESSI e BR=0925 1505.07018
2UED/ RPP lepu 22D 2>4] Yes 3.2 | KKmass 1.46 TeV Tier (1,1), BR(AUY — #r) =1 ATLAS-CONF-2016-013
SSMZ' — (¢ 2e,u - - 13.3 Z' mass 4.05 TeV ATLAS-CONF-2016-045
SSMZ' -t 2r - - 195 (s 2Te v 1502.07177
Leptophobic Z* — bb - 2b - 3.2 Z' mass 1.5 TeV 1603.08791
SSM W’ = {v 1eu - Yes 133 |W’ 474 TeV ATLAS-CONF-2016-061
HVT W’ — WZ — qgqvvmodel A O e, p 1J Yes 132 | W’ mass 24 TeV gv =1 ATLAS-CONF-2016-082
HVT W’ — WZ — gqqq model B~ — 2J - 155 | W’ mass 3.0 Tev av =3 ATLAS-CONF-2016-055
HVT V' — WH/ZH model B multi-channel 3.2 V' mass 2.31 TeV gv—3 1607.05621
LRSM Wy, — tb 1epu 2b,0-1] Yes 20.3 1410.4103
LRSM Wy, — tb Oe,u z1b1J - 20.3 1408.0886
Cl 94999 - 2j - 157 |A 19.9TeV nu—-1 ATLAS-CONF-2016-069
Cltlaq 2eyp - - 32 [A 252TeV o — -1 1607.03669
Cl wutt 2(SSYz3epzibzl| Yes 203 [N e ey 1Cinl — 1 1504.04605
Axial-vector mediator (Dirac DM) Qe pu z1j Yes 3.2 ma 1.0 TeV 8,=0.25, g,=1.0, m(x) < 250 GeV 1604.07773
. Axial-vector mediator (Dirac DM) O e, u, 1y 1j Yes 3.2 ma 710 GeV 8,=0.25, g,=1.0, m(y) < 150 GeV 1604.01306
ZZyy EFT (Dirac DM) Oep 1J,21] Yes 32 | M. 550 GeV mix) < 150 GeV ATLAS-CONF-2015-080
Scalar LQ 1* gen 2e =2j - 3.2 LQ mass 1.1 TeV =1 1605.06035
Scalar LQ 2™ gen 2p z2j - p=1 1605.06035
Scalar LQ 3" gen leu 21b23] Yes A=0 1508.04735
VIQ TT — HE+ X leuy =22b=3j Yes Tin (T,B) doublet 1505.04306
VLQ YY — Wb+ X len =21b23] Yes Y in (B.Y) doublet 1505.04306
VLQ BB — Hb+ X lepn 22bz3) Yes isospin singlet 1505.04306
VLQ BB =+ Zb+ X 2>3e,u 22/21b - Bin (B.Y) doublet 1409.5500
VLQ QQ — WgWg 1epn z4j Yes 1509.04261
VLQ Tg3 Tz — Wit 2(SSyz3 e z1b z1] Yes ATLAS-CONF-2016-032
Excited quark g* — qy 1y 1) - 4.4 TeV only v and d*, A = mi{q*) 1512.05910
Excited quark q* — qg - 2j - 5.6 TeV only u* and d*, A = m{q*) ATLAS-CONF-2016-069
Excited quark b* — bg - 1b,1j - ATLAS-CONF-2016-080
Excited quark b* — Wt lor2eu 1b,2-0] Yes fe=fh="fr= 1510.02664
Excited lepton £* 3ep - - A=30TeV 1411.2921
Excited lepton v* Jeput - - A=16TeV 1411.2921
LSTC ar — Wy leutly - Yes 1407.8150
LRSM Majorana v 2epn 2j - m{Wg) = 2.4 TeV, no mixing 1506.06020
Higgs triplet H** — ee 2e(SS) - - DY production, BR(H}* — ee)=1 ATLAS-CONF-2016-051
Higgs triplet H** — 3epur - - DY production, BR(H,* — fr)=1 1411.2921
Monotop (non-res prod) Tepu 1b Yes Anon—res = 0.2 1410.5404
Multi-charged particles - - - DY production, |q| = 5e 1504.04188
Magnetic monopoles - - - DY production, |g| = 1gp, spin 1/2 1509.08059
P S S A A 1 1 PR

*Only a selection of the available mass limits on new states or phenomena is shown. Lower bounds are specified only when explicitly not excluded.
‘+Small-radius (large-radius) jets are denoted by the letter j (J).

10 Mass scale [TeV]
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CMS Exotica Physics Group Summary — ICHEP, 2016



Summary

« Searches at 13 TeV cover quickly new ground.

« So far no exotica/ non-susy smoking guns. The 750
GeV bump was not confirmed in the 2016 data sample
analysed up to ICHEP. The VV decay channel does
not show a clear excess in Run-2. Some other
enhancements from run-1 (eg in the LQ channel) not
confirmed.

« Contact Interaction energy: 25.2 TeV
. ADD BH mass: 9.55 TeV S.C. Hsu ICHEP 2016

- W mass: 4.74 TeV
* Dark photon lifetime: 2.5~100 mm (dark photon 400 MeV)
- Magnetic charge: |g|>1.5gp (up to 4 gp)

* Let's look at Supersymmetry next
End of Lecture |







