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WHY SEARCH!???

Standard Model has worked exceptionally well... Except it has Standard problems as well!!!

nd rd electro-weak
generaf tion symmetry breaking
everyday matter exotic matter force particles (mass giving)

? Dark Matter ? Fermion mass

? Dark Energy i hierarchy

? Neutrino Oscillations iz ? Higgs mass stability
? Matter- Antimatter ? Gravity
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WHY SEARCH!???

nd rd electro-weak
generation symmetry breaking
everyday matter exotic matter force particles (mass giving)

? Dark Matter ? Fermion mass
? Dark Energy hierarchy
? Neutrino Oscillations fg ? nggs mass S‘I'Clblll‘l'y
? Matter- Antimatter ? Gravity
Symmetry ?
Supersymmetry

12 fermions (+12 anti-matter) 5 bOSONS (+1 opposite charged W)
increasing mass —>

» Several variants (MSSM,
NMSSM, R-parity
conservation or violation...)

* Heavy super-partners,
prompt/long-lived, scalars

e Searches mostly theory

motivated
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THE LHC MACHINE

7/8/13 TeV proton - proton collisions

ATLAS/CMS
5 & 25 fb-! per experiment (2011-12) @ 7 & 8 TeV

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

LHCb: 3 fb! @ 8 TeV
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LHC RUN-II

CMS Integrated Luminosity, pp

* 2016 data taking in Run-II was
commendable

* In 2017 as well LHC is
delivering proton-proton data
steadily

Data included from 2010-03-30 11:22 to 2017-08-29 04:24 UTC
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ATLAS Online Luminosity
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EXOTIC SEARCHES

CMS Exotics Searches ATLAS Exotics Searches - 95% CL Upper Exclusion Limits
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Status: dly 2017 [cdt=p2-310f"  \5=8,13TeV
LQ1(e]) x2 . pmiss . -
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0 1 2 3 4 5 TV dimuons, A- LLIM 3 g Excted quark g' -+ gy By - %7 [qtmes 53TeV oy’ and ', A=) CERNEPO1T-148
) =9 Excited quark b’ - bg - thij - 133 [bmas 23TV ATLAS CONF-2016.060
. dielectrons, A+ LLIM u% E Ecedquak b -+ Wt Tor2eq 16,20] Yes f=fi=fi=1 151002664
. & Excited lepton (* Jep - A=30TeV 14112921
dielectrons, A- LLIM
, ' Excitedlepton v* 3epr - - A=16TeV 14112021
M= .
e (M=h) Fermions singlee, AHICM , re—" A - TART— p—
" (M= C f
y ( = ) single " AHNCM OmpOSI eﬁeSS Higgs triplet H=* — {( 234eu(SS) - - DY production ATLAS-CONF-2017-053
q (qg) ! ©  Higgs triplet H = (. 3epr - - DY production, B(H:* () = 1 14112921
q. (qv) f=1 inclusive jets‘ M g Monotop (non-fes prod) Teq 1 Yes Inres =02 14105404
b X Lo Multi-charged particles - - DY producton, q] = 5e 1504.04188
inclusive jetS, A Magnetic monopoles - - - DY producton, g = 1gp, spin /2 1509.08059
0 1 2 3 4 5 6 TW 012345678 910111213141516171819 Tev - =T E—
Mass scale [TeV]

PANIC 2017 CONFERENCE -- VARUN SHARMA September 2,2017 8




THIS TALK

Only a small subset of representative analyses are presented
v’ This selection reflects my personal biases
v" Apologies to other analyses I had to leave out

My aim is fo give an overview of the latest results on:
v Resonance searches

v' Vector-like quarks

v Dark matter (+extra dimensions and gravitons)
v' Long-lived particles

Exotics

Variety of independent
theories/models \
New par’rlcles\%\s X6
interacti
ge0 ‘fermions, VLQs,
Girk /Hidden sectors...
Searches motivated by
signatures in most cases.

Many related talks are being presented by others
Also, watch out for the poster session

Disclaimer: Most of the results from ATLAS & CMS with
highlights from LHCb
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RESONANCES

All relevant combinations of final state objects
JJ L, VV, Vy, vy, V4] .o

Wass
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Classic signature fo search for new S ATLAS
P = ,37.
. . . . - . D t;
physics with strong interactions 5 10° B Background ft
. . (T BumpHunter interval
* Challenge: High background & trigger 1‘; A Y
limitation
. , ’ * 10°
* Excited quarks, W', Z', W -
. Quanfum black holes 10 g%, 6x10
p-value = 0.63
. .o 1 i :1.1-8.
No significant excess observed o o A meaTey
107" R
5 CMS Preliminary 27 fb'' & 36 b (13 TeV) E o2
3‘10 |||\|II|IIII|I|||||||I||||||IIII|III| §_25_
o 4 Q gn-~~ 77777 ., 2 S S U TEET AT e
< 10 1asSsMass - Excited quark Q| 0.5 11 JES Uncertainty 5
Soot o e Axiguon/coloron 52 o oo, oterunst®
X 1 03 R — — Scalar diquark 8l o5 ¢ 1l + ﬂ
m 2 Color- octetscalar(k —1/2) = '2|' EE— "3""'""'4|.""""',\‘|_)"””“'6|” L 7"""'"8"""9
x 107§ :‘\ N , m, [TeV]
o 1 0 ‘ N ..... . i Model 95% CL exclusion limit
1 : < i ATLAS Observed Expected
] Quantum black hole 8.9 TeV 8.9 TeV
10° W' 3.6 TeV 3.7 TeV
1072 W 3.4 TeV 3.6 TeV
3 95% CL limits 3.77 TeV — 3.85 TeV
10 —e— gluon-gluon Excited quark 6.0 TeV 5.8 TeV
10~4E — auark-gluon ' 7' (gq = 0.1) 2.1 TeV 2.1 TeV
1 _5 1 :.I_l ?ll'lalbrlklc?l'lla;ril( L1 I L1 11 | 111 I.s'i‘ LM 1 | I'I‘ I\l. . Z/ (gq = 0'2) 2'9 TeV 3'3 TeV
0 1 2 3 4 5 6 7 8 Contact interaction (nrp, = —1) 21.8 TeV 28.3 TeV
13.1 TeV

Resonance mass [TeV] Contact interaction (nr = +1) 174 TeV — 20.5 TeV 15.0 TeV



Measurements of dijet angular distributions.

Constraining models of quark contact interactions, extra
spatial dimensions, quantum black holes, and dark matter.

CMS Preliminary

35.9 fb' (13 TeV)

% E — % Data 3
F 0.3 s NLO QCD+EW prediction =
~50.25F e Aj (Cl) = 13 TeV 3
oo e A+ (GRW) = 10 TeV 3
-c6 0.2 I Mggn (N, = 6 ADD) = 8 TeV E

=0.1 5%__:]7___: M4 (DM 9,= 1.0) = 4.5 TeV i
2 o1t | M, > 6.0 TeV 3

0.05F + o  p———

0.1:—#—__
0.05F =
0.1E I I 48< Mii <5.4TeV
- -
C [m il . =N - . Lnairiagger et e
0.05F =
0.1 ' ' '42< M, <48TeV _
1B ' '3.6< M, <42TeV _
- S— B -
01E '3.0< M, <3.6 TeV _
g W— =
0.05F =
01 '24< M,; <3.0TeV
g S -
0.05F E
2 4 6 8 10 12 14 16

ATLAS - arXivl1703.09127

CMS - PAS-EXO-16-046

oyt 1 —cost”
X — ~J
1 — cosB*
CMS
Model Observed lower limit (TeV) | Expected lower limit (TeV)
LL e (NLO) 131 152£09
LL e (NLO) 17.4 239430
T (NLO) 15.1 173+ 1.0
A{,V (NLO) 222 312438
A, (NLO) 152 1734 1.0
Ay, (NLO) 21 310438
A(+V_A) (NLO) 9.1 11.7+1.0
Ay_y) (NLO) 93 119 +11
ADD At (GRW) 10.6 121+£09
ADD Mg (HLZ) ngp =2 114 133+£1.0
ADD Mg (HLZ) ngp =3 12.6 144+11
ADD Mg (HLZ) ngp = 4 10.6 121£09
ADD Ms (HLZ) ngp = 96 109 +0.8
ADD Mg (HLZ) ngp = 6 89 102 £0.8
QBH MQBH (ADD Ngp = 6) 83 87+03
QBH Mgy (RS 11zp = 1) 6.0 6.5+ 0.4
DM Vector/ Axial-Vector Myjeq 2.5-5.0 25-5.2
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PHOTON + JET

35.9 fo' (13 TeV)

10*E
L[] L] L] _;‘*‘4 P I. .
Searches in the photon + jet final state e, relmnaty
107
° . . * % E b* — by (1-tag)
Exclusions: Excited quarks(q™, b*), ADD - N
c
S 10°
and RS Quantum blackholes 2 E o
S T (1.0 TeV,'f= 1.0)
i 10 —— Data
— T T T T T H . L i
g ., ATLAS Preliminary  EXCited quarks: F e
= . *,  (s=13Tev, 367" m < 5.3 TeV j: Fit + 250,
E ¢ *, ¢ Data : i .
2 10°E ’,”— Jetphox-based model Eé 2_
: ., ADD - QBH ﬁgSW
10 B m< 7.1 TeV 7x107" 1 2 3 4 5
—e— - M, [TeV] )
103? == RS - QBH 1 LN ELINS.ASE RS, R SRR AN SRS N SR L RN 735|91be |(1|3-lrelv_)
M < 4.4 TeV 0.9 Pre//n%'v\gg_f
10°E = i
c E 0.8 =
3 [ —J;t hsox tfhecir %uncenaint { | { 1 e a-—ay E
;3 15[ ~Je® y y . §[;0.7 b*— by
g | 0.6 E
8 1ETTTIIIIITTT - + q: 1 Il E
IR R T ————— :
] =05 -
1 (%] .
v 2 ]
0.5 Syst.®Stat. uncertainty (Data) - Stat. uncertainty (Data) | = 0.4 =
! o
.%' 15 — ‘} — l l l = § 0.3 — - Exp. excluded g* region—f
> - .
o 0.95 { % } E E % } 4} { % E 0.2 D Obs. excluded g* region ]
0.8f ?ESysL@Stat. upcertainty Stat. uncertainty E ’ — - Exp. excluded b* region g
5x10™ 1 2 3 4 5 al E Obs. excluded b* region_:
m,'][TeV] 0_|||||||||||||||||\;|||||||||||:
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¢ B [pb]

ATLAS - arXiv:1707.02424

I

DI-LEPTONS

CMS - arXiv:1612.09274 and PAS-EX0-16-031

« 10° T — - .
) S — W' (3 TeV) « Data
- 12.4fb1|(13TeV) g 107 \AST:‘:gTeV_ 3617 —W (4 Tev) AW
% 5 l 10° W' — v selection — W' (5 TeV) EZ)Q quark
9 10 ¢ Data CMS 105 DDigq_son
@ 10* D VZ-e'e Preliminary o CJMuttijet
3 o I, tW, WW, WZ, 2Z, 11 Resonances e
LL' 3
y L dee decaying fo lepton
. / 10
10 pairs (Z ) and ; ;tar::sverse
1 / 10 ' distribution
) lepton+MET (W) distribution 1
w'E [ mee g i
107 distribution F 8'81 .......................
103k | in Z’ search 214
: Sz
Y i (I O | ! £ 208
10780100 200 300 1000 2000 300 S o6
m(ee) [Ge e Transv. (GeV]
el%M | No significant excess observed e
Z’->1l mass limits — o] W2lvmass limits
L B B - - - ~ — ‘8_
5 ATLAS
ATLAS I . .. = .
1 s 13Tov. 361 ' el = Exclusion limits % \s=13TeV,36.1 fp!  pectedlimit
‘ » 0. B Expected + 10 3 . s 1 W' = Iv . Expected * 1o
10" Lt epected:20 | eXtracted in = 289 CL Cociod s
— Observed limit 3 . @ ° xpected + 26
- : Var|ous neW :>-<~ 107 — Observed limit
10.2 I = . / 4 g |
| physics Z' and W' 7 2 — W |
] . Q10
10° I - scenarios eg. 50 % 5.1TeVj
13 . [
o I Sequential . S |
{ Standard Model S
10’5!“ AL P PR ALl I - LA L LA Ll - SSM 104' 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 L lll 1 1 1
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ATLAS - arXiv:1707.02424

DI-LEPTONS

10"

10%E

10°E

12.4 o (13 TeV)
T T T T T | T
4 Data CMS
[ yiz-e'e Preliminary
P i et sanes k1 7o Resnnances

Same search also performed in T-channel

(exhanced coupling to third generation)
CMS: JHEP 02 (2017) 048 [2015 datad]
ATLAS: EXOT-2015-05 [2012 datd]

80 1(

Sequential i
Standard Model

10°

Events

1073

104|.||

! 1
ATLAS — W' (3 TeV) « Data
\s=13TeV, 36.1 fb™’ — W' (4 TeV) ETwopq >
W' — uv selection — W' (5 TeV) > quarl
. Zry
[ Diboson
CJMultijet

—
N -

.,.1...,|....||...'.:
S&ptembef 2,201 75mW [-|-|e.'§/]6
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ATLAS - arXiv:1708.04445
CMS PAS-B2G-16-023/026

v" Benchmark models:

* Heavy weakly coupled Vector Triplet (HVT) (Spin-1)

* RS Graviton (Spin-2)
* Final states probed: WW, Wz, zZ

v' Several control regions (CRs) and signal regions
(SRs) per search, to estimate SM backgrounds

v' Exploit gluon-fusion and VBF-production.

| IIIIIIII 1 Illlllll L 111ty

L1 lllllll

5‘10I|IIII|IIII|lIIIIIIIIlIIII|IIII|IIII|IIII|IIII|I

Q

,NT ATLAS Prehmmary 95% C.L. exclusion limits

S \s=13TeV, 36.1 o HVT model B g =3

0 1E . — Observed

_ = S Expected

2 R —

I I

E 107 \X\ ", V?/gq

T FE \JAA . ATLAS-CONF-2017-051

g " “., EXOT-2016-29

© 102 - .

10° ‘e, —

_I|IIII|IIII|IIII|IIII|IIII|IIII|I’II|IIII|IIII|

—lllll
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CMS PAS-B2G-17-001/002/005
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107"

1072

1073

35.9 b (13 TeV)

HVT model B
95% CL upper limits
——— Observed
------------ Median expected

ZH—2g2b

WW—4q

CMS-PAS-B2G- 17—O€)1/002

CcMS

Preliminary

695% [pb]

102 =

107 v b b by b s b Ly

35.9 fb™ (13 TeV)

CMS
95% CL upper limits

Observed
Median expected
ZZ—212v
WW-4q
HH—4b

Z7-4q
Z7—-2q2v

Bulk Graviton (E =0.5) §

......
o

INLET]

CMS-PAS-B2G-16- 023/02e;

T T T T T T '(Vﬂlml

IIIIIIIIIIII'IIIMSPAﬁ82617_001/005

1 15 2 25 3 3.5 4 4.5
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DI-PHOTONS

0 R D = E T T Da T T T3
C_DU 15_00 E 8 F ATLAS — T:tt:I background ]
[ . 4L e 4 _
Z_ _1_10,,5" ] *? 10f \s=13TeV, 36.7f0" Reducible background 3
— 107 ER 1 3 syst ® stat (reducible) ]
S 20 1 U 0 . syst @ stat (total) =
3 10%g , ERR S | 1
, arXiv:1707.04147 - - — E
- 30 = - g ot bt e, N
10° E 10g : .
1 0_43_ ATLAS - 2015321 ] 1? . ?
" 4o (5=13TeV,367fy" ---2016(335fb7) 3 - | ]
-  Spin-0 Selection — Combination - 107 g+ RST, KiM=0.1, m =4 TeV ! z
10_55— X—vy, T_/m, =10% — B ADD GRW, MS=3'5 TeV ; 3

- X E 2L ADD GRW, M_=6 TeV !
| 1 | | | 1 1 | | | l 1 | | | l | | | | l 1 | | | 1 | | |— 10 E | IG I,IS|6| ell l : | Ia

0 500 1000 1500 2000 2500 300 1000 2000
m, [GeV] m,, [GeV]

Sizeable excess observed by CMS and ATLAS at 750 GeV in 2015 data.
No excess with 10 times more data in 2016

No significant deviation from the Standard Model is observed

CMS - Phys. Lett. B 767 (2017) 147 (19.7 (2012@8TeV) and 3.3(2015@13TeV)
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7GAMMA CMS - PAS-EXO-17-005

Bump hunt in M(Zy) spectrum: Both Z(£¢)y and Z(qq)y

Z(qq)y: Higher BR = Good at high mass

Z(¢£¢)y: Lower trigger thresholds, low background = Good at
low mass

3591 (13 TeV) 3590 (13 TeV)

- E- T ™ 1 T T - T 1 T T
> [ CMs . >10° CMS o
(B | Preliminary * Datare'ey & Preliminary * Data: puy
— Fit — Fit

K10? _ Q, |
~ = Uncertainty <10 Z Uncertainty
o [ %2/ ndf = 0.51 _'\Q B X2/ ndf = 1.05
c = B
o 10 o)
2 Z(ee)y g0- Z(up)y

1 = P ® o ° ; * ) It .

= IN TIN

i | I S S R Y A\ S S S N T S i | I | |\ P P B T

g 4_ l | : E 4: h : 'I I
L ok e o ob &1 e[
5'5‘ 0 T § 0 1 %&&w}ﬁ%f rh R
© F @© ﬁ H
§ —2: E _2:1% T
v—4:— 1 1 L I 9_4:
500 1000 1500 2000 2500 500 1000 1500 2000 2500

PANIC 2017 CONFERENCE -- VARUNVBH AGie () M,, (GeV)

Z(qq)y event categorization
b tagged: Two b tagged
subjet

* Anfti-b tagged: Further
divided by 1,, (Jet
substructure techniques)

35.9 fo' (13 TeV)
> Cnlns T T T T
8 Preliminary * Data: tau21
o10° — Fit
Al .
- Uncertainty
51 02 22/ ndf = 0.74
C
)
>
w10

T HIIIII] T I||||||| T IIIHHI T TTTIT

~~1000 1500 2000 2500 3000 3500 4000
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ZGAMMA

CMS - PAS-EXO-17-005

10

—

T T IIIIIII

95% CL UL on 6 x BR(X=Zy) (fb)

—h
<

T IIIIIII

T IIIIIII

CMS

Preliminary

35.9fb"' (13 TeV)

w = 0.014%

—— Observed

------- Expected
Expected + 1 s.d
Expected + 2 s.d

q Large radius jet

[ IIIIII|

L1 IIIIIII

~
S~
~
S~
~

L1 IIIIII|

Seo
~
~

~
~
~
~-a

000 2000
Resonance Mass (GeV)

3000

No significant excess observed
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VECTOR LIKE QUARKS
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VECTOR LIKE QUARKS

What are they?

* Colored spin-1/2 particles = Quarks

« Dont get mass from Higgs = “Vector-like”
* Both chiralities have the same representation
under the EW group SU(2) x U(1)

Why do we care for them?

* Potentially answer why Higgs has unnaturally

small mass (the hierarchy problem)

Where do we find them?
* Little/Composite Higgs
» Topcolor

 GUTs

PANIC 2017 CONFERENCE -- VARUN SHARMA

(Pair production: S’rrong\
— Model independent

\_ o,

Gngle production: EW :>\
Depends on SM quark mixing

4 o
\'mﬂro*/ﬁk f/'j
B-b—qub B-—(/b

“H

September 2,2017
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PAIR PRODUCTION 2 - R EAC A CEE

* Complex searches: many particles in final
states (W, H, Z, 1,...)

* Complicated dedicated variables.

* Several control and signal regions

» Exploitation of boosted decay products.

llepton+jets+MET topolo
Make use of W and top ““tagging”

35.9fb" (13 TeV)

— X,5Xs5 LH (0.9 TeV) Il EWK o [
102 CM,S, S3ga3 (0 g ) - & 1 E CMS —e— 95% CL observed - 68% expected
Preliminary === X5/3X5/3 RH (1 2 TeV) TOP gy = prelimi

>A 10 Bkg uncert ¢ Data 2 L frelminary ... Median expected [ ] 95% expected
[0) |><m I gnal cross section
O 4 ¢ elu+jets ><B
@ >1t, 21 W, >2b, >4 P
2 B 10 _
510 R & \ © X5/3X53 - LH
102 B T
\'

10°°
1072 =
3 2 -
_Q 15_ ..... i
A 0 0Of I
Ke) | e i A
8_; ||||||||||||||||||||||||||||||||||||||||
0 200 400 600 800 1000 800 900 1000 1100 1200 1300 1400 1500 1600
min[M(1,b)] [GeV] X, mass [GeV]

Similar constraints on Left- and Right- hand heavy quark partners
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SINGLE PRODUCTION Gl = Hrim= el

¢(b2)=0.5, BR(B — bH) = 25%

—_

(] (] Ld q
B—bH (H—bb) + additional forward jets
CMS Preliminary 35.9fb" (13 TeV)
o - T | T T T | T T T I T T T | T T T | T T T I T T T I T T T | T T T T :
g 180 :_ —®- Data \:]QCD .tf _:
2 160 :— - W + jets stat + syst unc = B (1 TeV) (x10) _:
S~~~ - -
[2) - =B (1.8 TeV) (x10) ]
< 140 - ]
o . g b
u>J 1205 = , 35.91b" (13 TeV)
C ] — 10
100 4 2 CMS
80 - = — Preliminary 95% CL upper limits
- ] T 0 fwd jets + > 1 fwd jets categories —&— Observed
60 — — Q10 Narrow Width Approximation i mmmmne Median-expected
40 :_ _: T - i;cexperimem
I - Gex eriment
L ] @ Theore’;ical
] m
= X
©

0

_@1 % Data / BKg = 0.99 + 0.05 3

9 1 i — . e

(] 08 ..statlstlcal + systematlc uncertamty (postflt) . : 10"

CDU 600 800 1000 1200 1400 1600 1800 2000 2200
mg [GeV]

. 102

Limits vary between 0.07 pb and 1.28 pb T I S
mg [GeV]
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VECTOR LIKE TOP QUARKS

1
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0.8F+
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0.2

0.8
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0.4
0.2

o

]
0
°
o}
0 |
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ATLAS Preliminary
Vs =13 TeV, 3.2-36.1 fb™’

---- Exp. limit [ Obs. limit

Wb+X - 36.1 fb™!
[EXOT-2016-14]

Ht+X - 13.2 fb™!
[CONF-2016-104]
Z(vW)t+X - 36.1 fb!
[arxiv:1705.10751]
Same-sign - 3.2 fb™’
[CONF-2016-032]

'l”lH:l”l!lll]:”'llllllll||||1||||||_.111||||||ll|||||

;_ ~. .'"-._ B SU(2) doublet == SU(2) singlet

3 = 1000 GeV - m, = 1050 GeV f: "~ ' m, = 1100 GeV |
E— —E _; .-": <, _
2 : E s - S :
s o 3 B - o~ 3
= Tl 3 e " $e.e. T E
] m, = 1150 GeV | m, = 1200 GeV | ' m, = 1300 GeV |
» 04 T ,06 ac '015

| L S 2 + PO + E
0O 02 04 06 08 0 02 04 06 0.8 0 02 04 0.6 08 1

BR(T — Whb)

* T singlet excluded for m < 1170 GeV
T in (T,B) Doublet excluded for m < 1155 GeV
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VECTOR LIKE QUARKS

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G/index.html
Vector-like quark pair production

CMS Vector-like quark single production
upper cross section limit (fb)
Q=qW 15 Tbq, T-tZ, c(Wb)=0.5
Q—qZ 170
Q—qH 1600 Ybq, Y—bW, ¢(Wb)=0.5
=z 25 Toq, T-+tH
B—+bH 7
B—bZ 35 Ttq, T-tH
Botw 10 Toa, T-tH
X5/3—+tW 7
X5/3—tW 7 Tbq, T-tH
X5/3—tW 25 Ttg, T~
X5/3—tW 20
T—bW 7 Ttq, T—tH
L 95 Tog, T-+1Z
TT singlet 150
TT doublet 200 Ttq, T—tZ
BB singlet 25 Big, T~1Z
BB doublet 20
QQ singlet 70 Bbq, T—tZ
QQ doublet 250

O 03 06 08 12 15 0 250 500 750 1000 1250

lower mass limit 95% CL (TeV) upper cross section limit 95% CL (fb)

No significant excess observed
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O
DARK MATTER N\ N

PANIC 2017 CONFERENCE -- VARUN SHARMA September 2,2017 26



DARK MATTER

There is overwhelming evidence for the existence of dark matter from its
gravtitational effects.
* Favourite collider candidate: WIMP

>
*  Weakly interacting, massive, stable Should be able to produce af LHC

General collider strategy

X = Y, N, Zy H, 9 SM Indirect Detection bM

Direct Detection

MET SM  Collider
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LHC DM FORUM: arXiv:1507.00966v1

INTERPRETING DM PRODUCTION

Effective Fiefld theory: SimPIi'Fied Model: |
Heavy mediator integrated out Explicit nature of the mediator

q
‘&« M? 2
9q9x <q < B 1 oM
¢2 — M?2 A2 Ja9x
- Model independent * At least 4 parameters (M, .4,
* Validity issues at LHC energies Mowm, Gsm + Gom)

* Valid at all energies
Qtranster < M = ,/gxqu < 4rmA

PANIC 2017 CONFERENCE -- VARUN SHARMA September 2,2017

28



WIDE RANGE AVAILABLE

A wide range of final states can be explored exploiting the full potential

of the LHC experiment

4 _ Mono-Photon x

...... <

wLg
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Events / 62.5 GeV

MONO-JET

Generally most sensitive mono-X search  Backgrounds:

* W/Z+jets, top, diboson, multijet
Selection:  Dominant backgrounds normalized
* At least one high-p; central jet in control regions
* Veto leptons & isolated tracks Signal reglon = high MET

35.9 b (13 TeV)

g IIlIIIllllllllll[ﬁtl2(|315IZI01l6‘ T = T T T [ L
imi o Data 2015+ [ . ] Data2015+2016 ) —4— oae ]
107 ATLAS Prellmlr:ary %Standard Model _E% 106 ATLAS Prellml?ary % Standard Model D 104 CMS Preliminary - Z(vv)+jets _E
g 1|3%Tev 36.1fh B 2 ) + s -*GEJ fs=13TeV,36.1 b B 5w+ Jets 5 mono-V ] wivpsiens ]
jgf E-oionalRegion B W )+ s =5 10 Signal Region " -W(—)N)thets S 10° B wwwzizz 3
P, (11)>250 GeV, E 5250 GeV , = p,(j1)>250 GeV, E>250 GeV B 2 1) +jets S I oo quark ]
i =Z-(*")+Jets w0 B g Y g v y
t + single top , [ aco
, T [ Dibosons o ]
104 -D|~b0030n3 _=% 103 multijets+ncb 10 Hlégslnvwlble, m,=125GeV 4
..... (bi) (500 495)GeV f 2 B (E x)) (500, 495) GeV Axial-vector,m _ =2.0TeV
e (1 M= (400, 1000) GV~ 10 (1, M, .= (400, 1000) GeV
ADD, 4, Mo6400GeV = ADD, n=4, M =6400 GeV 18
- 10 S e £
g . ......... 107
|||||||| 1 ............. ........lllllllll
"""""" . RO 1 ()2
10 8 12
1 il T I I E 2
212_ L T - 21'2I_| L T T T i I_%081
2r : L R 150
5% B O S e o, e G, e B
g e s e P s SRR TR SUURRFSAE AR - &
% : U ' * l ( % e ] %e o0
£ T 2
Q QB e 00'................‘|....|.........|‘........|...'9 I I T I I I N
“0 60 80 1000 120 1400 300 400 500 600 700 800 900 1000 {100 20 00 400 500 600 700 1800 SO0 1000
Leading jet p_[GeV ET™ [GeV] ET™° [GeV]
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ATLAS-CONF-2017-060

MONO-JET INTERPRETATIONS

CMS PAS EXO-16-048

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EX0-16-048/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-060/

Limits on mediator mass vs dark matter mass

;‘ T T T T | T T T | T T T
() oo Expected limit+ 2 6,
1000 ATLAS Preliminary P
(.2, \s=13TeV, 36.1 b EEEE Expected limit (+ 16,,,)
------------ - PDF, scal
X Axial-Vector Mediator —— Observed limit ( 1o, .- *)
E Dirac Fermion DM Perturbativity Limit
9,= 0.25, g,= 1.0 Relic Density (MadDM) 7]
95% CL limits ATLAS\s =13 TeV, 320" |
vy,"' i
"l/&/
4 K
500 < -
O A ! 1 | | | i ] 1 ]
m, [GeV]
A
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MONO-JET - INTERPRETATIONS

ATLAS-CONF-2017-060

CMS PAS EXO-16-048

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EX0-16-048/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-060/

Extra Dimensions

35.9fb" (13 TeV)
[ [ [ [

> .
2 16 CMS Preliminary
a —e— Observed 95% CL -
s 14 . ]
---@--- Median expected 95% CL ]
12 - 68% expected N
95% expected ]
10 —e— CMS, 8TeV, 19.71b"
8- . ‘_
| D _—_—
L o ]
ar — . p
—e——
2 N
C | | | | |
2 3 4 5 6

Number of Extra Dimensions
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95%' CL upper limit on G/Gtheory

25K

35.9fb" (13 TeV)
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Events / GeV

Data/Bk¢

MANY MORE MONO-X SEARCHES

Mono-photon

CMS Prel/m/nary 12. 9 fb (1 3 TeV

=

A model-dependent summary of various searches

- DM Simplified Model Exclusions
. = Sl T

ATLAS Preliminary July 2017
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Lifetime Decay
Length
displaced Z
vertex ~0.1-Imm
0"
ﬂi(sa ariT(g
Ink) trac T
LONG-LIVED PARTICLES e
~ stable
slow (B<I) O(1-10m)
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LONG-LIVED PARTICLES

What makes a particle long lived:
* Small coupling in decay chain
* R-Parity Violating decays

* Small mass difference in decay chain

« Split SUSY
* Hidden Valley

What to look for?

* Non-pointing or delayed photons
* Out-of-time decays

* Disappearing tracks

* Displaced jets or vertices

* Trackless jets

PANIC 2017 CONFERENCE -- VARUN SHARMA

E.g., Hidden
Valley Scenarios

Signatures depend
on the lifetime
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Search for new hidden-sector bosons in b—s penguin

transistions.

* Can be Long-lived inflatons (or axions)

B+

* Search for narrow peak in m(uu), excluding QCD resonance.

b

LHCb collected record samples of rare decays B—K uu

Constraints on new scalar mixing with Higgs

|X)phys = cos 8]x) + sin 0|Higgs)
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Accessible range
Lifetime: [0.1-1000]ps (30um to 30cm)

Mass: [250-4700] MeV/c?
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No

significant excess observed
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EPJC (2017) 77:224
arXiv:1612.00945

LLP > + JETS

Signature
Single displaced vertex with several
tracks and a high-p; muon.

Model
RPV mSuGRA neutralino (LLP) decaying 1.
a muon & two jets =
LLP: m[20-80] GeV/c?; 7{5-100]ps £
Larger than typical b-hadron lifetimes
Corresponds to an average lifetime dist. §
of up to 30cm (well inside LHCb vertex
detector)
Interpretations g
« RPV mSUGRA from Pythiaé
- Simplified topologies: £

Higgs(125) decays

10

-1

10

10

PA

7z
s
s
7z
s
s
N
~
N

PB

Vs =8 TeV
- LHCb

TLLP = D DS

mg = 1300 GeV/c?

0

50 100

LLP mass

150 200
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TLLp = 5 pS

LHCb

20

20
LLP mass

o
[GeV/cT]

Cross-section [pb]

Cross-section [pb]

10 ¢

—
[=]
—

10"

PC

Production mechanisms

~ PD -
X X
| _ 6- /q
X X

V5=
- LHCb

TLLP = 50 ps
mg = 1300 GeV/c?

8 TeV

0

15IO 200
[GeV/c

100
LLP mass

50

TLLP — 100 PS

20

40

60
LLP mass [GeV/cT]

Rejected BR(H> xx)>10% down to m, = 30 GeV; 7, =5ps

PANIC 2017 CONFERENCE -- VARUN SHARMA

September 2,2017 37




EPJC (2017) 77:224

LLP >u + JETS arXiv:1612.00945

Category wise results

10 ¢ 10 £

— a,) — b)
c =
= =
= 8=
¢ | PA ¢ | PB

-1 -1
© 10"t LHCD vs =8 TeV © 10t LHCD Vs =8 Tev

20 20 60 80 100 20 20 60 80 ,100
LLPmass  [GeV/c?] LLP mass [GeV/cT]
10 | 10 F

— — d
R R R )
o mpLp =20 GeV/02 C) o)
8 S
¢ ° ®
72} ® %
§ PC 60 GeV/c? g PD

-1 -1
© 10" LHCD v5 =8 Tev © 10°F LHCD V5 =8 Tev

40 60 80 100 120 140 10 20 30 40 50 60

Higgs-like boson mass [GeV/cz] LLP mass [GeV/cz]

No excess above background expectation observed
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EPJC (2017) 77:224

LLP > JET + JET arXiv:1705.07332

Signature i 9

Single displaced vertex associated with two 0 Wt q

Jefts. T S |

Model ﬂ-V .........

Hidden Valley pions (m,) from SM Higgs

decay T R A
:: "o m, =25GeV/c?  © m, =50GeV/c? ]

LLP: m[20-50] GeV/c?; 7[2-500]ps 1 S+ m =35GeVI®  x m, =35GeVIc?, T, — cT LHCD
E:) 102 L ° my =43GeV/c?  + m, =35GeV/c?, 1, — s§ 4
Q g

From simulation > No more than one of < |

the two 7, decays occur inside the & o] ]

LHCb acceptance =

No evidence of unknown Long- i ) ; _

lived particles 1071 - T

Lifetime [ps]
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LONG-LIVED PARTICLES

ATLAS-CONF-2017-026

CMS-PAS-EXO-17-004

Displaced vertices + MET
ATLAS-CONF-2017-026

| |

—
o
Number of vertices

SR Vertex Yield:

Fraction of Entries / 0.5

10

2 3 456

20 30

Long-lived gluinos with magses
up to 2.2 TeV in a simplified

model inspired by split SUSY
PANIC 2017 CONFERENCE -- VARUN SHARMA

Stopped Objects > Muons

CMS-PAS-EXO-17-004

LLP that stop in the CMS detector and decay to muons
Trigger: Events out-of-time with collision
Dedicated algorithm: Delayed StandAlone muon track

Cosmics Signal

plower

+B-1Iower

_016:36.2 b (13 TeV)
SRS

— : T
£ CMS Prelim

— ‘
£ CMS Prelim

o
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inary inary

n
+ S
E P
L - 2 L
E - Data E £ E +-Data
[ Cosmic Simulation B w [ Cosmic Simulation
10 o -0 E 5 100 o 0
E—G-a, X, - KR 3 A A
= (M.=2000 GeV, M =1250 GeV, M, =500 GeV) 2 T F  (M-2000CeV, M ~1250 GeV, M, =500 GeV)
E %, Ty 8 E
J[ 7 mehamp — i (1Ql = 2¢, M = 600 GeV) s J[ mehamp — it (|Ql = 2e, M = 600 GeV)
102k 1025 M

evidence of sig

-5

nal
0
Upper DSA Track B

Lower DSA Track B

Cross section times BF limits were also set for

each gluino and mchamp mass as a function of

lifetime, for lifetimes between 100 ns and 10 day
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SUMMARY

v An immense program of searches for new physics at the energy.: ;i

5=8,13TeV
LQ1(g]) x

frontier (LHC) is being carried out. s
. iﬁ}%%?ﬂ v' ATLAS, CMS and LHCb are making tremendous efforts to study ==+

E%E‘;rjij the LHC data.

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

v' Nothing has turned up yet!

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

v/ Stringent limits and contraints on most of the new physics S

CMS 7ligdenarios ngfff
=zn ¥ More sophisticated and ingenius fechniques being employed to -
e make full use of the LHC data.

22::2:,‘:}, v" All possible efforts being made to explore extreme region of
| phase space and a plethora of theories and models.

(()‘}E v' Special thanks fo theory community for reliable Monte Carlo
*  simulation predictions and precise theoretical calculations.

Smallvadius (large-radius) ets are denoted by the leter j (J)
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EXTRA MATERIAL
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CMS LONG-LIVED PARTICLE SEARCHES Il

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

RPV SUSY, T — bl, m(f) = 420 GeV
8 TeV, 19.7 fb”" (displaced leptons)

H— XX (10%), X — ee, m(H) = 125 GeV, m(X) = 20 GeV _

8 TeV, 196 fb™' (displaced leptons)

o, m5 " Cogored o] I
8 TeV, 20.5fb" (displaced leptons)

GMSB SPS8, Zf -Gy, mG_f) =250 GeV -
8TeV, 19.7 fb” (disp. photon conv.)
GMSB SPS8, %, — Gy, m@) = 250 GeV -
8 TeV, 19.1 fb™ (disp. photon timing)
RPV SUSY, m(@) = 1000 GeV, m() = 150 GeV .
8 TeV, 1851fb" (displaced dijets)

RPV SUSY, m(@) = 1000 GeV, m(3.) = 500 GeV .
8 TeV, 185 fb™ (displaced dijets)

Lo [
8 TeV, 19.5fb" (disappearing tracks)
e e et I
8TeV, 18.6fb" (stopped particle)

AMSB %, tan(p) = 5, u > 0, m(3) = 800 GeV
8 TeV, 18.8fb" (tracker + TOF)

AMSB %, tan(p) = 5, u >0, m(%) = 200 GeV
8 TeV, 18.8fb" (tracker + TOF)

10* 102 1 10° 10* 10° 10° 10" 10'?
ct [m]

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO
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ATLAS LONG-LIVED PARTICLE SEARCHES

ATLAS Long-lived Particle Searches* - 95% CL Exclusion ATLAS Preliminary

Status: July 2015 fLdt=(18.4-203)fb"  V5=8TeV
Model Signature  [£dt[] Lifetime limi Reference
RPVXQ — eev/euv/ppv  displaced lepton pair 20.3 Xg m(g)=13TeV, m(,yg) =1.0TeV| 1504.05162
caut - 28 s o 205 | S m(E) = 11TV me) = 10T 150405162
s AVSBepo xod.xix;  disappearingtrack 203 | x7 lifetime . 02230m m(x;) = 450 GeV 1310.3675
»
@ AMSBppoxbdaixi  lagepieldEix 184 ] etime [ isteom mlx}) =450 Gev 150605332
GMSB non-pointing or delayed y 20.3 | x lifetime . oo0ssam SPS8 with A = 200 TeV 1409.5542
Stealn SUSY 2DMSwrices 195 | § fme R (¢) - 500GV | 150400604
Hidden Valley H — mym, 2 low-EMF trackless jets  20.3 | , lifetime . 04175Tm m(r,) = 25 GeV 1501.04020
R
(=)
T HiodenValley H—mm,  2IDMSvertices 195 | m lifetime P osTsEmR  m(r,) = 25Gev 1504.03634
I
o
a FRVZ H - 2y4 + X 2 e~ pu-, m-jets 203 | 7qlietime [T H = 2y4 + X, m(y4) = 400 MeV 1409.0746
S
T  FRVZH o4y +X 2 e—, u—, m-jets 203 | yalietime [IEE2E0mm H — 4y4+ X, m(y4) = 400 MeV 1409.0746
N Hidden Valley H — mym, 2 low-EMF trackless jets 20.3 | x, lifetime _ m(ny) = 25 GeV 1501.04020
[
I
& HiddenValey Homr,  2IDMSverices 195 | lifetime . o43181m m(m,) = 25 GeV 1504.03634
12}
g FRVZ H - 4yq + X 2 e~ pu-, m-jets 20.3 | 7a lifetime | 28-160mm H — 4y + X, m(y4) = 400 MeV 1409.0746
=
S Hidden Valley ® — 7,7, 2 low-EMF tracklessjets 20.3 | m lifetime . o02e78m oxBR = 1 pb, m(r,) = 50 GeV 1501.04020
~
ol
S8 Hidden Valley ¢ — my7, 2 ID/MS vertices 19.5 | =, lifetime oxBR = 1 pb, m(x,) = 50 GeV 1504.03634
g 2
S Hidden Valley ® — m,7, 2 low-EMF trackless jets 20.3 | m lifetime . o1s4im oxBR = 1 pb, m(r,) = 50 GeV 1501.04020
A
88
S8 Hidden Valley ¢ — my7, 2 ID/MS vertices 195 | m, lifetime oxBR = 1 pb, m(r,) = 50 GeV 1504.03634
8 )
HV Z’(1 TeV) - qvqy 2 ID/MS vertices 20.3 n, lifetime o%xBR = 1 pb, m(m,) = 50 GeV 1504.03634
£
QS HVZ'@TeV)- qaq, 2 ID/MS vertices 203 | =, lifetime oxBR = 1 pb, m(r,) = 50 GeV 1504.03634
0.01 0.1 1 10 100 cr [m]

*Only a selection of the available lifetime limits on new states is shown.

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
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DARK MATTER @ CMS

CMS Preliminary LHCP 2017
L L i L LR LR UL B I

1

LI L B L

Vector mediator Mg =2X My,

Q. 2012

Exclusion at 95% CL
= QObserved

= = Expected

___ Dijet (35.91b")
[EXO-16-056]

___ Boosted dijet (35.9 fo"
[EXO-17-001]

____ DM+jV(qq) (35.910")
[EXO-16-048]

DM+ y(12810")
[EX0-16-039]
DM +2(l) (359 fb)

L [EX0-16-052)

Darld matter mass m,, [GeV]

lllllllIllllllllllllllllllll lllllllll

0“1J :111111111111.'1111111 po e e g Ly gy
] X 0 500 1000 1500 TOOO 2500 3000 3500 3000 450C q q

Mediator mass M, ., [GeV]

q 1 Mono-jet/Mono-V
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COUPLING STRENGTH MATTERS

With a simple change of coupling strength (gq = 0.25 —> 0.1), the sensitivity is back to square one!
and we don't know what the coupling really is ...

CMS Prellmlnary LHCP 2017 CMSProiminary s 3 1on)
|~ 2 [ U T v T T | T TF T T T L m, = 10eV, ’.||rci(;| [
% 0 l : { ‘ l . L et Ewaciad 9%
@ 1600 : i i
- : —
3 1600 : -
1S | :
14004 : Mg =2X My, |
1200 5 Q2012 |
Iwoi-.‘ E ’ - 02 04 CAS D.B : 1.2 14 16 18 2 1‘2? 02 04 06 08 1 12 14 16.15 2 22
ni ' Exclusion at 95% CL . m, [TeV, m, [TeV]
800:4 : J P—— - - 045 271" 8,36 0" (13 TeV)
H - . 3 cms Prellminury
ol L LIl L) e Expected 2 %4 s cLupperim
n - | - —Obwved
: / Dbepten (124 0%/ 1300 g 035F- o Exowoss
51 J/ [EXO-16-031] 4 (s} 0.3F I + ma deviation
4007 —___ Diet(@9m — o gsf, T +290 covton
Hi [EXO-16-056] Mou>M,, /2
ni | 2 Boosted dijet (359 fv) . 02
2001 W\ [EXO-17-001] . o1sE™"0
ui |} : :
0.—_.. TES - FUT ST U S T T S SN T Y S S S S 1 J -1 l J S - l J S T l L1 a] 0.1
0 500 1000 1500 2000 2500 3000 3500 4000 4500 005
Mediator mass [GeV] okt \ A
500 1000 1500 2000 2500 3000 3500

Z' mass [GeV]

CMS has started presenting the results in terms of the coupling reach!
Discussions on qoina on the “next generation” of coupling plots
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GLOBAL PICTURE : COMPARISON TO EVERYONE

[cm?]

SD
c‘FDM—proton

CMS Preliminary LHCP 2017
E T T TTiT ‘ \Y T T T T T T T T E
3 )
;E/.’_—;___‘———/ —é
> ]
: 1 1 111 J | 2 | 4L 1 111 :

10 10? 10°
Moy [GeV]

CMS observed exclusion 90% CL
Axial-vector med., Dirac DM %:025_%“:10

Boosted dijet (3591")
[EXO-17-001]

Dijet (35.9 1)
[EXO-16-056]

Si
GDM-nudeon [cr‘r12]

DM +jV_ (359 ()]
[EXO-16-048]

DM + v (1291")
[EXO-16-039)

DM +Z, (359 1b")
[EXO-16-052]

DDAD observed exclusion §0% CL

PICASSO
= [arXiv:1611.01499]
— Pico-60

[arXiv:1702.07666]

Super-K (bb)

[arXiv:1503.04858)

IceCube (bb)

[arXiv:1612.05040]
—_ leeCube (D

[arXiv:1601.00653)

CMS Preliminary LHCP 2017  cus ooserved exciusion soss .
10»31 — .- ' 3 Vector med DvacDMg:O%.g);lO
35 q
10 - Boosted dijet (35.90")
- j [EX0-17-001]
o 3 — Dijet 331"
10 = [EX0-16-06]
10® ; _omyv-(mro")
; . [EXO-16-048)
10 3
» 3 DM+ y (1291
10 3 [EX0-16-039]
10" é DM +2, (35910")
1 = [EX0-16-062)
—g
5 DD observed exclusion 90% CL
10 k|
3 CRESST4
10 - [arXiv:1500.01515]
&5 - COMSIite
107 T T fvisoecug)
46 d PandaX-l
10 BT [akiv1607.07400)
v 1
10 2 3 I Iij;w 1608.07648]
1 10 10 10 [ ]
My [GEV]

For light DM, LHC has higher sensitivity.
At colliders, sensitivity is limited by threshold effects, resolution and background estimation.
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