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Beam energy rise:
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Huge luminosity jump: :
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Next: intellectual rise?
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8 years and 1 week ago:
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Search for Dijet Resonances in[7 TeV] pp Collisions at CMS

The CMS Collaboration*

Abstract

A search for narrow resonances in the dijet mass spectrum is performed using data

or toani inosity of collected by the CMS experi-
ment at the Large Hadron Collider. Upper limits at the 95% confidence level are pre-
sented on the product of the resonance cross section, branching fraction into dijets,
and acceptance, separately for decays into quark-quark, quark-gluon, or gluon-gluon
pairs. The data exclude new particles predicted in the following models at the 95%
confidence level: string resonances, with mass less than 2.50 TeV, excited quarks, with
mass less than 1.58 TeV, and axigluons, colorons, and Eg diquarks, in specific mass in-
tervals. This extends previously published limits on these models.

Submitted to Physical Review Letters

arXiv:1010.0203
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First CMS Exotica paper

2.9 pb~! of 7 TeV pp collisions
dijet mass spectrum up to 2 TeV
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https://arxiv.org/abs/1010.0203

Productive period

| showall | Total | Exotica = Standard Model = Supersymmetry =~ Higgs = Top Physics

Heavylon | BPhysics = Forward Physics = Beyond 2 Generations

804 collider data papers submitted as of 2018-10-03

o¢— 158 Exotica papers (CMS)

Impossible to cover everything!
Concentrate on recent milestones
and new strategies instead

http://cms-results.web.cern.ch/cms-results/public-results/publications-vs-time/ 4741


http://cms-results.web.cern.ch/cms-results/public-results/publications-vs-time/

Events

7—8—13 TeV: excitement period!
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Wide Jet 0:
pt=3.5TeV
Mass =1.8 TeV

AK4 Jet 2,
pt = 1.68 TeV
eta =021

phi = 2.45

pp collisions we have: events with m = 8 TeV

dijet mass = 8.0 TeV

AK4 Jet 1,

pt =199 TeV
eta=029
phi =-1.27

CMS Experiment at LHC, CERN

Data recorded: Sat Oct 28 12:41:12 2017 EEST ‘J\‘

Run/Event: 305814 / 971086788

Lumi section: 610
Dijet Mass: 8 TeV

AK4 Jet 0,
pt=2.16 TeV

eta=027

phi=1.47

AK4 Jet 3,

pt = 1.40 TeV
eta=-0.74
phi =-1.17

Mass = 1.8 TeV

dijet mass = 7.9 TeV

Jet 0,

*
pt =3.75 TeV
eta=-0.34
phi =-1.43

CMS Experiment at LHC, CERN
Data recorded: Mon Aug 7 06:49:37 2017 EEST
Run/Event: 300575 / 65453124

L.
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Resonances: all possible combinations of particles

[ (et

( (bt ~==mmmn{)>

photon /"
electron
muon

tau

',
WiZ had

WIZ lept "/ =

158 papers on:

Various signatures, often common goal:
e.g. dark matter signals in the collider

Long-lived and unconventional signatures:
heavy, long-lived, charged particles;
neutral particles decaying in the detector

photon ".// NS
electron
muon
tau
WiZ had
top
WIZ lept /el
7

\. Higg bb /

top
\ Hige bb ==}/

Dark matter: X + missing transverse energy

""" neutral displaced W BSM
— charged HSCP dilepton W lepton
= any charge W quark
photon
W anythin
disappearing displaced
track lepton
L CPFA :
..
displaced % displaced
dijet H photon
displaced v Not pictured:
8 displaced stopped particles
conversion

J. Antonelli "
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Dijets and dark matter relation at the LHC

Move from effective field theory to simplified dark matter models descriptions:

@ add a mediator in DM production

@ constraints on mediator translate to stringent constraints on the DM phase space!

See e.g. SM DM
arXiv:1407.8257
arXiv:1507.00966 Mmed (M roq)
arXiv:1603.04156 med s-channel
EEEEESN
8a &b
SM DM
Define simplified model with DM Consider comprehensive set
(minimum) 4 parameters of diagrams for mediator
Mediator mass| DM mass Dirac Scalar - Vect Axial-vect
(Mmed) (Mbm) fermion real ector xlakvector
Majorana | Scalar -
£q gDM fermi Scalar Pseudoscalar
ermion | complex

arXiv:1407.8257 arXiv:1507.00966 arXiv:1603.04156
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https://arxiv.org/abs/1407.8257
https://arxiv.org/abs/1507.00966
https://arxiv.org/abs/1603.04156

el

) X(mpm)

Dark matter interpretations

Typical signatures at the LHC:
@ mono-X+EMs (X = jet, photon, W, Z, H, t)

@ jet: generally the most powerful

@ photon: first used for the DM searches

@ W: distinguish DM coupling to u/d-quarks
@ Z: clean signature

@ H: Higgs portal

@ t: coupling to tops

@ di-X resonance (X = jet, photon, W, Z, H, t)

@ X =jetis naturally connected with the
DM@LHC
@ others are more model-dependent

4D parameter space: gpM, gq»> MDM, Mmed:

@ masses mpm, Mmed pushed by energy rise
@ couplings gpwm, gq require luminosity

8/41



Waiting period?

LHC / HL'L i ‘ HH[%LPJRDJECJ!

LHC HL-LHC

Lst BER 14Tev 14Tev
13 TeV Jatev MTev

INJECTOR UPGRADE 5t07x

energy
splice consolidation

olimit N nominal
7Tev 8T8V bution coliimators TDIS abeotber interaction LA juminosity
— R2E project 1T dipole & collimator regions ;
Civil Eng. P1-P5

2011 ‘ 2012 ‘ 2013 ‘ 2014 ‘ 2015 ‘ 2016 ‘ 2017 2018 2019 ‘ 2020 ‘ 2021 ‘ 2022 ‘ 2023 ‘ 2024 ‘ 2025 ‘ 2026 “H”Hl 2038

ATLAS - CMS radiation

experiment upgrade phase 1 damage ATLAS - CMS
beam pipes 2 nom. luminosity 2.5 x nominal luminosity upgrade phase 2
F nominal luminosity JE—] ALICE - LHCb _
uminosiy /“ upgrade
int ted

Exd 1501 | X 3000 " [EHEHETH

FP7

Hi-Lumi MAJOR CIVIL WORKS 4 TECHNICAL INFRASTRUCTURE

DESIGN STUDY

PDR PREPARATION ASSESS & TDR

MAIN ACCELERATOR COMPONENTS

PHYSICS

2025 2026 2040

CONSTRUCTION AND TEST INSTALLATION

2010 2011 2012 2013 2014 2015 201 2017 2018 2019 2020 2021 2022 2023

3000 fb~" are there in 2038
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Example of gain with the HL-LHC: Monojet

0 CMS Preliminary Simulation 3000 fb™ (14 TeV)

Axialvector, gDM=1, [ 0.25

X

-
current: control of systematics same as arXiv:1703.01651 O
current/2 0

current/4

Mow (GeV)

500 7000 1500 2000 2500 3000 3500 4000 4500
M, eq (GeV)
@ now: mediator mass up to 1.7 TeV and dark matter mass up to 0.5 TeV
@ in 20 years (with 3000/fb): mmeq ~ 2.5-3.0 TeV, mpm ~ 0.8-1.0 TeV depending on the
systematics treatment = Meanwhile, explore other possibilities!
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-16-005/index.html

mono-X + Ey

CMS Preliminary
E T

X+ET" and resonances searches complementarity

T searches:

LHCP 2017 CMS Preliminary
T T

+ dijet resonance searches

LHCP 2017

Vector mediator

Dark matter mass m,, [GeV]

Vector mediator

Exclusion at 95% CL
— Obsenved
e Expecied

DM + PV(qa) (35.9 ")
[£X0-16.048]

Dark matter mass m,, [GeV]

DM+ (1201
[£x0-16.039]

oM+ 20 (359 1)
[£x0-16.052)

1
500

CMS-PAS-EXO-16-056

1
1000

L : H
7500 1000 1500 2000 __5500

2000 2500
Mediator mass M, ., [GeV] ' !

1
1
v

1
limited by /s lirni:ted by trigger
:
1
'

new ideas and techniques to cover the gaps

3000

Exclusion at 95% CL
— Observed
e Expecied
Dijet (359 15')
[£X0-16.056]
Boosted dijet (359 1)
[£x0-17-001]
DM+ pV(q) (359 15")
[£X0-16.048]

3500 4000 45

Mediator mass M, [GeV.
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-056/index.html

Overcoming high trigger rates
An approach already tested in Run 1: store only objects reconstructed with trigger

AU D. Anderson “Data scouting at CMS” 2.5 v | L)
A [ cums CDF 106 pb™ (1997) CMS 19.7 fb* (2015) ]
e [HT > 250 GeV: Scouting with calo-jets E | pp.v=18Tev, l21) op, 5= 8TeV, [18] i
"8 |+ Peak rate: 3.8 kHz (too high for parking) P \ ]
'\ C | CDF 1.13 fb* (2009) ]
= HT > 450 GeV: Parking r pp, 1s=1.96 TeV, [21] =
- * Peak rate: 420 Hz o C ) .|
o 15
= [ uA2109pb*(1993) ]
HT > 450 GeV: = [ PP \5=063TeV,[21] ]
PF Scouting Scouting with PF candidates > l; |
+ Peak rate: 420 Hz 5] L 4
[ == CMS 18.8 fb* (Data scouting) |
HT (GeV) 0.5{— - - CMs 18.8 fb™ (Expected) —
P (Not to scale) + 1 std. deviation (Expected) 7
250GeV 450 GeV 800 GeV £2 std. deviation (Expected) " c —
) ol . N P . ;
R
e stmts s Lenest mpemebnad T g 10 200 300 400 000 2000, 300
. —_— . A 4 %
Data scouting concept (7rigger-level analysis@ATLAS): .
usual HT trigger
@ physics objects are reconstructed online PF scouting result

@ the HLT objects are saved in a minimal format

@ no additional offline reconstruction

Reduce event size from 500 kB/event to

@ 10 kB/event: PF scouting, Hr > 450 GeV (CPU-limited)

@ in Run 2: 1.5 kB/event: Calo scouting, Hr > 250 GeV

arXiv:1604.08907 12/41


http://www.nss-mic.org/2015/public/welcome.asp
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-14-005/index.html

New ideas: employing ISR to go lower...
Sacrifice in coupling sensitivity to go lower in mass:
trigger on initial-state radiation (jet or photon) and search for recoiling dijets
@ ISR ~ threshold: Et > 150 GeV
@ ISR jet threshold: E1 > 430 GeV

4 7 q q
¥ X
Fi q q q
R g
o F T 3 9 T ]
g [ X+ve, >150Gey ATLAS Preliminary ] g [ X+iC, 4306w ATLAS Preliminary
a, Iy,;1<08 (s=13Tev, 155"  _| @ [ ly1<06 (5=13 TeV, 15.5 fb™* 7
Data 3 oL Data
" Background fit El wE " Background fit
L —— BumpHunter interval E —— BumpHunter interval
0 3 L ]
F ] 10°E E
p-value = 0.67 7 4| pvalie=06
1 Fit Range: 169 - 1493 GeV' 10 E  Fit Range: 303 - 611 GeV
3 3
8 3
S ] __-_-_-_# —
s s
© 7200 300 400 500 1000 o 400 500 600

m; [GeV] m; [GeV] 13/41


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-070/

Closing the gaps: ATLAS searches

= Dijet
{s=13Tev,37.01b"
Phys. Rev. D 96, 052004 (2017)
~— Dijet TLA
s =13Tev, 29.31b"
anv1804.03495
~ Dijet + ISR
15 =13Tev, 155"
ATLAS-CONF-2016070
= Ey
V5=13Tev, 361"
Eur. Phys. J.C 77 2017) 393
et
V5=13Tev, 361"
JHEP 1801 (2018) 126
=py
V5=13Tev, 361"
PLB 776 (2017) 318
TTEPSHV
Vs=13Tev, 361"
ATLAS-CONF-2018.005

DM Mass [TeV]

.

0.8

0.6

0.4/

0.2

Mediator Mass [TeV]

Dijet + ISR: Trigger-level analysis (Dijet TLA):

@ ~ ISR: masses between 200 and 1000 GeV @ masses between 450 and 1800 GeV
@ jet ISR: masses between 450 and 1000 GeV

ATLAS-CONF-2016-070 Phys. Rev. Lett. 121 (2018) 081801 14741


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-070/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-20/

Proof of concept: ISR as a discovery tool

H— bb in gluon fusion: the QCD background is immense (x 107 H rate)!
ISR tagging removes jet pairing issue, and allows to look for a mass peak:

@ ISR jet threshold: pr > 450 GeV
@ asking for double b-tagged peak reduces QCD by orders of magnitude

CMS  simulation Preliminary 35.9 b (13 TeV) CMS  Simulation Preliminary 35.91b7 (13 Tev)

@ T T I e TS g 2000 T T T T T T T L

b c é\?v‘fgmm c r BooD s ]

.9 et o [ double-b tagged =~ EmZ@tets ]

. 200 +jets > C [ thsiets I

b @ o-t 11110000 I W(q0)+ets

W r b

=k, F [ single-t ]

8000 Bwea

/ £ ]

6000 .

| H 5 s/Ab~1 ]

4000F — .

2000f -

- [ ]

/8 10 T | o] —— Lol [

0 50 100 150 200 250 300 350 400 450 500 40 60 80 100 120 140 160 180 200

pr leading-jet msp (GeV) pr leading-jet msp (GeV)

Shve Rev Le 20 (2018) 0718072
Phys. Rev. Lett. 120 (2018) 071802 15741


http://dx.doi.org/10.1103/PhysRevLett.120.071802

Proof of concept: ISR as a discovery tool

. . —/ h
anti-double-b tagged: W— qq double-b tagged: Z— bb and H!
x10° 35.9 fb (13 TeV) 35.9 fb (13 TeV)
> T T T T T T T 7 > gooo T T T T T T =
8 500— CMS 450 <p <1000GeV -~ W - 8 E CMS 450 <p <1000GeV - W
~ =2 double-b tagger z B ~ 7000k double-b tagger z
> E failing region o ] - E passing region ot
92 400 <=+ Multijet — 2 6000 - Multijet
S C 1252 Total background S = 22 Total background
> L B H(bb) 4 > C W H(bb)
. + Da E Q5000 + oata
F 1 4000~
200 B 3000F-
r ] 2000 E
100~ - £ ]
L ] 1000 -
ok PP a3 . 1 0 E . .l
T eof 17 ]
3| a0f B g *
HE HE * J
E 201 Bl 5% IS e = SO
i i + RAEES
g 0 = —
8 40 60 80 100 120 140 160 180 200 8 §10 60 80 100 120 140 160 180 200
mg;, (GeV) mg;, (GeV)

@ Z— bb observation with 5.1¢
@ Inclusive H— bb is seen with 1.50

Shve Rov T o 2 (2018) 071807
Phys. Rev. Lett. 120 (2018) 071802 16/41


http://dx.doi.org/10.1103/PhysRevLett.120.071802

Events / 5 GeV
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arXiv:1710.00159
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ISR trick in searches: ISR+merged jet

Going even lower in mass: dijets start to merge into one jet with substructure

@ exploring masses between 50 and 300 GeV

@ achallenge: simple bump-hunt does not work anymore (SM Z boson is in the range)

@ use “fail” substructure variable sideband to estimate SM bkg shape and yield

11 Mulijet pred

35.9 fb™ (13 Tev)
E T T > ‘
ECMS ¢ Dam o W(qa)+ets
E — Total SM pred. 2(qa)+jets

I Z(q0), 9,=0.17, m,=135 GeV

p_: 900-1000 GeV
R

ingle-t/ti(qq)+jets.

OO ki
Do O

it |

[V Hy b LR TLTVOR TR hi

(AL AN AR AT AC AN L BRNRAL A ‘*ﬂuqr LA
100 150 200 250

300
My (GeV)

q
[

coupling, g,

© oo
Now
T

o
[

0.04
0.03

0.02

35.9 fb (13 TeV)

— — T T
[ CMS ]
[ 95% CL upper limits K
[ —— Observed -
----- Expected
- mm 1std. deviation B
+ 2 std. deviation .~ e
2 vre 3 /\
F CDF Run 1[18] 4
r . g CDF Run 2 [19] B
r Vi ATLAS 8 TeV, 20.3 fb* [22] 7
I H CMS 8 TeV, 18.8 fb™ [34] i
L i — CMS 13 TeV, 12.9 fb [35]
H -~ Z width (indirect) [72]
M | L L L |
50 100 200 300 1000
Z' mass (GeV)

Local (global) significance 2.90 (2.20) at 115 GeV
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http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-17-001/index.html

Remembering about other dimensions: coupling g

E T ——————7 T — CMS Preliminary LHCP 2017 oS abserveg oxcumonsmrecL
E T . J actor o, Dirac DM g =026.3,,,= 1.
0.35F ATLAS Preliminary March 2017 Dijet+ISR (y), 15.5 fby 4 € % Sou
F 5=13Tev;3437.0" prascowaie 4 8 ___ soomsadjuson)
A - Dijet+ISR (jet), 15.5 fo* | < 7-001)
0.3 ATLAS-CONF-2016-070 . 8
. " | S Dijet (359 1)
Dijet TLA, 3.4 fb | 2 [Ei(c 16.086]
m| ATLAS-CONF-2016-030 q 2
0.25H Diet, 37.0 b 4 % oM+ (G591)
£ ankiv: 1703.00127 S 1 [EX0-16:048]
E. s 1 My (1201
0.2F~ 959% CL upper mis = paoaies
C =i Expected s | N
C & 1 DM +2, (359 10")
0.15 Observed - [EX0-16.052)
= B DD observed exclusion 80% CL.
= 7 EssT
0.1~ 'l <0.6 - T oo
£ | cowsite
£ Iyl <031y, 1 <06 E fanicrz00 024481
E y B andax
0.051- " ” — Taini607.07400)
C | | Lux
jarxiv: 160807648
300 400 1000 2000 3000 | Ll | s orede]
10 10° 10 = fann1705.06655]
m,. [GeV] Dark matter mass m ,,, [GeV]

@ TLA/data scouting probes lower mass and similar coupling as traditional
searches

@ topologies with ISR pay a penalty on acceptance:

o probed couplings/equivalent cross sections are lower
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B [pb]

Adding leptons: Z’, dark photon

Assuming in addition mediator coupling to leptons g, = 0.01:

r — 14 = i
1L ATLAS .. Expected limit E FATLAS Prefiminary Jut DIt
E - -1 3 r Phys. Rev. D 96, 052004 (2017)
E §=13TeV, 361107 g egeciedsto § g F S
101 Z—1 Expected=20 | = F
E — Observed limt § 3 C 1 = sy
] r 1 5‘-”?'11 Tev, 3611
102 = b T ek
E El r 1 e
f 1 F | ~ Dilepton
10° 3 f 1 Fomrevseint
E 3 q e
10% E
£ Vector mediator, Dirac DM~
5 1 1 1 g =01,g=001,g =1 |
0% 1715 2 25 3 35 45 5 r AlimisatosoecL ]
M, [TeV] 0 05 1 15 2 25 3 35

Mediator Mass [TeV]

Mediator masses are probed from m,eq > 150 GeV
Is there a sensitivity to lower masses at the LHC?

CMS-PAS-EXO-16-031
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-05/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-031/index.html

Dark photon framework

Additional broken U(1)p gauge force in dark (hidden) sector:

@ creates a connection between the
SM and possible dark sector

@ kinetic mixing term € induces
mixing between dark photon Zp
and the SM photon and Z

@ ¢ impacts Z and SM fermions
coupling at O(£?)

@ if the dark sector is heavy, dark
photons decay to SM particles

@ their width and lifetime depend on &
and mzp

crt(m)

108

10°°

107"

disglaced signature
€= 10"

20m

€=106

:/‘\

Ve Jum
Tl

K

prompt-like signature

0.1 1 10
mz, (GeV)

100

To cover all parameter-space becomes essential to add a new parameter: look for
displaced vertices and displaced decay products

arXiv:1412.0018
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https://arxiv.org/abs/1412.0018

Existing constraints on dark photons

107

Mont's Gap

searches,

€2 (log scale)

A' Mass

Yield

&

10 GeV

Red: pp->Zp-(1"
Blue: h-2Zp4(
Solid: LHCB, 20/fb
Dashed: LHC14, 3000/fb
Dotted: 100 TeV, 3000/b
EWPT w/ Central Values @ ILC/GigaZ:
as currently measured (purple dotted)
assuming x2y = 0 (green dotted)
L L L

(]
1 10" 10% 10°
mz, [GeV]

10°
102 102 10"

The gap between regions A and B, which has come to be called “Mont’s Gap” after
JLAB Director Hugh Montgomery’s observation that HPS coverage in coupling
strength was incomplete, highlights the challenge to fill in the transition region
between bump hunts and displaced vertex searches by either increased luminosity
(for bump hunts) or improved vertex resolution for short decay lengths, or both.

arXiv:1412.0018 arXiv:1608.08632
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https://arxiv.org/abs/1412.0018
https://arxiv.org/abs/1608.08632

arXiv:1412.0018

Existing constraints on dark photons

for m < 10 GeV strongest limits come from BaBar

for m > 10 GeV sensitivity comes from Drell-Yan differential cross-section
measurements and EW fit (Z mass and fermion couplings)

a recent new result from LHCb
probes 10 < m < 70 GeV for
e~ 1073

no other direct searches at the
LHC yet w

at the coupling & ~ 1073 the
dark photon is prompt-like

Red: pp->Zp-(*1"
Blue: h-2Zp-4(
Solid: LHCS, 20/fb
Dashed: LHC14, 3000/fb
Dotted: 100 TeV, 3000/ E
EWPT w/ Central Values @ ILC/GigaZ:
as currently measured (purple dotted)
assuming x2y = 0 (green dotted)
L L L

(|
1 10' 10% 10°
mz, [GeV]

in addition, displaced search is
carried out for masses [214, 350]
MeV

6l
107
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https://arxiv.org/abs/1412.0018

Direct dark photon search at the LHC: LHCb result

Spoiler:

Physics

P

LHC Sees No Dark Photons

Published 8 February 2018

A search for dark photons at the LHC comes up empty but puts new
constraints on the strength of the hypothetical particles’ coupling to

electromagnetic fields.

See more in Physics
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.061801

LHCb: prompt-like search

@ use same-sign muon events to estimate misidentified p background

@ look for a signal as a bump in a small mass window (regions around known
resonances are vetoed)

10
10°
10°
10°
10°
10?

od 3 vound 3 ved o

prompt-like sample
pr(p) > 1GeV, p(u) > 20 GeV

prompt pFpu~
Bl ono
W by

10’ LHCb prompt-like sample
10° V5 =13TeV pr(p) > 1GeV, p(p) > 20 GeV
B e

10°
10*
10°
107

B ot

Candidates / o[m(uu)]/ 2 Candidates / o[m(utp™)]/ 2

i e o 10° 10' 10°
Phys. Rev. Lett. 120 (2018) 061801 m(up) [MeV] 24741


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.061801

LHCb: displaced search

VeLo: vertex locator detector

@ dedicated effort to map
material is the innermost
LHCDb detector

@ results are used to impose a
veto on displaced vertices
originating in the material

g — 10°
= =
= -
2 =
5 ] 10
2 ]

—] 10
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https://arxiv.org/abs/1803.07466

LHCb: results

@ final limits are competitive to B factories
@ this is the only experiment to put direct constraints above 10 GeV

@ ATLAS and CMS are catching up

90% CL exclusion regions on [m(A’),?]

~ 107

W
10°
10
107
108
10°
10710 [ vacw

101 - Previous Experiments

102 el
1072 10t 1 10
m(A") [GeV ]

Phys. Rev. Lett. 120 (2018) 061801 26/41


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.061801

Higgs portal: Zp pair production

@ search for a pair of displaced dimuons
0.2 <mgz, <85GeV

@ employ a dedicated trimuon trigger w/o a vertex
constraint

@ special offline muon reconstruction: does not
require a pointing to a primary vertex

@ allowed displacements are:

W
I} o L.y < 9.8 cm (3™ pixel barrel layer)
D -
£ CMS Preliminary o L. < 48.5cm (2" pixel endcap disk)
© 2.8fb~" (13 TeV)
8 o @ signal region is defined for dimuon pairs with
2 10 close mass: )
= : _— Ly=2810' (13 Tev)
g \\ls:; CMS Pi 4 s
— O
=R ¢
g1 = E
X N ® x
pp-h-2n;52yp+2np->4u+X O, ]
10710 ¢ .
0 2 4 6 8 H

myp[GeV]

ATLAS-CONF-2016-042 CMS-PAS-HIG-16-035 27741


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-042/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-035/index.html

Towards single dark photon search @ CMS

To overcome high data rate, use scouting techniques for dimuons as done for jets:

@ new muon scouting stream was introduced in Run 2
@ these triggers has very low pr thresholds for muons
@ record only limited amount of information from such triggers

CMS DP-2018-055

1072 et 3517 (18TeV, 2017)

E cMS ) ! For masses < 10 GeV
1 01 1 - = Online Reconstructed Dimuon ;ven}s ) .

£ Preliminary p,(1) >3 GeV, n(1) < 2.4, opposite sign Scouting trigger :
10" E AR(pp) < 1.4 +

10°
10°
10" g
1008 Ty O

10° : ) \ R
10° :
10°

Events/GeV x Prescale

‘ For masses above 20 GeV
Standard dimuon triggers

1 10 107 .
M+ M- invariant mass [Gev] credits: A. Vartak

< TYPA01R/0SS
CMS DP-2018/055 28/41


https://twiki.cern.ch/twiki/bin/view/CMSPublic/HLTDiMuon2017and2018

Going lower in mass for all resonances: diphotons

Old story: hints of a new particle at 750 GeV
(dissolved after x4 more data)

3.31b* (13 TeV) + 19.7 b (8 Tev)

T T T T
—— Observed CL, limit ~ ATLAS

5
& 7 o F 1
/ s e Expected CL, limit 5=13TeV,3.2 10"
10 x 10° [ Expected £ 10 NWA () =4 MeV) 3
= E x El
- o E [ Bxpected 220 Spin-0 Selection ]
; = E ]
E h 20 2 i 1
" H £ L -
0% : ER E
E i w 3 1] E 1
F | X = 1.4x10°%, 3=0 - g F \! 1
[ X . b 2 F ]
10 = Combined 10 e -
E 8} 1= E|
E ----8TeV < E 3
FCMs = 13Tev sl 8 L]
ne (cev)
L 200 400 600 800 1000 1200 1400 1600 1800 2000
5x10” 10° 2x10° 3x10°  4x10°
m, (GeV) m, [GeV]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.051802
https://dx.doi.org/10.1007/JHEP09(2016)001

X — ~~: always can bring an excitement
X @750 GeV “closed” in August 2016
X @95 GeV released in August 2017:
@ 8TeV data (20 @ 97.6 GeV) and 13 TeV (2.90 @ 95.3 GeV)

@ combined leads to a 2.80 excess at 95.3 GeV

CMS Preliminary 19.7 fb™ (8 TeV) + 35.9 fb™ (13 TeV) CMS Preliminary 19.7 fo™* (8 TeV) + 35.9 fb™* (13 TeV)
B 5] e e e @ 50 B
> [ ]
= FH-v — Observed b % lo
> 140 B > 20
1 -0 -Expec(edth ] oy
[ i - 30
S T Expected + 20 [+
‘:E:{ 12[ P . S E
g r ] - ERY
g - ] E
Pof ] 15
3 r B 350
= o08f 7 3
> 7 E|
1 0.6 ] H - yy E s
T B 160
S~ 7] ——— Observed 8 TeV
© 0.4 1 ——— Observed 13 TeV.
. Observed 8 TeV + 13 TeV'
Expected 8 TeV/
0.2 Expected 13 TeV x|
.. «--- Expected 8 TeV + 13 TeV 3
Lol i b b Bl b b b i

80 8 9 95 100 105 110 100 105 110
m,, (GeV) m,, (GeV)

ATLAS has a brand new analysis with Run2 2016 and 2017 data in this mass range!
CMS-PAS-HIG-17-013
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-013/index.html

X — ~~: follow-up

ATLAS has a brand new analysis with Run2 2016 and 2017 data in this mass range:

T T T
ATLAS Preliminary — Observed
(s=13Tev,80f" .o Expected
X—oyy E+1c

d+20

1 - B [10]
n
n
o

]
=
(=}

Local p-value

107"

ATLAS Preliminary

s=13 TeV, 80 fo™! — Observed

X — vy
L

95% CL Upper Limit on o,
S
(=}

1072

1 ! | 1
70 80 90 100 110

m, [GeV] m, [GeV]

o

70 80 90 100

5

The story is limited to much fewer citations than the previous one.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-025/

What’s next? High volumes of data: rare processes

vMSM - minimal extension of the SM which solves a range of questions:

mass 2.4 Mev 1.27 Gev 171.2 Gev mass 2.4 Mev 127Gev 171.2Gev
charge . [24 u % C % t charge - |24 u A C E7A
name . up charm op name up charm op
4.8 MeV 104 Mev 4.2 Gev 4.8 Mev 104 Mev 4.2 Gev
- B8 v E7 2 EA s
E dd three N 5 S
S [ down strange botom a ree © |l down strange botiom
oev oev oev L4 [<0.0001ev f10keY [ ~0.01eV /~Gev|[ ~0.04 eV / ~Gev|
0 0 \, o \ , ) 0 0
\,e T \/e Pdl \, sz \,T p43
mugh a mu
Ao neufino neutyino il e [
0.511 Mev. 105.7 Mev 1.777 Gev o 0.511 Mev. 105.7 Mev 1777 Gev
1 Bl o 1. CHEl t
5 g
@ electron muon tau -~ electron muon tau
3

@ neutrino masses
@ via seesaw mechanism

@ matter-antimatter asymmetry

o degenerate N2 and N3 (mass from ~ 1 to ~ 102 GeV) could lead to
dramatic increase of CP violation

@ lightest N (a few keV) is a perfect dark matter candidate
@ observable decay mode N1 — vy
@ search for mono-line in galactic photon spectrum, F, = My/2

Heavier N> and N3 can be searched for at the LHC
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http://arxiv.org/abs/hep-ph/0503065

M. Drewes

Possible masses of N

neutrino
physics

cosmology

high energy
physics

keV MeV GeV TeV 1014 GeV

Seesaw mechanism

Dark matter Matter-antimatter assymmetry

Direct searches

Indirect searches
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https://arxiv.org/abs/1510.07883

M. Drewes

Possible masses of N: tools to find them

-

nuclear decay
spectra

TRISTAN

(KATRIN)

high energy
physics [

fixed target
experiments

b factories

(el

D
<o

Belle I

Direct searches

Indirect searches

Y

pp colliders
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https://arxiv.org/abs/1510.07883

Existing constraints and some projections

@ LHC just starts to probe region not excluded by the electroweak precision data
(EWPD) (filled areas - excluded; contours - projected experiments)
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http://arxiv.org/abs/1502.06541

prompt
or
displaced!

@ N production: in decays
of W bosons

@ N decays: N—W/ or
N—Zv or N—Hv

@ N lifetime: from very small (

from production vertex (

Heavy neutrinos at the LHC

decays) to macroscopic distances
decays) as 7 o< |Vin|72m ™5
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Signatures with prompt N decays

Same-sign dileptons + 2 jets:

q =
W @ allows to fully reconstruct N mass peak
N (* @ N has to be heavy (jet pr > 30 GeV)
=/
WF . @ sensitive only to
. lepton-number-violating (LNV)
N decays

j
Trileptons (+ Eiss):

@ no clear N mass peak due to escaping v

@ can detect decay products of very
light N (lepton pr > 5 GeV)

@ sensitive to both LNV and
LN-conserving (LNC) N decays

Explore a new territory with looking at the prompt trilepton (e, ) final state!
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Prompt trilepton search: coupling to muons

3591b* (13 TeV)

2 l5cus 95% CL upper limits ;
= B e Expected 3
107 ] + 2 std. deviation <
I + 1 std. deviation 3

1072 —— Observed -

3 Observed, .

1% W e N 3
(Fj)ecayps PHI prompt 3

107 —/DELPHI long-lived]
CMS 8 TeV E!

5[ T N

10 NN
1 10 10? 10°

m,, (GeV)

new sensitivity

High mass: VBF production channel drives production cross section.
Phys. Rev. Lett. 120 (2018) 221801
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.221801

Prompt same-sign dilepton search: coupling to muons

35.9 fb™ (13 TeV)

BomiaaTey) gy e g
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-= 4001 < 3 =4 C |
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S 300 = C
o E [ wisid. tepton bkgd E r ]
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200E —— my=200GeV, | V210" E 3
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E High-mass SR1 3 107 Ermemiimm - =
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43 15 ? + +T T i —_ ]
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X R | El
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High mass: same-sign dilepton channel is more powerful due to larger
signal acceptance
Low mass: trilepton channel is more powerful due to lower SM background

o e
arXiv:1806.10905 39/41


https://arxiv.org/abs/1806.10905

tracking efficiency drops drastically at
displacement of ~ 60 cm: to 10%

using p reconstructed with muon chambers
only allows to extend search up to 3m

online (trigger) efficiency for such muons
is poor after ~2m

if trigger on the prompt lepton in the event -
profit from the stable high offline efficiency
in all range!
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Displaced search prospects
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Conclusions

with the available dataset sensitive to processes with very low rates
using new data recording and analysis techniques open a window to
new phase-space with low masses and low couplings

existing searches are sensitive to other new physics scenarios:

o including those which would appear only in one signature
o and those which always profit from larger dataset

o e.g. dark matter particles with low couplings, , sterile
neutrinos with low mixing parameter...

The LHC still gives an opportunity for a discovery!
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Long-lived particle signatures in a detector
J. Antonelli

»e=re neutral displaced W BSM
charged HSCP dilepton M lepton
- any charge M quark
photon
M anything
disappearing displaced
track lepton
(- LYY
displaced “. displaced
dijet H photon
displaced y ) Not pictured:
veprtex displaced stopped particles
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Long-lived particle searches: possible new physics
scenarios

ATLAS Long-lived Particle Searches* - 95% CL Exclusion ATLAS Preliminary
Status: July 2016 [Ldt=(18.4-203) b7 \E=8TeV
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Higgs boson portal to new physics

@ DM search in the invisible H
decays H — xx

@ combine all H production modes

10 g v ——rg
497 (7Tev) +19.7 " (8 Tev) + 2.3 b (13 TeV) 5, 40 i \ CMS E
g s — : 0 =107 49107 (7 TeV) + 19.7 o' (8 TeV) 3
£ 1 Observed CMS 3 o £ \ o, 42377 (13 TeV) 7
£ (f " Median expected E 10t NG {B(H—inv)<0.20 3
s 14 [ 68% expected E n » 7
3’ 12; 95% expected § 10 E
5 S 4gl 90% CL limits _
2 o8 c E E|
2 E 3 E E
TE e E =
o Sk E
.o Z sl o9
Combined e Vitiageed gaagged g Fermien DM E
. Lol | \\HHE

@ B(H — inv) < 0.24 @ 95% CL : L g o

SM (H—ZZ— 4v)=1.06 x 1073 DM mass [GeV]
@ complementary constraints on
low-mass DM
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-016/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-28/

LFV Higgs boson decays

@ look for the off-diagonal Yukawa w7 and et couplings

@ analysis is complementary to 7 — 3 and other LFV processes searches
@ upper limits are set at B(H — p7) < 0.25% and B(H — e1) < 0.61%
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-001/index.html

