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Dark matter?

Ample evidence from the cosmos

One Candidate:

“Weakly interacting massive particle” (WIMP)
* Weak coupling to known particles

* Can account for observed DM phenomena
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Cosmic microwave background
“Picture of electromagnetic matter,
30k years after big bang”

— = 27% of energy in universe is DM

Dec 5th, 2019 A. Albert - DM @ LHC



How to find WIMPs?

Direct detection
“WIMP from universe bumps
into our detector”

Indirect detection
Observe DM annihilation in
the universe

W,

i %/;”T
particles

4' 4

W

NASA

Collider
Produce DM from collisions
of known particles

\'¢
o
known /
particles *
DN
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Certainty only if results from all three are consistent!
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CMS Integrated Luminosity Delivered, pp

Data included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC

2010, 7 TeV, 45.0 pb !
2011, 7 TeV, 6.1 fb '
2012, 8 TeV, 23.3 b !
2015, 13 TeV, 4.2 b !
2016, 13 TeV, 41.0 fb !
2017, 13 TeV, 49.8 fb '
2018, 13 TeV, 67.9 fb !
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ATLAS + CMS:

Multi-purpose, can observe
large range of SM and BSM,
work best at low n

LHCb:
Focus on B physics,
large n only



How do searches work? Depends!

How do SM and DM particles interact?

How do SM and DM particles interact?
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The Higgs portal

Dec 5th, 2019

A. Albert - DM @ LHC




H(125) — invisible

Attractive because simple:
No new interaction
needed!

For reference: invisible BR
of Z is known to = 3 per-
mille

Measurement strategies

driven by Higgs
production modes

Dec 5th, 2019
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M(H)= 125 GeV
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PDG Higgs review
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http://pdg.lbl.gov/2019/reviews/rpp2018-rev-higgs-boson.pdf

Principle of detection: p_™

Detect “invisible” particles from momentum balance of reconstructed particles

Detected particles
A

Beam 1

2 Beam 2 :> ﬁrI"m'iss _ Z Br

% B ) PF candidates
»  Undetected particles

Missing transverse
momentum me'SS

v

Experiment requires presence of detectable “tag” particles: Jets, photons, ...

Dec 5th, 2019 A. Albert - DM @ LHC 10



B el 10.1016/j.physletb.2019.04.025
VBF H(inv) § .
q — g 35.9fb" (13 TeV)
> T T
Distinctive dijet signature drives sensitivity G 17 CMS e o =i oo
T] XT] < O @ 10° Pred. frgm I:‘W(Iv)+jets(QCD) .Z(W)+jets(EW)
i1 j2 OC) b-only fit . Wilv)+jets (EW) . Top quark
> 102k
Sma" A(p” < 1'5 /10 DOtherbkgs.
large An, >1.0 / f0 -
large m, > 200 GeV '
+ 107
large p,™*> 250 GeV 102} \
el N\
Backgrounds dominated by Z(vv), W(Iv) 8 tofeten een Cuewaw
. « ) R s e e S e
Low-m.: jets from ISR (“QCD”") 5 | ..|....|..|....|....|...|....|....|%..|....
high-mijj: W, Z from VBF (“EW") &, ;t'_""'
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http://dx.doi.org/10.1016/j.physletb.2019.04.025

Background estimation + signal extraction

Basic likelihood
Poisson fluctuation of data counts n, around expectation from signal s. and background b,

(10 % 5;(0) +b;(0))™

TIJ

L(data]p,0) = ]]

i € bins

< ]I » (éjlf%) - Gaussian constraint term for 0

j € nuisances

exp (—p x s;(0) — b;(0))

.S, bi from Monte Carlo simulation + corrections

* Uncertainties modeled with nuisance parameters 6

* O dependence from alternative templates (i.e. re-running analysis)

—> Determine best-fit 0, signal strength p by maximizing likelihood

Dec 5th, 2019 A. Albert - DM @ LHC 12



35907 (13 TeV)

10.1016/j.physletb.2019.04.025 -

Ch

D

£ Dimuon CR — Postit Z(up)+jets

Using control regions
Goal: Estimate mjj shape for W, Z i R

[ other backgrouncs

Events / GeV

359fb (13 TeV) 101k
> ARARE PARE RoR RRRZRRRRRARE T

° . . . 210t CMS 4 Data _z wes@eod 1 B T
Control regions with leptonic decays: i S - -
Z(ee), Z(p), W(ev), W(uv) § L0 W .

[ ovosens [ ] otner bkgs.

ma=ns VBF H(125)—-inv. = = ggH(125)-inv.

(Data-Pred.) Data / Pred.

| °
v o m &

. . . . 1717" ] 05 1 i5) 2l 250 1311385 :nii E‘-Fevf
Combined maximum-likelihood fit ’ , ‘

M : 10° s (13 TeV,

transfer factors + uncertainties | e

: - ¢ T — i e

based on simulation e : 5 e T 1]

. o-s::::::::::::{:::::::"::::::::::::::::::I::{:::: I he et et |

— Only process *ratios* from sim, R T 5;:“;““:;“;‘“’ j

shape + norm form data B e R i

Uncertainties partially factorize! . S S i

05 1 156 2 25 3 35 4 45 5 e
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http://dx.doi.org/10.1016/j.physletb.2019.04.025

One observable, may channels: combine, combine, combine

VBF dominates combined results, but others still contribute

35.9 b (13 TeV)

|
CMS

[ —e— Observed

M

F --@- Median expected

1 [ . 88% expected
i 95% expected

95% CL upper limit on 6 x B(H — inv)/c s

Combined VBF-tag
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Z(lD)H-tag  V(gqq)H-tag  ggH-tag

SM

95% CL upper limit on 6 x B(H — inv)/c.
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491" (7 TeV)+19.7 17 (8 Tev) + 38.21 " (13 TeV)

F CMS
E —e— Observed

[ --©- Median expected

. 68% expected

95% expected -

ok
Combined 7+8+13 TeV  Combined 13 TeV Combined 7+8 TeV

Upper limit on BH—; iny

eg e .\

- exciting :) ‘ -
1 ATLAS —
C Vs =7TeV,4.7 b ]
L Vs=8TeV,20.3" i
0.8 (s =13TeV,36.1 " —
— Observed limit ]
gasas Expected limit +1o |
OB eameee W  jwmm Expected limit +206 —|
All limits at 95% CL ]
0.4 .

0.2
0 | | ! | | ]
V(had)H Z(lep)H VBF  Combined Combined Combined

Run 2 Run 2 Run 2 Run 2 Run1 Runi+2

Full Run-2 results in the making!
Limitations to attack: p.™* trigger threshold, theory uncertainties

10.1016/j.physletb.2019.04.025

A. Albert - DM @ LHC

Phys. Rev. Lett. 122 (2019) 231801
14


http://dx.doi.org/10.1016/j.physletb.2019.04.025
file:///home/albert/cernbox/talks/2019-12-05_comhep/Phys.%20Rev.%20Lett.%20122%20(2019)%20231801

Simplified models
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Benchmarks: arxiv:1603.04156

Interpretation: Simplified models

Spin-1 mediator Spin-0 mediator
SM DM M| B DM
) — !~ — v qb =
Lyector = —gpMZ, XV X — 94 Z Z,av"q Lecalar = —gDM PXX — Jq % Z Yq49q
q=u,d,s,c,b,t q=u,d,s,c,b,t

Simplified models with few free parameters:

M, eq Mo mediator-quark coupling, mediator-DM coupling

minimal flavour violation
Benchmarks defined by LHC Dark Matter working group

Dec 5th, 2019 A. Albert - DM @ LHC 16


https://arxiv.org/pdf/1603.04156v1.pdf

Always present: Initital state radiation

Mono-Z

DN Invisible

Z e/p

ST

Monophoton Monojet

Invisible Invisible

/i\ /iw

larger signal, larger background

Experimentally clean

Dec 5th, 2019

Experimentally harder

A. Albert - DM @ LHC
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ATLAS monojet 2015+16 HEPOLZOTE 126

Similar strategy to VBF H(inv): More inclusive, no VBF topology

107 LI LA LR LN B BRI BN

® Data 2015+2016

ATLAS

>
. Q
jet pt > 250 GeV T - 13 TeV. 361 b #4444 Standard Model
. %) S= ev, . = VV) +]
p," > 250 GeV £ [ Senal Rogon 2 -
> p_(j1)>250 GeV, E_ *°>250 GeV B Z(— ) + jets
no leptons T ! B - single top
B Diboson
10° multijets + ncb
— W and Z are leading BG e, .. | o, 000, Gy
o ADD, n=4, MD=6400 GeV
10 = - B e
Combined fit with W(lv) and Z(ll) control regions | T e e
this time only get normalization + nuisances 1o -
from data .,
% "7 ] Stat. + Syst. Uncertainties S S + I
o BT T S
. . . 0.8 1 1 1 1 1 | 1 1 1
18] prInCIple 300 400 500 600 700 800 900 1000 1100 1200

ET™® [GeV]
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https://link.springer.com/article/10.1007/JHEP01(2018)126

10.1140/epjc/s10052-017-5389-1
Sensitivity driver: theory uncertainties on process ratios

Precise predictions for V' +jets dark matter backgrounds

J. M. Lindertm, S. Pozzorinim, R. Boughezap, J. M. Campbelﬂ, A. Dennetﬂ,
S. Dittmaier, A. Gehrmann-De Ridder®?, T. Gehrmann?, N. Glover®,

A. HusdD, S. Kallweit®, P. Maierhsferi®, M. L. Mangand®, T.A. Morgand,
A. Miick?, F. Petrielld®™d, G. P. Salam@®, M. Schénherr?, C. Williamd™

pp —Z(ET )+ ]et / pp —>W((’1 )+ ]et@ 13 TeV

SM theory Community project: e | . J_ ) FF‘%Z(ZJrZ’l)-H'et‘/ PP —‘>V\7|(Zlv)‘+‘j7et@13 TeY _
. . . + F = o3 —
specifically tailored uncertainty = z ot Z/W, QCD L7 —w z
T . Z 016 025 == nNLOEW B
prescription for this type of search SP: :ﬁ -~ Z/W,EWKunc.
T o012 T 4 " E ﬁ
. . . L F — 10 T Loy =
— uncertainties on *ratios* L oa —Nloacp L z
N o085 == NNLOQCD | N o 4
0-06;.} —— — 1_251} e |
i 1.15 & =
8 1.05 - —| 2 11:
o 2L 3 o 1.05
3 1.0 b= — . Z 1.0
;; _'_E "—"_‘—\—"\:;-ﬁ 5%0.95
< 0.95 [ - Iy
£ 3 0.8
0.9 b : — S : . 100 200 500 1000 3000

100 200 500 1000 3000

Boson pt (GeV) Boson pt (GeV)
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https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1140%2Fepjc%2Fs10052-017-5389-1&v=7b676ca1

Monoijet: Spin-1 exclusion

JHEP 01 (2018) 126

L C Y Zav(g) —9vs)a— Zx7"(9ha — Imus)X
q

;l T T T T T T T T T T T T ‘
(o)) 1 000 | ATLAS Expected limit+2 o, n
O Vs-13Tev,364 1" BB Expected limit (+ 10,,)
"""""" e PDF, |
= L Axial-Vector Mediator —— Observed limit (+ 1 Gtheorysca ) 1
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- "V&," ]
E2
500 vl
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m,,, only relevant

in terms of
m,,<m,/2

Coupling type has
small effect @ LHC

/

1000

m, [Ge

500

T T T T T T T I T T T
%’.AS Expected limit + 2 oo

- Expected limit (+ 10,,.)

——— Observed limit (+ 16

Vs=13TeV,36.1 10"
Vector Mediator

Dirac Fermion DM
9,=025,9 =1.0
95% CL limits

PDF, scale)
theory

adDM)
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https://link.springer.com/article/10.1007/JHEP01(2018)126

Monoijet: Spin-1 exclusion

10.1103/PhysRevD.97.092005

L C Y Zav(g) —9vs)a— Zx7"(9ha — Imus)X
q

35.9fb" (13 TeV)

G 1078

[cm
3
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= 0—32

GSD

1073

10738

107%

1074

1074

107

T T ' |
CMS
Axial med, Dirac DM, gq = 0.25, 9= 1
------ CMS exp. 90% CL—— CMS obs. 90% CL
— PICO-60

- IceGube bb
Super-K bb

— Picasso
- lceCube tt

107%

10°
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10 102
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. 35.9 b (13 TeV)
o 0¥ T
5 gwnf CMS
Can compare to ;.': 107292: Vector med, Dirac DM, g_=0.25,g, =1
. . = E .90% CL —— CMS obs. 90% CL
direct detection £ BV . = i .o
©  LF  — Xenon-T CRESST-II
10°°F  — pandax-I
LHC useful oL
atlowm_, 07 \
for axial couplings 109\
107412_ \
Model dependence! 10
10*“5§r
,47%- 1 Ll 1 Lol | [ N
0 1 10 102 10°
My [GeV]
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http://dx.doi.org/10.1103/PhysRevD.97.092005

Rinse and repeat

Mono-Z

35.91b™ (13 TeV)

LN L
¢ Data
mzz
mwz
Other bkg.
Nonresonant
Drell-Yan
— ZH(inv.)
DM, Vector coupling
"My, =150 GeV, m
\\\Bkg unc.

Events / GeV

=500 GeV

IIIIL|_|,|,| IIIIIL|_|,| IIII|_|_|_L| IIIIIL|_|,| IIII-
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Backgrounds: Z+Z, W+Z
10.1140/epjc/s10052-018-5740-1

359713 TeV)
T

Monophoton
107 pe— —T ]
0 _ harizontal + E?{etiit % f'uffr:j

n — Signal

Events / GeV

1077

1 []Other SM
[T Noncollision

== CR-only fit ] Electron fakes
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Logml 1]

Data / Pred.
i

=
n
]
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1000
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Backgrounds: Z+y, W+y
10.1007/JHEP02(2019)074

Monojet

35.9 fb' (13 TeV)

>105|||\\||||\|\||||\\|||\
4]
G 5. CMS 4 bae
- i H{125) — inv.
2 . mon()jel === Avialvector,m =20 TeV
QCJ 10 - Zivv)+ets
Lﬁ 5 [ witv)jets

10 N wwiwzzz

- Top quark
10° 0 2w, y+jets

[ aoo

107

107
g 1.2 T T T | LI B B B B R O
g *g»m
R <usevar i le® WA i a8 :%: R s e -
E 0.9 e
%? 08 T T | T T | T T | T T | T : | : : :
85 "*'-"“'-r""‘j"-"“--—"""""‘""
a, _2 1 1 | | L1 | 1 1| | L1 1 | 1| | | 1 1|

400 600 800 1000 1200 1400

pre* [GeV]

Backgrounds: Z+jet, W+jet
10.1103/PhysRevD.97.092005

Statistical uncertainties + reconstruction different, strategy similar
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http://dx.doi.org/10.1140/epjc/s10052-018-5740-1
http://dx.doi.org/10.1007/JHEP02(2019)074
http://dx.doi.org/10.1103/PhysRevD.97.092005

Searching for the mediator

SM

Dec 5th, 2019

DM

e SN

A. Albert - DM @ LHC
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Resonance searches

“Bump hunt”
Look for resonance on top of smoothly
falling background

BG can be fully data-driven, few uncertainties

Important:
* Signal shape (resolution, proton PDF)
* triggering

E.g.: “Classical dijet”
Triggering based on high-p_ jets

— powerful at high mass
— Cannot extend to low masses
(trigger rates too high)

Dec 5th, 2019

arXiv:1910.08447
% [ L B L B L I L I
€10’
s'"E ATLAS . Data
W10 y5-13 Tev, 139 b Background fit
10"E- Inclusive —— BumpHunter interval
105 q ’ mq* - €
10 g*, o x10
10° p-value = 0.89
10
10
1
10
S of
c r
g of
€ -2 ]
'c%,:l I\I\l\lll‘I\II|\I\I|\I\I|III\|H
1 2 3 4 5 6 7 8
m, [TeV]
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http://arXiv.org/abs/arXiv:1910.08447

Run: 329716
Event: 857582452
2017-07-14 10:48:51 CEST

arXiv:1910.08447


http://arXiv.org/abs/arXiv:1910.08447

Main challenge: How to cover the full mass range?

Resonance produced at = rest

M>>m

Trigger on decay product pt
alone works only at high mass

Dec 5th, 2019

Instead: low-mass resonance with high pt

decay products merged into
single large-radius jet

Use ISR for triggering (y, jet)
A. Albert - DM @ LHC 26



10.1007/JHEP01(2018)097

Key: Substructure techniques

41.1 b (2017) (13 TeV)

30T CMs | o owanes |
Select Z’' = qq, reject QCD multijet o L — Total SM pred. - -+ Z(Gq)+ets .
E 10000 === Multijet pred. — fi/single-t (4q')+jets |
. c N Z'(gq), g' =1/2, m,=110 GeV n
Jet mass “grooming” 2 ool T ]
. w i p_: 525-575 GeV _
soft-drop (SD) algorithm corrects for parton ! T -
shower, pileup contributions 6000 - .
. , 4000 H- —
Two-prong tagging with mass-decorrelated i ]
high-level variable based on analytical 2000 - —
energy correlation functions - ]
0 1 | | |
=] 20F ' =
— Not a neural network! b ’
=] 101~ * %o -
g b‘;‘: 0-“ ..'-.-I*” o
Observing Z/W— qq in this way was not I I A A sesee
seen as possible 10 years ago! 5 00 0 e 0 S

Jet my, (GeV)
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http://dx.doi.org/10.1007/JHEP01(2018)097

Z’ coupling to quarks, assume BR(Z'—qq) = 100%

CMS Preliminary EPS 2019 95% CL exclusions

Boosted + ISR

“Scouting” / “Trigger-level analysis”
circumvent trigger rate limitation by
only recording relevant event info

[ I’IIII’l
|

/

0 “Classic”

0 Can typically target couplings down
' to=01

810 2030 100200 1000 200 eV have to correct for BR(Z’->inv)!
Dec 5th, 2019 A. Albert\DM' @ LHC



Putting the pieces together
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Simplified model spin-1 summary: gg = 0.25

S B g - . .
K -ATL11$ Prelimirflry Jov i
E 1 4008 = 13 TeV, July[2019 RS N
£ [ b ]
120 bb resq 7_‘

it —:

0.6 ]
0.4F / .

i / ET = +X L Vedtor mediator, Dirac DM -

0.2H L~ I 9,70259=0,g =1
({1 F-~ All limits at 95% CL ]

0o 05 1 15 25 3 35 4

my. [TeV]
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Dijet

Dijet, 37.0 fo”!

PRD 96, 052004 (2017)
Dijet TLA, 29.3 fb’

PRL 121 (2018) 0818016
Dijet+ISR, 79.8 fb”'

PLB 795 (2019) 56
Boosted dijet+ISR, 36.1 fb™
PLB 788 (2019) 316

Boosted di-b+ISR, 80.5 o
ATLAS-CONF-2018-052

tt resonance

36.110"
EPJC 78 (2018) 565

bb resonance

36.1fb"
PRD 98 (2018) 032016

miss
EF+X
Er™+y,36.1 b
Eur. Phys. J. C 77 (2017) 393
ET™+jet, 36.1 fb”'
JHEP 1801 (2018) 126
ET*+Z(ll), 36.1 fb”
PLB 776 (2017) 318
ET™+V(had), 36.1 fb"
JHEP 10 (2018) 180

A. Albert - DM @ LHC

Large quark coupling
ptmiss searches:

probe mDM < mmed / 2

Mediator searches:
highest mass reach for

30



Simplified model spin-1 summary: gq=0.1

—_
»

L T T U] T T T 17— Dilepton
E - TLJIS Preliminary; 2 PR TS
._?; 1 4 __\E 13 TeV, JUly 201 9| ) y _— PLB 796 (2019) 68
e [ Ls e y 1 = Dijet
1 ol ﬁ o e, LOWer quark couplings:
- - .',' Q- 7/ - iie 29, - oo _ 4 .
K I &5 1 mewwss  Dilet scales as =g % ptmiss
Uy \./J 5,7 T — ET=X as = gq2 (naively)
B o & 7 1 ET*4y,36.1 o
0.8 [ ,\(\Q}/ d 7 Eur. Phys. J. C 77 (2017) 393
: ] Jewmenw  Forg = 0.1, mediator width
0.6[-| _ e . is low enough that resonant
0 43 *:% i dilepton search can contribute
3G 1
- Vector mediator, Dirac DM -
0.2 9,=01,9=001,g =1
B All limits at 95% CL ]
0 05 15 2 25 3 35 4
m,. [TeV]
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m, [TeV]

Simplified model spin-1 summary:

g, =01,8=

—_
»

0.1

Increased lepton coupling:
almost no effect on ptmiss
and dijet, but dramatic
dilepton sensitivity

Multidimensional problem,
no single “best search”

_'Jl'"""'."_'.,:"l""'"'""""{x""'/""_—Dilepton
L ATLAS Preliminary R - 139 0"
B 7 AT . PLB 796 (2019) 68
1.4-{s = 13 TeV, July 2019 1S ] @
L S 3 Q% a m
5 ¥, xS 1 — Dijet
= 7 7 i Dijet, 37.0 fb"
1.2k / s Q’.‘q' — PRD 96, 052004 (2017)
E / 7 P /‘g” . Dijet TLA, 29.3 fb''
= / 4 Qe . PRL 121 (2018) 0818016
d /. (2018)
1__ /  CEPYE _ .
= / ;s 1 — EMss, X
s & .
B / L, <¥ ] EP4y,36.1 o
== / ] Eur. Phys. J. C 77 (2017) 393
0.8 B ¥ y 74 i ™4 jet, 36.1 b’
= A": / , - JHEP 1801 (2018) 126
= oy s -
0.65f & L F 7
B S ey i
- g’ / /s 7 ]
04 -|& |7 ¢ —
S o -
0.2k Dilepton Axial-vector mediator, Dirac DM -
Y4 / | gq =0.1, g = 0.1, gx =1 i
5 All limits at 95% CL ’
P " 1 | I R [ T S T TN TR U T N SR Y S T | M|
0 0.5 1 1.5 2 2.5 3 3.5 4
m,. [TeV]
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Spin-0 mediators

Dec 5th, 2019
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Top + DM

Minimal model: mediator is only new boson

Mass-dependent coupling = tops!

Previously underappreciated:
single top + MET adds significant sensitivity

Dec 5th, 2019

o/ Oy,

10.1007/JHEP03(2019)141

Same fit strategy as before,
but categorize based on object multipl.

35.9fb" (13 TeV)

10 LI I L L I L T rrTT LI L I L I L I LI I_l_
ofF- CMS 3
Scalar, Dirac y,g. =g =1, m =1 GeV =

8 % Tq x 3
—— Observed 95% CL 3

L S Median expected 95% CL (t+DM, tt+DM) '_;' =
6 P 682 CL expected P ,_;
5 95% CL expected it i

---a-:= Median expected 95% CL (t+DM)
---a=:= Median expected 95% CL (tt+DM)

_________

I|T|IIII|IIH[lllllllllIIIII|III||IIII|IIII

-
......
v = DI

III|IIH|II

Ll I L1 1 I Ll 1 1 I Ll 1 1 I ) I | - I Ll 1 1
200 250 300 350 400 450 500
m, (GeV)

Probe up to = 300 GeV
(same for pseudoscalar)

L+

R AN N N N AN A A
50 100 150

A. Albert - DM @ LHC
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http://dx.doi.org/10.1007/JHEP03(2019)141

Top + DM: Post-discovery potential?

Fully leptonic channel plays = no role for
discovery sensitivity

Dilepton angular distribution could
distinguish scalar vs pseudoscalar

cosy = tanh (Ang/2)

Dec 5th, 2019

10.1007/JHEP02(2017)131

Theory study, 100fb-1 @ 14 TeV

4

——

— scalar, 100 GeV
— pseudoscalar, 100 GeV
— SM background

—

A. Albert - DM @ LHC

1»7*""\ 14_|||||||||||||
£ L
S 12k |
= i
5 10
;{5 B
2 i
) 8
> -
S)=
2r
:IIII|IIII|
%010

IIIIIIII|IIII|IIII|IIII|IIII|IIII|III
2 03 04 0506 0.7 08 09 1

lcos6,|
35


https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1007%2FJHEP02%25282017%2529131&v=ef37d6e1

Non-minimal spin-0

JHEP05(2017)138
JHEP 05 (2019) 142

SM Higgs easiest to observe in interactions with SM bosons. Can we also have that?

Yes! Go from

g X
S
<X
A T Y F’/L
i Z ‘ !
g W e/
to:
g q
Z
B ¢
\\\ii X’
g <,
“at2HDM”

Extra complexity needed
for theo. consistency
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2000

ATLAS

18001 Vs-= 13 TeV, 36.1-fb™
Limits at 95% CL
1600 — Observed
-- Expected

m, [GeV]

1400
1200

1000[=

800/}

600§

400t

200

T
T/m, > 20%

2HDM+a, Dirac DM
m, =10GeV,g, =1
sind = 0.35, tanP = 1

My =My =My,

] =ETs+Z(Il)

-3 PLB776(2017) 318

=E'"**+h(bb)
PRL 119 (2017) 181804

=E7+h(yy)
PRD 96 (2017) 112004

—ET*+Z(q0)
JHEP 10 (2018) 180

=h(inv) ys=7,8 Tev4.7,20.3 1b"
JHEP 11 (2015) 206,

Suddenly, mono-Z and mono-H are leading,

monojet does
A. Albert - DM @ LHC

not compete
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https://doi.org/10.1007/JHEP05(2017)138
https://link.springer.com/article/10.1007/JHEP05(2019)142

More complicated dark sectors

Dec 5th, 2019

NB: “the dark matter candidate” not always clearly defined here
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Dark photons Image credit: M. Borsato

Ky,
QED-like interaction among dark sector particles h"o\oa
o
Y

Loop-induced mixing with SM photon, strength € ‘0“

Typically assumed that new U(1) is broken to avoid /4
long-range force = massive dark photon

dark

Two scenarios: forces?
« Dark sector heavier than y, = decays to SM

* Dark sector lighter = invisible decays

dark
leptons?
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https://indico.cern.ch/event/849129/contributions/3633334/attachments/1953134/3243152/LLPGhent_Borsato.pdf

Dark photons @ LHCb: Dimuon bump hunt 10.1103/PhysRevLett.120.061801

arxiv:1910.06926
2 High mass: DY, isolated muons
- : >
C\“\ 107 ——— - —
|: 108 LHCb = isolapion prompt-like sample
+3_ Vs = 13TeV f';i applied prelvan  ut PT() > 1GeV, p(u) > 20 GeV
5 a ; i H
% ; et prompt ptp~
= 10* | B o ‘
~ - hh + h,uQ :::
§ 10 ;:
< 2
% 10 '.hp'{
g L |
(5‘3 10° 10* 10°
- m(p ") [MeV]
i phase space
*  Low mass: ~

ngpm(A)]
2Am

o  meson decays nilm(A'),e% =& Flm(A)] e [m(A"), 7(A")]

— not isolated f

: . efficiency corr.
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https://arxiv.org/abs/1910.06926

H 10.1103/PhysRevLett.120.061801
LHCDb exclusion reach R 0 0600t

, Production from meson decays proves essential
10 |

w 1” lb
107 \—;
at high_er mass,
107 CMS scouting enters
LHCb full Run-Il result cpg

LHCb — Unrivaled reach for i
1073 \ = 200 - 700 MeV N
low-€ island: displaced p §
10—6 1 11 1 1 11 | 1 1 1 11 111 I 1 | 1 1 I_

107 107! 1 0
m(A") [GeV ]
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http://cds.cern.ch/record/2684861?ln=en
https://arxiv.org/abs/1910.06926

Emerging jets
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Emerging jets

Posit existence of “dark QCD”
QCD-like interaction between
dark sector particles

“dark quark” Q_,
Scalar mediator X (fermion)

Qpx

< — SM quark

Qbx

Parton shower + hadronization in dark sector
At some point, hadrons decay to SM

Dec 5th, 2019 A. Albert - DM @ LHC

Model: 10.1007/JHEP05(2015)059, search: 10.1007/JHEP02(2019)179

Visible, displaced SM
many particles, stochastic
displacement

invisible dark hadrons |
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https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1007%2FJHEP05%25282015%2529059&v=971cf7e6
https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1007%2FJHEP02%25282019%2529179&v=c75df78c

Emerging jets 10.1007/JHEP02(2019)179

Identify jets based on properties of tracks

(13 TeV)
S e TVl 0
p=d CMS — QCDIlightjets 1 2 45 CMS —— QCD lightjets E
@ 10F Simulation ot =1 mm 4 =2 o.4F Simulation -~ - - Dark pion mass 1 GeV
@ F e CTy, = 5 mm - : E_ = Dark pion mass 2 GeV C t ( b d #t d 4 ts
g ct, =25mm g 0.35F — - Dark pion mass 5 GeV a egorlze ase On agge je ’
- 1 - ¢t =60mm -4 o F o e Dark pion mass 10 GeV E °
g E I —=-Cr = 100 mm ] © 0.3F E HT jet pts
§ ;' _____ CT"M=SDO mm s 0.25E E ?
[T

—
o
I

RET:T B N
o
n

b s S s I 1 E Central challenge: measure rate

f - "'“?-:“-;T__-_‘Fa; = E of SM jet mistags in control region.
107 "01"'62"'63'"64"'66"6é"67’"6é"6é;3'D1 ra T Io;((IPED)/J‘crIn;

jet pt fraction carried Median 2D impact Strong flavour dependence!

by prompt particles parameter of tracks in jet

@ + z displacement of tracks, IP significance
3
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https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1007%2FJHEP02%25282019%2529179&v=c75df78c

Decays too displaced 10.1007/JHEP02(2019)179

Emerging jets exclusion 16.1 f" (13 TeV)

— 10° -
& — Observed limit
& N — Expected limit 10°
|
x *=== Expected limitt 1o
BH
102

Can probe wide range of m vs cr,
but that is secondary

Most important: Dark sector signatures
can be very exotic. Cover them! 10

4 10

95% CL upper limit on cross section [fb]

1 ‘ 1 ""‘l‘l-:.-“I . L1 L1 | 111 Ll 11
400 600 800 1400 1200 1400 1600 1800 2000
my_ [GeV]
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https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1007%2FJHEP02%25282019%2529179&v=c75df78c

Conclusions
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Summary + conclusion

LHC has mature DM search program

Many channels, (almost) all of which are necessary

Standard searches: Full Run-ll incoming, after that: no more easy mass gains!
= Focus on driving down coupling, today’s constraints O(0.1) still loose

Increasing activity in more exotic scenarios. Leave no stone unturned!
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Backup
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Emerging jet categorization

Dec 5th, 2019

Set number  Ht pri pr2 pr3 pra p%iss nEMJ(E) EMJ group no. models
1 900 225 100 100 100 0 2 1 12
2 900 225 100 100 100 0 2 2 2
3 900 225 100 100 100 200 1 3 96
4 1100 275 250 150 150 0 2 1 49
5) 1000 250 150 100 100 0 2 4 41
6 1000 250 150 100 100 0 2 5 33
7 1200 300 250 200 150 0 2 6 103
8 900 225 100 100 100 0 2 SM QCD-enhanced
9 900 225 100 100 100 200 1

Table 3. The seven optimized selection sets used for this search, and the two SM QCD-enhanced
selections (sets 8 and 9) used in tests of the background estimation methods. The headers of the
columns are: the scalar pr sum of the four leading jets (Ht) [GeV], the requirements on the pr of
the jets (pr;) [GeV], the requirement on p2i> [GeV], the minimum number of the four leading jets
that pass the emerging jet selection (ngnpy), and the EMJ criteria group described in table 2. The
last column is the total number of models defined in table 1 for which the associated selection set

gives the best expected sensitivity.

A. Albert - DM @ LHC
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0om im I am

Ko

Muon
Electron

Charged Hadron (e.g. Pion)

— — — - Neutral Hadron (e.g. Neutron)
----- Photon

Silicon

i)

Electromagnetic
Calorimeter

Hadran
Calorimeter

Superconducting
Solenoid

Iran return yoke intersparsed
with Muon chambers

D Barnay, CERN, Febrcaey 2004

Transverse slice
through CM5

“Particle Flow” (PF): Reconstruct particle candidates from combined sub-detector information.
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Energy correlation functions https://arxiv.org/pdf/1710.00159.pdf

pairwise angles among n-jet constituents [63]]. In particular, the 2-point (1e2) and 3-point (ze3)
correlation functions are defined as:

167 = E Z;‘ZjAR-;‘j, (1)
1<i<j<n

e = Y zzjzpmin{AR;jARy, AR;jARy, ARxARj }, (2)
1<i<j<k<n

where z; represents the energy fraction of the constituent 7 in the jet and AR;; is the angular
separation between constituents 7 and j. For a two-prong structure, signal jets have a stronger
2-point correlation than a 3-point correlation. The discriminant variable N, is then constructed
via the ratio:

1 263
NZ - (162)2 . (3)
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Top + DM: Control regions for hadronic selection
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Top + DM: Control regions for leptonic selection
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Relic density for spin-1 mediator

Check relic density as a function of mediator and dark matter particle mass

X

—_—

XA

Mediator

q

Q20 0

q

Density low where annihilation efficient,

high otherwise

— features correspond to kinematic thresholds

Mpm (TEV)
w

N

= correct parameter combinations exist!

X
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Beware of model dependence!

ECZ

/ 92v5)d — Z X" (9har — 9hars)X

Same coupling values, but different coupling structure

ial mediator
Dirac DM

__101

gq = 0.25,gpy=1.0
2 3 4
Mmeqd (TEV)

5

Vector mediator
Dirac DM

gq=0.25, gDM=1-0 -~

Mmeq (TEV)

Qh?
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Both cases look identical at the LHC!
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