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M Collider - At LHC: q,gXX
SM>.<DM ¢, 9 X
‘Problem’ is: DM flies away
oignature is: missing energy
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M Collider - At LHC: = X

SM‘:DM 4,9

‘Problem’ is: DM flies away

Signature is: missingjgnergy
fransverse
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(NB: Ptot -£ 0 in general)
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After collision: P =0
If #, then ‘MET’
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Background: neutrinos (e.§. W—ev)

- model your background and look for anomalies
- construct kinematic variables sensitive to X mass
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OK, MET is the crucial signature. Then what else?

the bare W] [ofs of things

‘trigger on 4j+41+MET...

- well studied (M7...)
- model dependent
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OK, MET is the crucial signature. Then what else?

the bare W] [ofs of things

‘mono-jet’ ‘(forward) di-jets’ ‘trigger on 4j+41+MET...
- ‘new’ - ‘clean’ topology - well studied (M7...)
- model independent - flexible interpretation - model dependent

(see later)

‘mono-photon’
‘mono-Z/W’
‘mono-top’...
‘mono-higgs’...

* NB: not an exhaustive list
‘mono-X’
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OK, given what we .. see, how do we interpret?

e il o e
E.g. SUSY: cMSSM, pMSSM...

parameters: tens (or even hundreds!)

the glorious mp/mi2 plane:

1000 2000 3000 4000
m,[GeV]

R staucoann. [l hybrid B stop coann.
Qowm right due to: | IEYER{TLNE " % coann. focus point
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OK, given‘wf pret?

ofboctiv il

1 = s :
'A—g qYud| X7 X -

parameters: /A (assuming g ~ 1) | e “



OK, given what we .. see, how do we interpret?

o o

e;ﬁfecfl'vefy stmplified models

(b) Operators for Complex scalar DM
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OK, given what we .. see, how do we interpret?

e il e i

Collider limits on A

Y DM
A_ITLAS s expected limit (+10+20)
SM f DM (s=8TeV, 20.3fb" —— observed limit
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OK, given what we .. see, how do we interpret?

bk simplifiod oo o Sl o
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OK, given what we .. see, how do we interpret?

bk simplifiod oo o Sl o
Collider B = AbLIE, 1a = THUBY Gluonic operator
SM DM 9
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OK, given what we .. see, how do we interpret?

SM

90% CL limit on A [GeV]

effecf[vdy

Collider

CMS Preliminary
/s=8TeV

fL dt=19.51b"

- - - m,=500 GeV/c?, ['=M/3

- = m,=500 GeV/c?, T=M/10
— m,=500 GeV/c?, I'=M/8x
- - - m,=50 GeV/c? I'=M/3
----- m,=50 GeV/c? T'=M/10
— m,=50 GeV/c? I'=M/8n
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but how ‘sensible’ are they?
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EFT puts bounds on A
g Mmed
: : : but Ais actually A =
Region Il Region |l Region | y v 9q Ix
at large mmeq, the two agree
mpm=250 GeV resolving, at small Mme,
what is the discrepancy?
['=mpmeqa/87 ..e. what is the limit deduced on A,
= = I'=mMmeq/3 defined as above?
+ limits agree

A2
1000
Mmed [GeV]

VEFT underestimates bound
B Bhbn A s by some % up to factor 2 or more

much larger



OK, given what we ... see, how do we interpret?

effectivel simplified models a simple model a full theor
&/ Y
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Lyvector = 8q Z Z;ﬁ’r"q T ng;;X’)”‘X
q=u,d,s,c,b,t

L axial —vector = 89 E ZL‘?’Y”’YS‘] + gXZ;tX')’F'YSX-
q=u,d,s,c,b,t

(and similarly for t-channel, scalar mediator, scalar DM etc...)



OK, given what we ... see, how do we interpret?

e sl e i

mock plot:

Vector, Dirac, g, = 0.25, gpy = 1

m— (Observed 95% CL
Uncertainties
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mock plot:
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OK, given what we ... see, how do we interpret?

offeciinol simplifiod eroneh o i

actual plots:

ATLAS - - - - Expected limit (= 1 Gexp)
ls=13Tev, 3.2 — Observed limit (= 10,0, ")
Axial Vector Mediator

Dirac Fermion DM

gq =0.25, gx =1.0 Relic Density

95% CL limits

Perturbativity Limit
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1000 1500 _ 2000
m, [GeV]




OK, given what we .. see, how do we interpret?

e il e i

e.g. pure WIMP model (a.k.a. ‘Minimal DM")

parameters: Mpn

mono-jet

e.g8. higgs portal models

parameters: (p.

mono-jet Vector Boson Fusion (VBF)



A highly efficient multi-purpose detector
44m

25mﬁ

Tile calorimeters

LAr hadronic end-cap and
\ forward calorimeters

Pixel detector
Toroid magnets LAr electromagnetic calorimeters

Muon chambers Solenocid magnet | Transition radiation fracker
Semiconductor fracker




Efficiency
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¢ Mono-photon searches:

ATLAS Preliminary
s=13TeV, 139 fb™

Expected Limit + 2 o,

Expected Limit + 1 o,

Axion-Like Particles, m, = 1 MeV  -.-.. Expected Limit

95% CL limits

1000 1500 2000

Vs=13TeV, 36.1 b

SR: resolved topology
0 leptons, 0 b-tags

—— Observed Limit

2500 3000 3500 4000 4500 5000

f, [GeV]

- Data

1 Z+jets

) WH+jets

] tt + single top quark

3 Diboson

[ Multijet

> Background Uncertainty

---. Pre-fit Background

—H > inv (B = 100%)
H = inv

— Vector Mediator Model
m; = 600 GeV, m = 1 GeV

1000 1200 1400
ET™ [GeV]

ATLAS Preliminary
Vs=13 TeV, 139/fb™

-~ Expected-Limit (+10)

—— Qbserved Limit

Axial-Vector mediator ™ - Observed Limit (£10, )
Dirac DM

gx=1 gq=0.25 9=0

- Relic density

95% CL limits

“200

ATLAS Preliminary
Vs =13TeV, 36.1fb "

Mono-W/Z(qq): Vector, Dirac
gsm =0.25, gpy = 1.0

400 600 800 1000 1200 I14OO 1600
m_ ., [GeV]

—— QObserved 95% CL

Expected 95% CL
(£10 and +20)

Relic density

800 1000 1200 1400
mz’ [GeV]

Many other Mono-X sigatures being searched at the LHC



® Up-to-date measurements at the LHC
& 20% BR possible for new physics

¢ We can investigates unknown (invisible) decays

& Searches done 1n ZH, ttH and VBF modes:

ATLAS Preliminary Post-fit ——Dala N Uncertainty

. - ATLAS
10 ATLAS eData  Z+jets Vs =13 TeV, 139 i [l w strong W EWK

o -1 mmZ7Z = Non-resonant-ll
Vs=13 TeV, 36.11fb Wz Others

Huy Stat. + Syst.
) DM(mmd, m =500, 100 GeV)x0.27

— ZH(ll+inv) wiih B(H—inv)=0.3

M z strong Z EWK \s=7 TeV, 4.7 o’
[l other Multjet Vs=8TeV, 203"
= H(By =0.19) . Vs =13 TeV, 36.1 fb™
m— Observed limit
Expected limit +1o
Expected limit +20
All limits at 95% CL

Events / 10 GeV
Events / 500 GeV

- 1000 1500 2000 2500 3000 3500 4000 4500 5000
m; [GeV]

Combined Combined Combinec
aifla aills aills

¢ Best limit achieved with ATLAS VBF
& BR (H—>yy) < 13%



& Mediator searches: look for resonnances in visible decays (qq, 11)

ATLAS . Data

Ys=13 TeV, 139 fb”' —_ Background fit
—— BumpHunter interval

—s-- DM Z, m,, = 2TeV
DM Z', m_ =3 TeV

DM Z' gq=0.25, ox10

p-value = 0.83

ATLAS
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95% CL upper limits
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——— Observed
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— 4TeV 2, x5

— tt ([/m=1.2%) cross-section x 1.3
NLO Z',.,— tt (I/m=3%) cross-section
BH global p-value = 0.56

Most significant deviation
interval (5440 - 5820 GeV)

ATLAS
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Significance
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N ™ Expected
Full Run-2 VBF H->i 12
e 2 Ul W Observed

: mecls oy 1 (36 b Run-2) |
& Combined results: “ = 046
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CMS VBF (36/fb Run-2)
ATLAS Run-1+36/fb Run-2 Combo
CMS Run-1+36/fb Run-2 Combo
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¢ Comparison to DD experiments:
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& Extensive work to combine ATLAS results within
Simplified Models interpretation

7} 95% CL upper limits
ATLAS Preliminary Vs =13TeV, 3.6-139 0" Observed

' --- Expected
I, <0.15 May 2020 ;

.. Dijet
—— Boosted dijet + ISR SN Qe , "J }
I'/m-.=0.1 36.1 1" Fic . Dijet, 37.0 fb
2= Phys. Lett. B 788 (2019) 316 > do N PRD 96, 052004 (2017)
Qe " :
I/m_=0.07 o : . i ) Dijet TLA, 29.3 fb"
- BOQS'[Gd di-b-jet + ISR PRL 121 (2018) 0818016
80.5 o 3 .
ATLAS-CONF-2018-052 : Dijet+ISR, 79.8 fo'
: ¢ PLB 795 (2019) 56

Resolved dijet + ISR Boosted dijet+ISR, 36.1 fo"

79.8 & 76.6 fo! 3 PLB 788 (2019) 316
Phys. Lett. B 795 (2019) 56 7 &

Single v Y+ jets Boosted di-b+ISR, 80.5 fb
riger riager , Resolved di-b-jet + ISR ATLAS-CONF-2018-052
g9 g9 79.8 & 76.6 fb! —

Phys. Lett. B 795 (2019) 56 tt resonance

. 7 c5 36.11b"
Dijet TLA ; EPJC 78 (2018) 565
3.6&29.7 b B L

Phys. Rev. Lett. 121 (2018) 081801
B bb resonance
Di-b-jet T 36.1 fb

243 & 139 b PRD 98 (2018) 032016
Phys. Rev. D 98 (2018) 032016 3 A

JHEP 03 (2020) 145 . g Emiss

, - +X
Dijet - _ . . T
19D a0 14 : Axial-vector mediator, Dirac DM

E:mﬂr. 36.1 "
Eur. Phys. J. C 77 (2017) 393

) . 9,= 0.25, 9= 0, g = 1 £ jot, 36.1 b
Axial-vector mediator jet trigger B'Afﬁt‘ angular All limits at 95% CL JHEP 1801 (2018) 125
H Phys. Rev. D 96, 052004 (2017) Er+Z(ll), 36.1 fo”
Dirac DM e e PLB 776 (2017) 318
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& Extensive work to combine ATLAS results within
Simplified Models interpretation and comparison
to DD experiments:

Boosted dijet+ISR; PLB 788 (2019) 316 Dijet; PRD 96, 052004 (2017)
Boosted di-b+ISR; ATLAS-CONF-2018-052 Dijet TLA; PRL 121 (2018) 0818016

tt resonance
EPJC 78 (2018) 565 ET*4y; Eur. Phys. J. C 77 (2017) 393
ET'+jet; JHEP 1801 (2018) 126

— Dijet — Dilepton
ATLAS \Preliminary Dijet; PRD 96, 052004 (2017) imi PLB 796 (2019) 68
V5= 12 Dijet TLA; PRL 121 (2018) 0818016 &) B
Dijet+ISR; PLB 795 (2019) 56 — Dijet
e eee—

bb resonance

t resonance PRD 98 (2018) 032016
= miss : Phys. Rev. Lett. 116 (2016) 161302
0 & —E T +X
ET°+y; Eur. Phys. J. C 77 (2017) 393
ET**+jet; JHEP 1801 (2018) 126
‘ ET**+Z(ll); PLB 776 (2017) 318

PICO-60 C,F,

PRL 118 (2017) 251301

S ———

Dilepton
Axial-vector mediator, Dirac DM
gq = 0.25, g= 0, gx =1
ATLAS limits at 95% CL, direct detection limits at 90% CL




 The “dark sector” consists of particles that do not
couple to known SM fields, but interact through a
mediator:

* Dark photons (vector portal), dark scalars (Higgs Salga'id
ode

portal), ALPs (axion), sterile neutrinos...
 Mediators can provide “portal” to DM candidates or
be candidates themselves.

SU@3) XSU(2) X U(1)

« Exotics decays of Higgs boson are predicted in many
BSM models to explain g-2 discrepancy or positron
excesses

But there physics laws or constraints that SM — Dark Sector interactions must
respect

€ L F1] T
L O—-B" A, — HH(AS + \S?%) — Y/ L, HN;

Vector Portal: Vector portal Higgs portal Neutrino portal
Min. Lagrangian = [Okun; Galison & [Patt & Wilczek]
SM Lagrangian Manohar; Holdom;
Foot et al]
+ Dark QED 1

fa

Weinberg, Wilczek, KSVZ, DFSZ

Axion portal



« Add a U(1)D where massive dark gauge boson (A’/Zp/ yp) kinetically mix with
SM photon

o y A
* Parameters: kinetic mixing term, €. and m, WMQNWW

 Dark photon decay can be:
 Minimal: via same mixing as production
* Generic: not e-suppressed, dominant in cases where m < m,. with either y
stable & invisible, or ¥ decays to SM particles, A’— > 2 charged partciles.

Search strategies
v4 Branching Ratio

Medium lifetime,
Prompt, resolved decay resolved decays:
products: ZpZp/ZpZ* Displaced muons

ete”

ATLAS/CMS detector - whu

stable lifetimes: L ' Hadrons '
Medium lifetime, MET signature o
collimated decays:

Displaced LJ

Prompt, collimated decay
‘lepton jets” (LJ)
(iv:1002 2952

0.10 0.150.20 030 0.50 0.70 1.00 1.502.00 3.00

Lifetime v; Mass [GeV]

(depends on mA’ and €)
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SR
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Phys. Lett. B 796 (2019) 131
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depending of e and 1ts mass




« Search for collimated production of leptons: “lepton jets”.
 Dark fermions (fd2) produced in H decays, which decay to yD
(via dark scalar, sd) and HLSP

f+

HLSP = hidden lightest
stable particle (fermion)

« Different experimental signatures depending on lifetime of dark
photon.

2
. Mean life time 1N (&4) (100M6V

€

My,

 Prompt and displaced lepton jet signatures



* Interpreted in terms of limits on the kinetic mixing
parameter, €, and m,;

» Limits are shown for B(h — 2yp + X) 1n range 1-20%.
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There may be a dark Higgs boson; then there could also
be a mixing between the SM Higgs boson (H) and the
dark sector Higgs boson (S).

The mixing parameter k between H and S,
can be extracted from H —>Z%;7Z; — 41, a
unique channel to access this parameter

In addition to kinetic mixing, there could be
also a mass mixing between SM Z and Z;

H —Z Z4 — 41 1s sensitive to the kinetic mixing
parameter g, and to Z4-Z; mixing parameter 6. Unique
channel to extract



H -7 74— 41. No exess of events. Bound on ¢ (loose) and 6

ATLA
H— ZZd—> 4]
13 TeV, 36.1 fb

Events / 2 GeV
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 Search for with dark SUSY benchmark model:

* 1, = hightest non-dark neutralino, and np= a dark
neutralino that 1s undetected.

» Signal region defined by: m(up); ~ mup),
| m(up); — m@up), | < d0(m,)

35.9 fb1 (13 TeV)

 Upper limits set on product of H
production cross section and BR of
Higgs boson (cascade) decay to a pair
of dark photons:

tic mixing parameter ¢

ine

o(pp—h— 2n,— 2yp + 2 np) X Blyp — 21) ERCHEEE

* Limits on B(h — 2yp + X) 1n the range
0.1-40%
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mpn [GeV]

* (Colliders can still do more with Run2 data. Reinterpretation, models..
 Future HL-LHC very challenging

High pile-up, Higher MET trigger threshold. But NEW and more

performant detectors

Control of systematic uncertainties crucial
* Better interplay with DD experiments (Axion, Dark photons...)
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SUSY EW Searches, with conservative systematic uncertainties

14 TeV PU = 140/200
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DM searches 1s the 1deal inter-disciplinay field comibining theoretical
and experimental efforts from Cosmology, Astrophyics and Partcile
Physics.

Interpretation (Fbenchmarks) important to understand the big picture
 But the models we use inevitably influence motivations for searches

Outlook for LHC DM searches:

* expanding beyond WIMP simplified models
* Jess simplified models (e.g. 2HDM), dark sectors
 More complicated signatures (LLP), dark photon...

Futue LHC runs (Run3, HL-LHC) might open new era with higher

reach in DM parameter space.

« Significant improvement in detectors/Systematics to keep
perfromance

Only 1% of full LHC dataset analyzed so far
* A long way to go to probe SM-DM interactions, whatever they are!



