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Theory Framework
LHC and ATLAS
Mono-jet & Dijet
Mono-X
Susy-Inspired
DM+HF results
Higgs postal

Final notes

WSED]

“This could be the discovery of the century. Depending,

of course, on how far down it goes.”

This talk is focused on dedicated DM searches
inspired by simplified models with light mediators

Focused mainly on 13 TeV data

' See glso'séction on Young Scientist talks
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Introduetory notes e

If Dark Matteroturns to beaWIMP like (weakly mteractmg)
- there is*a ‘chanée to produce it dlrectly at collldens
- (Golden channel 9 Mono-jet ﬁnal state)

.

This makes the Lf-IC

complementary to

. direct-detection dedicated.
exf)'eriments ur'\dergt:ound |

o~

Some i the models explored at -
S the LHC are /also inspired by

- the Higgs boson and for -
'~ , indirect searches at: satelhtes,’ .
o heauy ﬂavors involved. 1
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Benchmark Models

In Run Il the ATLAS and CMS experiments moved away from
the use of EFT inspired models with questionable validity
at high-Q?

A set of well-defined simplified diagrams with heavy mediators
is now considered motivated by a number of dlfferent
considerations (DM Forum: arXiv:1507. 00966) e

* Simple extensions of SM symmetries
 Minimal Flavor Violation
 Assuming Yukawa couplings

- favor 3" generation

* Some models inspired by satellite “hints” 4
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Spectacular LHC performance

LHC Performance (2011- 2018)

(rapid increase of data samples)
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Challenging pile up conditions for the physics analysis
(In 2018 data taking with up to 60-65/interactions/crossing) 8



Building Blocks
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X/X,
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Building Blocks
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WIMP Pair Production
at Hadron Colliders

At colliders (LHC) WIMPs are produced in pairs q
leading to “nothing to detect” in the final state

Such events are tagged via the presence of X
an energetic jet or a photon (or a W/Z) from initial state radiation
. q X
- Mono-jet, Mono-photon, Mono-W/Z
f
X
f X

Rather spectacular and distinctive signature to search for new physics
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95% CL limits on visible cross sections
in the range of 531 fb at low pT and
about 1.6 fb at very high pT

- Sensitivity to O(1fb) at the tail !

Jet+X (results)

This analysis becoming a precise test of
SM predictions (total uncertainty 2%-7%)

- Lepton ID: 1% -- 5%
> Jet /E;™ss 1 1% -- 6%

- V+jets theory : 1% -- 7%

Room for improvement at high pT

Exclusive Signal Region

Region Predicted Observed
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EM2 67100 + 1400 67475
EM3 33820 +£940 35285
EM4 27640+ 610 27843
EM5 8360 + 190 8583
EM6 2825+78 2975
EM7 1094 + 33 1142
EMS 463 + 19 512
EM9 213+9 223
EMI10 2616 1% 245

WSEDS Workshop, M. Martinez

Agreement with SM predictions
p-values ranges : 0.01-0.04 (< 2.10)

17



ATLAS

EXPERIMENT

A4

A

= '-\‘ \

L]

el
¥ 'ljd"."

T

— o

1.7 TeV

Run: 302393
Event: 73894152918
2016-06-20 07:26:47 CEST



D) o«

L

EXPERIMENT
9q

q

95% CL limits on axial-vector mediator model

< Jet+X

9x

X

with couplings fixed to g, =% and g;,,= 1

;‘ T T T | T T T T I T T T
(¢} 1 OOO | ATLAS Expected limit£ 2 6,
(.2, Vs =13 TeV, 36.1 fb™ EERE Expected limit (+ 16,,,)
""""""" . PDF, scal
X L Axial-Vector Mediator = Observed limit (+ 1o,,.."") |
E Dirac Fermion DM Perturbativity Limit
B gq =0.25, gx =1.0 Relic Density (MadDM) N
| 95%CL limits ATLAS\s = 13TeV,3.2f0" |
N, N
L q/@x'
s
500 < -
O ol 1 ] ] ] | | | ] 1 L1

P

DM DM DM
— @
DM P D
10_36J_ T TIT TTTTT T T IIIIIII T T ||||||| T T IIIIL
— Model dependent
1 0—38 -
1 0—40 |
1 0—42 |
— 90% CL limits —
i —— PICO-60 i}
1 0_44 B ATLAS Axial-Vector Mediator ]|
\s =13 TeV. 36.1 fo' Dirac Fermion DM
— T g,=0.25,g =1.0
10_46| l l |I||||| | 1 ||||I|| l | |||I||| | | I |
1 10 10° 10° 10*
m, [GeV]

LHC results complement Direct DM
My,siGeMlichop, v Vegxperiments at low DM mass. 19



q X
Yax
9q 9x TI !
Z
Vv . 9ax ) i
q X g X
q X - T T T T I T T T T I T T T T | T T T T | T T T T |
.. . . %_) 1200 B ATLAS Expected limit +2 6,,, |
95% CL limits on vector-like mediator models S [ 5_i37ev. 3611 i
= L . Expected limit (£ 1 6,,,) |
— — S 1000l  96% CLlimits ]
%_) 1000 ATLAS Expected limit 26, - Coloured scalar mediator ~ —— Observed limit (+ 1 c::zz:‘:a'e}
9 | \s-13TeV, 361 b . | . =1 i
} - :/Sector M:di;ltor. - Expected it (=104, . 800_— i — Relicdensity (MadDM) ]
Dirac Fermion DM 22 Observed limit ( 10;2§;yscale) L |
- 9,=0259 =10 : :
| 95% CLlimits elic De adDM) 6001 ]
400— —
5001~ -/ T 1
200— —
I 0 | | I | | | | | 1 ! 1 | | | T
i 500 1000 1500 2000 2500
O - 1 | 1 | | \ mn [GeV]
0 1000 2000

m,,, [GeV] 95% CL limits on models with colored scalar
20t Wrishoprd dliatais (= also t-channel diagrams inVolved



P ISR
X1 Mono-Jet final state opens i o< c
X3 access to compressed spectra Ve 2
and neutralinos intherange P y 5
. .
450 GeV - 800 GeV R
_ 6?61 FTrOd|UCti|on’ |5| 1? ax L t{, production, - c¥.
> 24 __ __ — 650 _I T | T T T T |1 T T T T | T T T T l_
8 s ATLAS ] > - ATLAS Vs=13 TeV, 36.1 tb" ]
= _ 22~ Vs=13TeV, 36.1 fo" 4 £ 600 £ Al limits at 95% CL =
e~ . [ Allimits at 95% CL 1 S< -
. 20— ] 550 [ ATLAS (s=13 Tev, 3.2 b =
18 :_ _: E EObserved limit (+1 cstil;f;) E
- . 200 C I Expected limit (21 G,) E
16 E_ —E 450 f_ Expected limit +2 6, ) _f
14 & Zobserved limit (1 525) = - .
R Lo ] 400 — N .
12 [ [5] Expected limit (+1 0,,;) - u .
10 T Expected limit +2 6, B 350 E
8 - ATLAS {s=13 TeV, 3.2 b - 300 =
of | O 3 250 . .
C ! ! L 1 1 1 3¢ ] [ &N ! ! | 1 ! ! ! | ]
200 400 600 800 300 400 500 600
m. [GeV] m: lGeV]
SEDS Workshop, M. Martinez tJ1



2

'Y+X 36.1 fb-!

Eur. Phys. J. C77 (2017) 393

normalized in CRs

—_
o
)

PERIMENT .
s e, BACKGround dominated by Z/W+y followed
, . —#—data . . . . .

G 10° - ATLAS Signal Region Zowt j by contributions with jets faking photons plus

0 : 1 (= V) = . . . .

S (5=13 TeV, 36.1 o mu FaeProons 7 other small contributions (y+jets) (y+ w + E,mss CR)

@ £+ jets E t

N DRI P PPN - (_) ”)Y ]

S 0 ¢ | .- mym_=10/700 GevE 3

YT — < - ¢ Z/W+y from MC o o
- -2 Ny
c v + jets

Z(—vv)y

10
* y+jets CR at low E,™Miss

% 124///%//%//4//%//74//%// UG4S /%W/ ;E * Jetand electr(.)n fakes ZE; 1 i * v 3
8t . .71 alsofully data driven 0ok u;a‘ae'o'"zaa"zz'a"e;a'éé(s"zéd‘éaa“aéa"séd's[gi'w
160 180 200 220 240 260 280 300 320 34255360 . :
o OoxA<7-2 fb@95%CL SRl  SRI2  SRD3
P,Y>150 GeV, |nY| < 2.37, isolated Obsorved 5200 779 36
E,™ss > 150, 225, 300 GeV served events
E,™iss / SQRT(H,) > 8.5 GeV1/2 Fitted Background 2600+£160  765+59 27337
. Z(— vv)y 1600+£110  543+54 210435
Nt <2 (pr>30 GeV) | W(— tv)y 390£24 10949 334
A¢ (v, E{™*) >0.4, Ad (jet, E;™) >0.4 7, ¢p)y 3543 78208 2204
Veto on leptons y + jets 248+80 2247 5.2+1.0
Fake photons from electrons ~ 199+40 47+11 13+3

7+10

Good agreement with SM"**>* wdFake photons from jets 152+22 37+15 9%y



—
=
>

m
X
o
m

m, [GeV]

m, [GeV]

o
<

500
450
400
350
300
250
200
150
100

50

500
450
400
350
300
250
200
150
100

50

@ L X
Y i DM DM DM
—>
ENT med
DM p p
q X
& T T T
T T T I T T T I T T T | T T T I T T T l T T T I T H
E ATLAS 5 fsTl?gsTev 36.1 fb”
- Ve— -1 o — = ’ .
c \S._-IS Tev, 36'.1 b 95% CL = Exclusion at 90% CL
= Axial-vector mediator lusi 2 Axial-vector mediator
= Dlra(;:ESM 1 g0 Exclusions S DiracDM e
F g.=02590=1,0= "‘-V., ° 5 ““““““““““““
E e T | for mediator  anasE 2 o\ 905Gt
= “nn 3 » 1077 0 el N e
~ O P W P L amh L LR o E e MW
S ' masses below
E o ] ‘o
= 5 ) 1 TeV and light ST
E S : e ‘-‘ ]
= " — Observed 95% CL % DM candidates
co A ST e Observed + 1o, w1 v - —
= === Expected 95% CL i
:/ Expected + 1o ]
;. -------------- Relic density A = 2o
R TN TR R SR I PR L 10
200 400 600 800 1000 1200
W N S N T
= . = e 10°°%° ATLAS
— e 1 =
E \\/S_13 Tec\’(, oyt 3 = 10736 \s=13 TeV, 36.1 fbo
= gctor mediator = S 37 Exclusion at 90% CL
= Dirac DM = @ 10 Vector mediator
= 9,=025,9,=1,9=0 3 S 10%®E . DiracDM
;_ _; éﬁ 10_39 _' o :‘.gq=0'25’ gx=1
= , = F 100 vl .
= —— Observed 95% CL = 10
A S Observed * 1o, = 1042
—— == Expected 95% CL — 'a‘
- Expected + 1o ] 107
~ 2 e elic density .. 4 s
= e E 107 2N
T | = 1075 e
T B T T e
200 400 600 800 1000 1200 _
WSEDS Workshop, M. Martinez 10
Meq [GEV]




£

ATLAS

q Z

Mono-Z(-2l)

PLB 776 (2017) 318

36.1 fb!

EXPERIMENT med
'_'400_|||||||II|IIIIIIIIIIIII||||||IIII|IIIIIIIII_
(%6 - ATLAS ———=- Expectedﬁm’{(ﬂo) ]
q X E 350 = - 13Tev, 36.140" —— Observed limit E
300 - Axial-vector, Dirdc, 9,= 0.25, g9,= 1.0 7777 ael ¢ density B
- ——— . - ee+up 3
%) 10* quLAS e Data Z+jets ;_ 250 - § // -
©) ~ 4+ mmZzZ == Non-resonant-ll 3 = iy =
S el 15=13TeV, 361107 10 Oirers . »ooE S S ) E
g ee Stat. + Syst. 3 - 5 a3 ]
% 1%k DM(mmed, m, =500, 100 GeV)xO.27_EI 150 - ch? // =
o — ZH(ll+inv) with B(H—sinv)=0.3 2 = Z -
D 10 100 Z =
1 sot/ S T =
0 I-H'W'F'I'-I-‘I'-I-I“l- 1111 I | I T I 11 1 1 | 1 :
101 0 100 200 300 400 500 600 700 800 900
M eq [GEV]
1072 ¢\E‘ 10—34 g l
o 1.4 : | | — S 7353 ) ATLAS
S 1o SO i 5102 \ : s =13 TeV, 36.1 fb”
- T rrTrTTTE TR T 5 = ' Axial-vector, Dirac
% 1 &W\W\W ; 10-36EE \ 9,=025,9 =10
O 08 ....... ...... _ g ) C \\ ',_ Observed 90% CL
U>J ; ; : e o 10% LN e LUX 2013+2014-16 .
0.6 = I\ — - PlcO-2L 2016~
200 300 miss 1000 0L \- — — PICO-60 2c')‘1'7/
EMs [GeV] NS - o
10 = \ D W ///
E -
o . . - \ —
See talk by Vincent Kitali: “ATLAS search for 10 e S L
an invisibly decaying Higgs boson produced 104 __——
via vector boson fusion” el el il il
ooy, M. Martinez 10 102 10° 24 10

m, [GeV]



w,z MO no-W/ VA ATLAS-CONF-2018-005

3

-7

I T T T T _: 200

****ﬁ@'\\\\\::_?\\\\\\\\\\\\\\\\\\\\\ﬁi

J il il il —: 100
7000 1500

EmISS [GeV]

—
'01_;'01

Data/SM

TLA (hadronic channel)
EXPERIMENT
7' .
Including resolved and merged
q X configuration and w/wo b-tags
> T T T Dak T
810t ATLAS Preliminary Eg+jt§ts é
~ Vs =13TeV, 36.1 fb %gvrjseitr?gb top - —— ——— ——— T ——— —— ——— T
&1 03 SR: merged topology @ Diboson = - ! . | | | | | | ]
GC) 0 leptons, 2 b-tags ‘\:\\' '\BA:c“lLJg:ound Uncertainty - 600 — ATLAS PreI|m|nary — Obsel’ved 95% CL—_
U>J 10% & m, =90 GeV .- Pre-fit Background = L /s=13TeV, 36.1th~" Expected 95% CL -
— Dark Higgs Model - - === ]
10 Myg= 90 GeV, m =5GeV 5 5001 Mono-W/Z(qq): Vector, Dirac |(qi1|'0 an -I_.-t20) —
= — Dark Fermion Model B - _ _-4n T elic densli y ]
1 1 m, =180 GeV, m_ =45 GeV 9su =025, gow = 1.0 )
107'E g*’_ﬁ - 400 .
- _==e | . .
1072 — 1
10- Elﬂ_‘ - 300 —

lIIIl.--I ---- I """ L 1 1 II||II|I1I|1

0 200 400 600 800 1000 1200 1400
mz’ [GeV]

See talk by Wei Wang: “ATLAS search for dark
matter produced in association with a
hadronically decaying vector boson”




k
_ Q20 1 +cosé

Dijets &% e

ATLAS V=13 TeV, 37.0 fo! ATLAS
CEEYERT phys. Rev. D 96 (2017) 052004 ) m>54Tev | eDala  —SM
Ys. . Z0.08t], | ------ Cln, =1, A=22 TeV
. (X Z H CI = 1,A=15T V
Search for resonances in dijets = . M= ©
) 0.04 ] Theoretical uncert.
- New physics should be central [ =Tt B Total uncertainty
- 95% CL on 2’ = qq model (linked with DM) 0-061 49 <my<54TeV - 46<m <49TeV |
1 =
- f(Z) = p1(1 — Z)P22P3ZP4 0gz 0.04f
@ ATLAS 5 -
% 10 \s=13 TeV, 37.0 fb” = 0.05f5
T .6 e Data = i
© 10 Background fit = 0.04
W - BumpHunter interval 3 ’
10 --0-- q7, mq* =4.0TeV = 0.03
--0-- q*, m *=5.0 TeV -
104 q _5 0.05
10°E ¥ = (1 —y2)/2 - 0.04
102 0.03 1 1
1 2 3 4567 10 20 1 2 3 4567 10 20 30
10 g*, ox 10 x x
p-value = 0.63 o 3T -
1 Fit Range: 1.1 - 8.2 TeV - ATLAS ; ]
|y*| <06 C Vs=13 TeV,37.0tb ]
107" 025 :_ —— Observed 95% CL upper limit S _:
§ > T W Expected 95% CL upper limit \\‘\“\\\‘,\\.\“\ .
g 0.2 N -
g o i N\ 1
c - |
3 R 015} E
glgo S JES Uncertainty ¢ 1l - .
gE 0 0.1~ 7
SN |
— 1 1 1 1 1 1 1 1 I 1 L1 1 1 1 1 1.1 I 1 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 11 IIIIIIIII 0-05;| I I I I ‘ I I I ‘ l ‘ I ‘ I l I I I I l;
2 3 4 5 Wsens WorBh&b, M. Martinez 1.5 2 25 3 35 26

m; [TeV] m, [TeV]



]

Events / Bin
o (an) (an) (an)

—
o

Significance

[e 2]

~

[$,] o

~

N O N
II|III||||III IIIII|'|T| IIIIIII'I] IIIIIII'I] TTTTT

N O N

BH p-value = 0.6
x2 p-value = 0.42

q
Z/
q
= ATLAS Le— Data, 29.310", |y*| < 0.6
= —— Background fit
S BumpHunter interval
C o ——Z',06x500

—=— Data, 3.6 b, |y*| < 0.3
— Background fit

BumpHunter interval

—=— /', 0 x 500

m, = 550| GeV, 9,= 0'1.

m, =750 GeV, g, =01

BH p-value = 0.44
x2 p-value = 0.13

T RRR T MRE AT ARRAT]

500

600 700 800

L | L
1000

m [GeV]

o
2000

0.35
0.3
0.25
0.2
0.15
0.1

0.05

Dijet low mass

£

ATLAS

EXPERIMENT

29.3 fb!

ATLAS: arXiv:1804.03496
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New ways at the trigger level to re-explore low mass dijets without paying bandwidth price
This opened the way to explore Z’ low mass (0.5 — 1 TeV) at the LHC with coupling to quarks
- and can be reinterpreted in term$°6Pthe 2 médidt6¥in DM models
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Search for low mass Z’ (= qq) + jet reconstructing
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Benchmark Models

A set of well-defined simplified diagrams with heavy mediators
is now considered motivated by a number of different
considerations (DM Forum: arXiv:1507.00966)

* Simple extensions of SM symmetries
 Minimal Flavor Violation ‘

* Assuming Yukawa couplings = favor 3" generation
 Some models inspired by satellite “hints”

In some cases a clear overlap with
SUSY-inspired simplified models for direct
production of 3" generation squarks

WSEDS Works#Mop, M. Martinez 30
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Bottom Flavored DM model ¢ X

(motivated to accommodate Fermi-LAT hints)
P. Agrawal et al., Phys. Rev. D 90, 063512 (2014)
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For a DM mass of 35 GeV, mediator masses
in the range of 1.1 TeV are excluded at 95% CL
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The tt+X analysis shows the sensitivity

of the benchmark model with g= 1 for 1GeV DM
for both scalar and pseudo-scalar mediators

= Limits depend strongly on the DM mass.
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arXiv:1711.11520
Vs=13 TeV, 36 fb!

Large E;™S and E ™ significance
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(semileptonic channel)

Azimuthal separations: jets, E;™S, lepton

Some topological requirements based on
variants of m., (arXiv:hep-ph/9906349)
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The tt+X analysis shows the sensitivity of the benchmark model with g=1
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for 1GeV DM for both scalar and pseudo-scalar mediators
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EXPERIMENT

Higgs (2 bb) + X

Z'-2HDM

Both resolved and merged configurations
with large missing transverse energy and b-tags
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Final notes

The nature of the Dark Matter remains one of the biggest
questions on particle physics and its potential discovery is a
pillar of the ATLAS physics program

Mono-X and Dijet translated into stringent limits on
simplified models based on light mediators

’

The search for Dark Matter in association with heavy flavors
at the LHC is well motivated and still statistically limited

Exclusion limits on DM strongly depend on model assumptions
Less than 1/3 of the data for Run Il'a'n.'aily.;ie,.‘q...v. more to come

Stay tuned!
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Eur. Phys. J. C75 (2015) 79

Resonant channel

DM+t

Considering Top decay in lepton+jets

Spin-0 mediator = t + (invisible) fermion

Non-resonant channel

Production of t + spin-1 (invisible) particle

No such mono-top process is available

in the SM at tree level
(t+Z (Z =2 vv) is GIM suppressed )

- Sizable event rate would indicate BSM

WSEDS Worksho
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For a spin-0 mediator mass of 500 GeV In the non-resonant case masses below
Fermion masses below 100 GeV and 400 — 800 GeV are excluded @ 95% CL
couplings above 0.1 are excluded at 95% CL depending on the coupling assumed
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