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MET = missing transverse energy

S Dark Matter searches with ATLAS
2
2 / Simplified models \ * The energy scale at run-2 (" other searches )
§ SM X (\/§=1 3TeV) can be greater
=3 : SUSY
= than the mediator mass _ |
. g Long-lived particles
M lodintor * A more complex model
than the EFT is needed... \_ J
SM ISR X
X + MET (mono-X) searches / Higgs portal \ / Extended Higgs sector \
SM SM X !
Z,
gsm gsm H ===
Mediator
q
SM SM . L X _ Two-Higgs-doublet Model extended with a
Higgs invisible decay (with vector boson Z’ or a pseudoscalar a which

M\ediatOr (resonance) Sea@ stociated prOdUCtiOny Qediates the interaction between SM and [W
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Dark Matter searches with ATLAS

/ Simplified models \

SM X

gsm 9x
Mediator

SM ISR X

X+ MET (mono-X) searches

SM SM

gsm gsm
Mediator

SM SM

M\ediator (resonance) sea@

August 24, 2021

MET = missing transverse

Other searches

Recent run-2 results shown in the following

energy

/ Higgs portal \

Extended Higgs sector

N q
z,
H --»-
q
. o X _ Two-Higgs-doublet Model extended with a
Higgs invisible decay (with vector boson Z’ or a pseudoscalar A whi

associated productiony

ch

Qediates the interaction between SM and [W
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Phys. Rev. D 103 (2021) 112006

Mono-jet, 13TeV, 139fb"’
ATLAS .. ..

* The *“golden” channel for WIMP searches EXPERTMENT 500 0t o teiss cose ser o, - 10 s

* Signal region requires:
* MET > 200 GeV
* A leading jet with p; > 150 GeV, Ini<2.4
* A¢(jet,MET) cuts to suppress multijet

JF ArLas T .
10 \s=13 TeV, 139 fo! SO0% Standard Model w. unc.
Signal Region Z(> vv) + jets

VBF Z(— Il / vv) + jets

pT(j1) > 150 GeV W(— Iv) + jets
VBF W(= Iv) + jets
tt + single top

Events / GeV
807

Diboson
Multijet + NCB
=..= m( 3% = (600, 580) GeV
m(x, Z,) = (1, 2000) GeV
== DE, M2 =1486 GeV

* Background modeling:
* Vijets, tt, single-t modeled with 5 control regions

10 E&.eaas T .- . . .
e * Multijet modeled with jet smearing method
_ e =3 ¢ Main uncertainties:
12;_ I I 1 U S VU UL S S DO _;
% L N— h... g * Pile-up jets, MET, lepton in low MET region
S 9 ¥ ouuswarercnn § DawswstersmacR 1 To Urcerany H: * Modeling of single-t and V+jets in high MET region
200 400 600 800 000 1200 _

pf:coﬂo[%evl * Fit to the MET (or pq(recoil)) spectrum in SR+CR
August 24, 2021 Jay Chan (Wisconsin) 4


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112006

Phys. Rev. D 103 (2021) 112006

o
Q n
4 Mono- h, 13TeV, 139fb™ - -
@ ono Je.t S€arc y € y Axial-vector mediator
Q
i 'S‘ 1500 T T T T T T T T I T T T ; 300 T T T T T T T T T T q X
g O} B ATLAS Expected limit+ 2 5, 7 ) B ATLAS Expected limit+ 2 o, T
§ (-2- - {s=13TeV, 139 fb” Expecteg :fmf‘i O . (.2. - {s=13TeV, 139 fb™ Expected limit+ 15, .
3 = | Axial-vector mediator ~ . xpectedimit o s POFOmR) = | Pseudo-scalar mediator  _ _ _ _ Expected limit ]
%. S i Dira% fze;mion I?I\g = ii::::;'t';';;;:'gejyz ) £ i Dira(fl fgrmion1D0M g (E)b:erve(jjllimit (1o ose) | 9q = 0.25 gX =1
- gy=Ye29 =1 erturbativity limi 9g =159 =1 = Reli ity, Qh? >
1000~ 95% CL limits — AP\T:Ast,)élla T:)V, 361" | 200[—95% CL limits = Re"ﬁfenS' P02 ZA
" Axial-vector I " Pseudoscalar s ]
_ éfyy - _ - S q g X
i ,;v/“ i i 1 i
500 s — 100+ : - Pseudoscalar mediator
: : : 19 X
B i . . 9q =1
O. 1 1 1 | 1 1 I | ’ 1 1 1 0 1 1 | 1 1 | : 1 1 1 S—— = = gX — 1
0 1000 2000 0 200 400 600 Zp
m,, [GeV] my, [GeV]
* No significant deviation from SM observed g X

* Simplified model with an axial vector mediator excluded up to m,, = 2.1 TeV

* First time having sensitivity to exclude simplified model with a pseudoscalar
mediator (up to m,, = 376 GeV)

August 24, 2021 Jay Chan (Wisconsin) 5
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112006

JHEP 04 (2021) 174 JHEP 04 (20217) 165

MET+tt, 13TeV, 139fb™"

* Sensitive to the associated scalar/pseudoscalar production with a
pair of t-quarks

* tt decay fully- or semi-leptonically (fully-leptonic presented)
* Signal region requires:
* 2 leptons, pT;»>25(20), m>20

(.
Q
<
e
-
Q
>
=
(72}
(@)
o
-}
7]
S

* =21 b-jets
* MET significance > 12 * A sophisticated variable m;, used
® Further cuts to suppress tt and DY as final fit discriminant (definition
< L B L B B L B L B S B £ R I B RN B L UL R BRI BN in baCkup)
i!‘; ; ATLAS . . Eata ﬁ \S{;tandard Model ] g E ?Tl_,:\g_r v 130 . Eata i \s/;fndard Model E . _ _
Bl Dhogyeoeon | WEEre 18 el o ®2 = ] ® Main backgrounds tt and ttZ
S SR o E S SRy E :
g K woionmogsonG modeled by control regions
10 = tt+a: m(ax)= (150,1) GeV - 10 = tt+a: m(ax)= (150,1) GeV 5 _ _
e | —— smasssss ° Main uncertainties include tt, ttZ
! 1 modeling and jet energy
= of = o ‘ ; resolution and scale
@ R e = |5 e r : g L
3 © Q05 120 740 160 780 200 220 240 zé?G \2/%30 R T o o 26?(3 \2/?0 °* No Slgnlﬂcant deviation found
N e " MET significance = MET / resolution
b August 24, 2021 Jay Chan (Wisconsin) 6


https://link.springer.com/article/10.1007/JHEP04(2021)174
https://link.springer.com/article/10.1007/JHEP04(2021)165
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:: 1 02 = | T T T T T L | T T B 1’: 1 02 F | T T T T T T T T | T T B

& F 3 S F ]
= [ —e— Observed 95% CL ATLAS ] = [ —e— Observed 95% CL ATLAS ]

L L e Expected 95% CL Vs=13TeV, 139" 1 =, F == Expected 95% CL Vs=13TeV, 139" -
S | [ Expected +16 . i S | [ Expected 16 , i
o - o -

< [ Expected 2 o 2-body selection g ] Expected 12 2-body selection

_E 10 %% Theory unc. on c(g=1.0) — E 10 %% Theory unc. on 6(g=1.0) —

= [ Pseudoscal 1 = [E Scal ]

o | TSevdoscad Pseudoscalar 3§ 2 [ %% Scalar r

2 - ttraaoux 2 AR R ¥4 -

S | 9=99,° 1.0, m(x) = 1 GeV Y | 9=99, 1.0, m(x) = 1 GeV

JHEP 04 (2021) 174 JHEP 04 (20217) 165

MET+tt, 13TeV, 139fb™"

107 107"

: 1 1 1 : 1 1 1
10 20 30 40 50 100 200 300 10 20 30 40 50 100 200 300
m(a) [GeV] m(¢) [GeV]

* Exclusion limits set on simplified models with a scalar or a pseudoscalar mediator

* Excluded for scalar (pseudoscalar) mediator masses up to 250 (300) GeV
assuming g, = gy = 1

August 24, 2021 Jay Chan (Wisconsin) 7


https://link.springer.com/article/10.1007/JHEP04(2021)174
https://link.springer.com/article/10.1007/JHEP04(2021)165

ATL-PHYS-PUB-2021-006

Summary of simplified models

=
o
L
o
5
n
o
N
—

ATLAS Prelimigary |4
\s = 13 TeV, Mgrch 2021 e

T T
------ Expected | ATLAS Preliminary
——— Observed All limits at 95% CL
1000 Lo —— bb+a OL, 139 fb™" [arXiv:2101.12527] Pseudoscalar a, a—y
ti+a OL, 36.1 fo”' [EPJC 78 (2018) 18]  9,=9, =1
tt+a 1L, 139 fb™' [arXiv:2012.03799] Dirac DM, m_ =1 GeV
tt+a 2L, 139 fb™' [arXiv:2102.01444] * -
j+a monojet, 139 b [arXiv:2102.10874] ==

Dijet, 139 fb™'

JHEP 03 (2020) 145

Dijet TLA, 29.3 fb™!

PRL 121 (2018) 081801
Dijet+ISR, 79.8 fb™'

PLB 795 (2019) 56
Boosted dijet+ISR, 36.1 b
PLB 788 (2019) 316
Boosted di-b+ISR, 80.5 fb™!
ATLAS-CONF-2018-052 100

— Dijet Vs=13 TeV, 36.1-139 fb’
E

G/ cj’[heory

(.
Q
<
e
-
Q
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(72}
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o
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— /
bb resonance”
/ /

— tf resonance

36.1 b
EPJC 78 (2018) 565

0.8

-
-
-
-
-
-------
---------
-
-
----
-
-
-
-
-e
-
-

0.6 10

— bb resonance
139 fo!
JHEP 03 (2020) 145

miss
— ET +X 1
ET+jet, 139 fo! E
arXiv:2102.10874 —
E™4y, 139 fb” B

.
.
-
-
-
-
-
-
-
-

T T TTTT
N II|'i||

Dijet

~
AN
|III|III|III|III|III|III

0.4

Axial-velctor mediator, Dirac DM
gq=0-2 ’gl=0’gx=1

All limits gt 95% CL arXiv:2011.05259 B
il E™**+V(had), 36.1 b 0.1 !

0 05 1 15 5 55 3 35 4 seroesm 10 20 30 40 50 60 100 200 300 400

ET*+Z(1l), 36.1 fb™

mZ.A [TeV] PLB 776 (2017) 318 m, [GeV]

0.2

* Spin-1 mediator excluded for masses up to ~3.6 TeV mainly by di-jet search (for
the given benchmark coupling strength)

* Mono-jet and MET+tt provide strongest limits on spin-O mediator, excluding for
masses up to ~376 GeV

LZOCASNS
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-03/
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Mono-Z (MET+2), 13TeV, 139fb™

ATLAS-CONF-20271-029

"Uc')'1000—'"""'.'.""|"'I"'I""l"-__
Sensitive to Higgs invisible decay with ZH production & | G isrev 1m0’ mze  mwz
and the extended Higgs sector (see slide 13) soof- SR e
Focus on leptonic decay of Z 600

* Signal region requires:
* 2 electrons or muons with opposite charges

* pTha > 30(20) GeV, 76 < m; < 106 GeV, AR, < 1.8 =0
* MET > 90 GeV, MET significance > 9

400

O e i e _
* No b-jet e -
* BDT trained with 8 variables for the Higgs invisible gos-
. . . . -08 -06 -04 -02 0 0.2 04 0.6
signal and used as the fit discriminant BDT

q
August 24, 2021

Dominant backgrounds include ZZ, WZ, Z+jets and non-resonant
processes (WW + tt + single-t + Z-TT)

* Modeled with 3 control regions and 2 free normalization factors
Main uncertainties include ZZ modeling and jet reconstruction
Upper limits on Br(H-inv) = 18%

Jay Chan (Wisconsin) 10


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-029/
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Other channels

-

* Mono-jet (13TeV, 139fb') can also be interpreted

Phys. Rev. D 103 (20217) 112006 g \

as H-invisible

* Dominated by ggF (73%) H

* Upper limits on Br(H-inv) = 34% g

-

N\

ATLAS-CONF-2021-004 \

* VBF+MET+photon (13TeV, 139fb™') targets the
H—invisible signal with the VBF production +
photon

* Significantly suppress the V+jet background by
requiring an additional photon

* Upper limits on Br(H-inv) = 37%

/

August 24, 2021

Jay Chan (Wisconsin) 1


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-004/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112006

ATLAS-CONF-2020-052

(.
Q
< [ ] [ ] [ ] [ ] [ ] _1
d H-invisible combination, 13TeV, 139fb
Q
>
=] . . . . 2 1 T T T T ]
= * Statistical combination of run-1 and S E ATLAS Preliminary E
@ r 0.9F [s=7TeV 4.7 b — Observed -
g run_z reSU|tS @ 0 8:_ Vg -8 TeV, 20.3 fb-1 ----- EXpeCted =
S - 5 F s=13Tev, 139 fp" ERfk E
= ®* Run-2 includes VBF and ttH channels = 07F ) ! +2 =
(other channels yet to be combined) = 06F =
) o - =
* Run-1 includes VBF and VH 5 00 E
o 0.4 —
= - T T BT 009  ATLASPrelminary ] % E
S 404 H_*f”v< Vs=7TeV, 4.7 fo B 0.3 -
s - _All limits at 90% CL ~ ys =8TeV, 20.3 fb” 7 ©@ 02 B
s F fs=taTev. 130”5 iy o .
% 10743 ] 0 | | | | ]
S : ttH VBF  Combined Combined Combined
‘; Run 2 Run2 Run?2 Run 1 Run 1+2
104 O . .
e * Upper limit on Br(H-inv) = 11%
i 'f;g;g;gggww Othe“gxaprﬁg{;};gf__ * Compared with constraints from direct
B SR Mejorana WIMP e LUX ] search assuming H decays to a pair of
- === XenoniT — . .
1049 T R R R DM particles that are either scalars or
1 10 10° 10° Majorana fermions

My [GEV]
August 24, 2021 Jay Chan (Wisconsin) 12
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-008/
http://dx.doi.org/10.1007/JHEP11(2015)206
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-052/
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ATLAS-CONF-20271-029

—

4 Mono-Z (MET+Z), 13TeV, 139fb’

=y

Q

> LR L L B L L DL BB B

% % 1 Egj‘gfgi'j';‘;”ga;g.1 e s * The mono-Z search can also be interpreted as the ZHDM+a
% ‘§ 10; > Jl’ﬂ..'ﬁsm % 3::naimy signal

\5/. I m, =150 GeV, m,_, =900 GeV

* my(Z, MET) used as the fit discriminant (instead of BDT)

* Limits set on 2HDM+a in various parameter spaces (m,, m,,
tanpB, sin®)

* Large improvements compared to previous results!

10%E

10

IIIII|_|,|,| IIIII|_|_|,| IIIII|_|,|,| L LIl

Data/Pred
:{ syl

0.5F, N N T ;2500_' """" L N Y Q. HELER DL DL B B LM B -7 I
200400600 800 1000 1200 1400 1600 1800 2000 3 - ATLAS Prellmlnary \ R S | ATLASPreliminary % i
my[GeV] = [ (5=13TeV, 13907, 95% CL  ___ crecedimtiow) 4 = {s = 13 TeV, 139 fb”, 95% CL 7
g 2000__ 2HDM+a Dirac DM, ml =10 GeV nEi} 7 10 2HDM+a, Dirac DM, m, = 10 GeV 7 |
B 1.0 (] r7m, > 20% . - sin 0=0.35, m, =600 GeV 7 3
g Z - N ; ¥ Ot ™ ]
1500 =-- - e~ TS~ — - ATLAS 36.1 10" i
il . L ) rim,>20% . 4
a 1000_— - "
t/b - an e o \\ X C /’/ ] :l
PN - 2HDM+a ] 1 2HDM+a A =
500F E " . .
g g X :l/ ||||||||||||||||||||||||||||||||||||||| i _I 1 1 I 11 1 1 I 11 1 I 1 1 I 1 I 11 |:’,§§]| III 1 I_
Q 100 150 200 250 300 350 400 450 500 550 600 100 150 200 250 300 350 400 450 500
8 m, [GeV] m, [GeV]
D August 24, 2021 Jay Chan (Wisconsin) 14



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-029/

arXiv:i2104.13240 ATLAS-CONF-20271-006

: Mono h (MET+h), 13TeV, 139fb™ |
E Sensitive to the Z2’2HDM and 2HDM+a q £-2HoMt /h
g * hobb and h-yYy channels (h-bb presented) ’: .
g * Select events with MET > 150 GeV, no lepton, and ’ (
an h—bb candidate reconstructed with 2 methods: q
* Resolved regime (MET < 500 GeV): 2 b-tagged 2HDM+a
small-R jets (R=0.4) ! 99F

° Boosted regime (MET > 500 GeV): 1 large-R jet

t/b -===<{
with 2 associated b-tagged variable-R track-jets

e A R A AR A VA RS R R R LB AL AL AR RN WAL AL RS RAR R

> >

8 ATLAS Preliminary SMVh 8 L ATLAS Preliminary [s’Mch ] g

L gooE- s =13TeV, 139 fb” - i &s;; cob) S 50 fs=13TeV, 13915 o beceb) 4

% Resolved: 0-lepton ; " Merged: O-lepton -:’i“(c“) n

S < [ 2 b-tag Signal Region = s.ng|e mp ] . ]

@ 8 aof- e c1500,750) v _ 3 ®* Dominant backgrounds (Z/W+jets,
- tth+ ﬂV 1
C 233, Background Unc ] — . .

bt m",jaﬂgs"#o:s;’ev e o tt) modeled with control regions
signal 1

* Fit to SR+CR in m,,, MET and
number of b-jets (2b and =3b); the

wn % 12T 1 ‘ c% 2 r h
c 2 e ww*m*wﬁ ﬁ** %**#**#* % 2 additional =3b regions target the
@ o Ll 3 o. ] .

< 0855586106 120"140 160 180 2oo 320240 260 280 “60 80 100 120'140 160 180 200 220 240 260 bbA pI‘OdUCtlon

8 m,, [GeV] m, [GeV]

N

August 24, 2021 Jay Chan (Wisconsin) 15



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-006/
https://arxiv.org/abs/2104.13240
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arXiv:i2104.13240 ATLAS-CONF-20271-006

Mono h (MET+h), 13TeV, 139fb™

Sensitive to the Z2’2HDM and 2HDM+a
* hobb and h-yYy channels (h-bb presented)

* Select events with MET > 150 GeV, no lepton, and
an h—bb candidate reconstructed with 2 methods:

small-R jets (R=0.4)

* Resolved regime (MET < 500 GeV): 2 b-tagged

°* Boosted regime (MET > 500 GeV): 1 large-R jet
with 2 associated b-tagged variable-R track-jets

> T T T T T
900 L Dat

8 ATLAS Preliminary -sna”h

_ 1 I Diboson
© 800 fs=13TeV, 1391b Walbbibe,ce,bl)
k2] Resolved: 0-lepton . W+(cl,l)

tt

é 700 2 b-tag Signal Region = Sin p
w Z+ (bbb c,bl)

600 Er'*® €[200, 350) GeV = Ze(cl)

b tth+ttV
A\ Bacl kg und Uncertainty
500 ¢! %% Mon, oh 2 2HDM( 20)
+ (3 he ) (m m) (14001000)(3 eV
L 9 fb

400F
300

12
200 - TN o

100

1.2F T

ﬁw FLLY ““W,«m?mﬁﬁ# Sﬁ#ﬁ#* ﬁﬁ

I
085, 60 80 100 120 140 160 180 200 220 240 260 280

m,, [GeV]

Data/SM

August 24, 2021

Events / 20 GeV

Data/SM

50

40

30f

- . Dat:
[ ATLAS Preliminary ;s?ﬁm
[ \s=13TeV, 139" — “,’vbg;:g co.bl) -
[ Merged: O-lepton . W+(cl,))
L . . -
" 2 b-tag Signal Region mm Single to|
|— =miss Z+(bb,bc,cc,bl) —
[~ ET*° <[500, 750) GeV = Z+(cl)
- tth+ttV
NN Backgrou nd Unc
21*"=Mono-h Z"- 2HDM( 10)
(m m) (14001000)G eV ]
signal '

N

.......

ETITTITS

.......

1 1 A A haled e
Q \\* + # \\} \\i \#ii&s#i?i&\\t?ﬁ?&\lfg

60 80 100 120 140 160 180 200 220 240 260
m, [GeV]

Jay Chan (Wisconsin)

q Z’2HDM h
\>M.NA\(X
R R \Jetl
hatrest . —~—~-
27 :
- 7
Iz’ // X
Jet 25 _ -~ _ - ~Fatjet}
= \
Boostedh‘// |
~ == I
~~~~~ |

tt) modeled with control regions

Fit to SR+CR in m,,, MET and
number of b-jets (2b and =3b); the
additional =3b regions target the
bbA production

15


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-006/
https://arxiv.org/abs/2104.13240

arXiv:i2104.13240 ATLAS-CONF-20271-006

: Mono h (MET+h), 13TeV, 139fb™ |
E Sensitive to the Z2’2HDM and 2HDM+a q £-2HoMt /h
g * hobb and h-yYy channels (h-bb presented) ’: .
g * Select events with MET > 150 GeV, no lepton, and ’ (
an h—bb candidate reconstructed with 2 methods: q
* Resolved regime (MET < 500 GeV): 2 b-tagged 2HDM+a
small-R jets (R=0.4) ! 99F

° Boosted regime (MET > 500 GeV): 1 large-R jet

t/b -===<{
with 2 associated b-tagged variable-R track-jets

e A R A AR A VA RS R R R LB AL AL AR RN WAL AL RS RAR R

> >

8 ATLAS Preliminary SMVh 8 L ATLAS Preliminary [s’Mch ] g

L gooE- s =13TeV, 139 fb” - i &s;; cob) S 50 fs=13TeV, 13915 o beceb) 4

% Resolved: 0-lepton ; " Merged: O-lepton -:’i“(c“) n

S < [ 2 b-tag Signal Region = s.ng|e mp ] . ]

@ 8 aof- e c1500,750) v _ 3 ®* Dominant backgrounds (Z/W+jets,
- tth+ ﬂV 1
C 233, Background Unc ] — . .

bt m",jaﬂgs"#o:s;’ev e o tt) modeled with control regions
signal 1

* Fit to SR+CR in m,,, MET and
number of b-jets (2b and =3b); the

wn % 12T 1 ‘ c% 2 r h
c 2 e ww*m*wﬁ ﬁ** %**#**#* % 2 additional =3b regions target the
@ o Ll 3 o. ] .

< 0855586106 120"140 160 180 2oo 320240 260 280 “60 80 100 120'140 160 180 200 220 240 260 bbA pI‘OdUCtlon

8 m,, [GeV] m, [GeV]

N
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-006/
https://arxiv.org/abs/2104.13240

- tanp=1, gz=0.8, m = 100 GeV

- My =my=mg,
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3 ;‘ 1 800 T T T T I T T T I T T I T T I T T 17T I T T T I T ]
— [ ATLAS Preliminary —— Observed Limit

= ©.1600 |- s =13TeV, 139 fb" - = == Expected Limit

» £ C h(ob) + ET'°, All limits at 95% CL ] +1 Coxp
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o) 1400 2 Gy
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N

1200
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s
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&5
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R

1000

800

600 - <
&

Z’2HDM

400

500 1000 1500 2000 2500 3000 3500
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g > \gi NN o Observed Limit
o 000 SNSRI B = == Expected Limit
E<1 800 B +1 0
12 Gy

1600
1400
1200
1000
800
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arXiv:1903.01400

ATLAS Preliminary
(s =13 TeV, 139 fb’'
h(bb) + ET'**

Al limits at 95% CL
2HDM+a

ggF production, tanf = 1
400 sind = 0.35, m =10 GeV

200 E 2HDM+a qgF g =1m, =My =m,

100 200 300 400 500 600 700 800 900
m, [GeV]

%
C
7
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N
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m, [GeV]

arXiv:i2104.13240 ATLAS-CONF-20271-006

Mono-h (MET+h), 13TeV, 139fb™

Limits set on Z’2HDM and ‘ £cHDM
2HDM+a with ggF or bbA e
production A
Large improvements compared
to previous result!
First time reaching sensitivity SHDM4+a
to 2ZHDM+a bbA! . .
ggF L’
{0 O o e L B L B L B A g
- —— Observed Limit - t/b ----\'\ %
1000 --=-- Expected Limit ~ _| PN
-i1cexp ]
800 *2 0o - ; "
ATLAS Prelimi ]
600 {s=13 Tev,:e;;r::gary 7] g bbA b
h(bb) + ET** i
All limits at 95% CL . s h
400 =m.* T 2HDM+a —_ A
------- A production, tanf = 1 -
__________________ :ﬂepoistm SToGev ‘( X
200 2HDM+a bbAsg,-"m=m=m, - )
P T I N T A T R R |

100 150 200 250 300 350 400
m, [GeV] g b
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-006/
https://arxiv.org/abs/2104.13240

ATLAS-CONF-2027-036

(. ] ]
©
2 2HDM+a combination & summary |
Q g VO ETTTTTUTTATIAS Prelmnary, 210 2 —E™.bb,36.1 fb"
= I -1 £ 40 [ ¥s=13TeV,36.1 - 1390 10° € EPUCT8(2018) 18
&8 °* Updated with full run-2 (139 fb™') results: Cl | 2HDM-a, Dirac DM S er 2, 361 1
= © 408 \ % ”_‘Ae= n:)H3=5mw = ?OPEGGV 10° S JHEP 10(2018) 180
— . . . . . 4 sin0=0.35g =1 {: = ‘
@ * First statistical combination: mono-h(bb) + mono-Z 10° m. =250 GV 10 § EPHhim 139"
o g rXIv: .
S . . + 104 17 —Ems,zq1), 139 b
@, * Include MET+Wt channel and reinterpretation of H*tb | e ARG ONF 203125
> 10° R ""%Héfrﬁeﬂh'eilé'dﬂflb'{z" 107 Heth. 139 b
* Include bb-initiated production of the 2ZHDM+a signal 102 . I
—_ .
. . . e 5 =—EM™Sih(bb), 139 b
(in addition to gg-initiated) [ — i 107 LA CONF 2021006
1 . .................................. . ‘ 4444444444444444444444444444444444444 104 _Comb|nat|on
- - & 17 . . ITNSS+ 5’ I'-I|:HSS+
* Perform additional parameter scans (m,, m,, tang, o Umitsatosect 3 o E D SR
] v — Observed —relic density
. . 8 i Expected
sin®, m,) wrt previous results (/£r 05 (2019) 142) 1072 e = 10
gl 2000 ---- T T T miss b~ -1 » 1 U T i mx [GeV]
= HATLAS-Preliminary T/m,>20% N _JEJEJ%((‘;‘SZ‘;’%J b ? ATLAS Preliminary ~—ET™*+h(bb), 139 fo!
(.2. 1800_—1_ 13TeV, 36_1, 139 o™ 2HDM+a, Dirac DM_: ! . s=13TeV, 139 fb1 ATn'i-::S'CONF'ZOZH)_(:G
< - Limits at 95% CL i —E’T"'SSJrh(bB), 139 fb™’ 10+ Limits at 95% CL-~ — =E; " +Z(ll), 139 fb
E 1600, —oObserved M =10GeV, g =11 7 5 conF-2021-00 [ — Observéd 1]  ATLAS-CONF-2021-029
=iiioo-Expected  Sin0=0.35, tanf =17 . E Expected 1
...... mo—m.em 1 =Er=4z(1l), 139 fb! - 4~ Hetb, 139 fb”
14007 B AT R e —|  ATLAS-CONF-2021-029 r 2HDM+a, Dirac;DM 1 JHEP 06 (2021) 145
F ’ . - =10 GeV, § {1
r AN - Htb, 139 fb™! _ _ EM+h , 139 fb!
1200: ....... 1  JHEPO6 (2021) 145 r rs?ﬁe_=m&7_ M T a&iv;gm)szm
1000, ~ “h(inv), 139 fo" - { = Combination
[ _a* MY ATLAS-CONF-2020-052 EM™®+h(bB), EM+Z(l)
800~ m{ Bl mi Rl
. . 4~ EM+h(yy), 139 fb s |
= E arXiv: 2104.13240 N 1 -
600[- ) . o : 1 * Very rich phenomenology
- 7 =Ma 4 ==Combination i H ]
4OQ : _: E?\ss_‘_h(bs), E.rrmss_'.z(”) - ............................................................ '. ............................................ - .
% o ] m-ne | ® Good complementarity
? 100 200 300 400 500 600 700 800 100 150 200 250 300 350 400 450 500 between different channels
o m, [GeV] m, [GeV]
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https://arxiv.org/pdf/2011.09308.pdf
https://arxiv.org/abs/2102.10076
https://link.springer.com/article/10.1007/JHEP05(2019)142
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-036/
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wSummary R

‘I Dark Matter searches W|th colllders are weII phy5|cs motlvated and prowde
great complementarity to the direct/indirect searches

' » Consider a wide variety of motivated simplified and more complete models

(u!suoos!/\/\) uey) Aep

* Simplified models with spin-0 or spin-1 mediators, Higgs portal,
extended Higgs sector, etc.

* Provide rich phenomenology and motivate a broad range of
experimental techniques

&4 * No deviation from SM has been found so far, yet...

®* More searches are ongoing with full run-2 data (stay tuned!)

* Look forward to big surprise in the future!!
(HL-LHC Projections: ATL-PHYS-PUB-2018-043, ATL-PHYS-PUB-2018-036, 1A
ATL-PHYS-PUB-2015-004, ATL-PHYS-PUB-2018-038, ATL-PHYS-PUB-2018-048) ' S

LZOCASNS

- .“;3?".-" ‘j&ﬁ . Jay Chan (Wisconsin)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-043/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-036/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2015-004/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-038/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-048/
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Mono-jet search, 13TeV, 139fb™

= C
Q) [
3 1400 ATLAS

=

1000}-s5 oL imis
800"
600
400

E 1 200 | Vector mediator

LA L [ L B B L LI IO

Expected limit+ 2 o,
L {g =13 TeV, 139 fb" Expected limit+ 1(;9)(p
- - - - Expected limit

2 Observed limit (+ o0y )

Relic density, Q.h > 0.12
——— ATLAS {s =13 TeV, 36.1 fo'

- Dirac fermion DM
B 9,= 0.25, 9= 1.0

Vector

~~~~~~

% 500

my, [GeV]

Phys. Rev. D 103 (2021) 112006

Source of uncertainty and effect on the total SR background estimate [%]

Flavor tagging
Jet energy scale

Jet energy resolution
Jet JVT efficiency
Pileup reweighting

E}“"SS resolution
E}“‘SS scale

Electron and photon energy resolution
Electron and photon energy scale
Electron identification efficiency
Electron reconstruction efficiency
Electron isolation efficiency

Muon identification efficiency

Muon reconstruction efficiency

Muon momentum scale

0.1 —0.9 | t-lepton identification efficiency
0.17 - 1.0 | Luminosity

0.15 - 1.3 | Noncollision background

0.01 — 0.03 | Multijet background

0.4 - 0.24 | Diboson theory

0.34 — 0.04 | Single-top theory

0.5 —0.25 | tf theory

0.01 — 0.08 | V+jets T-lepton definition

0.3 —-0.7 | V+jets pure QCD corrections
05 -1.0 V+jets pure EW corrections
0.15-0.2 V+jets mixed QCD-EW corrections
0.04 — 0.19 | V+jets PDF

0.03 - 0.9 | VBF EW V+jets backgrounds
04 -15 | Limited MC statistics

0.1 -0.7

0.1 -0.07
0.01 - 0.05
02 -0.0
1.0 -0.0
0.01 - 0.22
0.13 -0.28
0.06 — 0.7
0.04 - 0.16
024 -1.1
0.17 -22
0.02 - 0.7
0.01 - 0.7
0.02 -1.1
0.05-19

Requirement { SR L W - uv { Z - uu { W — ev L Z > ee { Top
Primary vertex at least one with > 2 associated tracks with pr > 500 MeV
E’II‘I‘HSS
Trigger E%“‘“ single-electron single-
electron
|pmiss +
T
miss miss miss miss pT(#)l >
recoil Emis > P [Py + L ™ + 200 GeV or
pr-° cut 200 GeV pr(w)l > pr(pmw)l > | pr(e)| > pr(ee)| > |pmiss +
200 GeV 200 GeV 200 GeV 200 GeV T
pr(e)| >
200 GeV
Jets up to 4 with pr > 30GeV, || < 2.8
|Ad (jets,piseo)] > 0.4 (> 0.6if 200 GeV < Ef™ < 250 GeV)
Leading jet pr > 150GeV, |n| < 2.4, fen/ fmax > 0.1
b-jets any none any none any at least one
exactly one
electron,
exactly two | tight, with
exactly one muons. with S exactly two
muon, with ’ pr electrons,
pr > pr > 30GeV, with pr > same as for
T T
Electrons or muons | none 10GeV, 10GeV, Inl ¢ 30GeV, W= pv or
66 < (1.37,1.52), same as for
30 < mr < my, < tight 66 < mee < W — ev
. up .
100GeV; 116 GeV; isolation, 116 GeV;
no electron no muon
no electron 30 < my <
100 GeV;
no muon
7-leptons none
Photons none

Total background uncertainty in the Signal Region: 1.5%—4.2%

August 24, 2021

® Main uncertainties:

Jay Chan (Wisconsin)

Pile-up jets, MET, lepton in low MET

single-t and V+jets modeling in high

MET
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1)

95% CL limiton 6, /o4, (9

MET+tt, 13TeV, 139fb™

—e— Observed 95% CL
Expected 95% CL
[ Expected t1c
[ ] Expected £2

Pseudoscalar
tt+a,a—yx

10

9=9,=9,= 1.0, m(a) = 10 GeV

ATLAS
Vs=13TeV, 139 fb”
2-body selection

$455% Theory unc. on o(g=1.0)

1)

95% CL limit on o, /o-, (g

10

JHEP 04 (2021) 174 JHEP 04 (20217) 165

—e— Observed 95% CL
Expected 95% CL
[ Expectedt1c
[ ] Expected+2 ¢

$5555¢ Theory unc. on c(g=1.0)

Scalar
tt+0,0 = xx

g=g.=g,= 1.0, m(9) = 10 GeV

ATLAS
Vs=13TeV, 139 fo
2-body selection

10 20 30 40 50 60 100 200 10 20 30 40 50 60 100 200
m(x) [GeV] m(x) [GeV]
o0 _ -
Mmrz = min ___{max[mr (pr.e1, 1,1), mr(Pre2, G1.2) 13
qdT1+4T2=PT

represent the W mass from the t decays in the tt process.
The value is expected to be higher in presence of additional
invisible particles apart from the neutrinos from the W decays.

August 24, 2021
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‘ gR2—body
Leptons flavour DF SF
pr(ty) [GeV] > 25
pr(ly) [GeV] > 20
My [GGV] > 20
|m££ — mz| [GeV] - > 20
nb—jets > 1
A¢boost [rad] <15
ET"* significance > 12
200
mt [GeV] | > 110
| CR2Pod CRyiz
Lepton multiplicity 2 3
Lepton flavour DF at least one SFOS pair
pr(¢1) [GeV] > 25 > 25
pT (£2) [GeV] > 20 > 20
pr(ty) [CeV] . > 20
pr(ly) [GeV] - -
My > 20 -
|mge — my| [GeV] - < 20 for at least one SFOS pair
Np_jets >1 > 2 with njes > 3
Adpoost [rad] >1.5 -
E7"™ significance > 8 -
ET cor [GeV] - > 140
mt, [GeV] [100, 120] -
m1; [GeV] - -
20


https://link.springer.com/article/10.1007/JHEP04(2021)174
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JHEP 04 (2021) 174 JHEP 04 (20217) 165

MET+tt, 13TeV, 139fb™

. . 2—bod 2—bod 2—bod 2—bod 2—body 2—body

Signal Region \SR-SF[HOf’m%) SR—SFDZOf’l 4{)) SR-SF; 40?16{,) SR-SF[IGOj’m{)) SR-SF; 50950y SR-SF {550 o)

Total SM background uncertainty | 19% 20% 17% 15% 15% 20%

V'V theoretical uncertainties - 2.4% 3.5% 4.9% 4.4% 7.1%

tt theoretical uncertainties 10% 11% 6.2% — 1.7% 2.7%

ttZ theoretical uncertainties 1.0% 2.2% 4.2% 5.2% 5.0% 11%

tt-Wt interference - - - — 1.0% 5.7%

Other theoretical uncertainties 1.0% 1.4% 2.7% 2.5% 2.6% 1.9%

MC statistical uncertainty | 5.1% 5.4% 7.0% 7.7% 9.9% 8.7%

tt normalisation 7.6% 4.8% 1.0% — — —

ttZ normalisation 1.1% 3.2% 5.6% 7.2% 6.4% 4.8%

Jet energy scale 11% 6.7% 9.6% 2.0% 3.4% 2.0%

Jet energy resolution 3.6% 13% 7.0% 6.1% 3.6% 7.7%

ET"° modelling 2.9% 3.6% 1.0% 41% 2.7% 1.2%

Lepton modelling 3.6% 1.8% 1.8% 3.8% 3.7% 6.4%

Flavour tagging 1.0% 1.0% 1.0% 2.6% 3.0% 2.4% . ) . . | d — —

Pile-up reweighting and JVT — 1.4% 1.0% 1.0% 1.7% — ([ J

Fake and non-prompt leptons - - 1.1% — 2.8% 4.3% Maln uncertalntles InC u e tt’ ttZ
. . g DFQ—body SR. DF2—body SR DF2—body SR. DF2_bOdy SR, DF2—body SR. DFQ—body g J gy

Signal Region ‘ R-DF (114 120) ~D¥120,140) ~PY1140,160) ~PY160,180) ~DY180,220) ~D ¥ 220,00) I . d |

Total SM background uncertainty | 20% 20% 15% 16% 14% 21% reso Utlon an Sca e

V'V theoretical uncertainties 1.0% 1.3% 2.6% 1.0% 2.0% 1.8%

tt theoretical uncertainties 9.6% 12% 7.6% - 3.1% —

ttZ theoretical uncertainties 1.2% 2.0% 5.3% 6.6% 5.7% 16%

tt-Wt interference — — — — — —

Other theoretical uncertainties 1.0% 1.2% 2.8% 3.2% 2.7% 3.3%

MC statistical uncertainty | 4.7% 5.0% 6.9% 8.2% 7.7% 6.6%

tt normalisation 7.2% 5.6% 1.2% — — —

ttZ normalisation 1.4% 2.8% 6.9% 9.1% 7.3% 7.2%

Jet energy scale 8.5% 10% 2.5% 6.1% 1.0% 2.6%

Jet energy resolution 13% 6.6% 6.2% 4.3% 5.3% 2.0%

ET"° modelling 3.5% 6.1% 1.0% 2.2% 2.2% 1.0%

Lepton modelling 1.5% 1.1% 1.6% 1.3% 1.3% 1.0%

Flavour tagging 1.0% 1.0% 1.3% 2.0% 1.0% 1.0%

Pile-up reweighting and JVT — 1.6% 1.0% — 1.0% —

Fake and non-prompt leptons — 3.5% — — 7.1% 13%
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Summary of simplified models

Ly 1 6 T T LA T

E E ATLAS PrehmuLa ry 9 ]
= 1.4[\s = 13 TeV, March 2021 S J
EX R ® /,."+®"‘/ B
= S e z5q" 4
B g R ]
1.2 B Al s Y % » i
- /e /S ]
1= /'8 < -
B / ]
- / -
0.8 / -
0.6 -
B Dilepton ]
0.4F : ]
-4 Axial-vector mediator, Dirac DM ]
0-2: 9,=01,9=01,g =1 7
o All limits at 95% CL ]

0 0.5 1 1.5 2 2.5 3 3.5 4
mz, [TeV]

=gy 1 6 T T T U T T
3 j\ﬁ'u‘s Prelimifary " ]
=, 1.4}-Vs =13 TeV, March 2021 ' ]
E C bb resonance |- ]
1.2 : >
C KA
1 Q7 ” -
- S\ 92 .
- & .
— > —
0.8 : /\@&3 7 ]
0.6/ g -
C Dijet ]
0.4+ ]
. / F e Vegtor mediator, Dirac DM ]
0.2 A1 . ~ g,70:25,9,=0,9 =1 7]
F_] J\ =7 g Al lifnits at 95% CL ]

o
©
(6}
-
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35 4
mz, [TeV]

2 25 3

— Dilepton
139 fb™!
PLB 796 (2019) 68

~— Dijet
Dijet, 139 fb™
JHEP 03 (2020) 145

Dijet TLA, 29.3 fb™!
PRL 121 (2018) 081801

— bb resonance

139 fb"!
JHEP 03 (2020) 145

miss
— ET7+X
EM4, 139 fb"
arXiv:2011.05259
ET™ +jet, 139 b
arXivi2102.10874

Axial-vector

Leptophilic

~ Dijet
Dijet, 139 fb™!
JHEP 03 (2020) 145
Dijet TLA, 29.3 fo™!
PRL 121 (2018) 081801
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 fb™!
ATLAS-CONF-2018-052

— ti resonance

36.1 10"
EPJC 78 (2018) 565

— bb resonance
139 fb™!
JHEP 03 (2020) 145

- Emlss X

ET+jet, 139 fo! VeCtor

arXivi2102.10874
ET"4y, 139 fb™
arXiv:2011.05259

= LEPtOPhODIC

JHEF‘10(2018 ) 180
ET™+Z(ll), 36.1 fb”
PLB 776 (2017) 318

cY/Gtheory

m, [TeV]

Vs=13 TeV, 36.1-139 fb’'

ATL-PHYS-PUB-20271-006

March 2021

1000

100

10

------ Expected
—— Observed
bb+¢ OL, 139 o' [arXivi2101.12527]
tt+$ OL, 36.1 fb™' [EPJC 78 (2018) 18]
tt+¢ 1L, 139 fb™' [arXiv:2012.03799]
tt+¢ 2L, 139 fb™' [arXivi2102.01444]

ATLAS Preliminary
All limits at 95% CL
Scalar ¢, o—>yx
9,=9,=1

Dirac DM, m = 1 GeV

L1 LI

Q) H‘\H‘

Scalar

200 300 400

10 20
m, [GeV]
1.6 ' ; ’l' ! ™7 — Dilepton
L ATLAS Preliminaryr P TS
14 C{s =13 TeV, Ma I'C|;'{ 20 E PLB 796 (2019) 68
r & 1 — Dijet
B § 1 Dijejl, 139 fb™
1 2 — g — JHEP 03 (2020) 145
F 8 - Dijet TLA, 29.3 fb™!
r (<] ] PRL 121 (2018) 081801
- L] _]
1 < ] = bb resonance
- E 139 fo"
- N JHEP 03 (2020) 145
0.8F q e
r 1 — ET*+X
o - ET™4y, 139 fb™!
0.6 © — arXiv:2011.05259
1S |& ] ET™ 4jet, 139 b
L | 4 arXiv:2102.10874
042 —
e ]
- Vector mediator, Dirac DM - Vector
0'2__/ gq=0.1,gl=0.01,gy=1 ]
%ZE Alllimits at 95% CL . L -
ol o1 | eptophilic
0 0.5 1 1.5 2 2.5 3 3.5 4 o o
mz, [TeV]
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—10°%

10742

N E g T T 3
g F ATLAS Pleliminary \ :
=108 Vs eV, March 2021 =
& : ;
510°%F \ -
o 3 3
Z10%F W 3
- £ 3
6 104! —/’-w _
107°E ®©°

. ETsS+X tf résonance

|

1 o*43‘

Dijet

1074 A

|

— DarkSide-50

1 0_45 :_ Axial-vector mediator, Dirac DM
; gq=0.25,g|=0, gx=1
[ ATLAS limits at 95% CL, direct detection limits at 90% CL
—46 N L L
10 5 3
1 10 10 10
m, [GeV]
-37
& 10 | T3
g -38 1
=10 \ 3
c 3
S 10°% .
(0] 1 0 ti resonance3
s XENON1T MIGD 3
g 1 0740 E_nr1\55+X
1
K 1 0_41 j\m
%)
o 10 : t.).b reson
DarkSide-50 Dijet E
10 I
10744 =
1074
107*
4 Vector mediator, Dirac DM
10 Fo9,=025,9=0,9 =1
ATLAS limits at 95% CL, direct detection limits at 90% CL 3
—48 1 1 L
10 5 3
1 10 10 10
m, [GeV]
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— Dijet
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. -1 ATLAS-CONF-2021-029
2 Mono-Z (MET+Z), 13TeV, 139fb
9
g SR e CR 30 CR 47 CR
3 Observed events 6382 891 11415 314
D Expected yields after fit 6385 £ 80 894 4+ 29 11410 £ 110 295+ 11
3 ZH — 00 + inv —4 £ 110 - - -
a_ 47 — vy 2669 £+ 110 - 443.4 + 7.5 -
S WZ 1624 + 28 11.59 +0.23 10646 4+ 110 -
Z + jets 1110 4+ 100 0.802 £+ 0.018 237.6 £4.0 -
Non-resonant 876 £ 39 878 £ 29 - -
27 — e 85.2+ 5.5 - - 295+ 11
ttVvV 125+ 1.1 1.769 + 0.036 48.98 4+ 0.82 -
Triboson 122+14 2.886 4+ 0.076 35.65 £+ 0.60 -
Uncertainty source AB [%]
Statistical uncertainty 5.1
Systematic uncertainties 7.1
Theory uncertainties 4.9
Signal modelling 0.4
Z 7 modelling 4.4 o . . . . .
Non-77 background modelling 2.0 Main uncertainties include ZZ modeling
Experimental uncertainties (excl. MC stat.) 4.2 and Jet reCOHStFUCtIOH
Luminosity, pile-up 1.5
Jets, B 3.5
Flavour tagging 0.4
W Electrons, muons 1.2
% MC statistical uncertainty 1.7
s Total uncertainty 8.8
o
X August 24, 2021 Jay Chan (Wisconsin) 24
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VBF+MET+photon

Variable SR W}, CR W2, CR Zl._ . CR Fake—e CR
(1) [GeV] > 60
(J2) [GeV] > 50
2,3
Nb-jet <2
Ag;; < 2.5 [2.0]
| Any; | > 3.0
n(j1) x n(j2) <0
Cy < 0.7
[GeV] > 150 - > 80 > 150 < 80
Erisslerm (Gey) - > 150 > 150 - > 150
BRSOV [GeV) > 130
Agb(],, Eér‘liss,lep-rm) > 1.0
N, 1
(7) [GeV] > 15, < 110 [> 15, <max(110,0.733 x mr)]
c, >04 >04  >04 <04 > 0.4
Ag(y, ERierTm) > 1.8 []
N, 0 1p le 0 le
(¢) [GeV] > 30

November 18, 2020

Events / Bin

Ratio

ATLAS-CONF-20271-004

————— e
ATLAS Preliminary
Vs=13TeV, 139 fb™

VBF+y Binv search g .

\\\\\\\\\\

10

b

Post-fit

] -e-Data

7 X\ Uncertainty
EW W+y

| [ Strong W+y
3 EW Z+y

1 strong Z+y
1Ty Vyy
\\\\\\\ I 7 +jet
....... 2 ey

3 jet—>y

4 [ jet—e

] ---H(B,, =0.50)

inv

i\ is\g\\\\\\\
oo A SN IR S

N

0.8 — -@- Data/Post-fit N\ Uncertainty - -  Pre-/Post-fit

\\\\\\\

0.6

Fake-e CR WZV CR

Rev.Cen.

W,,CR Zl .. CR

0 0.55 . 0.8 7.0
SR - DNN Score

Source 1o Uncertainty on B;,,,
Data stats. 0.106
V~+ jets theory 0.056
MC stats. 0.045
Jet Scale and Resolution 0.045
Photon 0.032
e — 7, jet— e,y Bkg. 0.026
Pileup 0.025
W+ jets/ Z~v+ jets Norm. 0.021
0.012
Signal theory 0.004
Lepton 0.002
Total 0.148
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Region definition and categorization
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* Control regions (included in
X the statistical fitting)

* W(—eV)y+jets (require 1e)

* Signal region (SR) * W(-pV)y+jets (require 1p)

*ng, =2o0r3

" An; > 3 . . .

*m, > 250 GeV ° Yalldatlon l.'eglons.(n.ot included
*n, =1 in the statistical fitting)

* MET > 150 GeV * Z(-ll)y+jets (require 21)

* Lepton veto * Fake-e (require 1 loose-e)

* Detailed selections in backups

LZOCASNS
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o . . mg
3 VBF+MET+photon region definition
Iy
D
5 . .
2 Signal region
g Jet cuts
: ErO— -
= Nohlon =1
Lepton selections for
Noj 7756 WP) <2 signal region and control regions
prli1) > 60 GeV .
prliz) > 50 GeV Cut inv. W(— ev)y+jets W(— uv)y+jets Z(— (l)y+jets
MET > 150 GeV/ Lepton Flavours 0 e /e’ u-fut e, et /u, ut
MET_CST jet > 120 GeV “Veto” muons and electrons 0 1 1 2
nGi1) x n(iz) <0 “Signal” muons and electrons 0 1 1 2
Anlivio) > 3.0 pr(€y) - >30 GeV >30GeV >30 GeV
A0livia) b pr(€2) - - - >4.5 GeV
T v IM([[) - Mz| - - - <25 GeV
= ET"(with leptons) > 80 GeV - - < 70 GeV

abs. AQ(MET,photon) > 1.8
Photon Centrality >04
Third jet centrality <0.7
M(j1.j2) > 250 GeV
Photon pt <110 GeV

abs(Photon Pointing) <250 mm

%
C
7
_<
N
()
A

November 18, 2020 Jay Chan (Wisconsin) 38



VBF+MET+photon background estimation

* Main backgrounds V+jets+photon modeled with MC
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. . . Fake photons from electrons Fake photons from jets
* V+jets (jet faking photon) e | o |
« Estimating e - y fake rate (F..,) InZ - ee * Estimated with ABCD method with
: : i inverted photon ID and isolati
eSt|mated W|th ABCD events as function of |n| and p; Irg\airir?am[;n(t)son and isolation
» Using F, ., to rescale yields in a control o
methOd sample of probe electrons NA = NA —szk _ NA —NBM—
sig g MB
« Systematic uncertainties e.g. from:
S . - back d subtracti * Dominant systematic uncertainties:
* Electron faking photon Aerarotind sibTacton
- energy scale of fake photon - Photon ID
(WeV) estimated through | = .. ~ CR statistics
e 0.12: g :;::1: ;7 V3 =13 TeV, L = 140 b~
Zee process in data i e
0.08:— ++++++ T M M
. . o
* Photon+jets estimated e — Z
o .
. . G ~r~**++++ T N N
by jet smearing to o S ——
. N . k v . Isolated R Not-isolated 20 [Gev]
iIncrease statistics L

Ref: Andrea’s slides
November 18, 2020 Jay Chan (Wisconsin) 39
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VBF+MET+photon DNN

* Alternative approach to the Cutbased analysis (m;; fit)

Training sample pre-selections (looser than SR/VR):
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* nph=l o EPSMOTIP 5140 Gev

* MNjer=2/3 « y+jet sample excluded

Input features

Output:
1~signal
. o 0 ~ bkg

Emiss,no—lep

P
ny)
pr(j1)
pr(j2)
nGs2)

Binning = [0, 0.25, 0.6, 0.8, 1]

NS KR NN

Luigi Sabetta | 12 November 2020 | 11

Ref: Luigi’s slides
November 18, 2020 Jay Chan (Wisconsin) 40

LZOCASNS



https://indico.cern.ch/event/973045/contributions/4099947/attachments/2142001/3609515/CDM_12_11_20.pdf

VBF+MET+photon DNN

Feature chosen via a backward elimination process:

Feature importances

—
Q
<
O
-y
Q
5
=
@
®)
-]
B,
3

0.100 mm pred-pred., pred-pred._,
1) Eachfeatureis varied up and
down by 10% and the average  °“”
variation of DNN output 0.050
!nterp:eted as feature -
importance
2) The leastimportant featureis _oozs .
removed and the model
retrained with the new setof "
features =0.075 , , , : : : :
2 R P2 2 Q NN D
L E NS LLS S S P
N\ Q.}}‘ Y% Ta V& XIS c,é ¢ ¢ AL
& VN @ & N\ ¢ e
& &

Luigi Sabetta | 12 November 2020 | 33

Ref: Luigi’s slides
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arXiv:i2104.13240 ATLAS-CONF-20271-006

[
D -1
<
4 Mono-h (MET+h), 13TeV, 139fb
=y
S
— ] Resolved \ Merged \
§ Primary E%“SS trigger
(7)) s -
8 Data qgahty selections Fractional squared uncertainty on u
E™SS 5 150 GeV : 7 : 7
8 T Source of uncertainty Z’-2HDM signals, (m7,, m4) [GeV]
5. LeptonAVet(.) & extennclli(::i T-l;pton veto (800, 500) (1400’ 1000) (2800, 300)
= a— ¢Getyp 3 Er™) > 20 a— Z+HF normalisation 0.11 0.03 <0.01
Ep™ < 500 GeV Er™ > 500 GeV W+HF normalisation 0.02 0.01 <0.01
At least 2 small-R jets At least 1 large-R jet + normalisation 0.16 0.04 <0.01
At least 2 b-tagged small-R jets At least 2 b-tagged associated variable-R track jets Z modelling uncertainties 0.02 0.07 <0.01
pry > 100 GeV %f E%ms <350 GeV _ W modelling uncertainties <0.01 0.01 <0.01
PTh > 300bG?V if E™ > 350 GeV tf modelling uncertainties 0.13 0.05 <0.01
my™ > 170 GeV — Single ¢ modelling uncertainties 0.18 0.02 <0.01
m,l;’max > 200 GeV — Other modelling uncertainties 0.05 0.01 <0.01
S>12 — Jets 0.20 0.06 0.01
Nsmall-Rjets < 4 if 2 b-tag b-tagging 0.01 0.01 0.04
Nymall-Rjets < 5 if >3 b-tag o E%‘iss soft term and pile-up <0.01 <0.01 <0.01
50GeV < my, < 280GeV 50GeV < my, < 270 GeV Other experimental systematic uncertainties 0.01 <0.01 <0.01
Signal systematic uncertainties <0.01 <0.01 <0.01
MC sample statistics 0.08 0.07 0.11
|  Olepton | 1 muon | 2 leptons Statistical uncertainty 0.27 0.61 0.79
Aim Signal regions | tf and W+HF control region | Z+HF control region Total systematic uncertainties 0.73 0.39 0.21
Fitted observable my, distribution Ml;zzlzl;irfg (bz_tl;_gt;l g) Yields
—_ Fesolved (small-R jet): 2, 53 * Main uncertainties include modeling
b-tag multiplicities . .
merged (variable-R track jets): . . )
2 (inside Higgs candidate), >3 (2 inside Higgs candidate) of Z+jets and jet energy re solution
E_rrniss proxy E’}niss ‘ E”Il“nilss o ‘ Eﬂx[ni]ss o
, 1ep. 1nvis. , 1€p. 1nvis.
resolved: [150, 200], [200, 350] and [350, 500] GeV
Bins in E%‘i“ proxy | 2 b-tag merged signal regions (0 lepton): [500, 750] and [750, co) GeV
Other merged regions: [500, o) GeV
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-006/
https://arxiv.org/abs/2104.13240

ATLAS-CONF-2027-036

2HDM+a combination & summary

* Target the DM model: 2ZHDM+a (arXiv:1701.07427)

* Based on the type-ll Two-Higgs-Doublet Model with an additional pseudoscalar
mediating the interaction between SM and fermionic DM
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* The simplest gauge-invariant and UV-complete extension to the simplified
model with a pseudoscalar mediator

* Considered as a benchmark by LHC DM Working Group (arXiv:1810.09420)

* Rich in phenomenology and offers various signatures and complementary
exclusion from different experiments

* Previous results summarized in the 36 fb™' DM summary paper
* New results with 139 fb™:
* First statistical combination: MET+h(bb) + MET+Z(ll)
* Include MET+Wt channel and reinterpretation of H*tb
* Include bb-initiated production of the 2HDM+a signal (apart from gg-initiated)

* Perform 4 additional parameter scans

LZOCASNS
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ATLAS-CONF-2027-036

2HDM+a combination & summary

Parameters Description

Masses of the Higgs bosons h, H, H*, A, and the
additional pseudoscalar mediator a
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Alignment limit: cos(B-a)=0,
m,=125 GeV, V=246 GeV

° gx=1

o Ap=Ay=Ay=3

¢ my=my,=m,

Mass of the Dark Matter particle x

Yukawa coupling constant between a and x
—_ Conditions
Electroweak VEV

Ratio of the VEVs of the two Higgs doublets

Mixing angles between CP-even and CP-odd Remaining

eigenstates parameters m,, M, m,, 6, tanp

Three quartic couplings between the scalar doublets

and the mediator

* The 2HDM+a is fully defined by 14 parameters

* Reduced to 5 free parameters with experimental constraints and phenomenological
considerations: mA, m_, m,, 6, tanf

LZOCASNS
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ATLAS-CONF-2027-036

4 2HDM+a combination & summary
@)
> Description
% 2D scan in (m,-m,) with tanf=1, m =10 GeV and
%. (a.) sin6=0.35
- (b.) sin6=0.7
2D scan in (m_tanB) with m,=0.6 TeV, m=10 GeV and
(a.) sin6=0.35
(b.) sin6=0.7

1D scan in sin®@ with tanB=1 and
(a.) m,=0.6 TeV, m_=200 GeV (low-mass scan)
(b.) m,=1 TeV, m_=350 GeV (high-mass scan)

1D scan in m, with m,=0.6 TeV, m_=250 GeV, tanp=1, sin6=0.35

2D scan in (mé—tanB) with mg=250 GeV, mx=10 GeV and
(a.) sin6=0.35
(b.) sin6=0.7

®* 5 parameter scans recommended by LHC DM WG + 4 additional scans
July 21, 2021 Jay Chan (Wisconsin) 28
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ATLAS-CONF-2027-036

2HDM+a combination & summary

qg-initiated bb-initiated
b X b h

/
/
/
,,—(/\ A2
/ a --"
AfaX 7 X AN X
9 b/t S (

[
Q

<
@)
>
Q
S

=
7
Q
o
>
b,
S

(a) (b) © b h b X
(a) (b)
b h b Z
/ //
/ /
/ /7
A< JESeRE
a \{/ X a \( X
b X b X
(c) (d)
b X b X
>A < X a 4 X
b Z b Z

() ()
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2HDM+a combination & summary

2000 T T T T

ATLAS-CONF-2027-036

> - ATLAS Preliminary i, >20% ] —E7 +h(bb), 139 fb” ? ATLAS Prelimiriafy —fitf, 36.1 fb!
G 1800L4=13TeV, 139 ] ATLAS-CONF:2021-005 < 6 HEP 09 201y 058
=~ _=c Z M+a, Dirac DM ] mi . + '
< & 7 2 —Er*+2(l), 139 fb! 10 — =EP*+t, 36.1 fo!
€ 1600 WAL 9= 1 ATLAS-CONF-2021-029 C 1 EPsc7s(2018) 18
of sin@ =0.7, tanﬁ _j = mise . i ] _Jr;nlizsz 06 (2018) 108 B
| 1 —EMss4Wt, 139 fb ET*+h(bb), 139 fb
1400~ ] arXiv: 2011.09308 - 1 ATLAS-CONF-2021-006
1 Htb, 139 fb" 2 1 =Emss1zqn, 139 fo
! my =My =m,, = T ’
1 JHEPO06(2021) 145 | siﬁe = (; 35 - 1  ATLAS-CONF-2021-029
------------------ - —h(inv), 139 o' - 1~ Htb, 139 fb”
_ e * ™ ATLAS-CONF-2020-052 JHEP 06 (2021) 145
LLATNgC ; )
] Er-F"SS+h(’Y‘Y), 139 fb1 h(|nv), 139 fb1
1 arXiv:2104.13240 10 ]  ATLAS-CONF-2020-052
e 1 =Combination [ —J - Ef™+h(yy), 139 b
- ETTsheB), ETTHZO) N S J  anXivi2104.13240
b : il | —Combination
200 . ) . . . . - L ; ! : 7 . ET%h(bB), EM**+Z(Il)
100 200 300 400 500 600 700 800 100 150 200 250 300 350 400 450 500
m, [GeV] m, [GeV]
= ‘ATLAS Preliminary " | —EP*+h(bb), 139 fb” = : " /7| —ET™+h(6b), 139 fo!
% : a5 m0 1 ATLAS-CONF-2021-006 % ATLAS-CONF-2021-006
- ., . - .
10 \Limits at 95% CL 21 —ET*+zZ(ll), 139 b —Er**+Z(ll), 139 fb”"
3 — Observed - ATLAS-CONF-2021-029 10 "]  ATLAS-CONF-2021-029
i Expected v 3 ]
| Xpecte E-T—"SS+Wt, 139 fb1 | . i Httb, 139 fb1
i 2HDM+a, DlracD arXiv: 2011.09308 3 ’,',»‘ 2HDM+a, Dirac DM  JHEP 06 (2021) 145
.‘m =10 Ger_.g Htb, 139 fb” i "/ m,=10GeV,g = 1_ — Combination
L .m, = 250 Ge L TP X =250 GeV s gmiss
*Sing = 0.7 i JHEP 06 (2021) 145 S\ Sme 0.35 ™% th(bB), ET**+Z(ll)
i g ;| — Combination AR 1
ET™+h(bb), EF"+2(1l)
r “‘. .:
L . TR b 2090 ]
200 800 1 000 1200 400 600 800 1 000 1 200 1 400 1 600 1800
m, [GeV] m, [GeV]
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2HDM+a combination & summary

o/ Gtheory

102

10

Limits at 95% CL
— Observed
-- Expected

- ATLAS Preliminary’ |

2HDM+a, Dirac DM

" ls=13TeV,36.1-139fb" ) _10Gevg - 1

=200 GeV
mA =my=my
tanp = 50: E:“53+b5
tanp = 0.5: Ej‘ssnf, linid
tanp = 1: all others

. = 600 GeV

August 24, 2021
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sind

—EP"4+, 36.1 fb'
EPJC 78 (2018) 18

JHEP 0612018) 108
—E7"**+bb, 36.1 fb™
EPJC 78 (2018) 18

—ET™*+Z(qq), 36.1 b
.JHEP 10 (2018) 180

—tfif, 36.1 fb
JHEP 09 (2017) 088

—ET™*+Z(ll), 139 fb”
ATLAS-CONF-2021-029

ET**+h(yy), 139 fb”!
arXiv: 2104.13240

Htb, 139 fb™
JHEP 06 (2021) 145

—ET"+h(bb), 139 fb”!
ATLAS-CONF-2021-006

— Combination
ET**+h(bb), ET"**+Z(ll)

o/ cytheory

3 T = AT AL L AL L B LA B L R B R | TV
10° EATAS Preliminary _ fo 7
- 2HDM+a, Dirac DM | & 7
:\f_-13TeV361-139fbm_1OGeVg_1 A
Limits at 95% CL Ve
— Observed =350 Gev Z
102 -- Expected mA =my=m,=1TeV

107/

ATLAS-CONF-2027-036

tanp = 50: Em'SS bb

tanp = 0.5: E""SS+tT tTtT

tanp =1: all others
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JHEP 06&201 8) 108
= E7"**+bb, 36.1 fb
EPJC 78 (2018) 18

—E+Z(qq), 36.1 fb”"
JHEP 10 (2018) 180

4 =—tftt, 36.1 fb™

JHEP 09 (2017) 088

—ET"+Z(1l), 139 b
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ET*+h(yy), 139 fb”!
arXiv: 2104.13240

Htb, 139 fb™
JHEP 06 (2021) 145

| —E™M*+h(bb), 139 fb
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ATL-PHYS-PUB-2018-043

Mono-jet projection

S
) [ ATLAS Simulation Preliminal
5 1400 v
. [ Vs=13TeV, 300 fb"
€ 1200 Axia-Vestor Mediator

L . . exp. sys. x1/2, th. sys. x1/2
L Dirac Fermion DM

1000} %=02%9,="

I 95% CL limits

8001

400; ATLAS Simulation Preliminary
[ Vs=13TeV,3ab’

1 2007 Axial-Vector Mediator
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I 95% CL limits
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MET+heavy-flavor projection
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Di-jet projection
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