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Why consider DM with an extended Higgs sector?

Early Run 2: interest from community to go beyond simplified models

Want a more (UV-)complete model of DM with an extended Higgs sector

* Richer collider phenomenology (“leave no stone unturned”)

* Combines two theoretically well motivated concepts: DM and extended Higgs sectors

Effective field theories

Simplified models

UV-complete theories
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A brief history of the 2HDM+a

Sep 2016: LHC DM WG meeting dedicated to extensions of simplified models [agenda]
Dec 2016: LHC DM WG discussion on extended Higgs models [agendal]

e Settle on 2ZHDM+a as new benchmark
* Based on M. Bauer, F. Kahlhoefer, U. Haisch [JHEP 05 (2017) 138]
Jan-Dec 2017: various working meetings [rolling agenda][agenda]

e Study phenomenology, identify most relevant signatures
* Define representative benchmark scenarios
Dec 2017: concluding discussions in LHC DM WG meeting [agendal]

Oct 2018: Release of LHC DM WG whitepaper [Phys.Dark Univ. 27 (2020) 100351]
Mar 2019: Publication of first ATLAS DM summary paper [JHEP 05 (2019) 142]

* Comprehensive set of 36 fb* results interpreted (amongst others) in 2ZHDM+a
June 2023: Publication of ATLAS 2HDM+a summary paper [arXiv:2306.00641, acc. by Science Bulletin]
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https://indico.cern.ch/event/563066/timetable/#b-225853-improvements-to-simpl
https://indico.cern.ch/event/590262/timetable/
https://arxiv.org/abs/1701.07427
https://indico.cern.ch/event/678491/
https://indico.cern.ch/event/646857/
https://indico.cern.ch/event/682235/timetable/#b-276494-scalar-sector-conclus
https://arxiv.org/abs/1810.09420
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-32/
https://arxiv.org/abs/2306.00641

2HDM+a

Minimal, UV-complete extension of pseudo-scalar simplified models
Type-ll 2HDM in the alignment limit

14 parameters, 5 of which are varied in the different benchmark scans

Extended

(2HDM) Pseudoscalar
mediator a

Little constrained by e — ,
* Scalars: h, H, direct detection LI;]IC DarkkMat_ter Working Group: |
« Pseudoscalar: A, experiments | Phys. Dark Univ. 27 (2020) 100351 i

* Charged Higgs: H* | Bauer, Haisch, Kahlhoefer:
| JHEP05(2017) 138
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2HDM+a

Minimal, UV-complete extension of pseudo-scalar simplified models

Type-Il 2HDM in the alignment limit

14 parameters, 5 of which are varied in the different benchmark scans

DESY

-

\Z

6 new particles

Neutral Higgs bosons: A, H

Charged Higgs bosons: H*, H

Pseudoscalar mediator: a

Dark matter: x

\

J

/ 5 scanned parameters \

m,=m,=m,,, :heavy Higgs mass
m_: mediator mass

m : dark matter mass

tanf : ratio of VEVs of the two Higgs fields

\ sin® : mixing angle of the pseudoscalarSJ
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Rich collider phenomenology

= Variety of signatures with both visible and invisible decays

* Resonantly enhanced production of MET+h and MET+Z signatures

Additional Higgs bosons

Processes enhanced compared to by simplified models
- Inspires new searches, e.g. MET+tW search (ATLAS: EPJC83(2023)603, EPJC81(2021)860 )

HY X

MET+h MET+Z th H¥(tb) MET+W
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-01/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-43/

Benchmark scenarios explored in ATLAS

= Building on whitepaper recommendations

> Added new benchmark scans (green), modified one that was fully excluded ( )
Scenario Fixed parameter values Varied parameters
sinff m, |[GeV] m, [GeV] tanp
AL 0.35 — — 1.0 (my ,my)
b 0.70 - - 1.0 a4
a . — 250 -
2 5 0.70 - 250 - (m4, tan f)
a 0.35 600 - -
S, 0.70 600 - - (M, tan f)
4 2 — 600 200 1.0 <in 0
b — 1000 350 1.0
5) 0.35 1000 400 1.0 My
6 0.35 1200 — 1.0 (my,, mx)
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Example: scan in m, vs ma

= Benchmark scenario with ma = my = Mchagean @and moderate a-A mixing [LHC DM WG recommendation]

DESY

2HDM+a, Dirac DM, sin6 = 0.35, tanf3 = 1, m = 10 GeV, g = 1, m, =my=my

ATLAS Preliminary

Vs=13TeV, 36.1 - 139 fb™

PV
I'/m>20%

-
------

Limits at 95% CL

Observed
Expected

-----------

------

T 200 300
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m, [GeV]

— ET™*+h(bb), 139 fb’

JHE!’ 11 (2021) 209
E™*+h(tt), 139 b
HDBS-2018-50
ET*+h(yy), 139 fb’!
JHEP 10 (2021) 13
ETS4Z(Il), 139 fb'!
PLB 829 (2022) 137066
ET**+Z(qg), 36.1 fb”
JHEP 10 (2018) 180
ET*+Wt, 139 fb™!
arXiv:2211.13138

ET%4j, 139 fbo!

PRD 103 (2021) 112006

Htb, 139 fb"

JHEP 06 (2021) 145

tif, 139 b’

arXiv:i2211.01136

h—invisible, 139 fb™

arxiv:2301.10731

— Combination
ET°+h(bB), ET**+Z(Il), Htb

arxiv:2306.00641
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-64/

Example: scan in m, vS ma arXiv:2306.00641
Benchmark scenario with ma = my = Mchagesn @aNd Moderate a-A mixing [LHC DM WG recommendation]

2HDM+a, Dirac DM, sin6 = 0.35, tanf3 = 1, m = 10 GeV, g = 1, m, =my=my

~ T I T Efeh(ob), 139 fo!

O o i JHEP 11 (2021) 209

(D 1800l  ATLAS Preliminary ] ET**+h(tt), 139 fb

< | Vs=13TeV,36.1-139 b Limits at 95% CL HDBS-2018-50

= — Observed ET**+h(yy), 139 fb™
Merged 1600 Expected JHTEP 10 (2021) 13

h—invisible, 139 fb™

. arxiv:2301.10731

800
Low Er(miss) ﬁ_eQS;Ived i
"""""" N 6007

400k ]
200__..,.-‘."'|"..'...|....|....|....|....|...._
100 200 300 400 500 600 700 800

m, [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-64/

Example: scan in m, vs ma arXiv:2306.00641
= Benchmark scenario with ma = my = Mchagean @and moderate a-A mixing [LHC DM WG recommendation]

2HDM+a, Dirac DM, sin6 = 0.35, tanf3 = 1, mx =10 GeV, gx =1, m, =my=my

= 2000 Ty EP+h(b6), 139 fo
> WAL ° ] JHEP 11 (2021) 209
O. 1800 ATLAS Preliminary ] ET**+h(tt), 139 fb
< Vs=13TeV, 36.1 - 139 fo! Limits at 95% CL HDBS-2018-50
€ 1600 .. —  Observed 1 EF**+h(yy), 139 b
------ _ - Expected JHEP 10 (2021) 13

— ET*54Z(Il), 139 fb"
PLB 829 (2022) 137066
— EM™4Z(qq), 36.1 fb’
—_ JHEP 10 (2018) 180
ET*+Wt, 139 fb™!
a arXivi2211.13138
— E'"°4j, 139 fb”
PRD 103 (2021) 112006

— h—invisible, 139 fb™!

arxiv:2301.10731

-
------

PN T S TR TN [N T S S T AT TN TN N TN A S
400 500 600 700 800

2005. ) ‘.--,"'|"-.‘ M
100 200 300

m, [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-64/

Example: scan in m, vs mau arXiv:2306.00641
= Benchmark scenario with ma = my = Mchagean @and moderate a-A mixing [LHC DM WG recommendation]

2HDM+a, Dirac DM, sin6 = 0.35, tanf3 = 1, m = 10 GeV, g = 1, m, =my=my

~ T ——]  — E™°th(bb), 139 fb’
[0)) ’ E JHE!’ 11 (2021) 209

A 1800 ATLAS Preliminary J ET**+h(tt), 139 fb
< ; Vs=13TeV, 36.1 - 139 fb’! Limits at 95% CL ] HDBS-2018-50

S

— Observed ET*+h(yy), 139 fb’!
Expected JHEP 10 (2021) 13

— EPsyz(I), 139" Constraints from

| Emegm a6 1 S€arches not specifically
_: JH.II;P10(2018)18’0 - targetlng DM
ET*+Wt, 139 fb™!
_ arXivi2211.13138
— EM%4j 139 b’
PRD 103 (2021) 112006
e Htb, 139 fb

UL, ".-'--""“" """ . JHEP 06 (2021) 145

— titf, 139 fb™*

arXiv:i2211.01136

— h—invisible, 139 fb™!

arxiv:2301.10731

T T T T T LA B
.. .......................... I'/m > 20%

200F, | | - : A S P B B
100 200 300 400 500 600 700 800
m, [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-64/

Example: scan in m, vs mau arXiv:2306.00641
= Benchmark scenario with ma = my = Mchagean @and moderate a-A mixing [LHC DM WG recommendation]

2HDM+a, Dirac DM, sin6 = 0.35, tanf3 = 1, m = 10 GeV, g = 1, m, =my=my

— 2000 T ] |—Emiss+h(b5),1391b'1 |
% -. ........................ I/m > 20% ] JHEP11 (2021) 208
O. 1800Ff  ATLAS Preliminary . Er +h(tr), 139 fb”
< Vs=13TeV, 36.1 - 139 fb’* Limits at 95% CL ] HDBS-2018-50
£ — Observed 1 ET**+h(yy), 139 fb"! Statistical combination
.- Expected JHEP 10 (2021) 13

— ET4Z(Il), 139 fb"

PLB 829 (2022) 137066

— EM™4Z(qq), 36.1 fb’

=] JHEP 10 (2018) 180
EMSS4 Wi, 139 fb”
] arXiv:2211.13138

— E'"°4j, 139 fb”

T PRD 1 2021) 112 .
s 1o Most comprehenswe
. JHEP 06 (2021) 145 Set Of ConStralntS On

— i, 139 fb” the 2HDM+a to date!

arXiv:i2211.01136

crrreerermees| — hosinvisible, 139 b

arxiv:2301.10731

-------
---l-------'_ -------
-----------

---------------------

2008 . T — Combination
400 500 600 700 800 ET*+h(bb), E7+Z(Il), H'tb

100 200 300
m, [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-64/

Improvements compared to 36 ifb resulit

= Significant improvement of parameter space coverage thanks to:

2000

JHEP 05 (2019) 142

» Improved analysis techniques

« Additional searches

1800

m, [GeV]

1600

1400

1200

Vs-=13 TeV,.36.1fb"

] —EF==z(l)

.
r/m, >20% ]
1 PLB776(2017)318

2HDM+a, Dirac DM

— Observed m,=10GeV, g =1
- Expected sind = 0.35, tanf = 1

=—E"4 h(bb)
PRL 119 (2017) 181804

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

—E*+Z(q0)
JHEP 10 (2018) 180

1 =h(inv) fs=7.8 Tev;4.7,203 1t
JHEP 11 (2015) 206,

DESY

2HDM+a, Dirac DM, sin6 = 0.35, tanp = 1, m =10 GeV, g =1m=m=m,

arxiv:2306.00641

% 2000 j__'___'___'___"A_'___'__'_'_-_“,_”-_,_5..-.--F./m.>.2.0°/.°, T -:
O, 1800 ATLAS Preliminar E

< FVs=13TeV, 36113910 | Limits at 95% CL ]
€ 1600~ - — Observed 1

..........

IR

Expected

----------
.

...........................
......
~ o
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m, [GeV]

— EP"°+h(bb), 139 fb’!
JHEF’ 11 (2021) 209
ET**+h(tt), 139 b
HDBS-2018-50
ET+h(yy), 139 fo'!
JHEP 10 (2021) 13

— ETss,Z(1l), 139 fbo'!
PLB 829 (2022) 137066

— EM*47(qg), 36.1 fb”!
JHEP 10 (2018) 180
ETS1Wt, 139 fb™!
arXiv:2211.13138

— E'4j, 139 fb™!

PRD 103 (2021) 112006
Htb, 139 fb™!
JHEP 06 (2021) 145

— fftf, 139 fo'!
arXivi2211.01136

— h—sinvisible, 139 fb™!
arxiv:2301.10731

—_ Combination_
ET+h(0bb), ET**+Z(Il), Htb
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-64/

Example: scan in m, vs tanf3

= The “2HDM"-type scan

2HDM+a, Dirac DM, sin8 = 0.35, m = 10 GeV, gx =1, m =my=m, = 600 GeV

tan B

Vs = 13 TeV, 139

10

a
n
| ]
.
.

Ll mas | L

lgm = %

T T I-*- T T T L' 2 T T T T | T T T T
- *
S )y
L4

Limits at 95% CL

Observed :'
Expected =

L
&~
L4
»
L4

»

L]

BT,

L 4

E 3
L]

I'/m > 20%
PR T S O T

®

48

PR T B T | PR T Tl LA N W
100 150 200 250

DESY

400 450 500
m, [GeV]

L ol
350

— ET"*+h(bb), 139 fo’’
JHEP 11 (2021) 209

ET*+h(yy), 139 fb”

JHEP 10 (2021) 13

— EM=4Z(11), 139 fb”
PLB 829 (2022) 137066
EM1tW, 139 fb!
arXiv:2211.13138

— EM4j, 139 fb!
PRD 103 (2021) 112006

tbH*(tb), 139 fb"!

JHEP 06 (2021) 145
— {itf, 139 fb™
arXiv:2211.01136
— h—invisible, 139 b
arxiv:2301.10731
— Combination
E7 +h(bb), E7"*+Z(ll), tbH"(tb)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-64/

Additional constraints from A/H - ttbar interference search arxiv:2404.18986

= Leading expected exclusion at high mediator mass, observed exclusion weaker due to downward fluctuation
= Special 2HDM+a UFO created to allow for interference modelling in 2ZHDM+a (at LO in QCD)
= Result based on LO cross-sections because no NLO calculation available for case with a-A mixing

* NLO cross-section roughly factor 2 larger!

o« 4.0 I T I T T T I 2HDM+a, Dirac DM, sin6 = 0.35,m =10 GeV, g = 1, m, = m, = m,, = 600 GeV
G Dirac DM, sin® = 0.35 ATLAS Preliminary I i R o e — E™h(bb), 139 fb!
B 35 my =1GeV =1 -1 _ c ‘A JHEP 11 (2021) 209
- X = Oy = v/s=13TeV, 140 fb I e 13 Tevtio ET*“+h(yy), 139 fo
Mp =My =My, = 600 GeV SHDM 10 H Limits at 95% CL - JHEP 10 (2021}13
30l +a i i — Observed « ] — EP4+Z(ll), 139 fo'!
. Expected = PLB 829 (2022) 137066
Observed exclusion Iy ET'SS4+tW, 139 fbo'!
o5k . | . anXiv:2211.13138
Expected exclusion — ET554j, 139 o
(i1 o and iz(f) PRD 103 (2021) 112006
tbH(tb), 139 b
JHEP 06 (2021) 145
— {ftf, 139 fb’

DESY
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arXiv:2211.01136

— h—invisible, 139 fb™

arxiv:2301.10731

— Combination
Efl'_"ss+h(bl5)a E_T_"SS+Z(||), thi(tb)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-25/

tan

Example: scan in m, vs tanf3

arxiv:2306.00641

= Choice of sin@ - changes relative importance of searches, in particular MET+j and MET+tW

sinB = 0.35

2HDM+a, Dirac DM, sin6 = 0.35, m =10 GeV, g,= 1,m, =m,=m, =600 GeV

10

T e T T

Vs = 13 TeV, 139

)
.
[}
"
.

.

as®

e ssmmm®

Limits at 95% CL
Observed :'
Expected =

-t !TI!...
‘e

T — ET™+h(bb), 139 fb”

JHEP 11 (2021) 209

ET%+h(yy), 139 fb”

] JHEP 10 (2021) 13

— ET4Z(Il), 139 fb'!
PLB 829 (2022) 137066
ET+tW, 139 fo'!
arXiv:2211.13138

— EM54j, 139 fb”

PRD 103 (2021) 112006

tbH*(tb), 139 fb™

JHEP 06 (2021) 145

— fitf, 139 fb’*

arXiv:2211.01136

S — hosinvisible, 139 o

arxiv:2301.10731

tan 3

4
o~
L4
»
L4

»

— Combination

.“;'ssm(bB) m'ss +Z(Il), toH

F/m > 20%

100

DESY

150 200. 250 300 350 400 450 500

m, [GeV]
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2HDM+a, Dirac DM, sin6 = 0.7, m, =10GeV,g =1, m, =

sin@ = 0.7

ATLAS
10

Vs =13 TeV, 139 fo! "

“Limits at 95% CL
Observed
Expected

P e
150

100

P 0 P S [ SO T U A W WA A O U Y W G W P O B T
200 250 300 350 400 450 500

m, [GeV]

=m, =m,, = 600 GeV

— ET**1+h(bb), 139 fb"

JHEP 11 (2021) 209
mISS

Er " +h(yy),

JHEP 10 (2021) 13

— EMs4Z(Il), 139 fb”
PLB 829 (2022) 137066
EMS4tW, 139 fo
arXiv:2211.13138

— EMS4, 139 fb!

PRD 103 (2021) 112006

tbH*(tb), 139 fb™

JHEP 06 (2021) 145
— tfff, 139 fb™
arXiv:2211.01136
== Combination
m'ss +h(bb), m'SS+Z(||) tbH*(tb)

139 fb’
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-64/

Relevance of a-A mixing angle

> Variations of sin@ change relative importance of MET- and non-MET-signatures

- Frrrrrrrrrrrrrr e e e e miss = -1
g - ATLAS 2HDM+a, Dirac DM § T Er +hibb), 139
£ - Vs =13 TeV, 36.1-139 fb™ ’ ] JHEP 11 (2021) 209
bﬁ - ’ ' m, = 10 GeV, g = 1 _ E?'SS_,_h(yy), 139 fb!
B Limits at 95% CL m. = 200 GeV * J mer 10 (2021) 13
— QObserved @ _Emlss+Z(”), 139 fb1

B B 3 T
My=My=Mg = 600 GeV PLB 829 (2022) 137066
tan f =1

—ET*1Z(qq), 36.1 fb"
JHEP 10 (2018) 180

ET°+Wt, 139 fb”

arXivi2211.13138
—ET'4j, 139 fo”

PRD 103 (2021) 112006

tbH(tb), 139 b

JHEP 06 (2021) 145

— Combination
ET"*+h(bb), ET'**+2(Il), toH*(tb)

10 -- Expected
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o/ Gtheory

Scan in the DM mass

arxiv:2306.00641

Small change in benchmark definition between preliminary and final full-Run-2 results

Scenario from whitepaper fully excluded based on full-Run-2 tbH(tb) search alone!

Underlines relevance of non-DM searches in these less simplified models!

ATLAS CONF-2021- 036

8
107 g " TJATLAS Prelmnary:
107 o ifVs=13TeV, 36.1- 139fb‘
3 { i 2HDM<a, Dirac DM
106 \ £ ] n:lA =my= mH: = GOOGeV
i4fsin6=0.35,g =1 {:
105 i m, = 250 Ge {4
10*
10% Y e '_I'ﬁér_m_aﬁ Relic Qh2=0.12"
102 P
—
10
1 I | o . | . O
o Limits at 95% CL
10 — Observed
5 . H A i Expected
10 50 100 150 200 250 300 350 400 450
m, [GeV]

DESY

10*

Thermal Relic Density

—ET"**+bb, 36.1 fb
EPJC 78 (2018) 18

—Er*+Z(qq), 36.1 b’

JHEP 10 (2018) 180

EMS+h(yy), 139 fo'!

arXiv: 2104.13240

—ET=51.Z(1l), 139 fb”

ATLAS-CONF-2021-029

H*tb, 139 fo™!
JHEP 06 (2021) 145

—E™+h(0bB), 139 fb!
ATLAS-CONF-2021-006

— Combination
ET™*+h(bb), ET™°+Z(1l)

—relic density

o/ Gtheory

10°
10°
10
10°
10?

10
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S
- ATLAS ,_Dira
_E\(_-13TeV 139fb1 My = My =M, = 1 TeV

E \_ sin®=0.35tanp=1,g =1
L m, = 400 GeV

----------------
-

-------------------

“~.—10°

E i -- Expected

50 100 150 200 250 300 350 400 450

6/ctheory=1 ?E
Limits at 95% CL ~ __|
— Observed =
m, [GeV]

—E+h(bb), 139 b
JHEP 11 (2021) 209

—EP*+Z(1l), 139 fo'!
PLB 829 (2022) 137066

=
Relic Density

tbH"(tb), 139 fo
JHEP 06 (2021) 145

10

~—{itf, 139 fb’’
arXiv:2211.01136
102 _—
==Combination
ET*™+h(bb), ET™*+Z(Il), toH(tb)
—--Expected Relic Density
107
10°
10°
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-64/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-036/fig_12.png

New benchmark scan in m, and m, arXiv:2306.00641

First explored in ATLAS Run-2 summary paper, based on [arxiv:2202.12631] and discussions in LHC DM WG
Searches for SM Higgs decaying to 4 fermions via aa constrain previously unprobed region of 2HDM+a

Complementarity to h(inv) and MET+h(bb) searches

2HDM+a, Dirac DM, sin6 = 0.35, tanf = 1, g,= 1, m,=my=m, = 1.2 TeV

o 5 T 11T ’ i / - T _“‘*\\ JHEP 11 (2021) 209
G 10°HF ATLAS Preliminary h—invisible, 139 b’
ed. 1 y ] P
i E _8TeV 20.3 fb-1 arxiv:2301.10731 ;
£ fs=13TeV,36.1-139fp+] ~ — h—aa—putt, 20310
A PRD 92 (2015) 052002

h—aa—ppuy, 36.1 fo’!

f X T JHEP 06 (2018) 166
/ i L - — h—aa—ppuy, 139 b’

JHEP 03 (2022) 041

h—aa—bbbb, 36.1 fbo

R ¢ JHEP 10 (2018) 031
“ f'/x — h—saa—sbbpy, 139 fo'
9 a \< PRD 105 (2022) 012006
3 10 — Observed Relic Q h®=0.12
f'/x 5
1 O s AR ]
10 102 10°
m, [GeV]
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https://arxiv.org/abs/2202.12631
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-64/

New benchmark scan in m, and m, arXiv:2306.00641

= Some currently unexplored regions...

gg —» a/A - ttbar

s ATLAS Simulation ]
- \s=8TeV, 20.3 o -

Parton level; before selection_:
m, = 500 GeV, tanf = 0.68

=

2HDM+a, Dirac DM, sin6 = 0.35, tanf = 1, g,= 1, m,=my=m, = 1.2 TeV

05 +h(bb), 139 b

JHEP 11 (2021) 209
— . T -1

ATLAS Preliminary 4 ] h—invisible, 139 fb

arxiv:2301.10731 —2F
LY v {s = 8 TeV, 20.3 fo! : o 00,3 b )
fs-13Tev,36.1-139fp+] ~ — h—aa—uut, 20.3 1o BN

NN T U T A N N TN TN S U N TN N NN U U U N U N
PRD 92 (2015) 052002 300 400 500 600 700 800
— h—aa—-uuuy, 36.1 b m, [GeV]

JHEP 06 (2018) 166

— h—aa—ppuy, 139 b’

JHEP 03 (2022) 041

h—aa—bbbb, 36.1 fbo

JHEP 10 (2018) 031

— h—aa—bbpuy, 139 fo
PRD 105 (2022) 012006

— Observed Relic Qh? = 0.12

LITIS 2oL i L) DSTITAST SELITTieT: L. AL RLE DETSTrlS T AT S AL Bl O 0 2

Events / 10 GeV

m, [GeV]

10° 0
 J/Psi and Y resonances
* Constraints from BaBar

and LHCDb?

105

Bt PPl bbb i 1. [l FF iy 2 i Aot ) Ly
10 10? 10°
m, [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-64/

Summary

Comprehensive set of ATLAS searches on full Run 2 dataset interpreted in 2ZHDM+a

* Including searches that are not specifically targeting DM
* Statistical combination of three most sensitive searches
* Most comprehensive constraints on 2ZHDM+a to date

Updates compared to whitepaper:

* New benchmark scenarios exploring previously uncovered regions of parameter space
* Updated one fully excluded benchmark

Pseudoscalar

Extended mediator a

(2HDM)
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New directions

> Within the 2HDM+a

* Loosening current assumptions?

— Drop mass degeneracy: ma =/= my —» new decays, e.g. A - ZH [arxiv:2404.05704]

— Different Yukawa coupling type, e.g. type-I to lift flavour constraints (lower bounds on man)
[arxiv:2404.05704]

— Move away from alignment limit - di-boson signatures
* Comparison to direct and indirect detection results?

> Beyond the 2ZHDM+a

* Uncovered signatures in other extended Higgs models?

- E.g. 2HDM+scalar or other?
* LLP signatures in extended Higgs models?

- E.g. [arxiv:2302.02735]
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Extra Material



Additional constraints from gg - A/H - ttbar search arxiv:2404.18986

= Signal process interferes strongly with SM ttbar background
= Interference pattern highly model-dependent
= Search interpreted in terms of single A or single H as well as 2HDM, hMSSM, 2HDM+a
= Special 2ZHDM+a UFO created to allow for interference modelling in 2HDM+a (at LO in QCD)
m_4.0 T T T T T T T
§ Dirac DM, sin6 =0.35 ATLAS Preliminary PhD thesis Y. Chen + LHCDMWG
3.5 my=1GeV, g, =1 \/§=13TeV,14Ofb_1 g %S L A B BN i
Map =My =My+ = 600 GeV Q) 3000__ il-l 1 ]
30l 2HDM-+a i = C ML Vs=8TeV, 20.3fb" i
D N m,=600GeV, tanB=0.4, sinb=1/V2 ]
Observed exclusion g 2000 L EEt E=] a->ft+Interfx4, m ~100GeV ]
251 Expected exclusion Lﬁ C [ ] Aa->tt+Interf, m =100GeV ]
=== - == a->ft+Interfx4, m_=225GeV
(+10 and +20) 1000~ 5 [ ] Aa->ti+Interf, m =225GeV
2.0F - I a->ft+Interfx4, m_=350GeV
0 ;\ > . [__] Aa->tt+Interf, m =350GeV |
C i “a->ti+Interfx4, m =475GeV ]
C Aa->tt+Interf, m_=475GeV ]
-1 000_— ‘ T a->ft+Interfx4, m_=600GeV ]
5 HILE,—_ Aa->tt+Interf, m_=600GeV ]
—2000= L Ly
0.5 | | . | . | | | 300 400 500 600 700 800 900 1000
100 150 200 250 300 350 400 450 500 sarton
m, [GeV] mg  [GeV]
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https://indico.cern.ch/event/682235/contributions/2825895/attachments/1577015/2490567/DMWG_181217_AHToTTbar_KBehr.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-25/

Signature: MET+h(bb) [HEP 11 (2021) 209)]

> Higgs boson recoiling against large MET

Signature predicted

« MET threshold limits sensitivity to small A-a mass splittings - also in other models,

. e.g. 2HDM+Z’ :
= Search targets both gg- and bb-induced production R SRR :

= MET trigger to select events: requires MET > 150 GeV

* Two event categories: == 2 b-jets or = 3 b-jets

b
/h
_A__<// X
a\\<
X
b
gg induced bb induced
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-46/

Signature: MET+h(bb)

= Both categories divided into MET bins to obtain orthogonal signal regions

= Higgs decay reconstructed as single large-radius jet for MET > 500 GeV

[JHEP 11 (2021) 209]

Merged

= Fit my, distribution in each signal region Higgs

Low Er(miss) Resolved High Er(miss)

.......... £ Higgs Teemssssssssse-
> K T l T T ] I T T L] ] T T I T T T I T ] T T T I T T T I T T T I T T T I | T L] I T T T > T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T
Q | ATLAS - —e— Data Single top O 1025— ATLAS —e— Data vV =
G [ s=13TeV,139fb B0 SMVh [0 Z+HF ] O) F \/5=13TeV,139fb" =3 z+HF == sMvh ]
© 80f (S)_'%“at‘gr?i%'%r_‘ta W @ Others - > [ Osign?' ng'gf: W+HF [ Others
~ [ E?isps e [500’358) Gey I WiHE S\ Background Uncerlalnty < 10 ::_.fp on =5 b-ag [ tf' NN\ Background Uncertainty -
2 I Ot | g F ® I Single top
g 60+ Mono-h 2HDM+a . L L Mono-h 2HDM+a R
> i (mp,ma) = (1000,150) GeV i 1k (ma,ma) = (1000,150) GeV -
w =" tanp = 10, Ggignl = 62.7 b (x10) g =7 tanp = 10, Ogign = 62.7 fo E

N
o

1 .

N
o

= 1.5F "":W-'-ufu+,::: )

n s ¢ R 3 =

EO;W MAERANR: E s I

S 60 80 100 120 140 160 180 200 220 240 260 280 30987200 " 300 400

Mpp, [GeV]

500 600 700 800
EMiSS [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-46/

Signature: invisible Higgs boson decays

Processes h —» aa — xxand h - axx — Xxx

Different Higgs production modes:

Vector-boson fusion (VBF) Higgs strahlung (Zh) Top-quark associated (tth)
g g
X
t, < X
t _————
t X
X
g
VBF + photon Gluon fusion
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Signature: invisible Higgs boson decays

arXiv:2301.10731

> Includes LHC Run 2 results targeting invisible Higgs decays in all relevant production modes

— VBF+MET, Z(t)+MET, tt+MET, VBF+y+MET, jet+MET

> Additonally: results on at Vs = 7 and 8 TeV data included in previous Run-1 combination

E 1 - | | | | —

1 09F ATLAS — Observed  —
% 0.8 = fs=7Tev, 476" ... Expected
o T E Vs =8TeV,20.3fb' ERS =
E 07F Vs = 13 TeV, 139 fb' [ Jt2 E
s 0.6F E
% -
2 0.5 E
o 04 =
o -
(o)} -

O . 2 ;_ -
0.1 RS veveeees ==
0 - — [ . | - | ye | - | S [ S | S
\¥ o 8 W 2 . . .
\x?« ¢ x P20 x@’\ x?/\ 00((\ QO((\ 00((\
&) x A < 2 A Q
N %Q A I© Q Q AX
N % Q‘\) Q‘\) ?\\)(\

DESY.

BR(h - inv) < 0.107 (0.077+0:030
at 95% CL

—0.022)

Latest CMS constraint:

! BR(h-inv) < 0.16 at 95% CL

: [Nature 607, 60-68 (2022)]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-05/

s-channel mediators

Aim to detect invisible decays of the mediator to DM - missing transverse momentum (MET)

Problem: Need a hard object to trigger on the event

Solution: initial-state radiation (ISR)

. 9

q,9 X

mediator

q,9 X

DESY.

Signhatures
MET+jet
MET+photon

MET+W/Z
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A classic DM candidate event

> METH+jet signature
> ATLAS, 2017

ATLAS ...

Event: 2546139368

EXPERIMENT  2017-10-05 10:36:30 cEsT
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2HDM+a signature: MET+h(bb)

= Limits derived separately for gg- and bb-induced production

= Production from bb relevant at larger values of tan3

= Significant sensitivity improvement compared to earlier result on partial Run 2 dataset (36 fb?)

DESY

I|IllllII|III|l|||IIIIIIIIIIIlIlIlIIIIIII‘

S L i Observed Limit
" > 20% = = =« Expected Limit
N £1 0,
£2 Gy
arXiv:1903.01400

ATLAS

Vs=13TeV, 139 fb”
h(bb) + E:'SS

All limits at 95% CL

) 2HDM+

T ggF production, tanp = _1J
___________ Sing =0.35, M =10 Ge
g=1m=my=mg

-
T

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

m, [GeV]

[JHEP 11 (2021) 209]

1 200 T T T T I T T T T I T T T T T T T T | T T T T | T T T T
— Observed Limit
1000 = ==+ Expected Limit
I 10,
12
800 O
ATLAS

600

400

200

|- 1 | | -

/s=13TeV, 139 fb’
h(bb) + ET**

All limits &t 95% CL
2HDM+3

bbA production, tanf} = 10

Sind = 0.3, m = 70 GeV

g =1m, =my=m,

I|III|III|III|III|III

100 150 200 250
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-46/

Signatures: MET+tW arXiv:2211.13138

Additional: tW+MET and tj+MET production modes in 2ZHDM+a

Representative diagrams for tW+MET signature

b

g

Not in simplified model Predicted also by simplified model
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-01/

Sighatures: MET+tW arXiv:2211.13138

= Final states with O or 1 charged lepton (electron or muon), at least one b-jet and large MET

= 11 signal regions defined based on MET and angular requirements

DESY

%105 [ ATLAS " eData = —TotalSM

> F Vs=13TeV,139fb™ it Single t 3
W . 4 i Wejets Bl Z+jets

10" E SRs - = E

3 . B Diboson [ R4 3

- Bkg.-only Post-fit mm Others .

10° F E

102 | 4

Good agreement with

10 icti
SM prediction
1
(D)
O
c [ | | | 1 1 | | | | |
g | |
L 0f
>—2 |
9 s 3 i i (5 5 8 0§ F 0§ E
o o o i o s, 8., 8., 8. 8 | QIIE
— 2 e 2 Bz :r Er Er Bz O
VY o o o o
) 7))} %) N %) s
MET+tW OL I\/IEVT W 1L
+
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-01/

Collider production of dark matter

|

collider production

.
= Potentially sensitive to nature of DM-SM SM DM S
interaction =
o
&
QO
©
= Caveat: can only detect DM indirectly via ©
missing transverse momentum (MET) 2
SM_ pmV ©

Transverse momentum indirect detection

conservation:
p miss — _ Zp visible
T T
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