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#Why?

[SM + Pseudoscalar mediator + Dark Matter (singlet fermion)]

. _ ) _
JCpseudoscal:aur — 1G9y ¢aX75X — 19q \/_% Z Yqqys54
q

Motivated by:

® Null results in spin-independent DM Direct Detection searches

® Hints of DM in indirect detection (galactic center excess)



#Why?

[SM + Pseudoscalar mediator + Dark Matter (singlet fermion)]

. _ ) _
Epseudoscalar — 1G9y ¢aX75X — 19q \7(; Z Yqqys54
q

:

NOT Gauge Invariant!




#Why?

[ZHDM + singlet Pseudoscalar mediator + Dark Matter (singlet fermion)]

Minimal renormalizable (gauge invariant) realization



#Model Overview

[ZHDM + singlet Pseudoscalar mediator + Dark Matter (singlet fermion)]

Originally introduced by Ipek, McKeen, Nelson

Ipek, McKeen, Nelson, PRD 90 (2014), 055021

---------
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Singlet-doublet pseudoscalar mixing
Liark = yxt’loi’i’)’5X ao AO > a A



#Model Overview

[ZHDM + singlet Pseudoscalar mediator + Dark Matter (singlet fermion)]

,'— ---------------------------------------- N 2 A
VorDM = ] |H1|2 + 15 |H2‘2 - [M%z HIHQ +h.c.] V, = Ha ag <+ Ia a?j + (if{agHin —I—h.c.)
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% More Higgses, more fun!

@

Ax'x Courtesy: PhD Comics
New (resonant) processes

JMN, PRD 93 (2016), 031701
Goncalves, Machado, JMN, PRD 95 (2017), 055027
Bauer, Haisch, Kahlhoefer, JHEP 05 (2017), 138
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#Model Overview

[ZHDM + singlet Pseudoscalar mediator + Dark Matter (singlet fermion)]

Variom = p3 |Hi|* + p3 | Ha|* — [N%z HIHQ + h-C-}
A A
+ 5 '+ 5 [Hof* + s [H | Hy?

2 1 2
Laark = Yy @0 X7’ X

New (resonant) processes

JMN, PRD 93 (2016), 031701
Goncalves, Machado, JMN, PRD 95 (2017), 055027
Bauer, Haisch, Kahlhoefer, JHEP 05 (2017), 138
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a,g + aé + (z’ ﬁ:agH‘LHg + h.c.)

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

Complete model

Ao = (Nary + Aam, 15)/(1413)

(will be relevant later...)



#LHC Status

(v, My, Ma, My, Mys, My, my )
Multi-parameter scenario ﬁ cos(8 — ), tan 3, sin 6, > 12 free (+ 1)
\ y)(a A3: Apla APQ /

How to efficiently navigate it?



mg-my [GeV]

#LHC Status

v, Mha MA: MHJ MHia Ma: mey
Multi-parameter scenario cos(f — a), tan 3, sin 6, 12 free (+ 1)

Yys A35 AP1, AP,

How to efficiently navigate it?

® Multidimensional scan

Robens, Symmetry 12 (2021) 12, 2341
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#LHC Status

v, My, Ma, Mg, Mg+, M,, My

Multi-parameter scenario

How to efficiently navigate it?

® Multidimensional scan

Robens, Symmetry 12 (2021) 12, 2341

forbidden by STU
1} forbidden by widths
allowed
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0 200 400 600 800

cos(f — a), tan 3, sin 6,

tan B

12 free (+ 1)

Yys A35 AP1, AP,

(Type I 2HDM can be very different!)

I \

] ]

] ]

. Type I 2HDM only! :

L} '
I '." I I forbidclz'en after HB/ HS -«
0L K Jorbidden after HB (direct searches) .
' allowed after HB/ HS ~ ®




#LHC Status

(v, My, Ma, My, Mys, My, my )
Multi-parameter scenario < cos(8 — ), tan 3, sin 6, > 12 free (+ 1)
\ Yy A3: API: )\Pg y,

How to efficiently navigate it?

® Signature-based analysis (requires fixing parameters)

Courtesy: VectorStock



#LHC Status

( v, Mh, MA, MH, MHi, Ma, mey )
Multi-parameter scenario 4 cos(f8 — ), tan 3, sin 6, > 12 free (+ 1)

® Signature-based analysis (requires fixing parameters)

\ yx: )\3: APl, Apz y

How to efficiently navigate it?

Courtesy: VectorStock




#LHC Status

Multi-parameter scenario

{

(v, My, Ma, Mg, Mg+, M,, m, )
cos(f — a), tan 3, sin 6,

0

\ yx: )\3: Apl, APQ /

How to efficiently navigate it?

® Signature-based analysis (requires fixing parameters)

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

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

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

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

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

12 free (+ 1)




#LHC Status The2HDMa @ 2024

: exploration of two m,—tan 8 planes.

Scenario 4:
Scenario 5;:

Scenario 6:

-
2HDM+a, Dirac DM, sin6 = 0.35, tanf =1, m =10 GeV, gx 1,m, =my=my
2000 g1 e
s I/m > 20% ]
1800—'. ATLAS _-
1 Vs =13 TeV, 36.1 - 139 fb’* Limits at 95% CL ]
—  Observed
Expected ]
310 0] TR T T ek 8
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variation of the DM mass m, .

exploration of a m,—m, plane.

ETS+h(tr), 139 fb
arXiv:2305.12938
ET*+h(yy), 139 fb”!
JHEP 10 (2021) 13

— ET*+Z(qg), 36.1 fb™
JHEP 10 (2018) 180
ET4tW, 139 fo
arXiv:2211.13138

— EM54 139 b

PRD 103 (2021) 112006

— fitf, 139 fb

arXiv:2211.01136

— h—invisible, 139 fb™
arxiv:2301.10731

— Combination
ET"**+h(bb), ET*+Z(1l), tbH"(tb)

variation of the mixing parameter sin 6.

[ R

ATLAS, 2306.00641

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

4 2HDM+a, Dirac DM, sinf = 0.35, m, = 10 GeV, g= 1, m, =my=my = 600 GeV
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ET**+tW, 139 fb!

arXiv:2211.13138
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toH*(tb), 139 fb!

JHEP 06 (2021) 145

— {ftt, 139 fb

arXiv:2211.01136

— h—invisible, 139 fo™

arxiv:2301.10731

== Combination

ET™ +h(bb),

ET*4+Z(1l), tbH(tb)
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#LHC Status




#LHC Status

Courtesy: Imgflip




#LHC Status Roadmap for LHC Run3?

2HDM+a, Dirac DM, sin@ = 0.35, tanB=1,mI=1D l:?we\.p',gx:1,mﬂ=mﬂ=mHi
— 2000gr—T——T .L-v-v--v——‘ ET+h(tr), 139 fo”

:ﬁ; . l l_!frl:l >. 2'0’°/Ia i arXiv:2305.12938
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1600E ‘., .. Expected ] HEP 10 (2018) 180
| ' ET**+tW, 139 fb”
1400 ] arXiv:2211.13138
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1200 N PRD 103 {2021) 112006
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1 000 _ arXiv:2211.01136
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#LHC Status Roadmap for LHC Run3?

_________ L DL
........................ I'/m > 20%

ATLAS ]

Vs =13 TeV, 36.1 - 139 fb Limits at 95% CL
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... only exploration of low m,

2HDM+a, Dirac DM, sin6 = 0.35, tanp =1, m = 10 GeV, g = 1|, m,=my=my
T T T I T T T T I T T T L) T T I T L] T T

m, [GeV]

2HDM+a, Dirac DM, sin® = 0.35, tanP = 1, g = ,m,=my=m,=12TeV

LEB L T ] ILITTET. LTS Y T 171

ATLAS

(s=8TeV,20.3fb" :
fs=13TeV,36.1- 139 fbi!

m, [GeV]

= E/"**+h(bb), 139 fo
JHEP 11 (2021) 209

~ h—invisible, 139 fb™

arxiv:2301.10731

— h—aa—pyprr, 20.3 fb

PRD 92 (2015) 052002

— h—aa—puup, 36.1 fb™

JHEP 06 (2018) 166

— h—aa—puup, 139 fb

JHEP 03 (2022) 041

h—aa—bbbb, 36.1 fb™

JHEP 10 (2018) 031

— h—aa—bbuy, 139 fb

PRD 105 (2022) 012006
—— Observed Relic ©_h% = 0.12



#LHC Status Roadmap for LHC Run3?

ATLAS ]

Limits at 95% CL
—  Observed
Expected

2HDM+a, Dirac DM, sin6 = 0.35, tanp =1, m = 10 GeV, g = 1|, m,=my=nmy
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#LHC Status Roadmap for LHC Run3?

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

T T T T T .ll._l_‘,l- T I 1 T T L)
! A I/m > 20%

ATLAS ]

Vs=13TeV, 36.1 - 139 b Limits at 95% CL
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arXiv:2211.13138
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PRD 103 (2021) 112006
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arXiv:2211.01136
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arxiv:i2301.10731
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#LHC Status Roadmap for LHC Run3?

2HDM+a, Dirac DM, sin6 = 0.35, tanp =1, m = 10 GeV, g = 1|, m,=my=nmy
20 T L] T I T T L] T IJ..III_I_‘,I- L) I L L L} L) L) L} L] T I T T T T
By AR I'/m > 20% T

ATLAS ]

Vs=13TeV, 36.1 - 139 fb™ Limits at 95% CL
—  Observed
.-  Expected

-------------
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2HDM Type I?

Alignment limit?
- J

ET*+h(tt), 139 fo
arXiv:2305.12938
ET**+h(yy), 139 fb™
JHEP 10 (2021) 13

— ET*+Z(qq), 36.1 fb™
JHEP 10 (2018) 180
ET**+tW, 139 b
arXiv:2211.13138

— ET°4j, 139 fb!
PRD 103 (2021) 112006

- tftf, 139 o™

arXiv:2211.01136

— h—invisible, 139 fb™
arxiv:2301.10731

— Combination
ET =+h(bb), ET+Z(ll), tbH*(tb)

ATLAS-CONF-2023-052

ATLAS Preliminary
1 Kk Obs. 95% CL
Vs =13 TeV, 36.1- 139 fb ! ——- K Exp. 95% CL
_ @ k Obs. 95% CL (inc. k;)
Mp = 125.09 GeV ——+ K Exp. 95% CL (inc. k)
2HDM Type-I, My =1 TeV ——- SM-like coupling
Q 101 A} T
c
&
100}
1071

-0.4
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#LHC Status Roadmap for LHC Run3?

® Width issues for my4 > 2 TeV

For , I‘A/mAEO.Ofotﬁ
ma >0
0.3 L _
. 5, =035 K
- - sp = 0.2 S
—-. sp=0.1 L7
0.2 o
< R4 ,»”’
g e e
~ , -
< ’ "
L« L’ P
0.1} LT -
00 2000 3000 2000

ma (GeV)



#LHC Status Roadmap for LHC Run3?

@ MAa=mMmy =mpg=+"7?

10



#LHC Status Roadmap for LHC Run3?

® mp =(my =my=|?
EWPO

10



#LHC Status Roadmap for LHC Run3?

@ MpA =My =mg=+?

Abe et al, Phys. Dark. Univ. 27 (2020), 100351

Explored impact of varying (mpy ., m4)

mono—Higgs, M, =300 GeV

mono—Z, M_,= 300 GeV

O.T oo 005 = oo
06k — {700,700} GeV — {700, 700} GeV
T === (600, 700} GeV T 0.04r 1700, 600} GeV
% 0.5:‘ ' % : -
O O 4£ - {500, 700} GeV O 0.03 [ e—— {700, 500} GeV —
= U = !
i 0.3¢ 2002 T
= i S} I _:.!"
N 0.2:' 5 _ o
= I = 001 i _r_,.r-'-r'
0.1¢ : !
0.0! 0005 oree i

0

EI}HSS [G‘SV]

50 100 150 200 250 300 350

0 50 100 150 200 250 300 350

pr.z [GeV]

But no new decay channels!

10



#LHC Status Roadmap for LHC Run3?

® What if mass splittings allow for new decay channels?

Argyropoulos, Haisch, Kalaitzidou, 2404.05704

Novel collider signatures
in the|type-1|2HDM+a model

Spyros Argyropoulos,” Ulrich Haisch” and llia Kalaitzidou®

@ Physikalisches Institut, Universitit Freiburyg,

Hermann-Herder Str. 3a, 79104 Freiburg, Germany Freiburg, Germany
b Max Planck Institute for Physics,

Féhringer Ring 6, 80805 Minchen, Germany



#LHC Status Roadmap for LHC Run3?

® What if mass splittings allow for new decay channels?

Argyropoulos, Haisch, Kalaitzidou, 2404.05704

I
A oA _(/' [usual resonant]
7 . mono-h signal

3 H <™
3 oA L + A H, <~
+ - Z + -.\
+ RN +
3 z
39 + A H,’<i; 9 ¥ A HI'\
+ \ +
ya

3 - >



#LHC Status Roadmap for LHC Run3?

® What if mass splittings allow for new decay channels?

I
} A =< d [Usual resonant]
7 . mono-h signal

Argyropoulos, Haisch, Kalaitzidou, 2404.05704

3 h
New possible decays of A (into DM):
- 9 H - ®
3 oA L + A H, <~
+ - = Z + - '\
N
+ \ +
3 - 9 z
o 6 P
9 + A H, c I + A H,l\
+ - + - z
+ \ +
3 - 9 z

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

new searches!



#LHC Status Roadmap for LHC Run3?

® What if mass splittings allow for new decay channels?

Argyropoulos, Haisch, Kalaitzidou, 2404.05704

J o
A fow S usual resonant
f \ mono-Z signal
J z
New possible decays of H (into DM):
S <Z " * 3 + A o=
+HA/"‘“ E..‘) +HA, T o -
+ - -(\ : + - < * N h
' N -
9 + \ﬂ E 9 + \a J + A t"‘ o

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

new searches!



#ILHC Status Roadmap for LHC Run3?

Decays of A

mg+ = Ny, sinf = (.2

T h+ ET miss

600 ' B Z + ETmiss
]+ ETmiss

S500F ma

o f|mpb+Z

400t Ebb + ETmiss

W ZZ + ETmiss

\Z\QQE

100¢
200 300 400 500
m4 [GeV]

mg = 100 GeV, m, = 10GeV, cos(f —a) =0, tan 5 =5

Argyropoulos, Haisch, Kalaitzidou, 2404.05704

600

700

13



#ILHC Status Roadmap for LHC Run3?

Cascade decays:
preference for small Mg ~

Decays of A

mg+ = Ny, sinf = (.2

700
Wi+ ET,miss
O0OF | M Z + Ers
|+ ETmiss
500F mi
W bb+Z7
_ . bb_:t ET,miss

100¢
200 300 400 500 600 700
m, [GeV]

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

................

Argyropoulos, Haisch, Kalaitzidou, 2404.05704

13



#ILHC Status Roadmap for LHC Run3?

Decays of A
Interplay with fully visible searches my= = my, sinf = 0.2
b 700¢
9 + A HI< E Th+ ET,miss
+ - ‘\ 600F | ® Z + Ermiss
J + b | O J + ET miss

500t  ma

; | bb +Z
S 400F | 51 6b + Erpiss
g L | B ZZ + E7miss

200 300 400 500 600 700
my [GeV]



#LHC Status Roadmap for LHC Run3?

Interplay with fully visible searches

b
3 + AH’1<E

+ -.\
9 +

Z

Well-established for 2HDM
" w. sizable mass splittings!

Echoes of the Electroweak Phase Transition:
Discovering a second Higgs doublet through Ay — HyZ.

G. C. Dorsch, S. Huber, K. Mimasu and J. M. No
Department of Physics and Astronomy, University of Sussexr, BN1 9QH Brighton, United Kingdom
(Dated: May 23, 2014)

The existence of a second Higgs doublet in Nature could lead to a cosmological first order elec-

troweak phase transition and explain the origin of the matter-antimatter asymmetry in the Universe.
Wa nhtain tha onacteim and meanactine af tha naar onalare B Ax and HT that cienal cnch o nhoon

Dorsch, Huber, Mimasu, JMN, Phys. Rev. Lett. 113 (2014) 211802



my [GeV]

#LHC Status Roadmap for LHC Run3?

Interplay with fully visible searches

b
3 + AH’1<E

9 +

ATLAS CONF Note y

ATLAS ATLAS-CONF-2023-034 <7/
EXPERIMENT
25th May 2023

Search for a C P-odd Higgs boson decaying to a
= iggs boson and a Z boson in the
£*¢~tf and vvbb final states using 140 fb~! of data
collected with the ATLAS detector

TOOP = = = 1 e e
“ATLAS Preliminary s=13 TeVv, 140 ib~", gg —» A — ZH — /it

650k t 95% CL upper limit exclusion, type-1 2HDM , ]
r 3 tanp=0.5 Obs. / ]
I === Exp. !

600k == A width 25% ]
| 1 tanp=1 Obs. .a;
[ === Exp. /]

990 —— A width 25% ,.’ ]
[ 3 tanp=2 Obs. / 1
r === Exp. / ]

500 / 1
I 7/
I /

450 / -
I /

4001 5

350 L—s

500 600 700 800 900 1000 1100 1200

Well-established for 2HDM
" w. sizable mass splittings!

Echoes of the Electroweak Phase Transition:
Discovering a second Higgs doublet through Ay — HyZ.

G. C. Dorsch, S. Huber, K. Mimasu and J. M. No
Department of Physics and Astronomy, University of Sussexr, BN1 9QH Brighton, United Kingdom
(Dated: May 23, 2014)

The existence of a second Higgs doublet in Nature could lead to a cosmological first order elec-

troweak phase transition and explain the origin of the matter-antimatter asymmetry in the Universe.
Wa nhtain tha onacteim and meanactine af tha naar onalare B Ax and HT that cienal cnch o nhoon

Dorsch, Huber, Mimasu, JMN, Phys. Rev. Lett. 113 (2014) 211802

Biekotter, Heinemeyer, JMN, Radchenko,Olea, Weiglein, JHEP 01 (2024) 107

mp [GeV] ATLAS-CONF-2023-034



my [GeV]
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650

600

550

350 L

450

400

Interplay with fully visible searches

b
3 + AH’1<E

9 +

ATLAS CONF Note y

ATLAS ATLAS-CONF-2023-034 <7/
EXPERIMENT
25th May 2023

Search for a C P-odd Higgs boson decaying to a
- iggs boson and a Z boson in the
£*¢~tf and vvbb final states using 140 fb~! of data
collected with the ATLAS detector

| =1 tanB=0.5 Obs. /
I === Exp.

[ —.— A width 25%
| 1 tanp=1 Obs.

I 3 tanp=2 Obs.
500

“ATLAS Preliminary s=13 TeVv, 140 ib~", gg —» A — ZH — /it

t 95% CL upper limit exclusion, type-1 2HDM

=== Exp.
—-— A width 25%

Exp.

o m m m m =N

A-H sp.

litting very well motivated
in 2HDM: EW Baryogenesis

500 600 700 800 900 1000 1100 1
mp [GeV]

Well-established for 2HDM
" w. sizable mass splittings!

Echoes of the Electroweak Phase Transition:
Discovering a second Higgs doublet through Ay — HyZ.

G. C. Dorsch, S. Huber, K. Mimasu and J. M. No
Department of Physics and Astronomy, University of Sussexr, BN1 9QH Brighton, United Kingdom
(Dated: May 23, 2014)

The existence of a second Higgs doublet in Nature could lead to a cosmological first order elec-
troweak phase transition and explain the origin of the matter-antimatter asymmetry in the Universe.

TR chbain tha crmanteem and meamaebioe of fho noes cnalose e Ae and T fhat cienal ceh o whoon

Dorsch, Huber, Mimasu, JMN, Phys. Rev. Lett. 113 (2014) 211802

1ko,0Olea, Weiglein, JHEP 01 (2024) 107

~-------

ATLAS-CONF-2023-034
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-------------------------------------------

There is even more to it: ZHDM Typel — Ahgnment”

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

Relevant in specific regions of cg—q, tg ?

ATLAS Preliminary

Vs =13TeV, 36.1-139 fo~!

my = 125.09 GeV

2

([0 |
{1l
0w x x

2HDM Type-l, My =1 TeV
i

H ’ H <"h
A /\ 2 A S T
\“ o +

0.4
cos(B —a)
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-------------------------------------------

There is even more to it: ZHDM Typel — Ahgnment”




#ILHC Status Roadmap for LHC Run3?

New (split) benchmarks? / New searches?

[ | B Z + ETmiss

wi i3

A

mpg+ = my, sinf = (.2

B 7 + ET miss

O j + ET miss

Wmhb+7Z
bbb+ E T,miss
B ZZ + ET miss

300 400 500 600 700

my [GeV]

Argyropoulos, Haisch, Kalaitzidou, 2404.05704

H

mpgs = Mgy, sinfl = 0.2

M A+ Er miss
B Z+ Ernis
O j + ET miss
Wi+ Enm
W hh+ ET miss

100 200 300 400 500 600 700
my [GBV]

16



#BONUS: CP Violation & Baryogenesis

|‘---‘ 2 ACL o
Vonpm :#%‘H1|2+H§|H2|2_:[M%Q:HIH2+h-C-} Vo = %@3 T Iaé‘F (i’fiQOHIHQ‘Fh-C-)
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® 2HDMa can accommodate EW Baryogenesis

Huber, Mimasu, JMN, PRD 107 (2023) 07542
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® 2HDMa can accommodate EW Baryogenesis

Huber, Mimasu, JMN, PRD 107 (2023) 07542

M =400 GeV, vg = 130 GeV, Aamr, = 5 Aa, = 0.5, t5 = 3

Limits from
visible searches!

n € [noss/2, 2noBs]

________________________________________ (NO DM)

. Inclusmn of DM + improved EWBG Hy — Zay — (b

& : treatment in progress! e Ho = ayay — bbb
. 5 Gent, Huber, Mimasu, JMN, 24xX.XXXXX E
TAKE W]‘th e e e e TS AT STt Tt (A IT.AS mond 1)

BIG GRAIN | fHﬁ\—>Z ﬁ\(u Cur(rslll\tlciﬁ—&-BT\ ATLAS 13 TeV)
of SALT! - i :Z 2 4 e L
1073 Hy — ayay — 4b, HL-LHC

0 20 10 60 80 100 120 140

ma, (GeV)






	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 41
	Slide 42
	Slide 43
	Slide 46

