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The Standard Model (SM)
Explain cold dark matter (DM)

Vs = —u2dTd + A (T )2
SM=TH (@T®) - Explain new physics via

extended Higgs sector,
e.g. 95 GeV excess
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Extend SM - Two Higgs Doublet Model
with Complex Singlet (2HDMS)

Constraints:

Theoretical
(bfb, unitarity,
vacuum stability
(EVADE))

Experimental
(HiggsBounds, Planck,

LUX-ZEPLIN/XENON-1T,
Fermi-LAT)

Dark Matter (DM)

- Phenomenology
(Relic Density,

Indirect Detection,

Direct Detection)

Collider

Phenomenology
(HL-LHC,
Future Lepton Colliders)

SARAH
SPheno
micrOMEGASs

Pythia
Delphes
MadAnalysis
WHIZARD
Madgraph
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2HDMS Higgs Sector Potential

[Notation as in: Baum and Shah, arXiv: 1808.02667]

V =Vorpm+Vs

Variom = m2y @1y + m,dbds — [m2,dld, + he ]+ %(q{{q}l)z
+ %(cbgq:g)? FA3(DL 1) (DI o) + Ag(D] o) (D dr)

+ l%(qf{cbg)%h.c}

for this study:
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DM Candidate Properties:

massive
electrically neutral
colourless

stable




2HDMS Higgs Sector Potential

[Notation as in: Baum and Shah, arXiv: 1808.02667]

V =Vonpm +Vs

Varions = My 10, + mE, b0, — [mB,ol, 1 he] + 2 (0],)?
£ 22(0402)2 + 25(0]01)(@102) + Aa(@]02) (@)

+ l%(¢§¢2)2+h.c.}

for this study:
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2HDMS Higgs Sector Potential

[Notation as in: Baum and Shah, arXiv: 1808.02667]

V =Voppm + Vs
A
Vorpm = mfldﬂ% + m§2¢£¢'2 — [m§2¢§¢'2 +h.c]+ ?l(cb{cbl)Q
A
+ 72(4%%)2 +A3(P101) (D)D) + Aa (@] b2) (D] 1)

A
+ [?S(CDJ{CDQF + h.c}
for this study:
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Other Properties

number of free | 15
parameters:
DM mass: 2 = OV
"hs = Al ons lo1=(@1) @2=(2), 5=(5)

2o 2 M N 1203\ 2
=—(2m¢ +vs(?+?)+2(>\4v1 +X5v5))

Higgs sector

1 charged: H_,

particles: 1 charged GB@:zﬂll like

3 scalars: h,, h,,

1 pseudo scalar: A,

1 pseudo scalar GB: G,

1 pseudo scalar DM: A
portal VP WD VPR WD Vel VR W
couplings:




ho 02
h3 03

2HDMS Couplings: DM to Scalar (m)mmg) (p)

— . 2 2
V= V1-|-V2

v
As\ h; 54V tan(B) = v—j
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2HDMS Basis Change

Interaction Basis Parameters:

A1, A2, A3, A\gq, A5, m%Q,tanﬁ, Vs, m%’,
Ny XD, N A XY = AL L

|

Mass Basis Parameters:
Mhpy, Mhpy, Mpg, MA, mAS, my+, 5’14, 555,

~2 12 -
tanB, vs, Ch b, Chytt, (L5, mE, alignm

v=1/vi+Vs

Vo

tan ==

®)=

R11

hybb cos@

Ri2

2 1 / /

~9 m12 614 — >\4 - )\1

~ sinBcosB | |5 = Ng— N,

alignm = |sin(B— a1 —as-sgn(az))]
~1
=1 in alignment limit (couplings
of hy will be SM-like)




2HDMS Benchmark Point (BP) , P
hy | =R(a123) | p2
hs 03
, , v=1/vi+Vs
Mp, Mp, Mp, ma Mag My 14 025 Vs
95 GeV | 125.09 GeV | 900 GeV | 900 GeV 325.86 GeV 900 GeV —9.6958|0.2475 tan(B) = V_l
tan(G) Vs Chibb | Chytt a me alignm
10 [239.86GeV | 0.2096 | 0.4192 [8.128 x 10° GeV~ | —4.809 x 10*GeV* | 0.9998 * T
i cos3
R12
Chitt = m
Constraints Checked:
Higgs Bounds, ) 5 =\ —
bounded from below (bfb), G2 =— 12 ||TT e
unitarity, vacuum stability (EVADE), sinBcosB | |55 =5 — X,

Planck, LUX-ZEPLIN (LZ), Fermi-LAT,
including 95 GeV excess*

*yy channel at CMS (~2.9 ¢), bb channel at LEP (~2 o),

investigated in S. Heinemeyer, C. Li, et al, 2021, arxiv:2112.11958

alignm =|sin(B— a1 —as-sgn(az))]
~1
=1 in alignment limit (couplings
of hy will be SM-like)




Extend SM - Two Higgs Doublet Model
with Complex Singlet (2HDMS)

—

Dark Matter (DM) SSIITAH
Phenomenology SPheno
- (Relic Density, micrOMEGAs

Indirect Detection,

Direct Detection) /

Constraints:

Theoretical
(bfb, unitarity,

vacuum stability . Pythia
(EVADE)) Collider De)I/phes
Experimental Phenomenology MadAnalysis
(HiggsBounds, Planck, (HL-LHC

LUX-ZEPLIN/XENON-1T, ! . WHIZARD
Fermi-LAT) Future Lepton Colliders) Madgraph
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DM Phenomenology

Relic Density
(=amount of DM left in universe today),
constraints from Planck : Qh?=0.12

Indirect Detection Annihilation CS
(=annihilation of two DM particles),
constraints from Fermi-LAT (depends on
DM mass an annihilation channel)

Direct Detection CS

(=elastic scattering of DM on nucleon),
constraints from LUX-ZEPLIN (LZ)
depends on DM mass

\
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mi? [Gev?]

DM Phenomenology !

led

T, o T ——

- Relic Density

bfb excl.

E= unitarity excl.

=3 Planck excl.

200 300 400 500 600 700 800
ma [GeV]

dip at: mas=62.5 GeV =
mp2/2
drops for: mas > 95 GeV
= Mp1
dip at: mas =450 GeV =
Mp3/2

107t

1072

1073

Mpy, Mp, Mpy ma Mmag My~ 6’14 6’25
05GeV | 125.00GeV | 900 GeV | 900GeV | 325.86 GeV 900 GeV —9.6958 | 0.2475
tan(5) vs Chubb | Chrt @ mé alignm *L

239.86GeV | 0.2096 | 0.4192 [8.128 x 10° GeV? | —4.809 x 10%GeV~ | 0.9998

Indirect Detection

bfb excl.
E=3 unitarity excl.
=30 Fermi excl.

- 10-23

- 10727

- 10-23

- 10727

- 10-23

- 10727

200 300 400 500 600 700 800
my_[GeV]

peak at: mas = 450 GeV
= Mp3/2

some white areas: CS is
too low

Onteomw [CM3S]  Ogopeann, [cmi/s]

O [CM3fs]

&

mi? [Gev?]

mg? [Gev?]

(0]

Direct Detection

bfb excl.
E=3 unitarity excl. 3
2 LZ excl.

200 300 400 500 600 700 800
my_[GeV]

10743
10745
10747

10749

10~43
1045
10~47

1049

minimum along arched
line

very strong
constraints from LUX-
ZEPLIN (LZ)
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DM Phenomenology

mg? [GeV?]

Allowed Parameter Space

mp, mp, My, ma Ma M+ 814 &5
95GeV | 125.00GeV | 900 GeV | 900GeV | 325.86 GeV 900 GeV —9.6958 | 0.2475
tan(B) Vs Chibb | Chyrt @ me alignm *L

10 |239.86GeV | 0.2096 | 0.4192 [8.128 x 10° GeV? | —4.809 x 10%GeV? | 0.9998

2 led ]
I allowed by all constraints 2
14 bfb excl. i
E= unitarity excl. 0
0P Planck excl. b
:

LZ excl.
58 Fermi excl.

L
|N
LY
%
|1
A"
I
1
A\

1
LY
1
L
!
A

T

T T

T
400

T T T
500 600 700

ma, [GeV]

- strongest constraints from:
* bounded from below (bfb)
* unitarity

* LUX-ZEPLIN (LZ)

* Fermi-LAT

- narrow allowed band around BP
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Extend SM - Two Higgs Doublet Model
with Complex Singlet (2HDMS)

Dark Matter (DM) SSIITAH
Phenomenology SPheno
- (Relic Density, micrOMEGAs

Indirect Detection,
Direct Detection)

Constraints:

Theoretical
(bfb, unitarity,
vacuum stability
(EVADE))

—

Pythia

TR

Collider

! Delphes

(Iil)_(peglmgnil:,?l K Phenomenology MadAnalysis
iggsBounds, Planck,

LU)s(’-gZEPLIN/XENON-lT, (HL-LHC, WHIZARD

Fermi-LAT)

Future Lepton Colliders) w
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Collider Phenomenology

,AS
el As
e /n LL”
o ..~ Future Lepton Colliders }/<
B (e+e-/”+”-) et /ut //As
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Collider Phenomenology
HL-LHC uiiyny

BR(h3—) AsAs)
= 0.247

g
g
Process | C1 | C2 | C3 | C4 | Ch
GGF 096 | 137 | 114 | 114 | 114
S 1.356 ¢

mp, mp, My, Ma M+ 814 &5
95GeV | 125.09GeV | 900GeV [900GeV |  325.86GeV 900 GeV —0.6958 | 0.2475
tan(B) Vs Chybb i° mg alignm .

10 ]239.86GeV| 0.2006 | 0.4192 [8.128 x 10° GeV” | —4.809 x 107GeV? | 0.9998

significance S of
signal s over
background b:

S= \/2>< [(s—#b)ln(l—l—%)—s}

- very low

; significance for BP
As
Process | D1 D2 D3 D4 D5 D6
VBF 098 | 0.39 | 0.28 | 0.23 | 0.23 | 0.23
S 0.007 ¢
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Collider Phenomenology

Future Lepton Colliders (e*e’/u*y’)

mp, mp, My, ma Ma M+ 814 &5
95GeV | 125.00GeV | 900 GeV | 900GeV | 325.86 GeV 900 GeV —9.6958 | 0.2475
tan(B) Vs Chibb | Chyrt @ me alignm *L

10 |239.86GeV | 0.2096 | 0.4192 [8.128 x 10° GeV? | —4.809 x 10%GeV? | 0.9998

As

—-—- ete” 2 ZAsAs
—=- uTHT 5 ZAsAs
— ete” 5ZAsAsy
— uTHT 2 ZAsAsy

et/ut As

As
Z/y

Z/y

- higher cross
section for muon
collider (larger
Yukawa coupling)

- resonant peak at
Vs = 900 GeV = my3

et/ut et
As
.
102 --- e*e” - AsAs 1004
1 P
I TT HTHT = AdAs
/ —— ete” 5 AsAsy 107" 3
100 7 . 08
— uTuT > AsAsy 102 1
_ 10724 _ 10734
g g
o 109-4 o 1074 4 ;
/
10-5
10-6 4
1075 4
1078 - 1077 4
10 2 x 10 3% 103
Vs [GeV]

103 2x103 3x103
Vs [GeV]
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Conclusions Dark Matter (DM) %
Phenomenology -
(Relic Density, @
-3 Indirect Detection, @
Direct Detection)

+ can fit 95 GeV excess in 2HDMS
+ strong constraints from: bfb, unitarity, LZ, Fermi-LAT

V =Voupm+Vs Collider
Phenomenology oy
‘H|L |
¢+ (HL-LHC, HL-LHC PROJECT
b, = ! . Future Lepton Colliders
: %(VH—P/-H??J) P )
] * significance at HL-LHC rather low
_ - - can be improved with machine learning
5= (vs+ps +iAs) - comprehensive parameter scans planned
2
+ potentially promising prospects at Future Lepton
Colliders
- further improvement with polarized beams
l - further parameter scans planned
« muon collider shows best prospects of production
] ti
arXiv: 2308.05653 cross secton
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Backup

My, Mp, Mp, ma Mag my+ ’14 5’25
95GeV | 125.09GeV | 900 GeV | 900GeV|  325.86 GeV 900 GeV —9.6958[0.2475
tan(B) Vs Chybb Chytt i me alignm *_

10 |239.86GeV| 0.2096 | 0.4192 [8.128 x 10° GeV” | —4.809 x 10*GeV? | 0.9993

led 5
Decay Modes | Branching Ratio (BR)
hs — bb 0.412 0.30 i
|ri';g —F .'-1;:.'_*1,‘.' 0.247 0
[ — 0.106 025 )
hy = 17 0.064 ;é T
h.-; — .Irf_:lrlz 0.061 _,TE1 0.20 1 -2 r%
hy —+ hyho 0.035 S ’ 5
hy — hihy 0.022 4 v
—4
v
0.10 - o
v
—6

T T T T T T T T
50 100 150 200 250 300 350 400 450
ma, [GeV]
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Backup

Signal Region A: Mono-jet + F,

We generated the gluon gluon fusion process with fiz successively decaying into a pair
of DM candidates in Madgraph_aMC_v3.4.1. For BP1, acar x BR(hs x AsAs) =
0.232 th. We perform the signal analyses using the following cuts successively from

Ref. [58] on the benchmark BP1.
e C1: The final state consists of up to four jets with py > 30 GeV and || < 2.8,
e C2: We demand a large £, > 250 GeV.
e C3: The hardest leading jet has py > 250 GeV with |5 < 2.4

¢ C4: We demand A®(j, ) > 0.4 for all jets and A®(j, Ep) > 0.6 for the
leading jet.

e C5: A lepton-veto is imposed for electrons with pp > 20 GeV and |g| < 2.47
and muons with py > 10 GeV and |g| < 2.5.

The SM background is obtained from the ATLAS mono-jet + £ search studied in
Ref. [58]. We present the signal cut-flow table in Table. 9. The statistical significance

Process | C1 | C2 | C3 | C4 | C5
GF G9G | 137 | 114 | 114 | 114
) 1.356 &

Table 9. The eut flow table for the number of signal events for BP1 at leading order
(LO) and signal significance § at /s = 14 TeV and £ = 3000 {b~!. The SM background
is obtained from Ref. [58].

Signal Region B: 2 j + E;

Generating the VBF process at LO analogously as described for the fusion process,
we obtain, aygp x BR(hy — AgAg)= 0.011 fb. We perform the signal analyses for

the 2 j + Ep final state, using the following cuts from [58] for the benchmark BP1,

D1: The final state consists of at least two jets with pr(j1) = 80 and pr(j2) =
40 GeV and Ad(j;, Ey) = 0.5.

D2: We demand nj;j; < 0 and Adjj, < 1.5.
D3: We demand |An|j; > 3.0

D4: The invariant mass of the two forward jets is required to be large, i.e,
M;; = 600 GeV.

D5: We demand Fy = 200 GeV.

D6: Furthermore, a lepton veto is imposed for electrons with py = 20 GeV or
muons with pp = 10 GeV.

Process | D1 | D2 | D3 | D4 | D5 | D6
VBF 0.98 [ 0,39 ] 0.28 | 0.23 | 0.23 | 0.23
S 0.007 o

Table 10. The cut flow table for the signal cross-sections for BP1 at LO and signal
significance S at /s = 14 TeV and £ = 3000 fb~'. The SM background is obtained from
Ref. [58].



Backup

Future Lepton Colliders:
Event generation with WHIZARD,

cuts:

« Photon cuts: E,> 10 GeV, © > 7°
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Chybb

Backup

0.30

bfb excl. V
HB excl.

0.275 1 ’
& 0.20
0.250 - 3
8.4x 10 0.15
0.225 -
5 0.10
0.200 1 8.2 X 10—3 -é
0.175 -
8x 1073
0.150 - g
&
0.125 -
7.8 x1073

0.325 0.350 0.375 0.400 0.425 0.450 0.475 0.500 0.525
Chytt

8.6x 1073 0.25

Ch, tt

10-47

10-49

10—51

10-47

10 —45

10-51

Oproton As [em?]

Oneutron As [em?]
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Backup

Chybb

+
fis L EZ4a bfb excl.

2 HB excl.
0.2 —H =3 Fermi excl.

0.1-

0.3 —7

0.2 - *

0.1 T T 1 T T t T

0.3

0.2

0.1
0.325 0.350 0.375 0.400 0.425 0.450 0.475 0.500 0.525

Chytt

6x 10726

4% 10728
3x 10726

6x10726

4x1072%
3x1072%

6% 10720

4x10726
3x10726

Opsacnn, [€M3/s]

Tncaciw [€M3 5]

O ac—pp [€MY[S]

Chybb

71 7 7 7 Il
|, M allowed by all constraints //
bfb excl.
K HB excl.
0.275 1 LZ excl.
L Fermi excl.
0.250 4 / s

0.300

0.225 +

0.200

0.175
N

N
: \\\\\\Q
Y \\\\\\\\\\\\\
SN
AAANANRRARRN RN
0.325 0350 0375 0400 0425 0450 0475 0500 0525
Chytt

0.150

0.125

0.100
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Hiep

Backup

0.16 bfb excl.
ESY) HB excl.
0.14 -
0.12
0.10 -
0.08 -
0.06 -

0.04

0.02

0.0

Hems

8.6x 1073

8.4x 1073

8.2 x1073

8x 103

7.8 x1073

mZ

Hiep

Hiep

0.15 1 ZZA bfb excl.
ESS] HB excl.
B LZ excl.

0.10 1 —

0.05 A

0.15 -

0.10 -

0.05 -

0.0

Hems

1047

10-49

10-51

10—47

10749

10-5°1

Dproton As [cm?]

Oneytrona: [C m?]
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Backup

— 0.16 + :
n allowed by all constraints
0.15 - =
bfbrexc £ bfb excl.
0.10 - 85X HB egcl, 3“ 0.14 4 B53 HB excl. N
F-
33 Fermi excl. 4? LZ excl.
0.05 1 <Ly < =59 Fermi excl.
& 0.12 4
T
0.15 4 r;;;- 0.10 4
=%
y =
& 0.10 4 e
| ! -6 = 3
i / * 4x10 = 0.08
0.05 4 - / '3)(10_25 -:Ig"f“
=T
T T T T S i
0.06
0.15 a
3 0.04
0.10 4 o
g
0.05 - < 0.02 -
t?: T T T T
0.0 0.2 0.4 0.6 0.8 1.0
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Backup

bfb excl.

.
25

0.1

0.0

'

i

25

25

0.5 s S
4 v v (274 bfb excl. ¥

0 /EZEJ LZ excl. 4

0.3 e ettt

0.2

0.1

0.0 e

10—45
10-48
10—50

1052

10746
10—43
10—5&

10—52

CprotonAs [cm?]

oneuWnAslcmz]
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Backup

- 10-26

- 1029

- 10-26

- 10-29

- 10-26

- 10-29

Oaaop [€M3S]  Oaaeaww[€M3S] Gaann, [€M3s]

O35

0.5

0.4 1

0.3 1

0.2 1

0.1+

0.0 4

A 7z £ 7z
I allowed by all constraints #
bfb excl.
LZ excl.

///////
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Backup

tanpB

11.0

10.5

10.0

9.5

9.0

8.5

8.0

&5

7.0
100

vs [GeV]

bfb excl. &
HB excl.

HB excl.

bfb excl. s

10—45

1048

10—51

10-54

Oproton A= [em?]

28



Backup

10

y =
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\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

10 4 *
T T T T T /i
350 400 450 500

T T
100 150 200 250 300
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- 10726
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F 10-26

- 10268
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I :llowed by all constraints
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100 150 200 250 300 350 400 450 500
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