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2HDMS Type Il, Higgs Sector Potential

[Notation as in: Baum and Shah, arXiv: 1808.02667]
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2HDMS Type Il, Higgs Sector Potential

[Notation as in: Baum and Shah, arXiv: 1808.02667]
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2HDMS Type Il, Higgs Sector Potential

[Notation as in: Baum and Shah, arXiv: 1808.02667]
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2HDMS Type Il, Higgs Sector Potential

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

- Theoretical: bfb, unitarity
- Experimental:
HiggsBounds, Planck, LUX-
ZEPLIN, Fermi-LAT
*including 95 GeV excess

*yYy channel at CMS (~2.9 0),

bb channelat LEP (~2 0),
investigated in S. Heinemeyer,
C.Li, etal, 2021, arxiv:2112.11958

DM1000yq5 DM70 DM400 DM1000
decay +

2900 4 allowed: ~ h3A H* h_3
> 1
Q As As
v —_— hs — | 1000
» 900 — A H=* . h1 A H* hi —~AH hy A H*
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DM Phenomenology

Relic Density -

(=amount of DM left in universe

today),

constraints from Planck : Qh?20.12

!

2000 4 allowed: »

900

700
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1h \
1251307 111 As

DM55y95

DM156yg9s

DM1000y9s

DM70 DM400
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hs3A H*

\o
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=
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Direct Detection CS @

nucleon),

i

'

(=elastic scattering of DM on

constraints from LUX-ZEPLIN (LZ)

Indirect Detection CS
(=annihilation of two DM particles),
constraints from Fermi-LAT

Benchmark th UPAS fpb C}'nASfpb O’ASASﬂxxf% BR(.’B —r AsAs) BF{'(hz —)AsAS) BR(h1 —>A5A5)
DMB5,q5 0.11 421 107 | 4.08 x10~*° 1.98x10-=° 3.81x10°° 0.0199 -
DM156y95 | 1.61 x107%|3.903x 10! | 4.160x 10" | 3.875x 10%° 0.69 - -
DM1000yos 0.111 3.323 x10°11 | 3.369x10 11 2.045x1072° 0.0359 - -
DMT0 0.113 8.038 x10°1%| 2.651x10° 13 2.13x10°°® 0.99934 - 1.80x 104
DM400 0.106 4.960x10" % [ 5.101x10°1! 3.67x107°° 0.82203 - -
DM1000 0.117 8.263x 1011 | 8.464 x 1011 | 2.018 x 102° 0.005 - -

15




Collider Phenomenology
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Collider Phenomenology, HL-LHC

Process Production cross-section (fb) at /s = 14 TeV
DM55y95 | DM156,95 DMT70
GGF(hy — AsAg)  |¥ 533.9 - F 19.29x10%
GGF(hy — AgAg) . 0.015 .
VBF(hy — AgAg) 54.33 - ¥ 2.72x10°
VBF (hs — AgAg) - 0.134 0.0022
BBH ((bbhy — AsAs)) | 21.6 - 0.137
Process Production cross-section (fb) at /s = 14 TeV
DM400 | DM1000 DM1000,,95
GGF(h3 — AsAs) | 0.013 | 6.35x10°"7 4.5%x1076
VBF(hs — AsAs) | 0.0008 - -
BBH(hy — AsAs) | 0.007 - -

L

[(Lum , g
-LHC PROJECT

|
’
N
)
\J
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Collider Phenomenology, HL-LHC

GGF
Process Production cross-section (fb) at /s = 14 TeV ‘®r Benchmark Signiﬁcance
DM55,05 | DM1564,05 DM70 g - =
GGF(hs — AsAs) | % 533.9 - J 19.29x10° — A DMS55,95 0.300
GGF(h; = AsAg) - 0.015 - gy DM70 0.550
VBF(hy — AsAs) 54.33 - * 2.72x10° g :
VBF(hs — AgAg) - 0.134 0.0022 "
BBH ((bbhy — AgAg)) 21.6 - 0.137 -
Process Production cross-section (fb) at /s = 14 TeV VBF
SRS DM400 | DM1000 DM 100005 Benchmark | Significance
F(hy — AgAg) | 0.013 | 6.35x10~ 4.5x10~
VBF(h; — AsAs) | 0.0008 - - DMT70 1940

BBH(h; — AsAg) | 0.007 - -

BBH

Benchmark | Significance

b / DM15695 1.950

- 18




Collider Phenomenology, e*e” Colliders

DM55,,05

Z+MET

Benchmark Production cross-section (fb) — et sAAY
at /s = 250 GeV | at /s = 500 GeV | at /s = 1 TeV =t
DM55,,.9 142 11 0.24 i
DMT70 0.33 0.15 0.035
v Z background 503 491 950

k

500 1000 1500 2000 2500 2000
Vs [GeV]
DM70
G
> . >
et/ut ‘@ o et /pt ‘@ et
% N

P N A&
7 N

- - - h1’2,3\ — e et s AAY
" — eTet 2 7AA,
i | —— e"e" > bbAA,

2 e /u”

10 9.
10111 \k
500 1000 1500 2000 2500

3000
Vs [GeV]
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Collider Phenomenology, e*e- Colliders I I I

Benchmark Vs Cut Significance
Z+MET DMS55,,95 | 250 GeV M > 100 GeV 1o (lab™t)
_ _ DM70 | 250 GeV M > 130 GeV 30 (3ab™1)
Benchmark Production cross-section (fb) DM5B5y95 | 500 GeV | Y > 100 GeV and M < 150 GeV | 3.60 (lab™ ")
at /s = 250 GeV | at /s = 500 GeV | at /s =1 TeV —
DMEE 142 i 07 DM70 | 500 GeV | M > 140 GeV and Y < 190 GeV | 1.5¢ (3ab™")
w95 . . .
viZ background 503 491 950 DM70 1 TeV | ¥ > 120 GeV and Y < 250 GeV | 0.360 (3ab™)

oyt
GF G AR A
e+/u,+ ‘®" ; s @+/[J.+ ‘®P P i = .

Z e /u”

20




DM156..s5

— U—pT s AAY
— gt = ZAAs
—— pu* +bbAA;
——r— -t = EAA,

° + - °
Collider Phenomenology, pt*(- Collider "
Benchmark Production cross-section (fb)
+ =10
bb+MET at /s = 3 TeV | at /s = 10 TeV 8w
DM156.95 0.48 0.063 -
bbrv background 758 1.3
tt background 20 1.7
103
Benchmark Production cross-section (fb)at /s =1 TeV
V+MET DM156,,95 0.23
vy background 2.45
Benchmark Production cross-section (fb) at /s = 10 TeV
tt+MET DM1000,,05 0.027 -
tt+MET background 1.66
1072
7 107
)

107

o > o B et/ut
Wi A

3000 4000 5000 6000 T000 8000 9000 10000
Vs [GeV]

DM1000.9s

— p=pt = AAY

— U 2 ZAA,

—— uu* - bbAA,
Lt o AA,

3000 4000 5000 6000 7000 BOOO 9000 10000
Vs [GeV]
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Collider Phenomenology, p*(- Collider

et/ut

i etfut

e /u

et/ut

Benchmark Production cross-section (fb
bb+MET at /s =3 TeV | at /s = 1(() ’I2eV Benchmark Cut Significance
DM156.,95 0.48 0.063 p | DM156y95 | 100 GeV < my, < 500 GeV | 6.30 (3ab™!)
bbrv background 758 1.3
tt background 20 1.7
Benchmark Production cross-section (fb)at /s =1 TeV Benchmarlk Cut Significance
Y+MET DMI56,0, 093 P [ DM156.,95 | 690 GeV < M < 710 GeV | 30 (3ab 1), 5.3¢ (10ab 1)
vy background 2.45
Benchmark Production cross-section (fb) at /s = 10 TeV Benchmark Cut Significance
tt+MET DM1000,.05 0.027 » | DM1000y95 | my < 2 TeV | 2.9 (10ab 1)
tt+MET background 1.66

22




Collider Phenomenology, p*(- Collider

Benchmark Production cross-section (fb)
bb+MET at /s =3 TeV | at /s = 10 TeV Benchmark Cut Significance
DM156.,95 0.48 0.063 p | DM156y95 | 100 GeV < my, < 500 GeV | 6.30 (3ab™!)
bbrv background 758 1.3
tt background 20 1.7
MET Benchmark Production cross-section (fb)at /s =1 TeV Benchmarlk Cut Significance
Y+ DM156405 0.23 B | DM156495 | 690 GeV < M < 710 GeV | 30 (3ab '), 5.30 (10ab ')
vy background 2.45
Benchmark Production cross-section (fb) at /s = 10 TeV Benchmark Cut Significance
tt+MET DM1000,.55 0.027 > | DM1000y05 | my < 2 TeV | 2.90 (10ab )
tt+MET background 1.66
*results can be improved
with polarized beams
(higher signal rates, better
background suppression)
v MGy A o o
- 7y
o i ﬁ et/u
fizs Ty
" = y fhza
£ has b/t
Moz "~
-
i > z
e/ b/t e /u ‘@ b/t <
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Collider Phenomenology, Challenging Scenarios

DM400

Final state | Production cross-section (fb) at muon collider
at /s = 3 TeV at /s = 10 TeV
v+MET 5.3 x1077 4.9 x107*
Z+MET 1.1 x1073 1.5 x107°
bb+MET 2.7 x10°* 4.5 %1073
tt+MET 3.7 x107° 8.9x107
DM1000

Final state

Production cross-section (fb) at muon collider

at /s = 3 TeV at /s = 10 TeV
~y+MET 3.5 x107° 1.3 x10710
Z+MET 44 %1078 2.2 x107°
bb+MET 3.7 x1078 2.0 x107°
tt+MET 7.8 x107? 3.7x1073

24



Collider Phenomenology, Challenging Scenarios

{;ﬁ:ﬁ} LHC

20 " A Y ——

Process | Productiorl cross-section (fb) at /5 = 14 TeV
DM400 DM400 DM1000
. . . : GGF || 0.016 1.27x10~*
Final state | Production cross-section (fb) at muon collider ver || o001 4.7:1 0-6
at /s =3 TeV at /s =10 TeV BBH || 0.008 | 1.96x10°° )
v+MET 5.3 x1077 4.9 x107*
Z+MET 1.1 x107° 1.5 x107°
B+MET | 2.7 x10°% 145 x10°3
tt+MET 3.7 x1073 8.9%1073
Process|| Production) cross-sectibn (fb) at /d = 100 TeV
— DM400 DM1000
DM1000 \ GGF 1.456 0.117
VBF 0.039 1.182
Final state | Production cross-section (fb) at muon collider BBH || 0.264 0.029
at /s = 3 TeV at /s = 10 TeV
~y+MET 3.5 x107° 1.3 x10710
Z+MET 4.4 x107" 2.2 x107°
bb+MET 3.7 x107® 2.0 x107°
\ tt+MET 7.8 x107° 3.7x107° / -
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Constraints:
- Theoretical: bfb, unitarity
- Experimental:
HiggsBounds, Planck, LUX-
ZEPLIN, Fermi-LAT
*including 95 GeV excess

- Dark Matter (DM)
- 95 GeV Excess
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(
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Collider Phenomenology, Main Results

Process | Benchmark | Significance
GGF | DM55,s 0.300
GGF DM70 0.550
VBF DM70 1.940
BEH | DM156,,95 1.95¢0
e+%ee_
Final State | Benchmark NG Significance
Z+MET DM55,,05 | 250 GeV | 1le (lab™ 1)
Z+MET DM70 250 GeV | 30 (3ab71)
Z+MET | DM55,q5 | 500 GeV | 3.60 (1ab™!)
Z+MET DM70 500 GeV | l.50 (3ab™1)
Z+MET | DM55,q5 | 1TeV | 240 (3ab71)
Z+MET DM70 1 TeV | 0.360 (3ab™?)
ME> €
Final State | Benchmark NG Significance ~
bb+MET | DM156y,9s | 3 TeV 6.30 (3ab 1)
Y4+MET | DM156,95 | 1 TeV | 30 (3ab™1), 5.30 (10ab™1)
tt+MET | DM1000,gs | 10 TeV 290 (10ab71)
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Conclusion

DM search at future colliders:
- 6 BPs (light, intermediate,
heavy)

- satisfying all DM constraints

Best prospects for intermediate
and heavy BPs at p*u- colliders

- potential improvement with
beam polarization

Best prospects for light BPs at
e*e colliders

Challenging scenarios could be
probed at FCC-hh
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Conclusion

DM search at future colliders:
- 6 BPs (light, intermediate,
heavy)

- satisfying all DM constraints

Best prospects for intermediate
and heavy BPs at p*u- colliders

- potential improvement with
beam polarization

Best prospects for light BPs at
e*e colliders

Challenging scenarios could be

probed at FCC-hh
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Backup

Mh, Mp, Mhg ma mpg+ X2 mp, mp, Mp, ma M+
95.4GeV |125.09GeV | 650GeV | 800GeV |800GeV|1.26 800GeV [125.09GeV | 150 GeV | 800 GeV | 800 GeV
M N~ | ab—~oaf | A~ | mwip mag No—=2X, [ My —2X [ M =M | tanp
55.596 GeV | 0.0020912 [0.00074611 | —0.025735 2 70 GeV —0.10783 | 0.063127 | —0.47818| 1.3728
5 g Qi a2 a3 vg il a a9 as
300GeV | 650GeV | —1.932 1.272 1.484 219.05 GeV | 751.54 GeV | —0.60016 | 0.042445 | —0.054807
Table 23: The benchmark point DM55.,95 in the mass basis. Table 26: The benchmark point DM70 in the mass basis.
mMh, Mhy My mA my+ X2 Mh, M, My, mA M+
95.4 GeV |125.09 GeV | 700 GeV | 700 GeV | 700 GeV | 0.422 800 GeV |125.09GeV | 900 GeV | 800 GeV 800 GeV
mag N = 2N, [N, =20 [\ = N | tanp mag N —om |ah—k| A—Y tan 3
156 GeV 12.753 —0.31351| —2.6747 6.6 400 GeV 0.077784 |0.036923 | —0.42725 2.1309
Ug Iz ay Qs Qs Vg 7 ay (o%) ag
239.86 GeV | 700 GeV 1.4661 1.1920 | —1.5989 587.17 GeV | 755.39 GeV | —0.41245| —0.0086501 | —0.0055431

Table 24: The benchmark point DM156495 in the mass basis. Table 27: The benchmark point DM400 in the mass basis.

Mp, Mp, Mps ma mg+ X2 mp, mp, Mpy ma mg+
95.4GeV | 125.09 GeV |2950 GeV |2950 GeV | 2950 GeV |2.13 800 GeV |125.09 GeV |2900 GeV | 800 GeV | 800 GeV
MAg ANp=2X, [ Ay =2X | M/ =X | tanp MAg A= 2N | Ny =200 | A =\ tan

1000 GeV 21.231 0 —1.4153 5 1000 GeV 0.32873 0.21320 |—0.41541| 1.3414
vs fh a1 o’ Qs vg i a%] Q2 Qs
10005 GeV [2949.29 GeV | —1.769 1.250 1.569 2271.3 GeV |768.14 GeV | —0.54917 | 0.036530 | —0.056095

Table 25: The benchmark point DM1000y,95 in the mass basis. Table 28: The benchmark point DM1000 in the mass basis. 30



Backup

5 Benchmarks with a 95 GeV scalar
Mpy My Mg ma mygx | X
95.4GeV |125.09GeV| 650GeV | 800GeV |800GeV|1.26 For the benchmarks, with a scalar at 95 GeV as a part of the mass spectrum, we
mag A =2X, | Ao=2X, | AN =X | tanf have ensured that its signal strengths satisfy the following.
55.596 GeV | 0.0020912 [0.00074611|—0.025735 2 The lightest scalar hy; has a mass of 95.4 GeV and plays the role of a scalar
Vg i i 1% as particle responsible for the observed signal strengths, which are for LEP in the bb
300GeV | 650GeV —1.932 1.272 1.484 mode (~ 2¢) [5] and LHC in the v+ mode (~ 30) [G, 7]:
Table 23: The benchmark point DM55,,95 in the mass basis. pbt = 0.117H005T 16— combined = 0.247009, (4.1)
Mhy Mpy Mhg ma myg+ X2 . .
05.4GeV 1125.09 GaV | 700 GeV 1700 GeV | 700 GeV [0.422 We calculate the combined x* = x3; + x2,, values according to Ref. [8] and [9] and
Mas N 2N, | N, — 2L | M= M| tanp provide them in the Appendix, Table 23 - 25.
156 GeV 12.753 | —0.31351| —2.6747 6.6
vs m aq Qa9 ag
239.86 GeV | 700 GeV 1.4661 | 1.1920 | —1.5989

Table 24: The benchmark point DM156,95 in the mass basis.

Mp, Mp, Mps ma mg+ X2
95.4GeV | 125.09 GeV [2950 GeV 2950 GeV 2950 GeV |2.13
mas | N 2N, [N, 2| A M| tanp
1000 GeV 21.231 0 —1.4153 5
(7 i 231 Qa2 as

10005 GeV |2949.29 GeV | —1.769 1.250 1.569

Table 25: The benchmark point DM1000,,95 in the mass basis. 31



Vector Boson Fusion
We consider the final state two forward-jets + MET from the vector boson fusion

Ba c ku p' Co lli d e r P h e n o' H L - L H C ; - production channel. For the collider analyses, we use the following cuts [72]:

e D1: The final state consists of at least two jets with pr(j;) > 80 and py(jz) >
9 5 40 GeV and A®(j;, £1) > 0.5.

Nf = (pz'n - pout) e D2: We demand n(j1j2) < 0 and A®j,jp < 1.5.
e D3: We demand |An|;; > 3.0.

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

e D5: We demand Er > 200 GeV.

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

Gluon Fusion

We consider the final state mono-jet + MET from the gluon fusion production chan-

nel. For the collider analyses, we use the following cuts [70]: bb Higgs associated production

e C1: The final state consists of up to four jets with pr > 30 GeV and |n| < 2.8. e E1: The final state consists of two b jets and no photons or leptons. We

demand AR(by,by) > 0.4, b)) > 150 GeV and pyp(by) > 100 GeV.
o C2: We demand a large Ey > 250 GeV, (br,b2) () ’ pr(b2)

o E2: We demand a large missing transverse momenta (MET) E; > 200 GeV

C3: The hardest leading jet has pr > 250 GeV with |n| < 2.4. to reduce SM hackground.

o C4: We demand A®(j, £r) > 0.4 for all jets and A®(j, Br) > 0.6 for the o E3: We demand the invariant mass of the bb pair (as seen in Fig. 5) is outside

leading jet. the Z (76 GeV < M(bb) < 105 GeV) or SM Higgs mass window (115 GeV
< M(bb) < 135 GeV) to remove background contributions from on-shell Z or
Higgs bosons.

C5: A lepton-veto is imposed for electrons with pr > 20 GeV and |g| < 2.47
and muons with pr > 10 GeV and |5 < 2.5.
e E4: Further, we demand M(bD) > 200 GeV to reduce SM background contri-

The SM background of 7.07 pb is obtained from the mono-jet + #; search studied butions

in Ref. [71].
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Backup, Collider Phenomenology, HL-LHC

Process Production cross-section (fb) at /s = 14 TeV.
DM55,,95 | DM156,,05 DMT70
GGF(hy — AsAs) 533.9 - 19.29x10°
GGF(hy — AgAg) - 0.015 -
VBF(hy — AsAg) 54.33 - 2.72x10°
VBF(hs — AsAs) - 0.134 0.0022
BBH ((bbhy — AsAg)) 21.6 - 0.137
BBH ((bbhs — AsAs)) = 47.24 =

Table 4: The production cross-sections at leading order (LO) of the relevant pro-
cesses at /s = 14 TeV at LHC. All cross-sections below 1076 fb are denoted by -
For bbh;, with i = 2,3, we use the Santander matched cross-section as defined in the

text.
Process Production cross-section (fb) at /s = 100 TeV

DM55,05 | DM 156405 DM70

GGF(hy — AgAs) | 10.1x10° - 4.09%10°

GGF(hs — AsAs) - 1.596 -

VBF(hy — AsAs) | 5.97x10? ) 81.87

VBF(hs — AsAs - 3.12 -

BBH(hy — AsAs) | 6.43x10? « 17.2x10°

BBH(h3 — AsAs) - 5.00 N

Table 10: The production cross-sections at leading order (LO) of the relevant pro-
cesses for the benchmarks DM55,95, DM156,95 and DM70 at /s = 100 TeV.
For BBH we use the Santander matched cross-section as defined in the text.

Process Production cross-section (fb) at /s = 14 TeV/
DM400 | DM1000 DM1000,,5
GGF(hs — AsAs) | 0.013 | 6.35x10~7 15x10°0
VBF(hs — AgAg) | 0.0008 s -
BBH(hs — AsAg) | 0.007 - =

Table 5: The production cross-sections at leading order (LO) of the relevant pro-
cesses for the benchmarks DM400, DM1000 and DM1000y,95 at /s = 14 TeV at
LHC. For bbhs we use the Santander matched cross-section as defined in the text.

HiLumi

HL-LHC PROJECT

R

<
hi23 "~

Benchmark | Significance
DM55495 0.300
DMT70 0.550

Table 6: The signal significance for the signal benchmarks from GGF for HL-LHC
at an integrated luminosity of 3000 fb!.

Significance
1.940

Benchmark
DM70

Table 7: The signal significance for the signal benchmarks from VBF for HL-LHC
at an integrated luminosity of 3000 fb~!.

Benchmark Cross-section after cuts (fb) Benchmark | Significance
DM15695 0.357 DM15695 1.950
SM Background
bz 18.3 Table 9: The signal significance for the signal from BBH for HL-LHC at an inte-
bbviv 13.46 L i
e R grated luminosity of 3000 fb~'.
Z+j 204
hZ 0.012
Total Background 100.27

Table 8: The cro:

-sections for the signal and backgrounds after applying the cuts

E1-E4 as discussed in the text for signal-background distinction for BBH for HL-
LHC at an integrated luminosity of 3000 fb~'.
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Backup, Collider Phenomenology, e*e- Colliders

Benchmark Production cross-section (fb)
at /s = 250 GeV | at /s = 500 GeV | at /s =1 TeV
DMB55,05 442 L1 0.24
DMT70 0.33 0.15 0.035
v Z background 503 491 950

Table 11: The Production cross-section for signal (for DM55y95 and DM70) and
background (vZ) for Z+MET final state at /s = 250 GeV, 500 GeV and 1 TeV

+

eTe” collider.

Benchmark

Cut

NE

Significance

DM55w9s

250 GeV

M > 100 GeV

110 (lab™")

DMT70

250 GeV

M > 130 GeV

30 (3ab™ 1)

DM55405

500 GeV

M > 100 GeV and M < 150 GeV

3.60 (lab~*

DM70

500 GeV

M > 140 GeV and Y < 190 GeV

DM55,,95

1 TeV

M > 120 GeV and M < 250 GeV

)
1.50 (3ab™')
240 (3ab™1)

DM70

1 TeV

M > 120 GeV and Y < 250 GeV

0.360 (3ab~")

Table 12: The Signal significance (for DM55y9s and DMT70) for Z+MET final

state at /s=250 GeV, {/s=500 GeV and /s=1 TeV ete™ collider.

S

— eetsAAyY
— eet s ZAA,
—— e~e* > bbAA,

500 1000 1500 2000 2500 2000

Vs [GeV]

(a,) DM55WQ5

— e"et s AAy
—— emet o ZAA,
—— e"e" > bbAA,

500 1000 1500 2000 2500 3000
VE [Gev]

(b) DM70

107

—— et s Ay e ————_
107 et -z,

102, —— e"e* = bbAA,

560 1000 1500 2000 2500 3000
Vs [GeV]

(c) DM156y,95
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Backup, Collider Phenomenology, e*e- Colliders

Benchmark Production cross-section (fb)
at /5 = 250 GeV | at /s = 500 GeV | at /s = 1 TeV g 0 E B TR E
DM55,,05 4.49 1.1 0.24 g f—am R 3 E
04 3 E
DM70 0.33 0.15 0.035 I el I .
viZ background 503 491 950 ® =k
Table 11: The Production cross-section for signal (for DM55y95 and DM70) and ’ mé
background (vzZ) for Z+MET final state at /s = 250 GeV, 500 GeV and 1 TeV 04 UZ;E
ete™ collider. i
0
W(GeV) IMiGeV)
% 03:_ T T T T |Dw¢‘| T T T _:
P F ' 1
S ozsf o E
il E 1
E 0.2;— ——— vvZ background _;

045
i

005

00

WiGeV)

Figure 7: Distribution of missing mass )/ for signal (for DM55,,95 and DM70)
and background (vrZ) for Z+MET final state at /=250 GeV (top left), /s=500
GeV (top right) and /s=1 TeV (bottom) eTe™ collider.



Backup, Collider Phenomenology, i*(- Colliders:

Benchmark Production cross-section (fb)
at /s =3 TeV | at /s = 10 TeV
DM156w95 0.48 0.063
bbvv background 758 1.3
tt background 20 17

Table 13: The Production cross-section for signal (for DM156,95) and background
(bbvv and tf) for bb+MET final state at /s = 3 TeV and 10 TeV muon collider.

Benchmark Cut Significance
DM156495 | 100 GeV < my, < 500 GeV | 6.30 (3ab™)

Table 14: The Signal significance and corresponding cuts (for DM156y,95) for
bb+MET final state at /s = 3 TeV muon collider.

Benchmark Production cross-section (fb)at /s =1 TeV
DM156,95 0.23
vvy background 2.45

Table 15: The Production cross-section for signal (for DM156,,95) and background
(vv) for v+MET final state at /s = 1 TeV muon collider.

Benchmark Cut Significance
DM156,,95 | 690 GeV < ) < 710 GeV | 30 (3ab'), 5.30 (10ab™')

Table 16: The Signal significance and corresponding cuts (for DM156yg5) for
~Y+MET final state at /s = 1 TeV muon collider.

Benchmark Production cross-section (fb) at /s = 10 TeV
DM1000,05 0.027
tt+MET background 1.66

Table 17: The Production cross-section for signal (DM1000y95) and background
(tt+MET) for tt+MET final state at /s = 10 TeV muon collider.

| Benchmark l Cut | Significance |
| DM1000uos | my, < 2 TeV | 2.90 (10ab7") |

Table 18: The Signal significance and corresponding cuts (for DM1000ygs) for
t1+MET final state at /s = 10 TeV muon collider.

— pmpT S AAY —
— WS ZAA,
—— HHT =bbAA;
Hpt S tAA

\

— U=t = AAY
— Wt 2 ZAA,
—— Tt = bbAAS

ot S ttAA,

\

3000 4000 5000 6000 7000 8000 9000 10000
Vs [Gev]

(d) DM55WQ5

— U-uT = AAY
— ppt = ZAAs
—— pp* = bbAA;
— Ut o ttAA,

3000 4000 5000 6000 7000 8000 9000 10000

Vs [Gev]

(b) DM70

— p-pt=AAY

— WS ZAA,

—— MT" s bbAA,
ppt S tEAAL

3000 4000 5000 6000 7000 8000 9000 10000
Vs [GeV]

(C) DM156w95

3000 4000 5000 6000 7000  BODO 9000 10000
Vs [GeV]

(d) DM1000,,95

Figure 8: Variation of the production cross-section against /s for the final states
A A, ZAA,, BbAA,, and tTA A, at a muon collider, computed using WHIZARD [67]

for different benchmark points.



av 1 A Az )\"
0= —|g, @ = —[mZv; — mvy + —0 +—7) 2+ —’U + Ny v
8@1%;,&5 2[ 1191 1202 2 1 9 2 ( 1 4 1) ]
5=(5)
(A.la)
av 1 A2 A4z A
0= T%ltpl:éqn% = —2[m§2u2 —miu + = 5 Zod 4 ¢ 2 + ( 22 vy + Agvo)v3)
J—
fute
(A.1b)
av 1 PV VAP
0= —lo,=te,y = mivg + mZvs + Lol 4+ 2o + 233
asliézégg \/ﬁ[ sts svs 12 g 3 S 1 g
S=(8)
US 1 2 ’2 '
- ?()\11)1 + Md) + vg(Nud 4+ M) (A.le)
CayCas Say Cas San
R = _S(Ztlcﬂ:] - C(.‘kl S::tz S::t;; CQ]_ C(.‘k;‘ - St:tl Sr}zsr};; (’-(135(1;;
50_150_;‘ - C(:usazca;; _Calsa;; - 5(11 Sazcct;; C{lg Ca;;

2
My

AIZ

Az

As

fi - sin B cos
I
m(zq lmQH = _1:12 Si]ﬁ'l2 3)}
1
m(x" 1m2R% — ji® cos? B),
11

3
v2 ‘sin 3 cos 32 1™ i Ria Riz W +2771Hi)

1
Iz(mﬂ Bt Dmaad

1 A b
2 (oA + ),
I N y
2 WE'!':l'miRélRm‘l— Tl
1 1
2\ vug sin B 32 mIRipRis + Nps),
P SR ,
4 vvg cos B i R Ris — Ay),
1 1
1ogem o1 R Ris — Xos),
Beges e e
Q(Zt’:l?”i R+ ?,\13)?
AL
8 ' 2 ‘N‘? "
:1-37"(2‘ mi R + —2Xs),
42
: v cos 3
_(2 + Eq =177 (RB_'_RJ.IRH
v?

22
— T( 1ac0s® B+ Xogsin® B) + %’)«’1’3)

R?,Q Rz"}

vsin 3

37

)



bb+MET

Benchmark Production cross-section (fb)
at /s =3 TeV | at /s = 10 TeV
DM156.95 0.48 0.063
bbrv background 758 1.3
tt background 20 \L{
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Benchmark Cut Significance
DM156,,95 | 100 GeV < my, < 500 GeV | 6.30 (3ab™!)
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Collider Phenomenology, pt*(- Collider

Benchmark Production cross-section (fb)
bb+MET at /s =3 TeV | at /s = 10 TeV
DM156.95 0.48 0.063
bbrv background 758 1.3
tt background 20 1.7

Benchmark Production cross-section (fb)at /s =1 TeV
V+MET DM156,95 0.23
vy background 2.45

e etfut -

hi23 \\
Ve
e /u ‘®’ e~ /u”
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Benchmark Cut Significance
DM156,,95 | 690 GeV < M < 710 GeV | 30 (3ab™"), 5.30 (10ab™")
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2HDMS Type Il, Higgs Sector Potential

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

V =Voppm + Vs
Voo = my &1y + m2ydldn — [m2,dl a4+ hc] + 2L S (@)’
A2 0l 5)2 4 Ay (DT D1 ) (DLbo) 4 s (D o) (DL
+2(22)+3(1 1)(PLD2) + Ag (D] P2) (DL )

A
+ [35(¢§¢2)2+h.c}
2 ot mrsz ) for this study:
Vo =msS'S+ {—S +h.c.} A=A"
2 ~

)\Il )\/l
+ [2—i54+ h.c.] +(Z2(g2sts) + h.cl +2(sts)?

+ SIS D]y + Ayl do] + [S2(A, DI b1 + ALdLdo) + h.c ]

h
(hz) = R(a123) (
h3

P1
P2
P3

— /2 2
V= V1+V2

~o _ Imp

~ sinBcosp

/

14 =X
RV
25 =\
"

13 =M

Basis Change:

N,

—2Xg

"
— A3

Interaction Basis Parameters:

A].1 >\2! >\31 >\41 A51 m%2ytan51 VSv m%’y
/ / / / I /! /!

>\l,>\2,>\4,>\5,>\1 S >\2,>\3

!

Mass Basis Parameters:
Mhpy Mpy, Mpg, MA, MAg, Myp+, X1, A2, &3,

tanfB, vs, i, N4, Abs,
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