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The Standard Model of Particle Physics

 The Standard Model of Particle Physics is a quantum field-theoretic
framework describing all matter content of the Universe and three of the
four forces, including electromagnetism, weak and strong force.

» The SM is a gauge theory where the underlying symmetry is SU(3) X

SU(2); X U(1)y corresponding to colour, weak isospin and hypercharge
respectively.



Particle content

Matter content of SM: six
quarks, three charged
leptons, three massless
neutrinos and a scalar
Higgs boson.

Force mediators: eight

gluons, photon, W= and Z
mediating strong force,
electromagnetic force and
weak force respectively.
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Why New Physics?
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Extended Higgs Sectors:
2HDMS

Interplay of Dark Matter and Higgs Phenomenology

Collider Search
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Motivation

Scalar singlets under the SM gauge group = potential dark matter candidates

Communicates to the SM via the 125 GeV Higgs as the portal to the dark
sector, however stringently constrained from dark matter direct detection data.
Barger, et.al Phys.Rev.D79:015018,2009
Presence of additional portals to dark matter via extra Higgses as in singlet
extended multi-Higgs models (N2HDM) relaxes direct detection constraints with

prospects for collider signals. Drozd et.al JHEP11 (2014) 105, Dey et.al JHEP 09 (2019) 004

Scalar extensions with real/complex scalar singlets in the context of 2HDM also

address baryogenesis, inflation and strong CP-problem.
Dutta et.al, 2309.10857

Presence of a complex singlet provides an extra degree of freedom to address
recent excesses observed at the LHC in conjunction with dark matter.
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The Model

 Consider a softly broken Z, (to avoid FCNC) symmetric Type Il 2HDM augmented with a complex
scalar singlet S, stabilized under Z,.

* SM quantum numbers: Fields| Z | Z> b
®; |+1|+1 d, =1 , , 1=1,2,
o, -1 [+1 T(’Uz + h; + zaz)
S |+1]-1 1
S = %(’Us + hg + Zag)

 The scalar potential is:

VZHDMS = Vouom V59

i Moptd V2 4 2 (DD i i Mt i %5 D)
Vappy = M4 @@, + mA @fd, — (mA®id, + h.c) +—(c1> ‘D)) —(q>2c1>2) + (P[P N(@]D) + —HP[®)(P]P)) + H(@]D) + 4. c,

2 7/ 7 7

Ve = m2(STS) 4 (S2+h c)+—(S4+h c) 62(52(STS)+h.c) 3(5’&9)4

MSTSDTD, + ;8" Scbgcb2 + S*(AD D, + AP D) +h.c.

Baum, et.al, JHEP12(2018)044



» After electroweak symmetry breaking, particle content: /1, h,, 1, A, H = Aq.

e The lightest Higgs /; = 95 GeV, and &, ~ 125 GeV.

* Work in the mass basis: 1, ,m, , m, , my, My, tan f. i, ¢, . Cpy e alignm.

2/
My Vs 0140 = Ay = 41), 055( = A5 — 4y), mg,

2

A Vo .. : - My
where tan f = —, alignm = |sin(f — (o + a5 - sgn(y))) | = 1, i = — .
vy sin f cos f
. . T Fi1 “gl_l)LIDMS X |Ch1VV|27
» Couplings of the 95 GeV higgs: M gin B
R 2
Ch,bp = H ) 2HDMS o (lcn, ) ~ (tan al)z
Caq1Cas SaiCas Saz COS IB 7Y ( Chlbl_) )2 tan ,8

R = —Sa1Cas T CaiSazSas Ca1Caz — SaiSazSaz CazSas Rll

C p—
Sal Sa3 T Cal Sazca3 _Cal Sag T Sal Sazca3 Ca2ca3 thT COS ﬂ’ S.Heinemeyer et.al,

Phys. Rev. D 106 (2022), no. 7 075003
(2HDMS-Z; symmetric case)

Ch,vv — COS ﬁRn S111 5R127
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Dark Sector

//

)
e Mass: m} =-(@mdA 31v§+2(/14’1v12+/1§1/22))
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Tree level Feynman diagrams relevant for relic density and direct detection cross-section calculations



Constraints

Model building: SARAH

Perturbative unitarity, boundedness-from-below, vacuum stability =— SPheno, Python, EVADE

Relic density (mediated by quartic ASAShihj vertices, s-channel higgses and t-channel A¢ mediated
contributions) upper limit from PLANCK, QA% = 0.1191 £ 0.0010, => micrOmegas

Spin-independent DM-nucleon direct detection cross-section (mediated by s-channel higgses) from LUX-
ZEPLIN =— micrOmegas

Indirect detection cross-section from DM annihilation (via higgses) from FERMI-LAT = micrOmegas
Higgs mass ( ~125 GeV ), signal strengths, and heavy Higgs search constraints = HiggsTools

95 GeV excess constraints on signal strengths from yy (~2.96 CMS), LEP (bl_Q, ~2.30 LEP)
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Key Features

We consider the type I 2ZHDM extended with a complex singlet scalar. For the case where
the real part of the complex scalar obtains a vacuum expectation value enabling a mixing
between its scalar component and the 2HDM higgs sector.

The pseudo scalar component stabilized under a Z; symmetry and constitutes DM

candidate A¢. The higgs sector consists of iy, h,, hy, A, H ~. The lightest Higgs set to 95
GeV while second-lightest Higgs set to 125 GeV SM-like Higgs.

Stringent constraints on tan f, a;, a, from constraints to fit 95 GeV in bb, yy mode.

Stringent constraint from boundedness-from-below, direct detection data, indirect

detection data from FERMI-LAT = constrains the DM portal couplings parameter

space while being consistent with the 95 GeY, excess.



Interplay of DM and 95 GeV Higgs

Mhy Mho Mhs mA MAs 0.16 7 mmm allowed by all constraints
95 GeV 125.09 GeV 900 GeV | 900 GeV 325.86 GeV bfb excl.
Mp+ mg 14 025 tan(5) o E;::;If
900 GeV | —4.809 x 10* GeV?| —9.6958 | 0.2475 10 015 | 5 Fermi excl.
Vs Ch, bb Chitt | alignm fi?
239.86 GeV 0.2096 0.4192 | 0.9998 |8.128 x 10°GeV?| 0107
Benchmark point BP1 3 . /
0.06 - /////
Parameters Range 0.04 - “'J NN
Chbb [00996, 0320] —
Chytt [0309, ()529] 0.0 0.2 0.4 0.6 0.8 1.0
Hcms

Parameter ranges for the couplings to fit the 95 GeV excess. Allowed region consistent with 95 GeV excess, theoretical and

experimental constraints from Higgs and dark matter

searches.
S.Heinemeyer et.al,

Phys. Rev. D 106 (2022), no. 7 075003
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Cancellations between

contributions from h;and h,
(blue line).

Dominant DM annihilation
from Di-higgs,WW and bb
channels.

DM relic density mostly under
abundant over the scanned
parameter space.

Conservative limits placed from
LZ and FERMI-LAT.
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Constraints on 94

/
14_>‘

L= AL XQ.

Stringent constraints from LZ and Fermi-

LAT data as well from boundedness-from- *

below constraints.

2
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m&? [GeV?]

Salient Features: mg — m, variation
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bfb excl. —
E=3 unitarity excl. ’ bfb excl. 1043
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Effect of Relic density constraints.
Effect of LZ constraints.

« Dips observed at my ~ 62,450GeV corresponding to SM Higgs and heavy Higgs resonant regions.

o LZ stringently rules out much of the paramete%space for mS/ — My plane.
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Effect of FERMI-LAT constraints.
Allowed parameter space.

- Dominant annihilation channel via s/, followed by WW and bb.
. Strong dip in DM DM -> W W channel at ~475 GeV due to proliferation of bb, h,h;, h,h,, tf channels.

o, 8 =~ 0.25 to
satisfy constraints from LZ => allowed region from cancellations between h;and h,.

o (Constraints arise on other parameter variations, particularly from varying 5{ 4=



N Preliminary results.

led

0 - <
\\ B allowed by all constraints I
bfb excl. f
4 | E=3 unitarity excl. .
HB excl. E
Mhy Mhy Mhs mA mp= Planck excl. S
95.4 GeV 125.09 GeV 700 GeV | 700 GeV | 700 GeV 2 LZ excl. .
/2 / / — Fermi excl. .
MAg mg 14 05 | tan(B) 3 OO

325.86 GeV | —4.809 x 10* GeV?| —9.6958 | 0.2475 | 6.6 R

Vg Chbb Chitt | alignm [ £ , Q

239.86 GeV 0.258 0.372 | 0.9998 |700GeV 2 /7/ N

/. / \

Table 3. The benchmark point BP2 in the mass basis 4 / N\
-4 _/ \
/ \\
N\
-6 ' \.\\ . .
300 400 500 600
ma. [GeV]

Allowing for rescaling with the PLANCK measured relic density opens up the parameter space considerably. (Red Star: BP2).



Collider Phenomenology

 The presence of a dark matter candidate allows new decay modes for the heavy
Higgs h; to open up = Missing energy signals at colliders!

Decay Modes

Branching Ratio (BR)

hs — bb
hys — AgAg

hs — tt

ha — 7T
hs — hoho
hs — hiho
hs — hih;

0.412
0.247
0.106
0.064
0.061
0.035
0.022

Decay modes for /1, in BP1.

0.30 -

0.25 A

BR(h3—AsAs)

0.15 A

0.10 A

led4

0.20 A

-

50 100 150 200 250 300 350 400
ma. [GeV]

450

Variation of BR(/; — A¢A() vs. DM mass for BP1 and Higgs constraints
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Signals at HL-LHC

e Signal: Mono-jet + MET OGGF X BR(hB X ASAS) —
0.232 1b for my, =900 GeV.

g 99900009
Using cuts:
A > - hs
C1: N, <=4,pj)>30GCGeV,n <2.8,C2: k> 1250 GeV,
g 299000009 -

C3 : p(j;) > 250 GeV C4:AD(j, E) > 0.4,AD(j,, ) > 0.6,C5 : N, = 0,

Gluon Fusion (GGF
signal significance = 1.36(LO) and 2.66 (NNLO+NNLL). uon Fusion (GGF)

Process Cl C2 C3 C4 C5
GGF 696 137 114 114 114
S 1.356 o

The cut flow table for BP1 for signal events at HL-LHC (V/s = 14 TeV and 3000fb~) Cuts from JHEP 01 (2018) 126
20



 Signal: 2 forward jets + Fr

ovpr X BR(hs — AsAg)= 0.011 fb.

* Using cuts:
D1: pr(j;) > 30 GeV, pr(j,) > 40 GeV, AD(j, B, > 0.5,

D2:7;,;, < 0,A®;, < 1.5,D3:An; ; > 3.0,D4: M; ; > 600 GeV,D5: E > 200 GeV, D6:N, = 0,

signal significance = 0.0032¢ (LO) and 0.0055 o (NNLO).

Process D1 D2 D3 D4 D5 D6
VBF 1.25 0.27 0.11 0.11 0.11 0.11
S 0.0032 o

The cut flow table for BP1 for signal events at HL-LHC ( /s = 14 TeV and 3000fb ")

//q
>
e
> \\
q

Vector Boson Fusion (VBF)
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Slgnals at lepton colllders
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Mono-Z + Missing Energy

Significant enhancements near the higgs resonance region observed in muon colliders

due to the muon Yukawa coupling = compkementary searches to LHC.



Benchmarks

Preliminary results.

Cm3

M (GeV) | my (GeV) Qh? apAS/pb O'ASAS_>X)(/ — | BR(h3 — xx) | BR(h2 — xX)
BP1 900 325.86 |8.71 x 1073 [4.402 x 10~12 | 1.696 x 1027 0.25 -
BP2 700 325.86 |3.16 x 107%|6.033 x 1012 | 1.458 x 10—2? 0.48 -
BP3 700 156.0 [1.61 x107%|3.903 x 10~11| 3.875x 1027 0.69 -
BP55 650 55.6 0.11 4.21 x10—12 1.98x10—28 3.81x107° 0.0199
BP2900 2900 1000 0.111 3.323 x10—11 2.045x10—26 0.0359 -

 Benchmarks chosen with thermal relic and underabundant cases
satistying all theoretical and experimental constraints.

* Possible signals at e+e- colliders as well as muon colliders.

o Signals: Mono-y+ missing energy, Mono-Z + missing energy

e Dominant SM background: vvy, vvZ respectively.




Preliminary results.

Mono-y+ missing energy: | ' T —ss0Gev,m 55 ev
0.9 1 _ m,, =700 GeV, m, =326 GeV
08 | my, =900 GeV, m, =326 GeV
5§ 07f .
* For BP1, with m;, = 900 GeV, significance ~ 2.4 ¢ 5 %
_ o 05}
at 10 ab~'at 1 TeV muon collider. §
@ V4
£
S 03}
* For BP3 with a lighter Higgs, m;, = 700 GeV, and 02
higher invisible branching to DM ~ 69%, significance 0.1
—1 - _— . , l
~ 5.3 cat 10 ab™ " fora 1 TeV muon collider. 04 o~ ™ - - o
Photon Energy(GeV)

Variation of photon energy for 1 TeV muon collider.
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Preliminary results.

Mono-Z + missing energy:

Benchmark S(1/s=250 GeV) S(1/s=500 GeV) S(/s=1TeV) S(4/s=3 TeV)
BP2900 — 0.14 (10 ab™ 1)
BP55 43(1ab 1),74@Bab!) 121 ab1),20@Bab!) 54(10ab~!), 0.38 (10ab 1)

Table 2: The signal significance of BP2900 mono-photon process at 3 TeV muon collider, and the Signal
significance of BP55 at 250 GeV (ILC), 500 GeV (ILC) and 1 TeV (muon collider), 3 TeV (muon collider) in

the mono-Z(leptonic) final state. C.Li, et.al, PoS(ICHEP2024)772

BP55 with my, = 650 GeV, and light DM~55 GeV and thermal relic has best
significance at |ILC (\/E = 250 GeV) and for 1 TeV muon collider.

Benchmarks with heavier Higgs and DM masses and sensitive to higher \/E
along with potential for other possible signal modes underway!



Preliminary results.

Mono-Z + missing energy:

[e—

vvZ at ¢.0.m energy=250 GeV

o
\O
1

vZ at c.0.m energy=500 GeV

S
oo

BP55 at c.0.m energy=250 GeV
BP55 at ¢.0.m energy=500 GeV

&
9

* For BP55, significance ~ 5.3 ¢ at 10 ab~! for 1 TeV
muon collider for leptonic final state.
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Summary and Outlook

- We consider the type Il 2HDM extended with a complex singlet scalar. For the case where the real part of the
complex scalar obtains a vacuum expectation value enabling a mixing between its scalar component and the

2HDM higgs sector. The pseudo scalar component stabilized under a Z, symmetry and constitutes DM

candidate A. The higgs sector consists of i, h,, h;, A, H*. The lightest Higgs set to 95 GeV while second-lightest
Higgs set to 125 GeV SM-like Higgs.

. Stringent constraints on tan f, a;, a, from constraints to fit 95 GeV in bb, yy mode.

. Stringent constraint from boundedness-from-below, direct detection data, indirect detection data from FERMI-

LAT = constrains the DM portal couplings parameter space while being consistent with the g5 GeV excess.

. Potential signals at LHC: Mono-jet + Erupto 2.6 6 (NNLO+NNLL) for m;,, = 900GeV and BR(h; — AgAg) ~ 0.25.

Conservative limits placed on m;, , further improvements for Di-jet + £ signals expected tor lower m, .

. Potentially exciting signals at lepton colliders: e e~ and u ™ ~with enhancements for mono-y and mono-Z +

missing energy signals for the latter. A full collider simulation is underway to span interesting regions of the

parameter space - Stay tuned! -



Thank You!
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Backgrounds

Process | Production cross-section (pb) at 4/s =
1 TeV 3 TeV
YVU 2.447 2.964

Whizard cross sections for SM background at /s = 1 and 3 TeV.

—

Benchmark Production cross-section
at /s = 250 TeV | at /s = 500 GeV | at /s =1 TeV
BP55 4.42 tb 1.1 tb 0.24 b
vv/Z background 503 tb 491 tb 950 tb

Mono-Z cross-sections for BP55 and for SM background.
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Preliminary results.



The SM Lagrangian

ACSM — Ef + EG + ACH + £y

_ _ Y o
L= qrilpqr + urilPup + drilpdg + C1ilply, + égilper, D, = 0, + ig §B/1 T 79 I/V,, + 75)‘0Ga
[ — _l(wa,/Lu(w o lB/U/B o _W k;w‘/vk e —H G — oG — fa.chb ek
G — 4 X -ICL,UI/ 4 |97 % 4 1% 0% ¥ 1 4 A gS. v’ vV

,tu/ — 8/1,31/ — 81/3//,7
W/l’jy— o) Wk 59,,1/1//’;' — gcijleiW,Z

[:H — |Du(.b‘2 + /LQQquﬁ o )\(qu(b)Q

['.’ — _yQJQZ ¢CUR o yJQ’L @de o yl?j][_/’tqb eRj -+ h.c.



Spontaneous Symmetry Breaking

Higgs Lagrangian L = ‘Dﬂ(bl‘Z — Vy

Scalar potential Vi = _,U'Q@Tﬁb“‘ A(¢T€b)2- ¢ — ( ) \/§ Qs T 7:@'/)4

@0
For y* > 0, " /112 vhere ¢'¢p = % Writing ¢ in the unitary gauge as
V22

b — 1 0

V2 \v+h
my =y | [ma=ovor 1 1
=Y — — v . mwy = =g ;
f yf\/i h 1% 29 my = 5\/(92 +g/z> y




Minimization Equations

A1 A345 A
m%lvl — meUz | 9 ,0213 | 9 ’Ul’Ug + (71’01 + )\ﬁl’Ul)’Ugv — O,
Ao )\345 X
ng’Ug — mﬂful | 5 vg’ | 5 11}2 -+ (71}2 -+ )\51)2)’05 = 0,
)\// 4 A// v
2 /2 2 3 3 3 S 2
masve + mé&ve - | Vo Vo )\ + Ao
SUS SUS 12 3 S | 4 S | 2 ( 1 2 2)

vg( Nyt + Avs) = 0.



Scalar Mass Matrix

2V 2 2 / /

v
M% — —m%z + A345V1 V) m%z v;l)_ | )\zv% ()\,2 + Zkg)vzvs

/ 79/ / / 5)‘,1/ | )‘,3, 2
(A7 + 24 )vivs (A5 +245)vvs (5 + 5)vg




Basis change

Cal Caz Sal Caz Saz

R — —Sal Ca3 - Cal Saz S(x3 Cal Ca3 - Sal Sazsa?’ Caz Sa3

Sal Sa3 — Cal Saz Ca3 —Cal Sa3 — Sal Saz Ca3 Caz Ca3

ii* sin® B),

kg
|
b
9
"W
5
TN
%

ii* cos” B),

S
S
|
9
5
>U

1 1
A3 = 22 m?R;1Rip — i* +2m? 4 |,
3T 2 (sinﬂcosﬂ =1 itz T R mHi)
1 s
Ay = v—z(m‘,?'q + % - 2m%{i),

1 .
As = v—z(—mi + 1),
= 1 2> m?R;1Ri3 — 26,
1= 3 Vg COS =17 Ri1H3 = 2014
A = : 52 m?RipRi3 — 26"
273 vvg sin B =1 Ri2 i3 — <025
;1 1 3 m?
A = : 5> m?RipRi3 + 6.
573 Vvg sin =17 Xi2 i3 7+ 05
3
/! /!
M=2=-=
Us

2 2 )¢ Ri1Rj3+ 46
X ( m [ 4+ 2v (3(vacosﬂ _1m; Rij1 Rj3 + 14)cos B

1 1
1 32
+3 (va sin B X miRiaR;3 +825) sin ,B) +mAS)

1 (6
A= ( »>_ m?R%
S

+ B (o 22 (2 : 23 m?Ri1Riz + 5 2
m p? m cos
2v§ 3 \vugcos B =l (1743 7T 914

1 L o3 2p poisl )ain? 2
+§ vug sin B i—1M; Ri2Rij3 + 05 | sin” B +mAS ;

m%z = ﬂz - sin B cos B, (2.15)



DM couplings

Ah;AsAs
v

1
AhjheAsds = —[(A] = 2X5) Rj1 Rin + (Ay — 2X5)RjoRia — 50\'1' — A3)Rj3Rys),

/ / / / US /\n 7
= —[()\1 — 2)\4)CgRj1 + ()\2 — 2)\5)55Rj2 ) ()‘1 _ AS)R]'Q"]?



BFB

in the basis X = (cb{cbl, Ol D, p, ng)‘ with S = pg + ing:

A1 Az + (A — [As]) A+ 205 A — 2X)

1 )\3 pZ()\4 — |)\5|) )\2 A 2AL AL — 2]

. T 2 5 2 5
A= 1 Ny R

N — 2, Ny -2\, Tt DA
—_
A
1

— 5XTAX , (3.1)

where two cases are distinguished:

case 1: (Ay — |[A5]) >0 = min|[Vy| = Vy|,—0
case 2: (A4 — |A5]) <0 =  min|Vy] = Vy|,=1.




The explicit copositivity conditions for a symmetric order 3 matrix B with
entries b;;, 1,7 = 1,2,3 can be found in [53, eq. (5) and (6)] and are:

b11 >0, by >0, b3z >0,
b1z = b1z + 1/b11baz > 0,
bis = b1z + v/bribsz > 0,
bos = bag + /baobsz > 0,

\/511522533 + b124/ b33 + b131/ bag + bag/b11 + \/251251317;3 > 0.

The matrix A has to satisfy: det(4) >0 V (adjA);; <0, for some ¢, j.
The adjugate of A is defined as the transpose of the cofactor matrix:
(adjA);; = (—1)*"? Dj;, with D;; being the determinant of the submatrix
that is obtained by deleting the ¢-th row and j-th column from A.

3.
3.
3.
3.
3.

~~ A~ N —~
Sy Ot W= W DN
— ~— ~— — —



95 GeV signal strengths

. YY _ +0.09
—0.057> luLHC—combined T O'24—0.087

BRZHDMS(hl — b_E)

the _ UzHDMS(6+€_ — Zh1) o BR2HDMS(h1 — b_E)
HLEP = " v(ete~ — ZHY,) . BRew(HSy, — bb)

= |envv ]

BR2HDMS(h1 — 77)

Mthe B ooupMs (99 — hi) « BRoupwms (b1 — 77Y) — |cn ‘2
— = t
Y osm(gg = HYy) ~ BRsm(Hy — 717) 1 BRem(Hy — 77)
the 2 the 2
2 _ ( Hrep — 0.117 Homs — 0.6

XCMS-LEP — 0.057 T 0.2

Chytt = sin a,l co8 a2, Chibb = co8 an ©O8 a2, Ch,vv = COS i cos(fB — ay) . S.Heinemeyer et.al,
sin (3 cos 3

Phys. Rev. D 106 (2022), no. 7 075003



Couplings in 2HDM

The reduced Higgs to fermion couplings for all four Yukawa types are summarized in Tab. 1.

type I | type II | lepton-specific | flipped
C R Ri2 R Ri2
hitt sin (3 sin 3 sin 3 sin 3
Rio Ri1 R Ri1
Ch;bb sin 3 cos 3 sin 3 cos 3
C Rio Ri1 R;q R;o
hiTT sin 3 cos 3 cos 3 sin 3

Table 1: Higgs to fermion reduced couplings for different type of Yukawa couplings

Ch,vVv = Ch,ZzZ — Ch,ww — COS BR;;1 + sin SR

Gauge couplings in 2HDM
S.Heinemeyer et.al,
Phys. Rev. D 106 (2022), no. 7 075003



Scan parameter choices

tan 8 = 10, 222 = 0.35, ay = —1.2, B — o — a3 = —[1.54, 1.6], my,, = 95 GeV,

mp, = 125 GeV, my+ = my = my, = 900 GeV, v, = [100, 1000] GeV,
ma, = [48,800] GeV, m% = [0,105] GeV2, X, = [-3:3], \. = [~3: 3].



Significance

S = \/2[(5' + B)Log(1+ =) — S|

 SM Background for gluon fusion: 7.07 pb

 SM Background for VBF: 1.12 pb.

Dey et.al JHEP 09 (2019) 004



