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The Standard Model of Particle Physics

-
1
-
=
N B
‘ -

‘ 4 = |
‘ ‘ T Y g the
I +af V(@)

QUARKS @ LEPTONS @ BOSONS @ HIGGS BOSON

The Standard Model of Particle Physics, FERMILAB CERN



T/u

T/u

Leptons Quarks
L= A | -« RS

La]s [
Vector bosons Higgs boson

9 5555y q
t/b/c
t/b/c 4 cene
t/b/c
g \000. q
f L)
w/z b/c
w
H ococeoee H -ae W ......
w
wi/z b/c
No. of. events 1L ATLAS Run 2
CMS, 137 fb~1 (13 TeV) ° -
250 - g c 107
| T
] % Q C
200 - + 28 102 :
] Z-boson and other g-: -
150 4 backgrounds o ~ B
: 10 u
_: Higgs signal
100 : 104 | 3
Z 5 14FTTT T
50 08 F I
] 2= 1.2
] 272 -
0 . T Trrr T Trr T T Trrrrrrr T T g § 1.0 N
80 100 120 140 160 % C l
0.8
m,, (GeV) Nature 607 (2022) 60 o

Nature 607, 52-59 (2022) 10-1

- F



Open Questions..

Gauge hierarchy problem
Dark Matter

Dark Energy

Non-zero neutrino masses
Matter-antimatter asymmetry
Strong CP-problem

Gravity
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Synergy of Higgs to New Physics?

Electroweak & Higgs
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Evidences Dark Matter

Rotational velocity of Galaxies Bullet Cluster Gravitational Lensing
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* DM must be electrically neutral as only detected via I1ts gravitational interactions.

e Stable at least until the lifetime of the Universe.

¢ Mass and nature unknown!
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WIMP-nucleon og; [cm?]

Dark Matter: Detection

(HD)-LHC, FCC,
ILC, Muon Colliders...

Collider Search
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Higgs as a portal to the Dark Sector

Mediator
Standard Model Dark Sector




The SM Higgs Portal

Scalar singlets under the SM gauge group = potential dark matter

candidates. Barger, et.al Phys.Rev.D79:015018,2009

It communicates to the SM via the 125 GeV Higgs as the portal to the dark
sector.

Stringently constrained from dark matter direct detection data.
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Higgs(es) as portals to the Dark Sector

Mediators

Standard Model Dark Sector

SM and BSM

) Dark Matter sector: scalar, fermion, vector
Higgses

* Presence of additional portals to dark matter via extra Higgses as in
singlet extended multi-Higgs models relaxes direct detection constraints
with prospects for collider signals.



Extended Higgs Sectors

Dark Matter Inflation

Higgs Phenomenology Baryogenesis

Leptogenesis

Scalar excesses, e.g, “~95 GeV” excess

Gravitational Waves

. Eg. in
Mediators Dark Sector 2HDM + complex singlet
scalar (2HDMS) with DM

stabilized by a VA
symmetry. Baum, et.al, JHEP12(2018)044

Dutta et.al, Eur.Phys.J.Plus 140 (2025) 1, 87, 2504.14529,

hl . h2, h3 Dark Matter sector: scalar, fermion, vector Eur.Phys.J.C 84 (2024) 9, 926, ongoing works.

S.Heinemeyer et.al, Phys. Rev. D 106 (2022), no. 7 075003

Standard Model

Matlis et.al, JCAP 07 (2024) 007
Biekotter,et.al 2509.01682, JHEP 10 (2022) 126
Drozd et.al JHEP11 (2014) 105, Dey et.al JHEP 09 (2019) 004



Extended Higgs Portal Models:
2HDM + complex singlet scalar (2HDMS)

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

» Depending on the singlet vev v, the model can accommodate single or multicomponent dark matter candidates.

e The scalar potentialis:  Vaupms = Voupyu + Vs
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Key Points

Particle content:

hy, hy, by, A, HS, A

/ /

Scalar Mediators
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Connection to colliders via invisible decays of
SM and BSM Higgs bosons.

Trilinear and Quartic Couplings of DM to Higgs Bosons
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Dutta et.al, Eur.Phys.J.c 86 (2026) 4, 384




Mg =M - 22,

Extended Higgs sectors as portals for

pseudoscalar Dark Matter
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Connection to colliders and benchmarks

e DM invisible to colliders.

» Typical signals: SM particles + Missing energy, eg. Mono-X + MET ;

ma o (GeV)|tan Qh? BR(h1 — AsAg) | BR(h2 — AsAg)|BR(hs — AsAg)
DM55w95 55 2 0.11 - 0.0199 3.81-107°
DM156.95 156 6.6 [1.61-10"4 - - 0.692
DM1000y95 1000 5 0.111 - - 0.0360
DM70 70 1.37 0.113 1.80-10~4 - 0.999
DM400 400 2.13| 0.106 - - 0.822
DM1000 1000 1.34 | 0.117 - - 0.00514

» Benchmarks chosen with thermal relic and underabundant cases

satisfying all theoretical and experimental constraints.

e Potential signals at high luminosity LHC, e+e- colliders as well as muon

colliders.
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Present and future colliders

I
|‘ Muon Collider

Bacs




Af ——————— hg
g 99999999
. Vector Boson Fusion (VBF Associated bbH production for heavy Higgses (BBH
Gluon Fusion (GGF) (VBF) P vy Higg ( )
Process Production cross-section (fb) at JE = 14 TeV
DM55,,95 DM156y,95 DM70
GGF (hy — AgAg) 533.9 - 19.29x103
GGF (h3 — AgAg) - 0.015 -
VBF (hy — AgAg) 54.33 - 2.72x103
VBF (h3 — AgAg) - 0.134 0.0022
BBH ((bbhy — AsAg)) 21.6 - 0.137
BBH ((bbh3 — AsAs)) = 47.24 -

Production cross-sections of different channels at HL-LHC.



Gluon Fusion

Mono-jet + MET signal:
g 99999009~
e C1:The final state consists of up to four jets with pr > 30
GeV and || < 2.8. Af o e hiy
e C2: We demand a large E7 > 250 GeV.
e (C3: The hardest leading jet has pr > 250 GeV with
In| < 2.4.
e C4: We demand A®(j, E7) > 0.4 for all jets and
A®(j, ET) > 0.6 for the leading jet.
e CS5: A lepton-veto is imposed for electrons with pr > 20
GeV and |n| < 2.47 and muons with p7 > 10 GeV and i "
In| < 2.5.

monojet +MET

g 00000009 -

X

Benchmark Significance

DM55w95 0.300
ATLAS Collaboration, JHEP 01, 126
DM70 0.550 (2018)




Vector Boson Fusion

2 j + MET final state:

e D1: The final state consists of at least two jets with
pr(j1) > 80 and pr(j2) > 40 GeV and A®(j;, E7) >
0.5.

e D2: We demand 7(j1j2) < 0and A®j;j, < 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, Mj; > 600 GeV.

e D5: We demand £ > 200 GeV.

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

Benchmark Significance

DM70 1.940

CMS Collaboration, Phys. Lett. B 793,
520-551 (2019)



Associated Higgs production

2 b + MET signal:

e E1: The final state consists of two b jets and no photons or

leptons. We demand AR (b1, by) > 0.4, pr(b1) > 150 b
GeV and pr(by) > 100 GeV.
e E2: We demand a large missing transverse momenta
(MET) E1 > 200 GeV to reduce SM background. b
e E3: We demand M (bb) > 200 GeV to reduce SM back- -
ground Contributions. Benchmark Cross-section after cuts (fb)
DM156,95 0357
| bbhs | SM Background
= v o bbzZ 18.3
2 ez . bbvi 13.46
g w 4' . _‘-":::3::—::: _____ tt 66.46
% : _.-'l‘ :., _-"":-‘::::_l:::_'_—m a6l Z +.] 2.04
< . Irr- :-‘I —— hrw—_-'_:.H:h,l hZ 0.012
‘g r! "-,‘ - —— Total background 100.27
g v i -1"1."1,;:“:. el Benchmark Significance
z | SR s
| T | i DM156w95 1.950
102 i . . . h [ H S IR

M [b1b,] (GeV)



Salient Points

Signals: Mono-jet + Missing energy, Di-jet + Missing Energy, 2b jets + Missing energy

Competitive reach from VBF and BBH for light DM benchmarks.

Hints of new physics ~20 by the end of high luminosity LHC at 14 TeV and 3000 fo~ L.

Enhancement of cross-sections by a factor 100-1000 at Future Circular Collider (FCC-hh).

Process Production cross-section (fb) at 4/s = 100 TeV

DMS55,,95 DM156.,95 DM70
GGF (h, — AgsAg) 10.1x10° - 4.09%x10°
GGF (h3 — AgsAy) - 1.596 -
VBF (hy — AgAg) 5.97x10? - 81.87
VBF (h3 — AgAg) - 3.12 -
BBH (h, — AgAy) 6.43x10? - 17.2x103
BBH (h3 — AgAg) - 5.00 -

» Lepton colliders could play a crucial role here to uncover these scenarios with better precision and
cleaner environment.



Signals at lepton colliders
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Significant enhancements near the higgs resonance region observed in muon colliders

due to the muon Yukawa coupling = complementary searches to LHC.
24



Relevant processes at e+e- colliders

« Leading signal for light
DM benchmarks Mono-
/Z + MET as in DM55
and DM70.

e For heavier DM,
associated bbH
production channels
takes over as in DM156.

10!
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Signals at e"e ™ colliders

Mono-Z + Missing Energy

et /ut o et /pt 7

Benchmark Production cross-section (fb)
At /s =250 GeV At /s =500 GeV At /s =1TeV
DMS5595 4.42 1.1 0.24
DM70 0.33 0.15 0.035
vvZ background 503 491 950

Signal and dominant background Production cross sections at various center of mass energies at an unpolarised e+e- collider.
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Results

Light Dark Matter mostly sensitive via mono-Z + missing energy final state at a e+e-
collider at 250 GeV.

Benchmark NG Cut Significance
DM55y95 250 GeV M > 100 GeV 110 (1 ab™1)
DM70 250 GeV M > 130 GeV 30 (3ab™ 1)
DM55,95 500 GeV M > 100 GeV and M < 150 GeV 3.60 (1ab™1)
DM70 500 GeV M > 140 GeV and M < 190 GeV 1.50 (3ab~1)
DM55,,95 1 TeV M > 120 GeV and M < 250 GeV 240 (3ab 1)
DM70 1 TeV M > 120 GeV and M < 250 GeV 0.360 (3 ab~1)

Linear colliders are crucial to discover light DM in cases where LHC still hides it!

Dutta, et.al, 2504.14529



At 11 u"colliders:..
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Heavy and Intermediate DM benefit from associated production modes such as bbH and ttH /‘t

Intermediate DM at higher energy lepton colliders/proposed muon colliders.
bb + Missing Energy (3 and 10TeV " A ) Heavy DM
1 /’, ; + // S . .
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-7 u* 7 hi23 Al AR
Pz sl AN S N " m2s "4s (10 TeV muon collider)
:45 _____ (/ hig3 As t hios \\ t
b hi2s L hi23 \‘\
----- R |
A —
— T t # t
Benchmark Cut Significance Benchmark Production cross-section (fb) at /s = 10 TeV
DM1564,95 | 100 GeV < my, < 500 GeV | 6.30 (3ab™1) DM1000y95 0.027
tt+MET background 1.66
Benchmark Cut Significance _
DM156495 | 690 GeV < M < 710 GeV | 30 (3ab—1), 5.30 (10ab~1) | | Denchmark Cut Significance |
DM1000y,95 | my < 2 TeV | 290 (10ab™t) § T IR E
ot As et fut As é 0.4;— —— DM156,45 —;
’,// ‘7 _5 0.6F T g 0.35 ;— -
/// % N E omiss,. % 03 ;_ vvy background _;
-}L:/-h;/-h-s- ) E | E ——— bbvv backgrounc (ZD 0.252_ _i
AN g 0.4:‘ 0'22— _i
~ As z o :_ tf background 015 i_ _f
F 0.12— .
Mono % Missing Energy (1 TeV muon collider) 3 005 ] :
r S W I I I L i N
Benchmark Production cross-section (fb)at /s =1 TeV — j; %7100 200 300 400 500 600 700 800 900 1000
DM156,95 093 Cut Significance AT T L M(GeV)
vy background 2.45 GeV < M < 710 GeV | 30 (3ab™!), 5.30 (10abt) | © %0 100 1500 2000 o (G;‘;””



At u™ 1" colliders:

Relevant
processes at
muon colliders
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Heavy and Intermediate DM benefit from associated production modes such as bbH and ttH M

Intermediate DM at higher energy lepton colliders/proposed muon colliders.
bb + Missing Energy (3 and 10TeV " A ) Heavy DM
1 /’, ; + // S . .
muon colhder/)AS P N e " tt + Missing Energy
-7 u* 7 hi23 Al AR
Pz sl AN S N " m2s "4s (10 TeV muon collider)
:45 _____ (/ hig3 As t hios \\ t
b hi2s L hi23 \‘\
----- R |
A —
— T t # t
Benchmark Cut Significance Benchmark Production cross-section (fb) at /s = 10 TeV
DM1564,95 | 100 GeV < my, < 500 GeV | 6.30 (3ab™1) DM1000y95 0.027
tt+MET background 1.66
Benchmark Cut Significance _
DM156495 | 690 GeV < M < 710 GeV | 30 (3ab—1), 5.30 (10ab~1) | | Denchmark Cut Significance |
DM1000y,95 | my < 2 TeV | 290 (10ab™t) § T IR E
ot As et fut As é 0.4;— —— DM156,45 —;
’,// ‘7 _5 0.6F T g 0.35 ;— -
/// % N E omiss,. % 03 ;_ vvy background _;
-}L:/-h;/-h-s- ) E | E ——— bbvv backgrounc (ZD 0.252_ _i
AN g 0.4:‘ 0'22— _i
~ As z o :_ tf background 015 i_ _f
F 0.12— .
Mono % Missing Energy (1 TeV muon collider) 3 005 ] :
r S W I I I L i N
Benchmark Production cross-section (fb)at /s =1 TeV — j; %7100 200 300 400 500 600 700 800 900 1000
DM156,95 093 Cut Significance AT T L M(GeV)
vy background 2.45 GeV < M < 710 GeV | 30 (3ab™!), 5.30 (10abt) | © %0 100 1500 2000 o (G;‘;””



Multicomponent DM in 2HDMS
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For heavy DM, dominant contributions from ttH and HA in 2b + Missing Energy final states.
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For heavy degenerate DM masses~400 GeV and Heavy Higgs mass ~ 833 GeV (with ~4% invisible branching)
signal significance of ~ 2.740 at an e*e™ collider at /s = 3 TeV at 5ab~!

More detailed collider studies ongoing to explore full potential of multicomponent DM at higher energy linear colliders at 3 TeV!



Light Vector Boson Dark Matter in 2HDMS
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Das, Dutta, Ghosh, Rai, Phys.Rev.D 112 (2025) 11, 115036



Current and Proposed Future experiments
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Synergy between different colliders crucial to discover new physics scenarios.



Summary

Dark Matter remains one of the most challenging yet intriguing mysteries of Nature.

Extended Higgs portals models accommodating dark matter (such as the Type Il 2HDM
extended with a complex singlet scalar) very well motivated and connects Particle Physics at
low scale and the early Universe cosmology.

Exciting signals which are hinted at HL-LHC, decisively detected at lepton colliders such

as for light pseudoscalar DM at an e¢¢ ™ collider of 250 GeV via the Higgsstrahlung
process using missing mass reconstruction techniques.

Associated production channels bbH, ttH, HA take over for heavy and intermediate DM
cases at higher center of mass energies (~3 TeV) and beneficial to look for at higher
energy lepton colliders akin to muon colliders to enhance reach of BSM higgs searches.

Potential for high energy lepton colliders to uncover multi-component DM at 3 TeV e+e-
colliders for heavier DM masses. -> Ongoing work to explore full potential of multicomponent
DM reach!
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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 Rio Rio R
hitt sin 3 sin 83 sin 83 sin 8
Ri2 Ri1 Ri2 Ri1
Ch;bb sin 3 cos 3 sin B cos B
c Ry Ry Ry Ry
hiTT sin 3 cos 3 cos B sin 8

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

Gauge couplings in 2HDM Ch,vv = Ch,zzZz = Chp,,ww = COS BR;1 + sin BR;9

Branco, et.al,
https://doi.org/10.1016/j.physrep.2012.02.002
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Benchmarks

Mh, Mhy Mhg mA myg+ X2
95.4GeV [125.09GeV | 650GeV | 800 GeV |800GeV [1.26
mag Ap—=2XN, | Ay—2X | M=) | tanp
55.596 GeV | 0.0020912 [0.00074611 | —0.025735 2
vg p a1 o) a3
300GeV | 650 GeV —1.932 1.272 1.484
DM55_w95
mp, Mp, mp, ma Mg+ X2
95.4GeV [125.09 GeV | 700 GeV 700 GeV | 700 GeV | 0.422
MAg AT —=2X) [ A, —2X0 | A =)\ | tang
156 GeV 12.753 |—0.31351| —2.6747 6.6
vg I oq 1o % Qa3
239.86 GeV | 700 GeV 1.4661 1.1920 | —1.5989

DM156_w95

Mp,y Mp,y Mpg mA M+
800GeV [125.09GeV | 150 GeV | 800 GeV | 800 GeV
mAg AN = 2X) [N, =205 | A —\§ tan 3
70 GeV —0.10783 | 0.063127 | —0.47818| 1.3728
vs B o%] (o) as
219.05 GeV | 751.54 GeV | —0.60016 | 0.042445 | —0.05480

DM70

Mpy Mhy Mhgy mA myg=+ X’
95.4 GeV | 125.09 GeV |2950 GeV [2950 GeV 2950 GeV |2.13

mag A =2X, | A5=2X5 | M= )X5 | tanp
1000 GeV 21.231 0 —1.4153 5

vs m ai Qa2 Qas
10005 GeV [2949.29 GeV | —1.769 1.250 1.569
DM1000_w95
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LHC Cross-sections

Process Production cross-section (fb) at /s = 14 TeV
DM5595 | DM156,95 DMT70

GGF(hy — AsAg) 533.9 - 19.29x10°
GGF(hg — AsAs) - 0.015 -
VBF(h; — AsAg) 54.33 ; 2.72x10°
VBF(h; — AsAsg) - 0.134 0.0022

BBH ((bbhy — AsAs)) 21.6 - 0.137

BBH ((bbhs — AgAg)) - 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 107° 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 = 14 TeV
DM400 | DM1000 DM1000y,95
GGF(hs — AsAs) | 0.013 | 6.35x1077 4.5%x107°

VBF(h3 — ASAS) 0.0008 - -
BBH(h; — AgsAg) 0.007 - -




Basis Change

2 _ =2 o 1 1
my, = (1~ - sin B cos B, - 3 2
12 M | ﬁ ﬂ )\,/5 = Z (mzizlmi Ri2Ri3 — )»/25) ,
_ 2 ~2 .2
A= v2cos? B (Si_ymi Rjy — i sin’ B), Al = A/1/3 + 23,
1 . 2 2 2
Ay = Tl ﬁ(E ' \mIRY, — i* cos® B), A = 4o 2 (2 _imi Rly — M3v5 — 430%),
_ 1 1 3 2 ~2 2 2 ml2= lm + 123 2 R2 +R.1R.3vCOSIB
73 =02 \ Sin Boos p =i it Riz = i 2mye ) s= M Ty AT
1 B vsin B v?
Ag = —2(’"34 + % - 2m%1i), +Rio2Ri3— o5 ) — Z(K/m cos® B
v
~2 v
As = —m% + i?), +5s sin® B) + gsk/l%) , (
1
A== < lm,~2Ri1Ri3 + )»’14) X . .
2 \vvug cosﬁ Rotation Matrix
1
Ay = 2 (vvs s1n/3 lm RioRia + XZS) o e B i
) R = | —Sa;Ca3 — CaySarSas CaiCaz — SaySarSaz CapSaz | »
Ay = 4 ( B 23 =1M; 7Ri1Ri3 — )»14) Sa1Saz — CaySayCaz  —CaySaz — SaySayCay CarCas
VU COS

Dutta, et.al, Eur.Phys.J.Plus 140 (2025) 1, 87



Benchmark Production cross-section (fb)
at v/s =3 TeV | at /s = 10 TeV
DM156,95 0.48 0.063
bbvv background 758 1.3
tt background 20 1.7

bb+Missing Energy cross-sections at Muon Colliders.

Benchmark Production cross-section (fb)
at /s = 250 GeV | at y/s = 500 GeV | at /s = 1 TeV
DM55,95 4.42 1.1 0.24
DM70 0.33 0.15 0.035
vvZ background 503 491 950

Mono Z + Missing energy cross-sections at Muon Colliders.

| Qh2 ‘ UpAs/pb | GnAS/pb |UASAS—’XX/% |BR(h3 —)AsAs) ‘BR(hz —)A5A5)|
DM554w95 0.11 4.21 x10~12 | 4.08 x10—12 1.98x10~28 3.81x1079 0.0199
DM156495 |1.61 x 1074 3.903 x 10~11 [4.160 x 10~ | 3.875 x 10—2° 0.69 -
DM1000w95 0.111 3.323 x10~ 11 | 3.369x 1011 2.045x 1026 0.0359 -
DM70 0.113 8.938 x10~16 | 2.651x10~13 2.13x10~28 0.99934 :
DM400 0.106 4.960x10~11 | 5.101x10~11 3.67x10~26 0.82203 -
DM1000 0.117 8.263-10"11 | 8.464-10"11 2.018 - 1026 0.005 -

Allowed Benchmarks




Benchmark

Parameters BP3

A 0.21

) 0.26

A3 0.25

A4 -0.1

As 0.1

A 0.01

A" 0.0001
A" 0.001
AT 2.0

)‘lzm 0.1

i -0.1

A 0.1
m?,(GeV?) 1.0x10°
m}p, (GeV?) 300000
m 1, (GeV2) 380000
tan B 6.8
cos(@ — B) -0.00015
mp (GeV) 125.6
mp(GeV) 8335
m(GeV) 829.8
myx (GeV) 8335
ma; (GeV) 398.12
mp, (GeV) 428.88
BR(H — agay) 3.9x1072
Qh? 1.03x103
oyl x 7%%"2’;“ (x10'! pb) 2.66
ST w22 (31011 pb) 2.79

2
ShpLanck




Backgrounds and cuts for multicomponent DM

We study the final state of 25 +F7 with the missing energy arising from H — X X atanunpolarized e*e™ collider for an integrated
luminosity of £ = 5 ab~!. Dominant SM background contributions arise from

bb (for misidentification of decay products of b-quark along with missing energy from b decays)

bbvv (including both on-shell and off-shell contribution from Z boson decay as well as vvh contribution)
Z(— bb)Z(— vD)

hZ (h — bb, Z — vD)

ttZ, (Z — vv, t - bW™) for misidentified leptons/jets from W bosons.

Leptonic ¢¢ for misidentified leptons or semi-leptonic #¢ decays with missing energy arising from the b decaying leptonically.
WwZz

777
Cuts for analysis: 2b + MET

C1: The final state consists of two b-jets and no leptons or photons.

e (C2: The leading b-jet has transverse momentum pr > 100 GeV and sub-leading b-jet has pr > 80 GeV. The hard pr cuts on
the b-jets help to reduce backgrounds from SM backgrounds from Z and A bosons.

e C3: The invariant mass of the two b-jets within the mass window 80 GeV < M}, 5, <130 GeV is rejected to remove contributions

from Z and A bosons.

C4: Since the dark matter is heavy, we demand a large cut on the effective mass M,rr > 1.2 TeV where M,sr = >..(pr)+ET.
CS: Further, we demand Z7 > 650 GeV on the final state which reduces the dominant SM backgrounds.

C6: The AP between two b-jets is significantly different for the signal and background from bb where the b-jets are mostly
back-to-back. We demand A® (b1, by) < 1.60. This also reduces the backgrounds from bb as well as from ¢ and ¢t7Z sharply.



Light Vector Boson Dark Matter in 2HDMS

. z,»-7,5>5, 2¥:7,--7,5> -5

V(®,9,,S)
=mj, (‘DJ{(DI) + m%z(d);(bz) +m3;(S*S)
— [m2,(®]®,) + H.c.] + 4, (D] @, )?
+ Ay (@ID,)2 + Ag(S*S)? + A3 (D] D) ) (@1 D,)

AL h;
zm /
.
---------- hi .
\\
v h:
Z/l/ Z J

Mnzz =2930sRi3
Azznn; = 207Ri3R 3

Free parameters:

+ A4 (@] @) (@D, + A5, (D] D) (S*S)

e

2 . . .
Mp s Mpy, Mpg, Mg+, A, Mo, tanﬁ, SN &1, SIN Qg, SN O3, M DMy Gx |

1
+/152(<I>£CI>2)(S*S) + {5/15(<I>Id>2)2

+ [46(DI®)) + 47 (DL D,) + 25(5*S)] x (P D,) —|—H.C.},

mMpMm = Gy Vg

Das, Dutta, Ghosh, Rai, Phys.Rev.D 112 (2025) 11, 115036



Light Vector Boson Dark Matter in 2HDMS
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Figure 4. Relic abundance vs mpy (GeV). The Higgs masses are fixed at mp, =
80GeV,myp, = 1256GeV,mp, = 500GeV. In the left panel, two values of g, are con-
sidered when tanf = 10. In the right panel, three values of tan 3 are considered when
gz = 1.0. The other parameters are fixed at sina; = 0.01, sinas = 0.01 and sinag = 0.01.
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Feebly Interacting DM
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Representative Benchmarks

No. gy mpm (GCV) mp, (GCV) mp, (GCV) O'SI( sz)
BP1 0.16 54.78 109.97 300.0 4.92 x 1074
BP2 0.20 44.35 89.74 300.0 1.08 x 10748
BP3 0.28 90.50 87.28 221.71 2.27 x 1078
BP4 0.35 177.64 101.30 530.84 6.71 x 10748
BP5 0.48 527.0 101.90 478.71 1.20 x 10~
No. Annihilation channels No. Annihilation channels
BP1 Z'Z' - bb(80%) BP2 Z'Z' - bb(80%)
72’7 — cc(12%) 72’7 - cc(12%)
Z'7 - 17(8%) 2’7 — 17(8%)
BP3 72’7 - H H™(42%) BP4 72’7 - HtH™(46%)
Z,Z/ e d h1h1(35%) Z,Z’ b d h1h1(29%)
72’7 - AA(21%) Z2'7' - AA(23%)
BP5 Z'7Z" - hyhy(97%)

72’7 - HtH™(2%)




Natural SUSY: searches for light Higgsinos

Typical spectrum for low Agw models
6 B nat.range
. first /second generation WS HL-LHC
1L matter scalars ]
R 5 .
i
________________ ta
stops, sbottoms,
; gluinos 1 44
~~ :::::::::::::::ﬂl S
2 :
3
O 10°t 19 3+
— W 7 wino ©
E """""""" - =
________________ Z, bino 1 2
Z . . L
ik ; SSSsssssssssssss, W Higgs,higgsinos | 1
W gauge bosons
ol . ~
Baer, et.al, 2202.11578 g W F, H, A tl

Baer et.al, et.al Rev. Mod. Phys. 97, 045001

Natural SUSY characterized by light Higgsinos still elusive at LHC and natural range of Higgsino masses not expected to be ruled out
by end of HL-LHC. LCs better prospects at seeing light Higgsinos!

Breggren,et.al EPJC (2013) 73:2660


https://arxiv.org/abs/2202.11578

 Early estimates of naturalness such as by Barbieri-Gudice, Azc =maxil

« Stringent upper limits on gluinos and third generation squarks.

Expectations from Naturalness measures for SUSY

piamZZ

|.
p; independent soft terms.

R. Barbieri and G. F. Giudice, Nucl.
Phys. B 306 (1988)

« Conservative measures of naturalness: Ay, , the ratio of the largest term on the
right-hand-side of:

mfld + Zg — (m%]u + ZZ)tan%)

AEW

tan?f — 1

_ max|RHS]|

m2/2

0?2

Limits on particles for 3% Ap; (Aps < 30) fine-tuning and for

Agy < 30.
Mass BG/DG Apw
L <350 GeV <350 GeV
mg <400 — 600 GeV <6 TeV
mi, <450 GeV <3 TeV
mz; <550 =700 GeV <10 — 30 TeV

53
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A ~95 GeV excess

Phys.Lett.B565:61-75,2003
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95 GeV signal strengths

bb +0.057 Y7y _ +0.09
prep = 0.117Z5 057, M1 HC—combined — 0.247 08,

BR2HDMS(h1 — b_B)

the _ oonpms(ete™ — Zhy) y BRoupms(h1 — b_B)
HLEP O'SM(6+6_ — ZHQM) BRSM(HgM — bb)

= |en,vv|?

BR2HDMS(h1 — ’Y’Y)

the ooupms(99 — h1) « BRoupms (b1 — v7)
BRswm (Hgy — 77)

Homs = osm(g9 — HgM) BRSM(HgM — )

2 _ (g — 0117 2+ phs — 0.6
XCMS-LEP = 0.057 0.2

sin av; cos ap COS (¥1 COS iy
Chitt = ———— 5> Chibb = 5
! sin8 ' ! cosB

= |Ch1tt|2

Chyvv = COsapcos(f — ag) . S.Heinemeyer et.al,
Phys. Rev. D 106 (2022), no. 7 075003



Interplay of DM and 95 GeV Higgs

Mhy Mhy Mhs mA MAs 0.16 1 wmm allowed by all constraints
95 GeV 125.09 GeV 900 GeV [900 GeV | 325.86 GeV bfb excl.
s m? W | o | () 0141/ Haexe
900 GeV | —4.809 x 10" GeV*| —9.6958 | 0.2475 10 015 | 5 Fermi excl
Vs Chbb Chyte | alignm fi?
239.86 GeV 0.2096 0.4192 | 0.9998 [8.128 x 10° GeV? N 0.10 1
Benchmark point BP1 3
0.08 A
0.06 A
Parameters Range 0.04 1
chos | 0.0996,0.320] .
Chytt [()3()97 0529] 0.0 0.2 0.4 ) 0.6 0.8 1.0
s

Parameter ranges for the couplings to fit the 95 GeV excess.

S.Heinemeyer et.al,

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

Allowed region consistent with 95 GeV excess, theoretical and
experimental constraints from Higgs and dark matter
searches.

56 Dutta, et.al, Eur.Phys.J.Plus 140 (2025) 1, 87



Salient Features from DM observables

e Cancellations between

contributions from A,and A, o]
(blue line).
e Dominant DM annihilation s
from Di-higgs,WW and bb T ] o
channels.
e DM relic density mostly under s | S e
abundant over the scanned
parameter space. 3] J o 1|
Conservative limits placed from o« Nl
LZ and FERMI-LAT.

Dutta, et.al, Eur.Phys.J.Plus 140 (2025) 1, 87
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Constraints on 94 — 55 b= X — X

0.5 7= S S S S S 77 77 7T 77 77 77 7~

« Stringent constraints from LZ and Fermi- e Epaueq by al constraints |
S A
LAT data as well from boundedness-from- o5 ‘ ;
below constraints.
0.3 1 \
AhjAsAs So . mi RaRis 43, &
v - 3vvgcos(fB) + 3 les R 0.2 -
Z?:l m%bz Ri2Ri3 4555
* 3vvg sin(f) * 3 JssBse -
2 p 2 Z?=1 m;, Ri Ris 0140, 2 2
[v'vg(QmS Fmas + 3vvg cos(B) + 3 J2v°¢s 0o
Z?:l miiRﬁRi?’ Oo5v0, 2 2 Z?:1 m; Ry | -9.9 -9.8 -9.7 -9.6 -9.5
+ 3vvg sin(fB) + ?)20 s5) + T]Rj?” %s

Allowed by all constraints.

/ ~ ' '
Effect of &, dominants;,over due to e 055 =~ (.25 to satisfy constraints from
multiplicative factor of sin /3. LZ => allowed region from cancellations
between /,and £,.

58 Dutta, et.al, Eur.Phys.J.Plus 140 (2025) 1, 87



Minimization Equations

A A

m2,v; — m2yvs + — 5 f + %“51}1@3 + (?1'01 + )\ﬁlvl)v% =0,
)\ A Ab

m%2/02 m12’01 + 2 + ;45 'U]2_ V2 + (?'UQ + )\5’02) S — 0

" // "

W
m§v5+m’52v5+12v5+ 3 P4+ =2 1 S+ ()\ V2 4+ Nyv3) +

US()‘4U1 )‘57)2) =

Scalar mass matrix

m%z b1 +)»1v1 —m%z +A345v1v2 (k’ +2)»£1)v1v5

M% — —m12 + A3450V1 07 m12 vy +k2v2 (A + 2A5)vpvg
5 // A'”
(A +22vivs (A + 209wy (- + 3)vS

Dutta, et.al, Eur.Phys.J.Plus 140 (2025) 1, 87



Boundedness-From-Below conditions

in the basis X = (cb{@l, ol d,, p2, ng)‘ . with S = pg + ing:

A1 Az + p*(Aa = |As]) AL + 200 N —2X;
n[Vi] _ yrl Az + p*(As — | A5]) A2 Ay + 205 Xp — 225
min[Vy] = 5 N, + 20, N, + 2. 5>\123>\3 —A12+A3
] — 2\ A, — 2L —A’l’z +A5 —M’;Ag’
N ~ ,
= %XTAX, (3.1)

where two cases are distinguished:

case 1: (A —|As]) >0 = min[Vy] = V4|,
case 2: (A4 — |As5]) <0 =  min[Vy] = Vi|,=1.

Kannike, Eur. Phys. J. C 72, 2093 (2012)
Dutta, et.al, Eur.Phys.J.Plus 140 (2025) 1, 87



The explicit copositivity conditions for a symmetric order 3 matrix B with
entries b;;, 4,7 = 1,2,3 can be found in [53, eq. (5) and (6)] and are:

b1 >0, by >0, b33>0, (3.2
bia = bia + \/bi1ba > 0, (3.3
b1z = b1z + v/bi1bss > 0, (3.4
bas = bog + 1/basbssz > 0, (3.5
/bi1basbss + b1ay/bss + biay/bag + baz/bir + V/2b1obizbas > 0. (3.6

The matrix A has to satisfy: det(A) >0 V (adjAd);; <0, for some i, j.
The adjugate of A is defined as the transpose of the cofactor matrix:
(adjA);; = (=1)"*7Dj;, with D,; being the determinant of the submatrix
that is obtained by deleting the i-th row and j-th column from A.

N N’ N N NS

Dutta, et.al, Eur.Phys.J.Plus 140 (2025) 1, 87



Weakly Interacting Massive Particles (WIMPs)
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 The Boltzmann Transport
equation:

dY_ 1 ds<
dr 3H dx

aAv>(Y2-Y§Q)

OR2 ~ 3 x 10727 cm3/s
~ <Uannv>




WIMP-nucleon og; [cm

Constraints on DM from Direct Detection

Spin-Independent DM-nucleon cross-section.
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bb and 77 modes.

1072

10724

Indirect Detection

 Combined upper limits on annihilation cross-section from Fermi-LAT on
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