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What is Dark Matter (DM)?
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What is Dark Matter (DM)?

o=t
o
Dark matier
: 5 Dark matter
People : 0K what 8

Properties:

Massive

Electrically neutral

Colourless

Stable

Barely interacts with ordinary matter (except
through gravity)

Proofs:

* Rotation curves of galaxies

Gravitational lensing

* Cosmic microwave background

Structure of the universe, galaxy formation
Mass location during galactic collisions




What is a Two Higgs Doublet Model with Complex Singlet Extension (2HDMS)?




What is a 2ZHDMS?

 SM Higgs Potential 2HDMS Higgs Sector Potential

[Notation as in: S. Baum and N. R. Shah, 2018]
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What is a 2HDMS? - Symmetries

V,.o» Symmetric under U(1),
all parameters real

“VZHDM symmetric under CP

V., .om SYymmetric under Z2
(Type Il 2HDM)

(broken spontaneously)
(broken softly to avoid domain walls)

@13 @) =)
&, 3 d,

Avoids FCNC (&, couples only to down-
type quarks and leptons, ®, couples
only to up-type quarks)

V,.oms SYymmetric under 22’

‘ Stabilisation of DM




What is a 2HDMS? - Particle Content

Mass squared matrix:

Mass eigenvalues and eigenfields:
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What is a 2HDMS? - Basis Change

Interaction Basis Parameters:

A N A", m? ., m?Z v, tanf

1,2,3,4,5’ 1,2,4,5 1,3? 127

A,1=A,4’
)\,2=A,5

Mass Basis Parameters:

2 12 1
mhl, h2, h3, A, AS, H! chlbb’ chltt’ m 127 m s? VS’ tanB’ allgnm

alignm = [sin(B — (o1 + 03 -sgn(on)))|

€ [0.98, 1]




What is a 2HDMS? - Important Couplings
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What now?

" What is DM?

4" What is a 2HDMS?
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What now?
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What is DM?

What is a 2ZHDMS?

13’



What now?

What is DM?

What is a 2ZHDMS?

; . . arxiv: 2112.11958
Find a viable benchmark (in accordance by S. Heinemeyer,

d C.Lietal
with 96 GeV excess at CMS + LEP) =2
AT SARAH
I ] e SPheno
Calculate DM observables (relic density, S MicrOMEGAS

direct detection cross section) + vary
some parameters

Compare results to measurements from P'azng:;i_ll-l\llJX-
experiments

(Extra: compare to model with v_=0) | arxiv: 2203.05509
by J. Dutta et al




DM Observables

* Relic density (zamount e N
g O - l'," £ o \’: T\\\\
of DM leftin universe i S Rt
today) SR AT
7

* Planck constraint:
Qh2=0.12

Contributing Diagrams:

 Direct detection CS
(=elastic scattering of DM
on nucleon)

« LUX-ZEPLIN (LZ)
constraint depends on DM
mass

Contributing Diagrams:




DM Observables

* Relic density AHTEY,

Planck excl.
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DM Observables

* Relic density

Alignment
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alignm = |sin(B — (0 + o3 -sgn(0)))|
€ [0.98,1]

Alignment

Alignment

0.99

0.985

0.98

0

0

[96Gev[125.00Gev[800Gev| 800 Gev 200 GeV 800 GeV | 100 GeV

)
ot e ot ]

100 200 300 400 500 600 700 800
mAS [GeV]

Oneutron AS [C

100 200 300 400 500 600 700 800
Mag [GeV]

19'



[96Gev[125.00Gev[800Gev| 800 Gev 200 GeV 800 GeV | 100 GeV

(o)
DI SRSEIVAICS o | os St i el 1]

* Relic density R, * Direct detection CS

(
\‘ "b ’b‘ &
NS 2
-

0 100 200 300 400 500 600 700 800
Myg [GeV]

0 100 200 300 400 500 600 700 800

0 100 200 300 400 500 600 700 800
Mpg [GeV]




96 GeV | 125.09 GeV | 1000 GeV 1000 GeV 200 GeV 1000 GeV | 100 GeV

G
i) el oles (10 | 005 | 027 [ TOL1CGVA [ TI0G 1 | ]

* Relic density AR * Direct detection CS

0 100 200 300 400 500 600 700 800

0 100 200 300 400 500 600 700 800
Mps [GeV]

0 100 200 300 400 500 600 700 800
myg [GeV]




What is a 2HDMS? - Wrap Up

DM candidate: A, (pseudo-scalar component of singlet S)
Number of free parameters: 13
Symmetries: U(1) + all parameters real (not broken),

Z, (spontaneously + softly broken),
Z’, (spontaneously broken)

Higgs sector particles: 1 charged: H*, 1 charged GB: G*,
3 scalars: h, h,, h,,

1 pseudo-scalar: A, 1 pseudo-scalar GB: G°,
1 pseudo-scalar DM: A_

i i . 12 2 i 2
DM to scalar Higgs couplings parameters: V, tanB, m%;, m?,, ¢ .., ¢, .., alignm, m?

22



DM Observables — Wrap Up

m,.: Low and high values (130 GeV - 800
GeV) allowed
V.: Low and high values (100 GeV - 1500

GeV) allowed

C. b~ Cran Strongly constrained
m’_: Strongly constrained
alignm: Strongly constrained
tanf: High values (7 - 20) allowed (for m

between 130 GeV - 250 GeV)

23



Comparison with v_.=0
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Comparison with v _.=0

vs:tO

v =0

DM candidate:

A, (pseudo-scalar component of singlet
S)

m?, . = -(2m’%_ + (2I3)A” V%, + 2(N' V% +

A .V2)

S=(1W2)(p +iA,)

m2, = m2 + (LI2)(N',v2, + \',v2))

Number of free parameters:

15

15

Symmetries:

U(1) + all parameters real (not broken),
Z, (spontaneously + softly broken),

Z’, (spontaneously broken)

U(1) + all parameters real (not broken),
Z, (spontaneously + softly broken),

Z’, (not broken)

Higgs sector particles:

1 charged: H*, 1 charged GB: G=,
3 scalars: h, h,, h,,

1 pseudo-scalar: A, 1 pseudo-scalar GB:

1 charged: H*, 1 charged GB: G=,
2 scalars: h, H,
1 pseudo-scalar: A, 1 pseudo-scalar GB:

parameters:

G°, G°,
1 pseudo-scalar DM: A 1DM: S
DM to scalar Higgs couplings N N N N N A N, N, N, X,




Comparison with v_=0, in Interaction Basis
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Comparison with v_=0, in Interaction Basis

86.1GeV|125GeV| 724 GeV [724GeV|  470GeV 728 GeV 10 % GeV 125 GeV | 724 GeV 724 GeV 339GeV  [728GeV|1.13-10° GeV
tan(B) a; as as mi, m?Z tan(B) a i, mz

5 0.198 [Z+107°] 10=% |1.01-10°GeV?|-1.18 10°GeV” 5 0.198 |—1.01-10%GeV?|1.13-10° GeV?

A Ao Az A s tan m3, Vs Y Ao A3 Aa X5 |tanp m3, ms
—0.902[0.250] 172 [-0.144|0.0460 5 1.01-10°GeV? [10~% GeV 0.233[0.249[0.390|—0.167/0.001| 5 |[—1.01-10°GeV?|1.13-10°GeV?

N A bY N, Py N m2 VY Ny Y RY me
0.042 |0. 5.56-1011 0.1 0.1 [5.56-10M[-1.18-10° GeV? 0.042]0.042] 0.1 0.1 0.1 |01 ]1.13.10°GeV?

Mp, Mp, Mp, ma ma. My Vs mp my ma My My= ms ‘

— - A = 0233375613
Planck upper limit: 0.1192 + 1o i Ao = 0249108504
yd A5 = 0.389954438
S/ v % A4 =-0.167252157 _
A5 =0.001
2ail a M3, = 101439724
=m | ! )= 50
AS h3 - m? = 113000.0
A =0042

A =0042
=01
A=01
A =01

05 T0571+10° —1510° —2-10° T VR R T T
mg”? [GeV?] 2 x10°

Proton Cross Section
Neutron Cross Section

Interference witk E | § -

v

A3 = 0.389954438 A1 =0233375613

Az = 0249104504
A5 =0.389954438
A4 =-0.167252157
As =0.001

M, = -101439.724
tan(8) = 5.0

mZ = 113000.0

105 _110° “10° _210° 2 e . — - / i‘;i
-0.5*10> —1*10° —1.5*10°> -2*10 ~0.5*10° -1*10° -1.5*10 =
2 2 2 2 : .0 25 30 B35
mg™ [GeV7] mg? [GeV?]

As =-0.167252157
As =0.001

M2, = -101439.724
tan(B) = 5.0

mZ = 113000.0
A, =0.042

A, =0.042

IS

N=proton

w

=neutron

N

Cross Section in cm?

=




SUMMARY

Done:

Pseudo-scalar A from 2HDMS as
DM candidate

Derived masses and DM
couplings from potential

Found viable benchmark +
scanned some parameter regions
+ calculated relic density and
direct detection CS

Compared to experiments +
included bfb constraints

Compared to model with vs=0 |

To Do:

Find ‘better’ benchmark (do full
scan)

Include constraints from tree-
level perturbative unitarity

Include future collider prospects
+ collider signals

28'



SUMMARY

Done: To Do:
« Pseudo-scalar A from 2HDMS as  « Find ‘better’ benchmark (do full
DM candidate scan)

* Derived masses and DM e Include constrair+- - Bl
couplings from potential g

* Found viak!-* ] ; ZHDN\S? ects

vompared to experiments +
included bfb constraints

« Compared to model with vs=0 |
I 29I




SUMMARY

Done: To Do:
« Pseudo-scalar A from 2HDMS as  « Find ‘better’ benchmark (do full
DM candidate scan)

* Derived masses and DM e Include constrair+- - Bl
couplings from potential g

* Found viah!-

vompared to experiments +
included bfb constraints

« Compared to model with vs=0 |




Backup, Plots w/o Constraints
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CsS:

« Grows withm

 Falls with v

Peaks and dips:

- Dipatm,=m,:
interference effect

4
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Backup, Plots w/o Constraints

T
{0.08

0.05 =
0.04

0.03

0.02

0.01




Backup, Plots w/o Constraints
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Backup, Plots w/o Constraints
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Backup, Plots w/o Constraints
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Backup, Plots w/o Constraints
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Backup, DM Couplings in Interaction Basis

o'V
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Backup, Mass Eigenvalues

Charged Block:

Vv o
[ chargccli-‘f = W|331={3>1?. k=12
i J ®o={dy)

S={S5}

ms 1 Vi —uiw
[MghargcclE - [ = 5(}"4 + As }] ( °

"
V1Vva —Vvi\Vo vi

£

Pseudo-Scalar Block:

Mass eigenvalues after diagonalisation: o Vv
[Mpscuclul-‘j —|¢‘1— Py
me 1 an a Nj da=(d2)
2
M =2 = ~(Aa +2s)] (v +3) )

Vive 2 £
2 12
mé]. =0 [ DSC‘LIdDJ == [VI Vo = AS] (

Mass eigenvalues after diagonalisation:




Backup, Mass Eigenvalues

Scalar Block:

82V o
[Mscalar]-’j |‘D1—~¢'1 fof =1,2,8
aﬁ ap} Po= (s}
5=(5)
2 v 2 .
Mixy2 + A1vy —mp+}u3x5vwo
2 2 y
[ scalar] =1 — M + A345v1 Vo :'nl,} e i'}w'u'z

(AL + 27\ wvvs (}\2——2)\5)1@1@

Where Azag = Az + Mg+ As.

Mass eigenvalues after diagonalisation:

2
My, =

2
my, =

2
n]‘hz e

Dark Matter Block:

[M%M]

Mass eigenvalue:

8%V
|, =(®,)

OALOAS wr—iwm)
5= .'51
" "

X A . ;
—(2mS + vz(?l - ?1) + 2({ A4 vi? +)\5v§))

"

LY+ 2(NpvE + A5v3))




Backup, Bounded from Below

)+ Aap?(| D1

)(

¢ 2
- s

Using that min[cos(a)] = —~12, we can find the minimum of the potential and write

it in the basis B = ( D17 Do |8 ‘,'I

. A1 As+p2(Aa—[As|) N —2(N|
min[Va] = BT = [ A3+ 02(Aa — | Xs)) Ao

Xt — 2|0

The potential V' { .1d) is bounded from below, if the matrix in
is copositive: A matrix M is strictly copositive, if the form xT Mx > (

0. In our case x = B > 0, which is positive since it contains only squares of absolute

values of fields.




Backup, Bounded from Below

.)'\1 U. Ao >0

M2 = X3+ p2(Aa — s|) + VAT A2 > 0

A13 = ;"1 - E|--3"t--1| + \ A (= | _1 ) =0

A23 = Ay — 2|Ag| + \ Ao (= — A ) =0

DYDY,

R G o R LER o CYRS V)] R

Where we distinguish two cases:

Case 1: (As—|Xs|) =0 = min[V4] = V4|p=0

Case 2: (Aa—|Xs|) <0 = min[Vy] =V4|p=1




Backup, Scan Range Constraints

arxiv: 2112.11958
by S. Heinemeyer,
C.Lietal

mp, - {955 (JR} G(—‘\' {7UU }UU} G(—'\'

V mp, = 125.09 GeV,  my,

[sin(fB — (a1 +sgn(ag)asz))| € {0.98,1}  «a, —~, =} vs € {100, 2000} GeV,

tan /3 . ) . o
~ e {0,1}, ay € £{0.95, 1.3} . (49)
tan o v - v e
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What is a 2HDMS? - Symmetries

e 2HDM potential symmetric under -
U(1)

 All parameters real ‘

Potential symmetric under CP

43'



What is a 2HDMS? - Symmetries

« Potential symmetric under Z,  Each doublet couples only to
one type of fermions - FCNC
* Spontaneously broken by are avoided
(o [o]¥] o] [ RVIAVES
In Type II:
» (softly broken by m,,-term - to
avoid domain walls) * @, couples to down-type,
leptons

@, couples to up-type

ey 2 A & 57
Wikawa = — (¥;;QiL®P1djr + yijQiLPaujr + y;;LiLP1er)




What is a 2HDMS? - Symmetries

« Potential symmetric under Z’, * S only appears in even powers
in the potential — no decaying
* Spontaneously broken by of DM - DM is stable

singlet vev




What is a 2HDMS? - Particle Content

Mass squared matrix:

9= 0", pi, Mi, Ps.As
o ) dlog("?Hi mgi) RngmrgedRiT,

(h+P;+”}:)

—(\s+.05+tAs) 5o h
; 2 2 2 T
\/_ diag (.mh, s Mgy s My, ) =R scolarR 3

charged 0 :
0 M2 ] 0 diag(m3,m

scalar

2
0 [Mpseudo P
5 ; diag(my,) = M.

M._.

A g2 AT
G“) R MpseudoR ’




What is a 2HDMS? - Particle Content

Rotation matrices:

_ (78 B
N (‘B Sﬁ S

CayCas S Can So
= —Sa,Cozs — CoySonSos CoyCoz — Sy S S ConSo

P S S Lo +T
diag(my=,mgz )™ R M hargedR

SoSon — CoySanCon —CoySas — SaySanCoz  CanCos

dlC]g(!T'lhl ; ; n, scolarR ’

9

4T
pseudoR

diag( m1

diag (mis = A’Iip
eliminate
My, My, Mg
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