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Introduction

@ The 2HDM+S can accommodate the 95 GeV excess at LHC and
LEP, the Dark Matter candidate, as well as match to the NMSSM at
low energy scale

@ The singlet field of 2HDM+-S could potentially lead to different
impact on W and Z bosons self energy (i.e. STU observables)
compared to the 2HDM

@ We can disentangled the 3 x 3 mixing system of CP-even sector in
the 2HDM+-S and analyze the singlet field impacts in the four
fundamental cases

@ We can explore the STU constraint on the singlet Higgs masses and
the singlet mixing angles.

Cheng Li (SYSU) STU in 2HDM+S Higgs potential 2024 2/17



The 2HDM+S

The 2HDM + Singlet extension [S. Baum et al. 18']

X7 X3
& = <V1+p11+im> ) oy = <v2+p22+in2> ) S =vs+ps+ins, (1)
V2 V2

Yields three neutral CP-even Higgs (h, H and hs), two neutral CP-odd Higgs (A and As) and
one charged Higgs H*

Models Symmetries \ New features
U(1) [X-M, Jiang et al, 19] S eds pNG dark matter
Z4 [J. Dutta et al, 23] O ) Dark matter (pseudoscalar)
Z3 [S. Heinemeyer et al, 21'] by — e’2”/3¢2 NMSSM structure

The electroweak observables only depend on the Higgs bosons masses and couplings, which are
independent on the explicit symmetry structures of the Higgs potential.

Cheng Li (SYSU) STU in 2HDM+S Higgs potential 2024 3/17



The 2HDM+S in the mass eigenstate

The CP-even fields mix and generate three scalar Higgs

p1 H
Rlop|=1{hn], RMRT = diag{my,, mj, m;_}. ()
ps hs

We fix the order of eigenvalues and the R matrix is given by the following configuration

1 0 0 Cays 0 says Ca sa O
R=10 coy Souns 0 1 0 —Sa¢ Co O 3)
0  —Saps  Caps —Saps 0 Cays 0 0o 1

The CP-odd fields mix and generate one goldstone boson and two pseudoscalar Higgs

1 0 0 g sz 0\ [m GO . s
0 0 0 1 ns As XAS AS
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The 2HDM+S in the mass eigenstate

The input parameters of the mass eigenstate

tan B, mp, My, Ma, My+, @ Vs, Mps, Mag, QHS, Qps, QLAS -

2HDM parameters singlet parameters

The six Higgs bosons mass and four mixing angles are relevant for the STU observables, since
STU is independent on tan 3, vs and the Yukawa type

Mp, My, MA, My+, Mps, MAs, CB—a, ChS; QAUHS, QAS (5)

The fundamental scenarios

Case 0 (2HDM alignment limit)  cg_q = aHs = aps = aas =0

Case | (2HDM Iimit) aps = aps = aps =0 CB—a #0
Case Il (SSM limit) CB—o = Hs = aas =0 aps 0
Case Il Ch—a =ah5:aA5=0 DlH57é0
Case IV CB—a = ps = apys =0 aas #0
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The Higgs to gauge bosons couplings

0 | I 11 \
chvv = Riicg + Riasg
CHVV CB—aCays 0 CB—a 0 0 0
Chvv S8—aCans — CB—aSans Sans I Ssga  Caps 1 1
Chs WV —SB—aSaps — EB—aSans Cans 0 0 Sas 0 0
CAHZ = R,-AIR_,'1 + RéRjg
CAHZ —Caps Caps SB—a -1 —sg -1 —Caps  “Cans
CAhZ Caps (cﬁ_acahS + SB—asaHssa».s) 0 CB-a 0 0 0
CAhsZ —Caps | CB—aSans — SB—aSans Cans 0 0 0 Sams 0
CASHZ SﬂAS COZHSS/@*& 0 0 0 0 SaAS
CAshz —Saus | C8—aCaps T sﬁ*asaHSsahS) 0 0 0 0 0
CAshsZ Saps (clg,asahs - s[g,asaHscahS) 0 0 0 0 0
_ p? b
Contws = Ripcs — Riysg
CHHEWT —lCaysSB—a -l —isg_q -i —ICapys -i
ChHEWT i<65,a Caps T+ Sﬁ,asaHssaH) 0 icg—a 0 0 0
ChsH=WF —i{ CB—aSaps — SB—aSapus cahs> 0 0 0 —ISays 0
CAH= W Caps 1 1 1 1 Cans
CA_;H*W* —Sas 0 0 0 0 —Sass
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The STU observables

The electroweak precision observables STU are defined by the self-energy of the W and Z bosons. [E. Peskin et al, 92]

Nuw(0)  Nzz(0)
a(mz)T = —— — —5—, (6)
My mz
2 > > 2 2
almz) o Nzz(mz) —Nzz(0) _ ey = siv Nzy(mz) _ Ny~ (mZ) @
4512/VC12/V mzz swew mzz mzz ’
a(mz) Maww (M) = Muw(0)  ew Nzy(m3)  Nys(mk)
> (S+U)= 5 - — > — > (®)
Asyy miy, sw m5 m%

The experimental measurement of STU observables [PDG 23']

S°XP = _0.024£0.10, TP =0.034+0.12, U°*P =0.01 &+ 0.11,
corr(S, T) = +0.92, corr(S, U) = —0.80, corr(T, U) = —0.93.

Determine the limit by fitting to the experimental values

5 — soxp
Xiry=(S— 8P T TP U UP) . cov ' (T - TGXP> < 5.99, (9)
U _ Uexp
where
a2 core(S, T)AsAT  corr(S, U)AsAy
cov = | corr(S, T)AgAT A%— corr(T, U)ATAy |, (10)
corr(S, U)AsAy  corr(T, U)ATAy A%j
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The STU observables in 2HDM-+S

h; hi/a;
LN LN

, ,
7~~~ A~ Z W~~~ A~ W
~ 4 ~ ’

~=7 ~=7

aj H*
hi/a;
b
N \ 1

W/Z ~nA~~~n~ W/Z  W]Z ~r~~A~A~~~ W/Z

[W. Grimus et al. 08']

L o 2 2 2 2 2 2 2 2 2 2
= 167rsavm%/l/ [Z |ChiHi w+ ‘ F(mHi ’ mh/') + z |CaiHi wF I F(mH:E ) ""a,-) - z |Ca,‘hjZ‘ F(""a,-v ""hj)
i

i ]

3
2 > 2 > > 2 P
+3 E len v (F(mvahi) - F(vamhi)) -3 (F(mvah) - F(’"vah)) ],
1

1 2 2., 2 2 2 2., 2 2 2 2 2
S= Ey |:(25W —D)2G(mfg, mpy, mZ) + > lea;n; 2|7 G (3, Mh;» mZz) — 2In(mj,4 ) — In(m})
i

3 2
> p 2502 2y a2 2
+ E Chinyvv In(mp,) + Z Cajajvv In(my.) + Z len;wv G (my, , mz) — G(mi, ’"z):| ,

i i i

@ The U observable does not get significant effect from this model
@ The T observable usually play the dominant role of STU constraint
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2HDM limit (Case-l)

Cs—a # 0, ans = aps = aas =0
For convenience, we define the mass splittings

my=my—m ma=map—m
A =, A z,
A _ _ + A — _ +
- k) - bl
mys mhs mH mas mA5 mH
200 my= =800 GeV, aps = ays = Aas =0
— -a=0
300 Cg-a=0.35
200
100
=< \
E 0b/—— ——

S T -
~100 (
-200

=300

—400 T
-400 -300 -200 -100 0 100 200 300 400
Amy

1
To 5 [F(miye, miy) — F(mj, miy) + F(mfe, mj)]

= 2
167sy, my,

@ The STU observables behave basically the same as the 2HDM in_this case
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SSM limit (Case-1)

aps #0, Cg—a = aps = aas =0

my+ =800 GeV, Cg—q=QKs =aas =0 200 my= =800 GeV, Cg—q = ahs = Aks =0
15 T T E
— Amy=Bmu=0 — =0
Amy = Am, =50 150 ans =75
1.04 *7* Amy=8ma=100 — 50
— 100
05
50
£
S . ]
& o0 5 0
-50
-05
-100
-10 \
-150
-15 _200
10t 102 10 102 10°
Mh, Mhg

= 2 2 3s3 Saps [F(mZ’ m%s) - F(’"%/Vv ml275) F(mZ7 mh125) + F(mW7 mh125)] +To
167sy, mi,,
(14)

@ The STU constraints would be weak when mpg close to 125 GeV
@ For Amy = Amjy 2 80 GeV, the ajps = 0 would be excluded while the non-zero ays can
compensate the STU value for mp, > 125 GeV
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Case-lll

aps #0, cg—a = ars = aas =0

-200

—400

—600

400 4

— Amus=0, aus=0
Amps=0, aus =1

T
Amys =400 GeV, aps="1

Amys = — 400 GeV, ays =1

200 4

Amps
°

=200 +

—400

— Amy=200, ays =}
Dma =200, @ps =
Ama =200, aps =0

—600

—400 =200

200 400 600 —400 —200

2 2 —
Cays MH + Sa 5 Mhs = Myt

(15)

@ The STU allowed region would be shifted by apys and Amys, while the constraints can be
always allowed when Amy = 0.

@ The mass relation Eq. (15) ensures that the STU constraints can be fulfilled for arbitrary
aps, when Amy =# 0.
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Case-1V
aps #0, cga =aps =aps =0

— Amas=0, axs=0
Amps =0, ans =17

Amys =400 GeV, axs=1
Amps = — 400 GeV, ans =1

600 }

400 "
.
i

- -

R @

i

—400

—600

—600 —400 =200 [ 200 400
Am,

2
Caps

-200

—400

2
ma + Sa/‘\smA5

— Amy =200, a5 =
Amy; =200, aas
Amy; =200, aas

a
o
5
0

(16)

@ The STU allowed region would be shifted by aps and Amys, while the constraints can be

always allowed when Amy = 0.

@ The mass relation Eq. (16) ensures that the STU constraints can be fulfilled for arbitrary

aas, when Amy # 0.
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Specific scenarios

We choose the type-ll Yukawa couplings as the example, and set tan 3 = 1 and my+ = 800

Type Il 2HDM+S (tanB=1)

T T
—— My, =50 GeV My, =150 GeV 125 measurement
mp, =95 GeV  —— mp, =200 GeV

15-

0.5

0.0 1

ans

—0.54

-1.0 1

-154
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 100
CB-a

@ The heavier hs would yield a stronger STU bound on cg_, vs as plane, and can be
more restrict than the hjos precision measurement (HiggsSignals) limit.
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Summary

Conclusions

@ We disentangle and extract the effect of each mixing angles in the 2HDM+S, and
set up four fundamental cases.

@ The STU properties of case | (cg—a # 0 and ans = ans = aas = 0) is identical to
the 2HDM.

@ The STU properties of case Il (ans # 0 and cg_a = ans = aas = 0) mainly
depends on the mass difference between my, and my ,,

@ In case lll (aqs # 0 and cg—a = ans = aas = 0), the STU constraints can be
fulfilled when the mass relation Cchs my + siHs mps = my+ is satisfied

@ In case IV (aas # 0 and cg_o = ans = ans = 0), the STU constraints can be
fulfilled when the mass relation cﬁAS ma + siAS mas = my+ is satisfied

Outlook

@ Interplay with others collider searches constraints as well as the cosmological
effect. (In proceeding)

@ Distinguish the 2HDM and 2HDM+-S with higher precision of STU observables at
potential future colliders (CEPC, etc.)
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Back up

The general form of the Higgs potential

A A
Vorpy = miy®]®1 4+ m3, b, — (m§2¢{¢2 + h.c.) + ?1(q>{q>1)2 i 72(q>§¢2)2

s 17

Faa(@]00)(@102) + Au(e]e)@ler) + (2 (@02 + he).

/2 A A A
_ _2ct mg 2 1 c4 2 c2(ct 3 rctcy\2
Vs =miSTS + =2 (5% +he) + (—4! st 2SS S)+he)+ Z(s's)
+ [sfs (Aicb{cbl + X0 P, + A§¢I¢2) +52 (quaiabl + MDDy + Agd] Dy + Ag¢g¢1)

+ %53 + %S(STS) + 5(#11¢J{¢1 + ,u22¢;¢‘2 + /,L12C]>Id>2 + ‘u21¢;¢1> 4 h.C.]
| (18)
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Backup

The

0.5

0.0

ma=my=my==800 GeV, @ys=ays=0

STU constraints in 2HDM+S beyond the alignment limit

my==my=my=800GeV, ays=ass =0

15
10 /
0.5
£ 00
-0.5
-1.0
—-600  -400  —200 0 200 400 600 10! 102 10°
DAmg, M,
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