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Two-Higgs-doublet model (2HDM)

The general scalar potential of 2HDM:

V = m2(D]d1) + m2,(DId,y) — {772@2((1)1[(1)2 - h.c.)}
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®, O, are complex Higgs doublets with hypercharge Y=1:

o 2
(I)l — 1 ll ) 3 (I)z = 1 2, ]
7 (v1 + @1 + iaq) /2 (v2 + @2 + iay)

vacuum expectation values V=\V>+v2 =246 GeV tanf=v,/v,

Here we focus on the CP-conserving model



The general Yukawa interactions are written as

—L = Y’{Ll _@L (i)l UR —+ YUJQ @L (i2 UR
+Yin QL P1dr + Yo Qp Podp
+Yn L ®rep + Yo Ly Paep + hec.,

QT = (up,dp), LY = (vi,l1), @10 = 172 @7 o

To avoid the tree-level FCNC couplings, we introduce a Z2zdiscrete
symmetry,

Model g D, uy
Type I -+ = +
Type 11 - = 8
Lepton-specific |+ — +
Flipped + - i

Four types of 2HDMs without tree-level FCNC




Yukawa interaction under the Z2 discrete symmetry,

Type-l
—L = Y Q®rup+ Y Q, Podr + Yo Ly Poep + hec..

Type-ll
—L = Y Q; Prup+ Yy Qp ®1dr + Yo L ®1er + hec.

Lepton-specific (Type-X)
—L = Yyo @L &)2 ur + Yai @L ®ydp + Yo L Preg+ hec

Flipped
~L = YpQ®up+ Yy Qp®1dr + Yu Ly ®yer + hec.



The Higgs potential with a soft Z2 symmetry,
Viree = midy(®101) + m3y(@502) — |mby($] @z + hic)|
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mi ,miare determined by the potential minimization condition at

< Q1 >=v1, < @ >= Uy
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The mass matrix of CP-even Higgses:

2 2.2 2 A345 5,2

(1 ¢2)
—m3, + 28?sy5 M, /tg + Aav?sS
The mass matrix of CP-even Higgses:
2 1 2 & — ¢
ay Q) |My2 — 5)\51’ 528
—1 1/t5 a2
The mass matrix of charged Higgses:
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The mass eigenstates can be obtained from the original fields by the
rotation matrices,

H cos Sin« 01
— 9
h — sin o COS 0
GY cos3 sinf3 aq
— 3
A —sin B cos 3 9
G* cos 3 sinf =
H* —sin 3 cos E—L

Goldstones: G', G*

Physical states: H*

CP-even CP-odd



The masses of physical states:

1

m?'{,h =5 [va,u + MJQD,zz == \/(M]%,ll — M3 40)? + 4(M}29,12)2]

m2 — mi, — A2
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The gauge-kinetic Lanrangian:

Ly = (DMCDI)T (Dyp®1) + (DMCI)2)Jr (Dp®2)
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The fermion mass and Yukawa coupings for type-ll 2HDM

—ﬁ — YugéL (i)guR+ Y;ﬂ@L (I)1 dR -+ YfglzL (I)l €R+ h.c.
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Rotating the interaction eigenstates to mass eigenstates:

ur = Vyrur sup = Vypug ,dy = Vardr ,dg = Vardr, Vorm = VurVy;

V2m; V2me V2my, )

vsg = vSg = USp

V2my V2ms V2my

vecg - vcg  vCg

L;L}LQDfR-—-dﬂl (
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VdLYle SE = dmg(



We obtain the fermion mass and their couplings,

My,

—L =mytrug + —(hcy + Hsq — iAcg) tgug + h.c.
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The Yukawa couplings can be expressed as,
my

—Ly = — (sin(B8 — a) + cos(B — a)ky) hff
+ % (cos(B — ) —sin(B — a)k;) Hff
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Inert Higgs-doublet-model
N. G. Deshpande, E. Ma, PRD18 (1978) 2574

An exact Z2 discrete symmetry is imposed, under which all SM fields
are taken to be even, while the new (inert) doublet is odd.

A2
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G HT
<I)1 — 1 ) 3 (1)2 — 1 )
7 (v + h +1iG) - (H+iA)

» has no VeV. mfl Is determined by requiring the scalar potential
minimization condition <h>=v,

, X ) _ )
V = m2 (®I8,) + m,(d1d,) + ?‘(qﬁ_qmz + Z2(®]®,)?
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The masses of physical states:

A
Mis = My + 33'02, ma = mi+ + ()\4 — A5)v?

m: = \v° = (125 GeV)?, m% = my + Asv.

The fermion masses are given via the Yukawa interaction with ,

—L = yu@L&)IUR‘I' vaQr ®1dr + yi Ly P1er + hec.,

Because of the exact Z2 symmetry, either of the lightest neutral
component H and A is stable and may be considered as a DM candiate.



Higgs Basis

61 28
by = 1 l . B = 1 2 :
7 (v + @1 +day) V2 (v2 + 2 + i)
vi=vi+vs, t[fﬁ
Vl

Redefining Higgs doublets as,
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» In Higgs basis, H2has no
VeV, and there is no mixing
between G* and H*, G’ and A



Viree = mi(®]®1) + md,y (902) — |miy(@]@; + hic.)]

)\ A
=~  Z2(0122)? + 2 (@]01)(@]02) + M (2] @) (2] 1)

+ [%(@;@2)2 + h.c.] :

(@]®,)2 +

The potential, when expressed in terms of H7 and H2, has the form as

V = Y\HIH, + Y, H}Hy + Y3 [H{Hy + hoc] + 12, (H{ H))? + 1 Z,(H Ho)? + Zo(HY Hy ) (HY Hy)

+Z,(H{H) (HYHy) + {3 Z6(H{ Ho ) + [Z(H{ Hy) + Z(H{Hy)| H{Hy + hoc.}

== ! 4 1 2
Y1 = m%w% + mng% m%2325 7 4 = /\105 " )\285 " 5)\345526 ’
== 4 4 1 2
Y, = m?lgﬁ + m%zcé +miysp Zz = Msgt Aacg + A58 5
Ji = S )\1+/\2—2/\345 +)\,
Tg, = %(mgz - m%1)52/3 — m%z@ﬁ- % 23[ } Z
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S. Davidson, H. E. Haber, PRD72 (2005) 035004;
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Aligned 2HDM in the Higgs basis

A. Pich, P. Tuzon, PRD80 (2009) 091702
Y1 and Y3 are determined by the scalar potential minimum condition at

< hy > v <hy>=0

Ny Yy = f= ke
ohy,  Ohs Yy = —1Zg0°
The masses of charged Higgs and CP-odd Higgs:
my: = Ys+ %Z3”02>

m% = Y, + %(Zg + 24 — Z5)’U2
The mass matrix of CP-even Higgses:

my = L[mA + (Zy + Zs)v? + A

Zl’U2 261)2

Z6’U2 mi + Z5U2

- AH — \/[m?q —+ (Z5 — Zl)fUQjIQ —+ 4ZE2iU4
226?)2

tan 20 = tan2(f — ) =
o B 2 —w) m? + (Zs — Z1)v?



In the aligned 2HDM, the Yukawa interaction without tree-level FCNC
L = yyQ; (&’1 55 ﬁu&)Q) ur + YaQp (P1 + k4 P2) dp
+y L (P + ke ®P2)er + huc.,

We can obtain the Yukawa coupling

i

—Ly = —L (sinf + cosOk;) hff
v

1 % (cosf —sinfrs) Hf f
My,

— i— K, Atysu + Z—K,d Adysd + Z—Klg Al~sl
v

fmd \fmu
() v

dPR — fiuPL)d ~+ h.c.

‘|'H+ ’(_LVCKM(

. V2my
(V)
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General 2HDM in the Higgs basis
The general Yukawa intactions,
—L = Yu @L gl ur + Yuo @L I:IQ UR
+Yu QL Hidg + Y Q) Hadg

+Yn Ly Hier + Y Ly Hyer + hec.,

Gt HT

H1 = ) H2 = .
hi1+v+iGG ho+1A

V2 V2

Rotating the interaction eigenstates to mass eigenstates:

m m m m _ t
uy = Vyrur ,up = Vyrugr ,d; = Vardp ,dy = Vardr, Verv = VurVy,

V2my V2me V2m,
v v W )
V2my, V2ms V2my
v ’ )
VuLYu2VJ r = Xu2 hy cosf sin6 H
VY, QVdTR — X ha —sinf cosf h

v v
CN2me V2my, V2m,
}/El - d’&&g( v ) " ’uz v )

VoY Vi, = diag(

VarYa Vi = diag(




The general Yukawa coupling

e e T mdid_,?;d,,; + my, £.0,
Mgi . o 2|
+ » sin 69;; + cos Hﬁ hqirqir + h.c.
My . ;“é _
-+ 2 cos 0d;; — sin 9\—/_5 Hgirqir + h.c.
[ m vil
4o | 55 00:; + (0:39\}% héirlir + h.c.
v _
-m ; Y =
1 ; cos §3;; — sin 9% Hllir + h.c.
Xih i 5
- \/iAHI,LH}H—l—?\/_Ad,;d}}g—f—?\/_

B ij
+HT [ﬁ,?L (VermXaz)” din — iR (X,IQVCKM) dJL] + h.c.

iJrrt+ -~
+- YF.?:?H : V:ILQ}'R . Rt

Cheng-Sher Ansatz:

The ansatz weakens the bound on FCNC from the first two generations.

X, =—
ij

1

V

T. P. Cheng, M. Sher, PRD35 (1987) 3484
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A, are of order one



Vacuum stability

Viree = m31 (] @1) + m3y(@]®,) — [m3y(@] @, + hoc.)

A1 Ao

+ 5 (@181)* + TH(D502)° + Aa(D]81) (R]D2) + a(@] D) (2] 1)

+ %(cpiqag) -I-h.c.] .
We parameterise the fields
OIP, = X2, Bldy = X2, DIDy = X; Xope® with 0 < p < 1.
The quartic parts

A A9
21X4+ 2X4+)\3X2X2+)\4X2X p° + As X7 X2p? cos 2.

After stabilizing § at the minimum, we obtain thed independent part

— X
2 i 2

Vi =

Vo—indep = EXy A XEXE + MXEX2pP— | A | XEX2p?



For /14—‘/15‘ >0, the potential has minimal value at p =0,

A A
Vompminde = 5 X1 + 5 X5 + X X7 X3
X AN
= ( 21X2 ;XQ) 4 A X2X2 4 & Ma A XEXZ

For 14-‘1 ‘ <0, the potential has minimal value at p =1,
A1

I/G—Jo—z':n,clegﬁv 9

A2
— X7+ ; il BB o b R ) AR b

The vacuum stability requires

A >0, M>0, A+ vAMA >0, Ag+d— | s | v/ A >0



Applying the criteria of arXiv:1205.3781 (Kristjan Kannike, EPJC72 (2012) 2093)

The matrix of quartic couplings for the potential in the (X, X_)basis

A1 A3+ (Aa—[As])p?

2 2
Az+(Aa—[As5])p? Ao

2 2

A symmetric matrix of order 2:

a11  G19 = a11 = 0,a902 2 0,
12 A22 ai2 ++/aiiaze = 0.

A symmetric matrix of order 3, tha vaccum stability requires

\

a11 = 0,a99 = 0,a33 = 0,

a12 = aj2 ++/aiiazn = 0,
a13 = a13 + J/ai1azz = 0,

(23 = Q93 + /ag2a33 = 0,

V11022033 + a12+/a33 + a131/A22 + a23/a11 + V2a12a13a23 > 0.




Unitarit B. W. Lee, C. Quigg, H. B. Thacker, PRD16 (1977) 5;
niariy M. D. Goodsell, F. Staub, EPJC78 (2018) .
The S matrix in terms of the interaction matrix T

S=1+iT

Tha = out({k, BT |{p. a})in =IM({p,a} — {k,b})(2m)"6 ({k} — {p}) = iMsa(2m) "8 ({k} — {p}).

SS'=1—T'T+i(T-THY =TT +i(T -T") =0.

We insert a complete set of states
({k, 0HT'T{p,a}) = dIL({k, b}TT{qn, cn}) {qn, cu}TI{p, a}).

1 c — k22— —n *2—>11
_Z(MQ—DQ (MZ—}Q) ) Z 25(: 16|;-)2‘1/§ dQMga QM 22 + Zdl—[ Mga M 2 '

’n#Z
We define pa, kb, pc to lie along the unit vectors =
]%0: :(1, 0, 0)

o

l%b =(zp, sin G, 0)

ke =(z¢,sin 8, cos ¢, sin . sin ¢.), 2p = €08 by, Ze = €08 0.



We decompose the matrices into partial waves:
Mg =167 (2] + 1)y () P(2)

Mea =16 Y (2 + 1)ay(s)Py(z)
My =167 Y (2] + )iy (s) Pyl - ke),

1
Apply the relation / dzP;(z)Py(z) = : 077, Filz) =1,

i 0 |
i
—2mi(a” — a"Mpe ZZ

cach

2}’+1)(2J”+1) / ddedzedz Py (20) Py (20) Py (ks - ke)al at”

A

- m:} RO O
e ij?:_ 1| J;:_ 1PJH(Z{))PJ”(ZC,) + n;] Y (O, @6)Y jirm (Oc, ‘350)-
i 2J§W+ 1 :2J;: 1P-I”(Zb)PJ”(Zc) i ;) > PTE(Zb)eirw’CY;”m(ZC):
Here Y. x e™?P7(cosh), Yy = s 1P_;(cos 0). ¢p = 0.

4



2_5c e / 1"
—2mi(a! — &’y > ) \/lgp 'l (2J'+1)(2J" + UQW/dzchbPJ(Zb)PJf(Zc)PJ”(Zb)PJ”(Zc)afaazé}

2 Oc
—2mi(a —&]T Z |Dc|

—

’ Oc
Z A A 2 |2pC AI I*

2 (I (]5 bﬁ— Ca cb

4\pb|\p |
ba — al ~ba
Making the definition a; _\/ 252900 5 aj .

1
= i@ - a2 Y e
&

T

We diagonalize a, a', and the eigenvalues satisfy Im(a’) > |d’|’

- (R + [mai) - 2] <

At the tree-level, the bound can be relaxed to

. 1
| Re(d)) |<



We assume the external masses are vanishing at the high-energy limit,
and focus on the J=0 partial wave. The modified zeroth partital waves
for SS, >SS,
1
2—5(5124—534) )
— ( Quzat

Q1234 is quartic coupling of S1S2S3S4

ag =

For the 2HDM, one can take the uncoupled sets of scalar pairs

{6707, 61 05, $162, Bra2, a1¢2, araz},
{67 61, ¢ a1, 63 62, ¢35 as },
{67 b2, ¢ a2, 5 61, ¢35 ar },
{p101, P05},
{¢1+¢17 03 3 , G101, P22, aray, azas



We can obtain different eigenvalues

ay = 3(M+ X))t \/g(,\l — X2)% 4 (23 + A\4)2,
by = 300+ X0) £ (/200 — A)? + A,

Cj: = %()\14—/\2):&\/&()\1—)\2)24—)\%,
Ay Ny

Hh
H-
|

g+ = A3t Ag,

The unitarity requirement for the S;S, — S.S, amplitudes then translates
into the constraints

at ], |bs], |ctl], lex], |T+], |g+| < 8.

A. G. Akerod, A. Arhrib, E. M. Naimi, PLB490 (2000) 119;
S. Kanemura, T. Kubota, E. TAkasugi, PLB313 (1993) 155



Signal data of 125 GeV Higgs

The neutral Higgs couplings with gauge boson normalized to SM
1% - 1%
yp, =sin(f—a), yp=cos(f — ),
The neutral Higgs Yukawa couplings normalized to SM

yff = [sin(B — a) + cos(B8 — o)k,

y}f} = [cos(B — ) —sin(fB — a)ky] ,

Taking the light CP-even Higgs as the 125 GeV Higgs, and the signal
data of 125 GeV Higgs allow h to have different two types of couplings

y{f x 1, > 0 for SM — like coupling,

y;{i X y,,‘f < 0 for wrong sign Yukawa coupling.



Wrong sign Yukawa coupling
; 4
Tha absolute values ofy;{andyh should be closed to 1
yl'=—1+¢€ 5y ~1—05cos’(f—a) for sin(f —a)>0and cos(f—a) >0,

yf =1—¢, 7y, ~—14+05cos?(f—a) for sin(8 —a) <0 and cos(B —a) > 0.

The wrong sign Yukawa coupling favors

—2+ ¢+ 0.5c08(8 — a)?

Kf = << —1 for sin(f — a) > 0 and cos(f —a) >0,

cos(f8 — a)
2—¢e—0.5c08(8 — )
K= : COS(;?’ES @) >> 1 for sin(f —a) <0 and cos(f —a) >0 .
- ' i 2My,
I IT lepton-specific flipped g+ (\fdedPR B V2m kuPL)d + hoc.
v

B l/tg 1/155 1/?53 l/tg

Kd 1/t5 —& l/tg _W
ke 1/tg —1?& —t& 1/t

t; < 1is excluded by the b — sy




M-like coupling
1

094 095 096 097 098

0.99 1
sin(B-o)

SN S A—
- Allowed by muon g-2 and .

- Allowed by i* g

Lepton-specific

ol
sin(B-o)

0.92

sin( —

a) + cos(f — a)ky],

10

-1

Y=

L B I E

SM-like coupling

[

K

| Yy =sin(f-a),
=1/tan B k,=x,=tanp,

u A

1 X.-F.Han, LW, Y. Zhang,
1 PRD103 (2021) 035012

sin(B—o)

-0. 99998 -0. 99996 0. 99994 0. 99992 -0. 9999

- Allowed by i*

M-m FSEE T |

LU ER S S A N

L W, X.-F. Han, JHEPO5
1 (2015) 039

k,=1/tanpB, x,=-tanp,

-1 -0.998 -0.996 -0.994 _-0.992 -0.99
sin(B-o)

-0.988

-0.986



Oblique parameter S, T, U

The 2HDM gives additional contributes to S, T, U via the gauge-
boson self-energies diagrams with loops of 4, H, A, H"

The S, T, U parameters can impose strong constraints on the mass

specturmof H A, H* . One of Hand A is favored to have small
mass splitting from A

1

T = ———<sin’(B—a) |F(Mpx, Mpy) — F(Mp, M3) + 3F (Mg, M7) — 3F (Mg, M)
167 M3, sy , .

+ cos?(B — a) [f(Mf,i , M?) — F(M?, M3) + 3 F (M2, M%) — 3 F(M%,, M?f)}
h,ref

+ F(Mzs, M3) — 3F(Mz, Mp ¢) + 3 F(My, M;?.ref)} :

1
§=—= {sin?(ﬁ — ) [1322(M§; M2, M2) — M2 Bo(M2; M2, M2) + By (M2; M7, Mi)}
T 7

+ cos?(f — a) lsgz(Mg; M2, M%) — M2 Bo(M32; M3, M%) + By (M2; M2, Mﬁ)}

— BQQ(A’{%; A’jir:t, A[IQ]H:) — 6‘22(]\/.[271 ﬁfgj ]\Jg,ref) -|- AI% B@(ﬂffé; ]\/féj *]"'{F?,ref)} 3

H. E. Haber, D. O’Neil, PRD83 (2011) 055017; A. Celis, V. llisie, A. Pich, JHEPO7 (2013) 053



U =H(ME) — H(M3)

_|_

W;p {COSQ(,G — @) By (M7, ; Mz, M2) + sin?(8 — o) Boa(M?2,; M3+, M%)
2

+ Boo(Mp; MEs, M3) — 2 Boo(Mp; M3, ﬂﬁfi)}

1
M2

{(:032(5 — ) By (MZ; M7, M2) + sin?(8 — a) Bao(M32; M7, M3)

— Boo(M32; MZ ., M}Ii)} ,

M) = - {mﬁw _a) [Bzz(m; M2, M2) — M2 Bo(M2; M2, M,f)}
+ cos?*(8 — a) [Bm(Ma; M7, M%) — My Bo(MZ; M2, MEI)]
— Boo(ME; ME, M} ) + M3 Bo(ME; M, Mf.ref)} .
Bos(g*;m3,m2) = i (A+1)[m2+m3— %qg] - % /01 dr X log (X — ie),

1
Bulgimmd) = A~ [ dz log (X~ ie),
0

; 1 ; mim3 m3
F(mi,m3) = 5 (mf+mj) — —5—5 log | — ),
2 mi — ms
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S M. Misiak, M. Steinhauser, EPJC77 (2017) 201
1250+ -

1000] The experimental data of p — sy
150! | requires m, . >570GeV in the
Loe o vaans type-ll model.
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Searches for additional Higgs at the LHC

y{i = sin(f — a), yjﬁ = sin(5 — a) + cos(8 — a)ky, AhZ - — cos(f —a)(p —p, )

w>w
yy =cos(B —a), yy =cos(8—a)—sin(f— a)ky, e
| r _. AHZ : ~—=—sin(f - a)(p, - .
Y ‘L‘-11 = [] Y :l = _?,,f,a R s Y jf =1 ,,F,O Kd.¢, wew

k,=1/tan B, x,=x,=-tanp,

We compute the cross sections for H and A in the gluon fusion and bb
fusion production at NNLO in QCD via SusH.i.

25 B T T T T T T T T T T T T I'_-‘
13 TeV ]

- sin(B-o)=1 S
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J | o f19 il

H y A r -.o".. // b
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M k / ]

my, = 400 GeV
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tanp

[ e
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The 2HDMC is used to calculate the branching ratios of various decay

modes of H and A.

S

Branching ratio
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10"k
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Although the HWW, HZZ and AhZ couplings are suppressed by cos(f —«) ,
the branching ratios of H > WW, H—» ZZ, and A — hZ can be important for

a small tanp.



The case of wrong Sign Yukawa coup
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The case of SM-like Higgs coupling of type-ll 2HDM

25_,,,__‘,,'],,,,',.,,,,ﬂ___.._l,‘,,l,,,,i,,,,_ 1 F | "."..'"!.'l"'|""l""_
225 Al mA= 600 GeV _ b . S )
il aag i ai 0.999 1% : g
- :_ : % . _ ah A ™, _: F oy ¥ 203 .-:.:' - "-.::.' g e R
b SiAD L | 0o HEE - -
vy v 2 i 0.998 |- 7.  ERTTA -
] £ : : . ]
: E09975 :" , ) m
: e Sy — .
; 0.997 - % S o8 Pty
0.9965 -7 aRED o .
] + : *i%y .
- 0.995}1 WW 229 g -
- " m, ._BOOGeV 1
PRI e o o o h e el S Y SO T 5 (O T I W |||..i=||||;...| ............
200 300 400 500 600 700 800 900 200 300 400 500 600 700 800 900
m,, (GeV) my, (GeV)
J :
yr = sin(f — a), yr =sin(8 —a)+cos(8 —a)sky,  AhZ:- cos(f—a)(p —-p)
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yy =0, Yo = =17 Ku, Yae = 17" Kdpe, v

k,=1/tanp, «,=x,=-tanp,



Lepton anomalous magnetic moment

muon anomalous magnetic moment:

Result of BNL has 3.70 positive deviation:

Aa, = a""? —a?™ = (274 £73) x 1071,

H H Muon g-2 collaboration, G. W. Bennett et al., PRD73 (2006) 072003.

Combining with data of BNL, result of Fermilab has 4.2c

positive deviation: Muon g-2 collaboration, B. Abi, PRL126 (2021) 141801.
__ exp  SM __ —-11
Aa, = ay a,” = (251£59) x 107"

electron anomalous magnetic moment:
Result of Berkeley has 2.40 negative deviation:

Aae = a®P — g2M = (—87 £ 36) x 107

R. H. Parker, C. Yu, W. Zhong, B. Estey, H. Muller, Science360 (2018) 191

Result of Laboratoire Kastler Brossel is well consistent with SM
L. Morel, Z. Yao, P. Clade, S. Guellati-Khelifa, Nature588 (2020) 61



Muon anomalous magnetic moment
in lepton-specifc 2HDM (L2HDM)

o = sin(3 — a), yjﬁ = sin(3 — a) + cos(8 — a)ky,
yi = cos(B — a), yf = cos(8 — a) —sin(B — a)ky,

A _ el o . =B W e
Uy = {] Yy = VY Ry, yd:f = VY Rqz¢,

Letpon specific 2HDM: x, =k, =1/tanp, «,=-tanp

AO;HO?Hi

The one loop contribution: - N
/
poo ¥

> !
SHDM GFTT?’ N2 4 :
Aa**™ (1loop) = T f Z(yg) r f5(r0),
frplr) ~=Inr=7/6, far) ~ 117“+11/6 fue(r) ~ —1/6. rl=m’/nm

A. Dedes, H. E. Haber, JHEP0105, (2001) 006.

The contributions of A-loop and H-loop are negative and
positive, respectively.




For the two-loop diagrams, the contributions
of diagram mediated by A and H are positive ;0
#

and negative. " p
—>
2

GF m s em

2HDM - NC 2 0t 2t ol oy (a0t
Aa, " (2loop — BZ) = 3 T Z NEQry, yers 9i(r),
' s
1 il T e ey e & ——
Gu(r) = | do 2z(1 — ) — 1 In z(1 J’)‘ D. Chang, W. F. Chang, C.-H. Chou, W. Y.
0 r(l—x)—r r ' Keung, PRD63, (2001) 091301.
1 r(l —x)

)
Galr)= | dzx ]
alr) /O T;U(l—a?)—fr* H r

As mfz /mf,can overcome the loop suppression factora/z, the two
loop contributions may be larger than one-loop ones.

The muon g-2 favors:
m m, is much smaller than m,, m Alarget,
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LW, j. M. Yang, M. Zhang, Y. Zhang, PLB788 (2019) 519

| A Constraints from lepton universality in Z decays

LR R — 1.0009 £ 0.0028

FZ—>6+6_ 5 2HDM 1 m?, 1 1 9

'z rtr- — 1.0019 + 0.0032 097, = 162 171‘3 { - 532(?"‘4) - 532(‘7'1{) —~2Cz(ra,rH)

Iz—ete +siy [BZ('T’A) + By(ry) + Cx(ra) + (?Z("’H)] } :
Uzt ~ 1.0 4 QQERB(CsQ%HDM) + QQERE((SQ%HDI\{) m’i dgp M = 1617r2 %té {QCZ(T‘A-?‘H) — 2C(ryge, rge) + Czlrie)
FZ—>e+ef ' 922 ot 9%2 ”m,z ’ 7162(.“1) B léz(?"H) +52: [BZ('T’A)‘FBZ(TH) +QBZ(?”Hi)
T it 29 Re(5¢21PM) + 24¢ Re(5g2PM) g v 2 h ‘ ‘

FZHe+e* = L0+ 922 + 9%2 ' +(~fz(‘r,-1) + C’Z(TH) + 4C’Z(T’Hi.7'Hi)] } ,




The extra Higgs bosons are dominantly produced at the LHC via the
following electroweak processes,

np W - HiA, pp —W* — HiHa

pp —Z*/y* — HA, pp—Z*/v"— HTH™

A —T 7-_7 /J“ /‘L mmemas :
The main decay modes,

The dominated final states generated at LHC of our samples ,

pp —=W= — H*A — 37 +v, or 47 + W=
pp =27 /v — HA — 41 or 47 + Z.
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The direct multi-lepton events searches at the LHC reduce the
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Muon g-2 favors the 125 GeV Higgs with wrong sign Yukawa
coupling to lepton in the lepton specific 2HDM

y%’:Sin(ﬁ—Q)}’?‘: sin(f —a) +cos(f—a)k;], wp—r

90 — Allowed by muon g-2 and y’
k,=k,=1/tan B, x,=-tanp, | ——
Vacuum stability requires
60 |-
A > 0, Aoy > 0, A3 > —/ )\1)\2, Az + A\— | A5 ‘> = A1Ag . %503
870
For cos(f—a)=0  », _ o t5(mh— misscs) é
U-AL = My, — g2 ! i .
. _.8 30 :— 1
B = gl = (miy — misacs) =
h, tBS% bl g ; J
i Tnz‘ T m2 5 S 0‘9’ ' ‘alsvz‘ ‘ In‘94' ‘ ‘al;s‘ ‘ ‘0‘9}?' 1
vig = mi + Zm?qi — Qm%[ = s, 5 L ' T sin(w) '

Sg

2 2
tp(mis — mysacs)
7 ?
¥

v’ Ay = mY = 2mi. +my +

tg(m2, — m¥szcs)
2 2 2 B 12 a°8Ls
5%
B

?

For a large #, the first condition favors (mf2 -m.,s 4C5 ) —0

Thus, the last condition requires

2 2 2
m; +my —my > 0.



The lepton universality of tau decays:

, B _ Jr
((,:) =I(7t — pwv) /T (4 — evr) ((} ) = 1.0029 £ 0.0015
Je wE

Je
The tree-level diagram medaited by the charged Higgs can give
negative contributionto - VWV

The correction of L2HDM: (g;) 2 1 4 Otree + Soop

2 2 2 Faad
. m muﬁ m, 2 g(m,/m=) K Tobe, JHEP10 (2016) 114;
tree — :
o = S, P w2, P f(m2/m2)’  T-Abe: R Sato, K Yagyu, JHEPO7 (2015) 064

1 m? 1 .,
= —T 2 [1 + = (H(wa) + 55 o H(xu) + (ié—,QH(.I’;I))] Ty = M5/ M3

51'( >
- . 9 Y3
o 167T2 'Uz : 4

v,

H

'r' l‘p‘ £

The sign of §,,. is negative, and L2ZHDM raises the discrepancy of / .



Lepton anomalous magnetic moment
and lepton-specifc inert 2HDM
We introduce an inert Higgs doublet ,in the SM as well as a discrete
symmetry under which , is odd while all the SM particles are even.

A 5 A ;
V = Y ((I)I(I)l) + Y5 ((I)%(I)Q) - 71((1){(1)1)2 + 92 ((1)5(1)2)2

( (I)l)((I)]L(I)Q) oL )\4((1)1(1)2)((1)5(1)1)

A5
{2 ((I) d,)? +h.c} :

e+ Ht
‘1)1:(%(%;@“@0)) - B2 = (%(HHA))

Y1 is determined by requiring the scalar potential minimization
condition, L, 5
Yl = —5/11’1) :

The masses of physical states: h. H. A. H‘

2 3. B 2 2 2
M+ :Yg%—?v , MY =M+ + = ()\4—)\ v

ms = \v? = (125 GeV)?, m% = m4 + Asv?



The fermions obtain the mass terms from the Yukawa
interactions with

—L =y,Qr P up+ysQp P1 dp+y Ly ®1 ep+h.c.

Only in the lepton sector we introduce the discrete
symmetry-breaking Yukawa interactions with ,

—L = \/§f<z:efu, (I)QE?R —|_\/§K/HZQL (I)Q UR
—|—\/§ IingL ®s T + h.c..

The inert Higgses (H, A, H%) only have couplings to the
lepton. Their couplings to quarks and gauge bosons are
absent. The 125 GeV Higgs has the same couplings as the
SM at the tree-level.



Muon g-2: ACLZHDM(HOOp

872 fu2 Zﬁ:

i=h, A, H*, 1’ =m?/M?.
fan(r) > =Inr=7/6, folr)~Inr+11/6, fge(r)~-1/6.

2

M lem i i
Aa 2HD1\1(2100P) 871-2[;2 - Z Qg Ry ReTy Gz‘(ﬁj)a
ik
ot 2z(1—-2) -1 z(l-x)
G}L(T‘)—\/Odl’ ;U(l—:E)—Tln - )

B ! 1 (1l —x)
GA(T)/(;deE(l—LE)—Tln —

The calculation of electron g-2 is similar to muon g-2.

For m,; <m, and k,k, <0, both one-loop and two-loop diagrams give
positive contributions to muon g-2. For my; <m, and k_ k. >0, one-loop
and two-loop diagrams give positive and negative contributgins to
electron g-2.
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Fit to lepton universality of tau decays

(—T) — 1.0011 + 0.0015, (gi) — 1.0029 + 0.0015, . . . x>
gy s 0.25} .
9.50
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Je Ju o )
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Muon g-2 and muon-tau-philic Higgs coupling

4 R H A

In the Higgs basis, one can obtain the relevant couplings easily

\/_—LLH1€R + YI?LLHQBR + hC

G* H*
o= ) m= |
ﬁ(v+h+zG) E(H—FZA)

hy _ cos(ff —a) sin(f — «a) H
ho —sin(f — «) cos(f — ) h



We can obtain the following couplings,

my, . Yy _
—Ly = ; sin(f — a)d;; + cos(f — ) \jﬁ hed;
Ty. . Yij —
Tt — )P — _ 4 g2
aa . cos(ff — a)d;; — sin(f — «) /5 Hid;
Y9 ’
+ 17 L Af?,,}/f)fj S5 }/EJMH+ DzPjo == (i )

V2

where Y/ =Y" =V2p

Signal data of 125 GeV Higgs require,

| sin(3 — a) |— 1 for my, = 125 GeV



The muon-tau-philic Higgs interaction can be naturally obtained

in the 2HDM with Z4 discrete symmetry. Y. Abe, T. Toma, K. Tsumura,
) JHEPO6 (2019) 142

s | T DL || LS | LY | LT || er | pr | TR | @1 | P

2 1 1 1 1 () == 1 ) =, 1 -1

The scalar potential with a Z4 discrete symmetry, which is the
same as to inert Higgs doublet model.

A2

A
V = Yi(@]0) + Ya(BhPo) + T (B]81)° + T (2]2.)’

FA3(D] ) (PD2) + Ag(D1 Do) (DS D))
A
+ 55(<I>J{<I>2)2 +h.c.] . o ( G+ ) . ( H* )
The , field has no VeV. vACR s H+i4)

The fermion mass are given via the Yukawa interaction with ;.
— L = y,Q;, ®1 Up + yaQ, ®1 D + yeL; ®1 Eg + h.c.
The Z4symmetry allows , to have muon-tau LFV interaction,
~Lrry = V2 pur I @27 +V2 0, LT &y g + hec.
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/ m.- \ Y. Zhou, Y.-L. Wu, EPJC27 (2003) 577;

. & » i ) K. A. Assamagan, A. Deandrea, P.-A. Delsart, PRD67
I r T ;  (2003) 035001
/Z/LZ/L R. Benbrik, C.-H. Chen, T. Nomura, PRD93 (2016) 9.
2"21%2,, 3 2 (log ™ _ 3 loo ™A 3]
5 m,mzp Cﬁa( 08 m_% o §) Sﬁa( 0g m_g o 5) 08 m?2 9
= "gr2 ms m2 - m?
h H A

| sin(B — a) |— 1 for my, = 125 GeV

The model may provide a better fit to the lepton universality of tau decays

since the tree-level diagram medaited by the charged Higgs can give
positive contributionto - w

T(r = pvv) = (14 00,55)% (14 015.)° + Otrees

loop
0 —4m%‘/p4 om = Do, = L2 1+1(H(:1:)+H(:c )
tree — g4mjlgi loop = “loop T 167T2p A A H



DM phenomenology in inert Higgs doublet model

Physical scalars: inert Higgses H, A, H*, and the SM-like Higgs h

A 1
Miaps = Miag + 331)2, ms = mie + 5(/\4 — X507

m; = A\ = (125 GeV)?, my = m% + \sv°.

H is the lightest component of inert Higgs and as a DM candiate,
which requires

s <0,2,-|45| < 0
If A is a DM candidate, 4, >0

The parameters which play key roles in DM phenomenology,

Hi

1345 controls the hHH coupling.



In addition to the constraints from the vacuum stability, perturbativity,
unitarity, oblique parameter, Higgs signal of 125 GeV Higgs, one
requires

Gauge boson width :
MA,H-I—MHi > Mw, Mg+ My > Mz, 2My+ > My.

Null searches from LEP, Tevatron, and LHC:

Mpy= > 70 GeV.

My < 100 GeV, My < 80 GeV, A M(A,H) > 8 GeV,



Main annihilation channels:
HH — ff, HH >wWwW®, zZ°, HH — hh

and various relevant co-annihilation of the inert scalars.

only dependent on masses of inert scalar
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M,+ (GeV)

2
10 [
I A. Belyaev, G. Cacciapaglia, I. P. Ivanoy, F. R. -Abatte,
M. Thomas, PRD97 (2018) 035001

10° Mpw 10°
Mpy < 55 GeV: tension between Br(h->HH) and relic density

75 GeV <Mp,, < 160 GeV: the value of A;,; required is ruled out
by the limits of direct detection

160 GeV <M, < 500 GeV: the annihilation rates of HH->W*W-is too
large to rend the exact relic density.



Type-ll 2HDM with a singlet scalar DM

s SM + DM
S is real singlet scalar DM, and h is the portal between DM
and SM sector V. Silveira and A. Zee, Phys. Lett. B161 (1985) 136

1
Ls=50"58,5 — mo 2055 - —clﬂcbss - fs4

X.-G. He, J. Tandean, JHEP1612, 074 2016

(a)
1 10 100 1000 104

mmp (GeV)

s SM + DM + new mediator



We introduce a real singlet scalar S to the type-ll 2HDM, and S is
a possible DM candidate.

1 m2 Ag
Lo = _552()\1@1@1“\2@;@2) 052 4f st

i J_ ¥ ¥ - J_ *:) ¥ L -
-m% = -n'a.é + 5)\1’3;2 cos® 3+ 5)\2*.1;‘ 51112 3,
—MuS2h /2 = —(—Aysinacos 3+ Ay cosasin F)vS<h/2,
—AgvS?H/2 = —(AjcosacosB + Aysinasin 3)vS2H/2.

X.-G. He, J. Tandean, PRD88, 013020 (2013); JHEP1612, 074 (2016)

Y. Cai, T. Li, PRD88, 115004 (2013)

A. Drozd, B. Grzadkowski, J. F. Gunion, Y. Jiang, JHEP1411, 105 (2014); JCAP1610, 040 (2016)
L. Wang, R. Shi, X.-F. Han, PRD96 (2017) 115025

The possible DM annihilation channels:

SS > ff, WW®, ZzZ°, hh, HH, AAH'H ------



Isospin-violating DM interactions with nucleons

The 125 GeV Higgs with the wrong sign Yukawa coupling as the portal
between the DM and SM sectors

Hpn) 2 S~ 7S
p\n ST
o) = o L] i

mg '?Tlp (n) :

u"P(?’l) — m S+My(n)’ / \

(n (N WZ"J(”) 2 n(n m (1)
Fp() — Z J((J;( | G _|_2_7fé( ) Z o,

my Tl

q:uﬁd’s q:C,b,t

. Ahnlq
qu  omi Yq



The isospin-violating DM-nucleon coupling can weaken the constraint

of DM-nucleon cross section o
/ the natural abundance of the i-th isotope.

‘ G]i is the DM-nucleon cross section from scattering off
136 8-9) nuclei with atomic number Z assuming isospin conservation.

T Yol 12 A

% T2+ (Ai — Z)fal o2
Z=54

Xe Ge Si Ca W Ne C
128 (1.9) 70 (21) 28(92) 40 (97) 182(27) 20(91) 12(99)
129 (26) 72(28) 29 (4.7) 44 (2.1) 183(14) 22(9.3) 13 (1.1)
130 (4.1) 73 (7.7) 30 (3.1) 184 (31)
131 (21) 74 (36) 186 (28)
132 (27) 76(7.4)
34 (

(

J. L. Feng, J. Kumar, D. Marfatia, D. Sanford, Phys. Lett. B 703, 124-127 (2011).
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For sin(B-a)—1 and tan—1, if H is the portal between the DM and SM
sectors, the isospin-violating DM interactions with nucleons can be also
obtained.

_ m| 11 S 8
Huu: —“|cos(B-a)-sin(fB-o)— Sy
v | tﬂ_ ! ;
Hdd: ﬂ_Cos(,B-oc)+sin<,6'-oz> t } i
. l 5 /\
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tanp
by
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Because of the constraints of BR(h->SS) , A,

@
3 o is very small, and A, plays main roles.
?_. 0.016
= ms < 50 GeV is excluded by Fermi-LAT
AR searches for the DM annihilation from dwarf
© I spheroidal satellite galaxies
0.01 _




Resonance effect

Non-SM-like Higgs is the portal between DM and SM sectors, mg in the
resonance region is easily allowed by the direct and indirect detection.

SS > ¢ ff, WW, ZZ

10":I""l""l""""I""I"" : | I L R I L RO A S AR R IR PR B
. 12F m,=600GeV -
m =125 GeV 3 20GeV < m, <120GeV |

m,=(1.0-1.2) x 2my |

Il

m,=600GeV
® 20Gev< m,<120Gev| 02|
» mh..(1 0- 1 2)><2ms 1
pasals vty e sl aa s e s s s g by aa s baesadl 000000 Lladsab ey ilssrabs i b i | BB R |
1070095 20 25 30 35 40 45 50 10152025 30 35 40 45 50

mg (GeV) mg (GeV)

mg < 50 GeV is allowed when 2mg is slightly larger than m,,



Higgs-inflation in the 2HDM
Slow-roll:
From Einstein equations, we can deduce
da/dt\ 887G daldt® 4
( j B 3 £ a o

Scale factor has exponenential expansion for constant p and is

accelerated for p ..~
3

For a scalar field £ = %g”yﬁugﬁﬁpé — V(o)

: ¢52 -V (¢ ) Slowroll

2 e

G ,i3p)
a 3

1.
p=S0+V(g) P=
Friedmann equation: 37272 — iqbg + V(¢),
9

V(g)
dI¢

S
>

— U' . Reheating

kinetic equation: gb + S'H(f) +

Slow-roll condition

107 < V($) 19| < H|dl : 5
Mp:87rG



Appyling low-roll condition, we may obtain
H2~V/3M2 ¢ =~—V,/3H
Define slow roll parameters:
2 1\ 2 217n
e M, (V' ’ n = MV
2 V 4
The field value at the end of inflation is determined by € =1.

e-folding number: N, = jdtH jd¢

¢MIJZ

Observables:

The scalar amplitude: P, = H v
P % 8m?%e 24m2eM?
_ 2H?*  H?
The tensor to scalar ratio: r = / = 16e.
8m2e
Spectrum index: fly— 1 = d logh, = 21 — Ge

~ dlogk



Inflation in inert 2HDM:

J.-0O. Gong, H. M. Lee, S. K. Kang, JHEP04 (2012) 128
S. Choubey, A. Kumar, JHEP11 (2017) 080

Inflation in general 2HDM:
T. Modak, K. Oda, EPJC80 (2020) 863

In the framework of type-l and type-ll 2HDM, we study the
inflationary dynamics,

L R 9 o 2 )
= (£1|(I)1| -{-§2|fI>2| )Fi—' |D (I)ll = |D (I)Ql — Y ((I)laq)g) :
\/79 2 g g

R is the Ricci scalar and reduced Planck mass M, is taken to be 1

We make the conformal transformation on the metric,

gfy — g;u/QQ with Q2 =14+ 2€1|(I)1\2 4 2€2|(1)2‘2
and obtain the Einstein frame action without the gauge interaction

LE Rp |8ﬂ®1‘2 + ‘8,&@2‘2

_Re 3 2 2y ]% _
=~ [tulos (12610 + 26018a) | - e

- VE(q)la (I)Q) ;




vV
(1 + 251’(1)1|2 + 252’(132| )

We take the Higgs doublets,

1 {0 1L [0
by — — Py — — |

and ignore the mass term

VE(®1,2) =

Lg REg 1 ) ' '
= 2 _ _5;:0,0'0"¢ — V(¢
Voar 2 2% !

PO L 6¢162h1ha

: L+&hi+&hy 1460 + &b
Sij = 5 2 66162h1 R et
: 14 01"
L+ &1y + &2hs 1+ &1hi + &ah3 L+&1ht +6hs r
J 0 h3)

Arhd 4 Aah5 4 2(A3 4+ Ag)h2h3 4 2Ash2h3 cos(20)
(1 + £1h2 + fgh:z)
To obtain a diagonal kinetic form, we redefine the scalar fields

3 :
@ —\/;h)g(l + &1hf + &h3)

. _@ J.-0O. Gong, H. M. Lee, S. K. Kang, JHEP04 (2012) 128
=

Ve(¢') =




Thus, the potential becomes

. g e L 2
V(. 9. 0) :)\1 + Agp® + 2(A3 + /\4),0‘ -12- 25 p° cos(26) (1 B 6_2@/\/@)
8 (&1 + &2p?)
After stabilizing 8 at the minimum of potential, we obtain 0
independent part of potential

A+ Agp* + 2)\5102 (1 _ 6—290/\/6)2

8 (§1 + &a2p?
L e ) A = 2 s~
The @ field can drive inflation, we discuss two simple scenario:

VQ—indep ~

(1) hs-inflation for p = oco. The potential has extrema at p=c for
1 = Agb1 — A& <0, x2= A& — Ar&h > 0.
The potential becomes V = 8/\—523 (1 — 62@/‘£)2
(2) hi-inflation for p = 0 The potential has extrema at p=0 for
r1 >0, x9<O.

The potential becomes 7 — % (1 _ €—2c,o/\/€)2
81



The value of @, at the end of inflation is determined by ¢ =1.

1 (dV(p)/dp\? APV (p)/dp?
E((’O)_§( Vip) ) )= Vip)

Taking N.=60, the horizon exit value (- can be calculated

P 1
N = dp——
Ve vV 2€
Taking N,=60, the horizon exit value (. can be calculated. This
allows us to calculate
ng=14+2n—6e=0.9678,
r=16¢ = 0.003,

v
24m2e
The Planck collaboration reported bounds

ns = 0.9649 + 0.0042,
r < 0.056,
P, = (2.099 £ 0.014) x 1077,

P, =
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Imposing theoretical constraints from EW scale to M /¢, , oblique
parameters, Higg signal data of 125 GeV Higgs, and condition of h,-
inflation



Type-I for h,-inflation
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Type II for h, inflation
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The first order EWPT can be produced and relatively weak in the
region achieving Higgs-inflation



Electroweak phase transition

The effective potéj;Itfial:
Vege(h1, ho,T) = Vo(h1, ha) + Vew (h1, h2) + Vo (hi, ha) + Vin(he, he, T)
_l_Vdaisy (hla h27 T)

T4 (hi, h
Vin(hi, he, T) = anJBF( T12 2)>

High temperture expansmn

4 2 2
gy o T T Tasle Y ﬁ’
W ~-5+t ¥~ §Y 32 ap
7 4 2 2
JUE(y) ~ — - —I—Try—|-y—lni,




bo| o
o[

— (m7 (h1, hy))

|

Vdalsy (hla h27 — 127{_ Z Uz { hla hZa T))
M,‘? (hl, hg, T) = eigenvalues [@ (hl, hg) + H){(T)}

The correction from the resummation of daisy diagrams

@ .

Tauey = W "T _ TN d \"(m
Fim)( )daisy-— . 5 (27?)3(52+m2)n o o2qal\ 4 dm? 6m

Summation:
3
T 3 T =1 (M\"(d\" o_ T 5 T [ o, AI?)°
faniey(T) = 5 —m —EZ_(T) (m) R T Tl

M. Laine, A. Vuorinen, arXiv:1701.01554
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Conclusions:

2HDM is a simple extention of SM, which has wide applications
in many fields of the elementary particle and cosmology.

Thanks !/



