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Introduction

- Higgs discovery and remaining problems
e.g., baryon asymmetry of the Universe

- Sakharov third conditions for baryon asymmetry

(D Baryon # violation Ex) Electroweak baryogenesis
@ C and CP violation in two Higgs doublet model
@ Departure from thermal equilibrium

- CP violating observables
Ex) Electron EDM  |d,| < 4.1x1073% e cm

In this talk
Fig. from

- Loop induced H*W*Z vertex in general CPV 2HDM

MSSM,
CP conserving 2HDM

- New observable for custodial and CP symmetry violation

Cf.) o parameter



General two Higgs doublet model

S | tential Higgs basis G* 1 H*
ost general potentia H, = (i(HhHGO)) H, = 75 (ha + ihs)

3z
V=-Y?HIH, — Y?HIH, — (Y2 HIH, + h.c.)

1 2 1 2
+§Zl(HIH1) +§ZZ(H$H2) + Zs(HIH,)(HH,) + Z,(HIH,) (H}H,)

1
+ {(EZSHIHZ +ZHIH, + Z7H;LH2) H'H, +h. c.} (Y2, Zs,Z¢, 2 € C)
- Most general Yukawa sector

LY = — Z (Q_LY]::ui'ikuR + Q_LYk,dedR + EYk,lerR + h. C.)
k=1,2

Y, = diag(yu, Ve, ¥e) Y, ¢ = diag(ya, ¥s, Yb) Y1, = diag(Ve, Yy, ¥r)

- Y, is general complex matrix

plLC pCC ptC

Ex) Up type sector
YZ,u —
Put Pct Ptt

Puu  Pcu ptu)



General two Higgs doublet model

 Stationary conditions and mass spectra

aa—;l/i =0 © V2= E/’llvz, Yi= %)%vz
Z,v? Re[Zg]v?
az;vhj — le} — | Re[Zglv? -Y# +%(ig + Zy + Z5)v?
—Im[Z,]v? — >Im(Zg)
m?. = —Y7 +%Z3v2

* Neutral scalar mixing by Z,

hs H,

Orthogonal matrix R

Absorbed by phase
redefinition for H,

—Im[Z6]v2/
1

- EIm[ZS]

2 1 2
_YZ + E(Zg + Z4_ - Zs)v

125 GeV Higgs

R'M™R = diag(my,, my,, my,)



Custodial symmetry

- Two conditions for custodial symmetric Higgs potential
(Usual) (Twisted)
Zy =Zs, Im[Z¢] =1m|Z;] =0 Zy = —Zs, Re[Zg] =Rel|Z;] =0

Cf.) (Z, = 0 limit)
Z4 + Z5 (0.8 mIZ{Z -
Z4 - Z5 (0.4 m12_13 -

* Relation with CP violation

For CP violating potential, at least one of Im[ZZ], Im[ZZ], Im[Z}Z]

. ) Custodial
must be non-zero (Taking Im[Zs] = 0 basis) violation

« H* > W*Z decay with Z, ~ 0 (alignment limit)

i Re[Z,] |
" 16wy (mii B mlz-lg) X (loop functions) < known part
Im|Z]

16120 (m}+ —mg,) x (loop functions) < new part (general 2HDM)
- We have calculated full H* - w*Z decay in the most general setup

of 2ZHDM (non-alignment, CPV, general Yukawa)
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Branching ratio and CP asymmetry

* Branching ratio for H* —» XY
(pi;j = 0 except for p)

+ Custodial symmetry violation o« my, — my+ and Z}

+ For my+ < my,, main modes are H* — tb, WZ, WHj.

- If myzr < my +my,, Br(H* > W*Z) can be large.

- Asymmetry b/w H* - W*Zand H - W Z
is sensitive to Im[p/Z,].

ey " W+

Hi',’ : H; - Um yWVm
7 1 ¢ 1
4 1 !

H+ —P—(\ :HZ =< +Hi -=p-- dl,el

N 1 \\ !
s N 4\ 1

HJ S Z Hi \\:'vvvv\, dl’el

r(Ht - W*2)—T'(H- > W~2)
T'Ht > W*Z2)+T'(H- > W~-2)

Ocp

arg[Z7]

=200, My -m=10 in GeVI, Zy=1i, =01, @1=0.01
1 ' :

0.100.
0.010;
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Conclusion

o Additional CP violation is necessary for baryon asymmetry
of the Universe

 Insufficient CP violation in the SM
« Enough CP violation can be introduced in 2ZHDM

¢ CP violation and custodial symmetry violation
« CP violating 2HDM breaks custodial symmetry in the potential
« New contributions in loop induced HtW*Z vertex

¢ H* -> W*Z decay in CP violating general 2HDM
- We calculated H* - W*Z decay with the most general setup in 2HDM
« We find CP phases cause asymmetry b/w H* and H~ decays



Back up
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Impacts on collider phenomenology

- Benchmark points

large py;
small ps;

* Production of H* in hadron collider

pp(WZ) - I-Ii + X Asakawa, Kanemura, and Kanzaki (2007) 0_100;

gb - t_'Hi LHC Higgs Cross Section Working Group (2017)
BP1 BP2

|F|2 2.8 x107°(1.7 x 107°
Br(HT™ - W*Z)|2.6 x 1072(9.4 x 107!
oWz [fb] 5.6 x 1072|3.4 x 1072
2SR
owz X Br [fb] |1.5x 107%{3.2 x 10~2)
ogb [fb] 6.4 x 10 6.4 x 1073
ogy X Br [fb] (1.7 x 10~96.0 x 107°

At HL-LHC (3000 fb~1), O(100) events are expected.

oBr [fb]

(in GeV)|mpy+ |mpy, |mp,| Z7 Pt | = —a
BP1 | 200 | 500 | 210 [1.3¢29¢| 0.1 0.01
BP2 | 200 | 500 | 210 [1.3¢29%{0.001| 0.01

1L — GWZ)xBr(H*->WZ)

o(gb)xBr(H*->W2z)

0.010¢
0.001¢
107 BP2 BPT
104 0001 0010  0.100
Pt

9
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Impacts on collider phenomenology

- Benchmark points

(in GeV)|mpy+ |mpy, |mp,| Z7 Pt | = —a
large pq; BP1 | 200 | 500 | 210 |1.3e29%| 0.1 0.01
small ps; BP2 | 200 | 500 | 210 |1.3¢2-°¢/0.001| 0.01

 Production of H* in e+e- collider

- Pair production process ete™ - HtH™

co(efe” > H"H™) =30 fb (ILC 500 GeV)

- At BP2, almost all H* decay into W*Z

- When 3 ab~1! integrated luminosity is assumed,
0(10°) events can be expected

- Testing HtW™Z vertex in the general 2HDM motivates future colliders



HX*W*Z vertex

G H
V/,n/ = Fguv + m_zpz,upw,v + m2 E,uvpapgpa/
w w

Parity violation

_ mA? (1w, 2) , , _my _ m}
= Tom (M l® + [ Mrr]?) W m2,’ ‘ m?
g2 A(1,2,2) |°
|MLL|2 = 1, (1-w-—2)F +TG
N | M7 5 mijmz
2 | M7 1|2 m#
g 2(1,2,7) LL Ht
Mrr)? === 2w|F|*> + ———=|H|?
M 4Z<W"+ |
* Effectively,

Lorr=fH*W;ZF + gH F} E + hi€y,HYE; E,° +h.c.

2
f 7l : Non-decoupling effects provide leading contribution



Equivalence theorem

- Partition function for the Green functions

Z[],] = —ilogj(qu de ...) exp |iSers + [ d*x J V] H(S(aﬂvu + iMo)

—_ ~ 1 .
Vo(k) = e, (k) €t = M(lkl’ 0,0, ko) ;: (Ir\wlngs:ve) gauge boson
: oson

* Gauge fixing condition

— k* _ -
V.(k) = MV“ +O0M/ko) =+ 0(M/ky)

* For M /ky < 1, external line for longitudinal gauge boson can be replaced by NG boson



Production for H=

Aiko, Kanemura, Kikuchi, Mawatari and Sakurai, Nucl.Phys.B 966 (2021)

U(tHi)13-|-ev[pb] Type-| O'(tH )13TeV[pb] Type I
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30' 101 101
100 10°
10
Q. 107! 1071t
[
S 5l 10-2 10-2
1073 1073
1 104 10~
. . 10-5 1073
500 1000 1500 2000 1000 1500 2000
me [GeV] me [GeV]
Kanemura, Moretti and Odagiri, JHEPO2 (2001) 011 i
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= 4 L\ ] 5
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[ N
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ATLAS, Phys. lett. B 759 (2016) 555

2j + 3l + Ep (=
4 + 11+ Ep (=

1/25 X E'b)
7/25 X Eb)
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Fermion contributions

. . . UisVi 31 ot
* Fermion contribution W - ,{
_»__ _’_
i, djrti
(F3) (F4)
My~ Myr=200 [GeVI, My, =My, 21=0=0 b i A [, Wit CyEo=t
0.001 0.001
3 107 3
s 8
N 10-5. ] N
= 107 = :
4 i 1 & i
T 10° I
= z : = z
10_7/—’ 10—7§
200 300 400 500 600 200 300 400 500 600
my: [GeV] my: [GeV]
- (Z71ptt):(01|1 0) (I’ O) (5|1 O) (Z71ptt):(011 O) - (1’ O) - (5’ O)

(i, 0.1) (i, 0.1i) (6i,0.1)  ----- (1,-0.1) - (1,0.1i)) «ee (5, 0.1i)



my, < my+ SCenario

- After HX - WEH, open, Hf - W*Z is suppressed

My3,=300, My, ~my-=10 [in GeV]

1 L
S 0.001!
()]
9. L
2 108!

10—9,
200 300 400 500 600
M [GeV]
- (Z7’ptt) = (01|’ 0) (I’ O)

(5i, 0) (5i, 0.1)

1:
0.100
0.010

@ (001

10~

1075

my,=300, my,—m==10 [in GeV], Z7=2i, p4=0.1

-

200 300

400 500 600

my: [GeV]

— WZ th WH;,

WH, WH,



Diagrams

(A1)

(A3)
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Z- dependence

mua-my==20, my=600 [in GeV], =0.11i

0.100
0.050

0.010
0.005

Br

0.001 ¢
5.x107*" ¢




Contour in Z; plane

er;4QO, m‘Hg‘_m[_‘[i‘ZZ‘OO, ‘n'l‘Hz‘—m,‘_,:‘zf‘)O [|n GeV] mHt=‘4‘O(‘), m‘Hs‘—r‘nl_‘li‘:S‘O" mH‘z_‘rn‘Hi‘=‘20‘0 [In GeV]
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zZ
Current data e
ATLAS, Eur. Phys. J. C(2023) 83:633 CMS, Eur. Phys. J. C 81 (2021) 8, 723
= L B L L B L B B B 137 b7 (13 TeV)
= 5 ATLAS Obs. 95% CL upper limit a T L I B B
S 10 E - 13Tev, 139" — — bposucLuperimt 1 = [CMS — Observed 1
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I - o - < - == 95% expected ]
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Comparing to equivalence theorem

My, —m==200 [GeV], my,=my:, a1=a,=0
0.001

1074

107+

107

M(H:->WZ) [GeV]

-------

-----------
- -
-------
- =
-
-
-
.

200 300 400 500 600
my: [GeV]
— 7,201 — Zy=1i — Z,=5i



Supplement figures
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my:=200, my,=500, my,—my==10 [in GeV], Z;=1.5i, a;=0

15ﬁ
0.100;
5 L
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1§ E I
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Custodial symmetry

° Bi-lineal" fOrm Ml = (Hl! Hl)’ MZZ (ﬁz,Hz) diag(e_ix, eiX)

SUR2),: M; - U(x)M;, U(1)y: M; - M; exp(—ig'Ya(x)as)

.I.
- Global transformation il = Wbl f
M, — LM,RT
_ 1w 0 _
After EWSB, (M) = ﬁ(o v), (M,) = 0

= (M, ) and (M) are invariant
for transformation with L = R (Custodial symmetry)

- Gauge invariant quantities

Tr[MIM, | = 2|H,|?
Tr[MIM, | = 2|H,|? SU(2), XSU(2)g inv.
Tr[MIM,] = e"™HIH, + h.c.
Tr[MIM,0;] = e"*HTH, — h.c.

SU(2),xU(1)y inv.




Ml == (i'il, Hl)’

CUStOdial Symmetry M, = (ﬁz;Hz) diag(e ™™, e')

- Focus on Higgs potential M, - LM_,RT (L =R -> Custodial symmetry)
V = (global SU(2);xSU(2)z inv. terms)
. 1 .
+i Im[VZe~ %] Tr[M{M,03] — - (2, — Re[Zse 2%])Tr[MIM, 03]

+% Im[Zse—ZiX]Tr[MIMZ: TF[MIMZG:g]

_|_% (Im[Zge= ™| Tr[MIM, | + Im[Z,e | Tr[MIM,]) Tr[MIM, ;]

- Two custodial symmetry

X = O,T[ Z4 = ZS/ Im[Z6] — Im[Z7] =0 (Usual) CF) (Z6 = 0 limit)

Zy+ Zs < m} —mbs
x=m/2,3m/2 Z, = —Zs, Re[Zg] = Re[Z;] =0 (Twisted) Zy — Zs XMy, —m
] ] ] ] Custodial
* Relation with CP violation vlijosia?ciolg

For CP violating potential, at least one of Im[ZZ], Im[ZZ], Im[Z{Z,]

must be non-zero (Taking Im[Zs] = 0 basis)



H* - W*Z decay

- Loop induced HXW*Z vertex

Cf) o parameter Pexp =1

WithmZ, = m?+ or mf, =m’+, Ap =0 (1 loop level)

m?+ =mf,, Im[Z;] = 0 (Usual)
- H* > W*Z decay with Z, ~ 0 (alignment limit)
m?+ =mf , Re[Z,] =0 (Twisted)
[ Re|Z
M ~ W[;] (mz — m12,3) X (loop functions) <« known part
Im 1Z-] . _
167‘[ - ( Mz — mHz) X (loop functions) < new part (general 2HDM)

- We have calculated full H* - W*Z decay in the most general setup
of 2ZHDM (non-alignment, CPV, general Yukawa)



H* - W*Z decay

- Equivalence theorem for m,+/my, > 1 R . et
H ! H 1
H+‘ '(: Eh3 H+ “(: Ehg
- External (longitudinal) gauge boson becomes O i~
corresponding NG bosons 2 Tee--z 3Tz
. . . . I{i G+ Hﬂ: G+
- Here taking Z¢ = 0 (alignment limit) e RN
H*--4 &« H*--4
(@ o) usual custodial symmetry h z hs 2
violate HY gt HY g+
(@ o) twisted custodial symmetry . e .
H*--%__/ H*--X_ .
\\\’ hs3 N ohy
- Decay amplitude 2 2
[ Re[Z7] 2
_ 2 :
= W(mHi — mHs) X (lOOp functlons) <~ known part
+m X (loop functions) < new part (CP violating 2HDM)

- We have calculated full H* - w*Z decay in the most general setup
of 2ZHDM (non-alignment, CPV, general Yukawa)



H* - W*Z decay

- Loop induced HXW*Z vertex

Cf) o parameter Pexp =1

Withmg =m’+ or mg, =m;+, Ap =0 (1 loop level)

- Analysis in CP conserving two Higgs doublet model

- Z; are not independent due to .
the softly broken Z2 symmetry 10

- CP is conserved, so
Im[Zs] = Im[Z;] =0

Br(H' — W'Z)
5

= Violation of usual custodial symmetry

myt+
=700GeV -

Z4 _ZS OCm%IS —méi (IfZ6 = O)

100 300 500 700 900
- CP violating case ? (a) m, (GeV)

Fig. from



Numerical results

* Non-zero Im[Z,] and Z, + Z; x m

2

HZ_

2
mHi

» For my+ < my,, main modes are H* — th, W*Z

case (in Yukawa, only p;; is switched on)

- For large Im[Z;] and mass difference, branching ratio is 0(10™%) - 0(1072)

m=300, my,—my==10 [in GeV]

0.100-

my==300, my,-my==10 [in GeV], Z7=2i, p4=0.1

0.100
pee = 0.1
0.001
%‘ | | L
O, 105 Potential has custodial symmetry
5 * (only U(1), violate it)
1077} f
: Im[Z,] = 0.1
107" Pte =0
i (Only HX - w%2)
200 300 400 500 600
my, [GeV]
— (Z7,p1) = (0.1i, 0) (i, 0)

(5i, 0) (5i, 0.1)

W2z
1074 :
105/ |
200 300 400 500 600
my, [GeV]

— WZ th WH, WH, WH;
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- Branching ratio for H* - XY (p;; = 0 except for p,,)

- Custodial symmetry violation « my, —my+

Cf.) Mixing angle
H; = hycosa; — h, sinaq
H, = hysinay + h, cos aq

- For my+ < my,, main modes are H* - tb, WZ, WH,

If myzr < my + my,, Br(H* - W*Z) can be large

My-=300, My, =my=10 [in GeV], Z7=1i, py=0.1, 2+=0.01 Myy:=200, My, —my»=10 [in GeV], Z;=1i, py=0.1, @1=0.01

15 """"""""""""" I‘ IIIIIII E 1_ E
0.100 i ’ |
| wh, | 0.100, 5
0.010: W*H, » :
@ f | _ I
0.001 ' i |
" | ’ |
107 % 0.001 ;
10-51/ < | |
E\x:l:l:llllnwxwlw::l'lll\l\xwx\z
200 300 400 500 600 700 800 200 300 400 500 600 700 800

my, [GeV] my, [GeV]



Testing CP violation

S. Kanemura and Y.M., arXiv:2408.06863

- Asymmetry b/w H* - W*Zand H- - W~ Z

IS

sensitive to Im[p/Z,].

Y 2% W+
HE ) H Um Vm
« ! i !
’ 1 7’
’ ’ f
Ht -»-< " H; 4 -»-
U e s o R 5
e 1 \‘ 1
Hj \‘:fvvv» 7 H=* \\\:‘WW\, dl7el

dl €l

Leftt A=T'(H* > W*Z) —=T'(H™ > W~2) Right: Ocp = Fr(HY->W*Z)+r(H--»wW~2)

arg[Z7]

mH2=§00, mHt=200,‘mH3—m!-[tl=1o [in GeV], Rtt=.0'1

mH|2=500, my=200, m’."3_m"’*.=1.0 [?n GeV]‘, gtt=p.1
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