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Multi-photon signatures are good for detecting the CP-violation
in Aligned Two Higgs Doublet Model (A2HDM) .

\




Aligned Two Higgs Doublet Model (A2HDM)

 New CP-violations (CPV) appear in the Yukawa interaction and the potential.

 Electroweak baryogenesis (EWBG) mm) Lhee Ef‘ar}g:jasymmetw of the universe (BAU)
I X I .

* The Electric Dipole Moment (EDM) mm) Parameters are strongly constrained.
Electron EDM (eEDM) : |d,| < 4.1x1073% e cm (90%CL) [T. S. Roussy, et al., 2022]

— The destructive interference in the eEDM [S. Kanemura, et al., 2020]

A2HDM — d, = d,(Higgs) + d.(fermion) ‘ CPV phase ~ 0(1)

The destructive interference

— EWBG with the destructive interference [K. Enomoto, et al., 2022]

[ The quantity and property of CPV are important ]
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The potentlal in the Higgs basis <U+HG*+ iGO) . :<H ’fm>
—ul(cp* ) - ug(cb*cpz) (W3 (olo,) +h.c }

V2 V2
+ —Al(CDICI)l) + —Az(cb;cbz) + 3(0To ) (0l o,) + 1, (0T 0,) (0l 0,)

{['@CDJQDZ) H2g( D] P,) @(qﬂd’z)] (oTd,) +h.c. }
O

: the complex parameter
- Stationary condition 2 = 5,111; , U3 _5,161; PIexp
1
2

» Charged Higgs mass  g+. m2, = —u3 + Elgvz
* Mass matrix of neutral Higgs
/11 93/16 _3/16
ps 1 1_
Mij — vz SRA6 - ﬁ + E (/13 + 14 + 9:{/15) — EJAS
N 1_ pt 1
_“5/16 —E\S/‘{S — v_z + E (/13 + /14_ — 9?&5)



The potentlal in the Higgs basis <U+HG*+ iGO) . :<H ’fm>
—ul(cp* ) - ug(cb*cpz) (W3 (olo,) +h.c }

V2 V2
+ —Al(cb}“cbl) + —Az(cb;“cbz) + 3(0To ) (0l o,) + 1, (0T 0,) (0l 0,)

{['@CDJQDZ) H2g( D] P,) @(qﬂ%)‘ (oTd,) +h.c. }
O

: the complex parameter
- Stationary condition 2 = 5,111; , U3 _5,161; PIexp

° Charged H|ggs mass Hi mzi — _‘Ll% + %Agvz [The redeﬁnition Of ch; CDZ

.arga
(¢19;) - eﬂ%(dﬁ%)}

H

* Mass matrix of neutral Higgs

2

A ‘R{é ~Ss [ Higgs alignment ]

‘Ll &c\{ /16 — O
Mij = Uz M UZ +5 (/13 + )’4 + 9%AS) — ) 3.5
1 ‘uz 1 This is favored by
—553\6 —}sﬂs —zt3 (A3 + A4 — R4s) the current LHC

data. 6



The potentlal in the Higgs basis <U+HG*+ iGO) . :<H ’fm>
—ul(cp* ) - ug(cb*cpz) (W3 (olo,) +h.c }

V2 V2
+ —Al(CDICI)l) + —Az(cb;“cbz) + 3(0To ) (0l o,) + 1, (0T 0,) (0l 0,)

{['@CDJQDZ) H2g( D] P,) @(qﬂd’z)] (oTd,) +h.c. }
O

: the complex parameter
- Stationary condition ;2 = 5,111] = 5,161, piex p
1
2

» Charged Higgs mass  g+. m2, = —u3 + Elgvz
« Mass matrix of neutral Higgs - 7 real free parameters ™
Hy:  mj, = A2 (SlM Higgs) U5, My, My, My, Ay, | 17|
2 2
H,: My = —u5 + 5v*(A3 + A4 + RAs)
i 21 6,(= argl;)
Hy: Mp, = —p5 +- > v2(A3 + 14 — RAs) \_ W,




Yukawa interaction
M. _ —/ _M
Lyuawa = —QF (VZ=28, + pu®, ) ug = Of (V2=L 01 + pa®, ) di
/M
_LL (\/778 Cbl + pecbz) eR + h C.

* pPude are 3x3 complex matrices. mm) Flavor Changing Neutral Current (FCNC)
appears at tree level.

. . 4 )
* To avoid FCNC at tree level, we assume the "Yukawa alignment™. | , = Zﬁ,
v
[A. Pich, et al. 2009] I Mg e

Ve M, Pde = Sde s
» Lyukawa = — Z {fL(v ]{)fRH +hC} - j

f=u,d,e j=1 = = 4 e e e - ‘

T_:{ KF =1, Kf = |( |el( 2If)af K3 = l(—ZIf)K]? !

V2 T -
+ 7{5uURMuVCKMdL — {quVexkmMadr — (Vi Meg}H' + h.c.



Gauge interaction RTMR = diag(mf,, mf,, mp, )

A

Liin = |Du®|” + || = - +2le< W, W +TZHZ“)H

When ¢ = 0 (Higgs alignment), R;; = &;;

« H,VV are the same as those of the SM

> | W =Ww,2)

 H,VV,H3;VV vanish at tree level.

e Summary of real free parameters ~N
potential U3, My, My, My+, Az, [17] 0
Yukawa |(u|; Kdl; |(e| Hur Hdr He
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vy /Zy decays of H, /H,

Hi‘,’:\/\./\f\ f N\ANANN
Hz/Hg “‘_<: * + Hz/H3 - V
|
“NAAA \N\NN

* yy/Zy decays are induced by charged Higgs and
fermions at loop level.

»  The fermiophobic scenario (|{y ¢ q| < 1)

and mH2,H3 < th

mm) yy/Zy decays compete with other decay channels.

Hereafter,
we consider [(y . q| < 1 and my, g, < 2m;.

BR(H, - X) [%]

BR(H; — X) [%]
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1G] = 10a]= 1] 12



The multi-photon signature BR(H, — yy)XBR(H; = yy)[%]

pp/ete” - Z* - HyH; — 4y 0.100
Y 0.050 Excluded by the eEDM
e~ /q H, EJ\ - |
7 4 AR
—  0.010 :
V2B I
/g ng:A y 5 o
y |
* The background can be negligible. '\_»: 0001
5.x107*

« CP-conservation in the potential(6, = 0)

==> The charged Higgs loop for H; vanishs.

== BR(H; - yy)XBR(Hz — yy) is very small. ~ 1.x107 3n

8
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This signal can be the evidence of the CPV 0.

of the potential in A2ZHDM. @ di-photon search  [ATLAS. 2021] 13




The cross section of pp/ete™ - Z* > H,H; — 4y

0.100

0.050

HL-LHC(V/S = 14 TeV .. ILC(VS = 500 GeV)
Pt 0,080 S SEENST|  Excluded by LHC
A o . s .
0 9, . = ,
0 S v 3 @ 3)/ + X,
2 8 TeV 20 fb~1
> 0.010 ,
I pp = HyH3 — 4y
— 0.005
= & [ATLAS. 2016]
1 I
;ﬁ 0.001 & di-photon search
l 5.x 107 , [ATLAS. 2021]
05 1 5 10 1-x1070% 05 1 5 10
1451 |

1A71~1, [Cude|~1072 mmp Event# ~300 (£ = 3000 fb~1) y



Summery

* In AZHDM, new CPVs appear in the Yukawa interaction and the potential.
« A2HDM can explain the BAU by EWBG with the destructive interference in
the eEDM.

* yy/Zy decays of H,/H; compete with other decay channels

when the fermiophobic scenario [{, .4 | < 1 and my, 5. < 2m,.

®pp/ete” > 7" > HyH; > 4y
* This signal can be the evidence of the CPV of the potential in AZHDM.
* This signal can be detected not only in HL-LHC but also in ILC.
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Back up
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* When the mass matrix M;; is not diagonalized,

mgy(m,,) used for quarks

Eli 1‘_ ATLAS N

R:: £ §:: = E Vs=13TeV,245-79.8 b 7.3
Y Y O C my=12509GeV,ly,[<25,p,,=78% & =

2 Esl; IP) IERETTTTTTTTE SM Higgs boson W ]

z : ms 10 -

107 X b -

‘ —68%CL

Lyukawa = § § {fL ( Kf) fRH + h.c. } + - 100 9% CL

f=ud,.e j=
/ 107

K]{ = Ry + {sz + i(_ZIf)R3j}|Cf|ei(_21f)9f
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The tree-level induced deviation of the 0.8
coupling constants of the 125 GeV Higgs
boson from its SM prediction
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Particle mass [GeV]

: . . : _ [ATLAS, 2020]
«  When mass matrix M;; is diagonalized (Higgs alignment),

interactions of H; are the same as those of the SM.



The detractive interference in the eEDM

d, = d.(Higgs) + d,(fermion)

-
4 ’
’ 7
v > Z .

Requiring the detractive interference b/w
d,(Higgs) and d,(fermion) in orderto d, = 0,

) [(] sin(6, — 6,) < |A7|sin(8; — 6,)

(When 6, = 0)
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[S. Kanemura, et al., 2020]
* (65,0,) = (1.2,—1.8)

my, = 280, m,x = 230,
1471 = 0.3,1¢,| = 1072,
1$al = 0.1,1¢4] = 0.5
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