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Introduction I

Dark photon

4

Abelian/Non-Abelian Kinetic mixing

<

CP violating kinetic mixing

4

Renormalizable CP violating kinetic mixing

4/30




Dark photon

g L

Dark sectors visible sectors

No charge under SM gauge groups

Spinor: Neutrino LNH

Scalar: Higgs SH'H, S*H'H
Pseudo-scalar: Axion (a / fa) F F’
Vector: dark photon  [] (1)y x U(1)x

L:—iYwY” XWX”Jr] ¥, + 5 X,
/

Portal

No direct interaction with SM particle 5/30




1. Renormalizable dimension 4 operator

2. Enlighten : dark photon interacts with SM particles

Gauge group SU(3) x SU(2), x U(1)y x U(1)x
L= =YW Y" = iXuXW + j5Y, + j5 Xy — 5 XY™

Rewrite in the canonical form to identify physical guage

boson (remove mixing term) . . = occ poorHe 1991 6/30




Non-Abelian Kinetic mixing

e —N

WSVX ' —— Not gauge invariant ..

How to contract index a

1. triplet scalar )° <X >=vy/ V2
gauge singlet W X120
non-renormalizable dimension 5
2. Higher order WSVXW(HTT&H)

non-renormalizable dimension 6

Construct kinetic mixing between abelian and non-Abelian
arXiv: 1408.0233, PRD94(2016)055018, PLB770(2017)101 7/30




Non-Abelian Kinetic mixing

g L

Generate the Kinetic mixing from renormalizable theory?

R -

. : a Y urya
i X mmpy WX
Di Pf
,|{_'

Generate the Kinetic mixing at loop level

. . . .« . a Vburyab
Non-abelian Kinetic mixing WWY ) 3/30




CP violation

aas—1 0 .
1. Abelian
{ CP conserving X WYW -
CP violating Y w )~( = _WTW[)@(YWXﬁ) .

2. Non-Abelian
Lx = ~ETr(W,, £)XW S Tr(W,, )X

_g_KXW (swFw + ewZy +igWy W = WEW,)) (vs + )
—EX X [(swFu + cw Zuw) X + ig(Wy W = WiHW, ) (vg + 20)]

CP violating non-Abelian kinetic mixing

PRD101(2020)075016 9/30




Renormalizable CP violation

g L

Renormalizable CPV non-Abelian kinetic mixing?

¥

New fields generate the operator from loop order

\{ Scalar: No generate CPV due to tensor *°
F;mion: SU(2);, multiplet

ol

Type-I11 seesaw model

(= a0 Mp )\ (v
f‘@—%)"”””(% ) (F)

Lepton triplet Z.Phys.C 44 (1989) 441 10/30
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Renormalizable CPV Kinetic mixing model I8

/ I\ Tanm

Gauge group  SU(3)e x SU(2), x U(1)yxU(1)x

1. SM particles has no U(1)yx charge
2. Triplet scalar >¢ = (1,3,0)(0) —— eO‘BWXaBWﬁVZ“

3. Triplet fermion (No scalar) —— Type-I1I seesaw model

J1= (17 3, O)(wf)v fa = (17 3, O)(_xf>7 J3 = (17 3, O)<O)
Gauge anomaly free
4. Singlet scalar ——>dark photon and heavy neutrino mass
SX — (17 17 O)(_szf)a
S. Higgs scalar ———  Neutrino mass matrix

12 1 (1,2, -1/2)( —ff) 12/30




ans—N IS

ot ) e

2:1( 30 ﬁz+)m:1( wo ﬂW;)

varm X V)

U e C L D
[(SWF/W +ewZy) + ig(Wﬂ—Wy+ — WJWJ)} (vs; + X9)
13/30
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Coupling Lagrangian

e —N

Quark Yukawa coupling
Ly(q) = -QY,HUp — Q1Y,HDp + Hec.
Lepton Yukawa coupling
Ly(l)=—-L.Y, HER — LLYfLSHfR 3~ fR 1 Yrs159x fR1
— 65 Yi0Sk fro — o imanfra — f&3masfra + He.

New added term
— LY H fr1— LYo Hy fro 14/30




Interaction Lagrangian

e A

WY/ X — fg coupling
Lt = Xy [f’Eﬂ“fEl + Mo e+ fRi  fra
—fg27”fg2 - f?&zﬂ”f?zz - f};ﬂﬂfﬁﬂg)ﬂf
‘|‘WB [f;gﬂuf;gl _fzgﬂuflgl
‘|‘f§ﬂ”f§2_f§ﬂuf§2]g
> — f coupling

Eon = Y010 <(f§1)cf§2 — (fﬁl)cf}Eg) (vs + ZO) + H.c.
15/30




Lepton masses

en=-ten (g 3) (1)
_ — ([ m, VoM E
—(Fr, f1) ( 0 MRD ) ( f}f )

Yrrp11v]  YyLi2vg YfL13U\ /stl’vs 0 \

Vi vz W2 vz e
. Yiro1v]  Yrroovs  Yrposv . Ygo0s
MD — /2 /2 /2 MR — mM192 \8/5 0
Yrrsivy  Yyrsavy  Yyrssv /
VI VI W2 \ 0 0 ma

16/30







One loop kinetic mixing

e A

M* = 25 99x2 pmaaY 7, pxapws
No scalar

X <f<m17 m27pW7pX> + f(m27m17pW7pX))

/

1 l—x
f(m17m27pW7pX) — f() dx 0 dy(l — & - y)
X [D(m17m27pW7pX) T D(m27mlapX7pW)]

2
my

D(m17m27pW7pX) — (m2—m2)

miy—mgy

1
(m%—y(m%—m%)—ﬂﬁpﬁv—ypgg—F(fBPW—ypx)Q) 18/30
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CPC and CPYV Kinetic mixing

ANzl )
,CX — —g—‘;{X“’V [(Swa/ —+ Csz/)] (UE —+ ZO)

l 26" P p o DW BEW L€, — —X“’/Wﬁy

CP conserving

% = L ggxasRe(miY},)

X [f<m17m27pW7pX) - f(mQ,mlng;pX)]
CP violating
ﬁ/i( — or 299X5’7f1m(m12 f*a)

X [f<m17m27pW7pX) T f(mQ,mlng;pX)] 19/30




Gauge field Lagrangian

g L

Ly = —LF, Fw Lz, zmw _ 1

+imy 2, 2" + tm5 X, X
——EA)(F XH __EZXZ XH

LY XM Kinetic term

mass term

Kinetic mixing

= axyay + Bxswus/A

€zx = —axysSw + Bxcewvs /A

P

—(1/2>OZX)/X’WJBW/

N

0

>
|

20/30




Mass eigen-state

ans— N .
leading order
A 1 0 —eax A™
Z | =101 —§—ezx Zm
A 0 ¢ 1 Xm

™~

§~ —myezx [(mf —m%)

L=Jt A+ 2, + Jx X,

l

L 21/30




Numerical analysis

e A

5 = LggxaIm(mpY7, )
X |f(mq, me, pw,px) + f(ma, m1, pw, Px)]

l degenerate m; =~ my = |mz| & m

Bxuvs /A = ggxas|Yi |vs sm(5/67r m < 5SIH§ x 1074
COS

p—1="22 —0.00038 £0.00020 — vs < 3GeV
m > 790GeV(ATLAS), 880GeV(CMS)

gxTp ~ Yfg ~ VA EPJC81(2021)3,218, JHEP03(2020), 051  22/3()
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BX at one loop level No A-X mixing Barr-Zee

l l l

Two loop(dominant) d, ~ 0 Cancel
Phys.Rev.D101(2020)7,075016 24/30




LEDM _ —%dFFO"LW")@FFMV /I N\T 15 Tﬁi

8%% Zz:[1,N—1] CZVZFf(mQZ/m%{ia mQZ/m%{E)

mixing +OVE f(mZ fm2, m¥% fm2)]

F

VF (Cg — EZX5§) 9z _ QFEAXS{;“

CWSw

Vi = —(@—I- €7XCe)
P

S¢ & —€zxmy/(my — m%)

sy QreaxCe

F 2
—TSWC.’S? gZ_T_QFSW

fz,y) = (1/2)(In(y/z) — (xInz/(1 - z) —ylny/(1 -y))) 554




Neutron EDM upper bound
|dn| <1.8 x 10725

--------------------------------------------------------------------------------------------

-26
10 [The bands ranging from low to high

correspond to my, from 300 to 600 GeV.

10-27 dn A\ /

n2EDM

ﬂ Electron EDM upper boung
|de|~=:11><10 =40

a= e

Case I: Byvs/A=Bxvs/A=5/2 x 10~*
axy =0, my =60 GeV

o Case Il: Bxvs/A=5x10"%, Bxvs/A=0

10_32 : ﬂx}-'-— 18~ -2 mx = EIU GEV

10-3 10~ 10 100
Vs, Vi,

arXiv:1208.4307, |
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Conclusions

g L

1. We construct for the first time a renormalizable dark
photon model with CP violating Kinetic mixing in
combination with the type-III seesaw model.

2. We find that CP violating Kinetic mixing induced
interaction dominates the contribution to electron EDM
which can be as large as experimental bound.

3. The model provides a bridge connecting dark photon,
neutrino physics and also CP violation, and can be directly

tested by near future EDM measurements. 28/30
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