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1. Enlighten Dark Photon by Kinetic Mixing
hoton and a pure dark photon

A theory of U(l)emXU(l)X gauge group F,LW — 8/,LA1/ — 8,,AM

L =-Ya F P — Y X X+ A ¥ + X 3% X =0, Xy — 0, X,

A is the usual photon field and X is a new gauge field X and j4., x currents
X may have or not have a finite mass m?, X#X /2 ’

If j» does not involve with SM particle, X is a photon like particle which
cannot he nrobhed 11sina lahoratorv nrobes — a Dark Photon

€

X, F* I
8 X Y

Possible to add the following renormalizable and gauge invariant term.
This kinetic mixing term mixes photon and

Dark Photon making dark photon to interact
with SM particle, Dark Photon enlightened!




|Some basics for Dark Photon

Work with SU(3)xSU(2) xU(1)yxU(1)y
Kinetic mixing can happen between U(1), and U(1)y

)

1
S XY™ = 2V Y™ + Y+ 5 X,

]' L
L=—-—-X,X"— 1 Y

4

Need to re-write in the canonical form to identify
physics gauge bosons. (mixing term removed!)

This may generate dark photon to interact with SM Jv,




How to remove the mixing term?
e, X-G He, G. Li, arXiv: 1807.00921

Not unique! Examples

a) Ll 1A L) la)

Case a): L,=—-X, X" —--Y,Y"™ + 4% Y, + 75%(X, — Y,),
) a 4 H 4 M j}’m H j}{( 2 m H)

. _ 1'“1" Ny 1“! f X! a 55 L 1 ~

Case b) : Eb__ix,qu“ ~ 1 Y +jy(};—m){“)+jxm}‘(p,

Y =Y, +0X,, X, =V1-0%X,.

jd

Case a), Redefined X does not couple to j+ is still “dark”

Case b), Redefined X does not couple to j», is not dark any more,
but Y does not couple to j¥ .

Which one is the correct one to choose?




Work with SM photon and dark photon

YH = CwﬂH — stﬂ y Wﬁ — SwﬂH + sz_u y

..C{] — —EXHI,X‘“ — L‘IAHMAﬂ 4 HHZH' — EUCWX”HA'M + igszngH
1
+jgmAﬂ + jgzﬂ + .};’XH + _mi’ZﬁZ“ ,

2
Write the above into canonical form requires

—U’ SWwCw

1

. 0\ , -

A \/l—or?'cfl V1 —02\/1—0 iy j}

Case a): Z | = 0 Vi—oay Z 1,
X V1-o? X

— (A7 TEW

1
'\,0' 1—0'2(;%1; W l—o A/ 1_0'2'3%1?

1 —U SWEewWw —OCW

A Vvi1— 03\/1—03 2 - .\/1 —o2cd, A’
Case b): Z |=|o VY= ‘Iffu 0 7|,
X V1—g? g

TS

0 Vi—a \/l—crz(f: \/1 cr'ac‘g;




SRS 95 I W Y R i S
+bm \/1 _1{;2(;%{, Ay - Vo jijffi 22, Z,) ']'.?;(\/\;%%V Z,)
ik ( \/l_f‘:::c%v b+ Vv1— JEJ;T — oc, Zut Xu)
Lo= XX LA A g L LT g
~ 2 ~ ~
Hlem (A = 7= ;S\p/vf - 0%, £ \/fiﬂcgv 2
V1 —o%cy, oSw > 1 o

+ 54 7' + 3~ |+ X' .
Jz( V1 -— o2 ’”) ‘?X(\/l—ag\/l—achv # \/l—crgcf,v “)

Which one to choose?




If dark photon is massive, easy to identify

X has a mass to start with: (1/2)my? XeX,
Example: get a mass from the vev of a scalar S with U(1), charge but no
SM charges.

—OCW ~ OSw = 2
A, Z,+X,)?,
J1-a02, " Jl—gz\/l—azcw nt Xu)

Case a): —m%(

Case b) :

2
1 X
2 X(\/l—crz\/l—{rzcw V1-o%c, "

Case b) is more convenient to use, because tilde-A" already the physical
massless photon, tilde-Z" and tilde X" mixing with each other

m%(1—o?c3,)? +m‘§(cr‘iaf1 m3osw m . =
{1—02)[1 o?ci,) Vi-o (1 o2c2,) Z _ GU'SS Sl 9 %

m3 osw m.X ’ X'm —sin 9 COS 9 X"
om%oswv1— o2

m%(1 —o%cy)? —mi[1 —o?(1+ s3,)]

Vi-a?(1-a?ciy,) 1—o?cyy,
Inconvenient to work with a) although finally one will reach the same interactions

tan(26) =
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‘Summary of constraints on the dark photon mass and coupling
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M. He, X-G Hg C-K Huang,
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“mE¥¢itEl” (Dark SHINE)
— I.\I.ew Initiative for Dark Photon search at SHINE

W > SHINE Under Construction: 2018 - 2026

Innovation of Dark SHINE ﬁ'H
ECAL -+ XX > High rate single electron Beam: 8 GeV, 1 MHz, ~ 3x10'4 EOT/yr

» High rate single electron beam HCAL

> SHINE Facility: Provide the desired beam line
> "Momentum loss” method to use also angular info to
enhance search sensitivity Dark SHINE Expected 90% C.L. exclusion limits on

> Being the first experiment in China of this type e? as a function of the dark photon mass

> Explore the fundamental science potential of SHINE 108
facility

SHINE LINAC and Dark SHINE Kicker illustration

a i L R O R LR i + lldll|| i) * ii!llly
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2«-Dark Photon Kinetic Mixing and W Mass Anomaly

C e, Huang, Sun, Xing, PRD106(2022)05501,arxive:2004.10154; 2208.06760
SM

Recent CDF II analysis show that the W Dol 80478 + 83 N
mass is more than SM value CDFI 80432 + 79 °
(Science 376 (2022) 170) DELPHI 80336 + 67 —

L3 80270 £ 55 —mo——
my = 80,375 (6) MeV OPAL 80415 + 52 ——

ALEPH 80440 + 51 — ——
The CDF II values is 7c above SM value! DO Il 80376 + 23 ——

ATLAS 80370 + 19 e
An anomaly! CDFIl 80433 + 9 -

el v b v v v b e b

79900 80000 80100 80200 80300 80400 80500
W boson mass (MeV/c?)

Needs further more accurate experimental measurements.
Improved SM calculations. A hint for new physics beyond SM?
Can dark photon model help to explain the W mass anomaly.
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Th tically, the change of W mass is related to the electroweak
precision oblique parameters S, T and U as

L .E
A2 — 202 S eyl al
My = MzCy\ —

originated from tree and loop modifications beyond the SM

Tree level modification LOOp Vacuum polarization

m.,,

, > vHLI+1)—Y?)
P = mZcos?0, 9 Z Y 22

= illxx(p*)g"

X means EW gauge bosons
12




p-1=1/(1- aT)

Ty, (0) 11557 (0)

a(Mz)T = ,  Neutral - charged current

M3, M?2
(MZ) S B new (MZ') new (0) C% E% Hg?yw (M%)
4 E%E% M3 cz8z M?
25w (M3) |
Mz Different energy scales
8(My) (g, 1y = T OMR) ~ I (0) _ & 1T (M3)
4 g% B Mw SZ MZ

(M)
Mz
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L] l: fuy l"’r AT l"’r 7
£: ___LX#UX“ _;'_]:ApyA“ _EZ“UZ“

2—... —
0 swCw "’.f

+itm | A =
/ (H V1-02/1-02, "

\/1 — 6"2( (J'gu.-' - 1 ~
_|_,'P‘ W Z _|_ S H Z-" _I_ !
/2 ( V1 —o? “) X V1—-02/1-02, " J/1-0%, "

2

1 1 — o2¢ 1 SW ~ 1 ~

_I__n]?_z W Z.r Z."p_ _I_ n] ( aSw X;) .
2 1 — o7 \/l—crz\/l—crz{u \/l—crzfu

Introduce a singlet S with vev to give the original X a mass m,

i PR, wlotm I\ (0 s\ (7
(J_ JE}( JEE“?‘-} \/J-_JE(J'_JEE%.'} — -6 26 o~
e i X —Sg Cg X'

X
2m3oswyV1 — o2

V1—02(1—-02é2,) 1—o2cg,
;rn‘zz(l — JEEIZ_‘_.-)E — Iﬂi[l — 52(1 + 5%")]

tan(26) =

14



o

2 2 22 2 2 =
B2 — myz(1 — o*cy ) + mxo’syy 2 | Mx 4 98p0s Mx 0 Sw
1z = Co - .
(1—-02)(1-o?cGy) 1 —o%cy V1-—0%(1 - 0%,
. mz(1 — o%¢yy )* + m%o®sy, o N m 2 oo m3osy,
tx = Ei 9 — 450C8 -
(1—0%)(1-0aGy) 1 —a?Gy V1—-0%(1-02,
—_— 2 2 o~
L= ~1 4#,, ARV — EZ#FZ“ E’I'H.-ZZ“ZP

Son = 22
_ _ o-Swew oCw _ 1 —o%c,
+48 A, — 8 co + s | Z - WeoZ
Jem* TH Jem 9 2 ~2 2~2 .
\/l—f:r\/l—c:r(,n_- 1 —o2cyy

O’Sn 1
-I- co + sg | Z
( 1—0‘3\/1—(7(11 1 — o2¢2 ﬁ) g

W
1 " 1 _ - . (T;n 1
_EX“"Xp + §-r'ra..§,:X‘”Xﬂ + 5% ( s '9) X, .

+ C
\/1—02\/1—02(“ ’ V1 — o3¢

-|-j‘”‘ O’Z‘:;‘H'f‘n' Sg — J(:I-l-' co | X, — }-p V 1 — (H Sg X (11)
MA\VI=o/1-023,  \/1-023, L 1= o2

The above maodifications can be recasted into S, T, U parameters
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Follow procedure in
P Burgess et al., Phys. Rev. D 50(1994) 7011

1 : B
L= 5(1 + 2 = (;')mf-z Z"Z,+ (1 +w — Z)T”'ii-' 1__1__;,#1__1__;,;

A\ . cy _ BY ., ..
+ (1 - 5) A, + (1 — 5) (7 + Gib) 2, + ((1 - 5) JwW, + h'-“-)

b = —(&/v25w) Fr" LV f

aS = dsy (A — C) —dswew(cy — siy)G, ol =w — z |
alU = dsiy, (siy A — B + ¢, C — 2syew Q) .
Compare our L, we have B = 0, w=0, A=0, and

1 — o2c%, oc’swew  oew V1 — a? sy N
62(1_\/\/175‘% , G=- STV ST i =C+s
—0

2.2 1 2.2

l —ocyy oCly  Co

16



S, T, U parameters due to dark photon interaction

To o2 order, we have

WS — 4siyciy0° (1 B LY )
1 3

1 —m%/m3% —my /m?,
2 /2
my /m;
ol = —o?siy, XE/ ’52 5 )
(1 —m% /m%)
U — 4 2 2 1 —2m% /m7 N 2
¥ = ASwewo - 5 219 B B .
(1 —=m3/m?%) 1 —m5/m?,
. 2 .
W T M ERW 2((,2 - q2 ) ((,2 . ,;2 ) 4;2
w T Sw ‘W Sw Sw

2 2 Y22
_ 2 2 Myl — spy)o”sy

— W (m% —m3)(—=1+ 2s3,)
my > m, will help to explain the W mass anomaly.

The non-abelian mixing part B is very small and is neglected

17



Numerical Results

0.2

01f

i i i ; -0.3
010855 250 300 350 400 a50 fo-?
mx(GeV)

FIG. 1: (a) The CDF allowed regions in my — || plane. The allowed parameter space is
shown in black line for central value, the 1o, 20 and 30 ranges are also shown. (b) The S,
T and U parameters as functions of |g| for my in the range of 200 — 300 GeV. The size of
observables decrease when my increases.
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3. Non-Abelian Dark Photon Kinetic Mixing
aively, not possible to have Abelian-No-Abelian Kinetic

IXIng, Wa,, X+, IS nOt gauge invariant!

Assuming that there is a field A? transforming as 3 under SU(2),, then
one can make gauge singlet: Wa X A2

If the VEV of <A?> = vs/sqrt(2) along a particular direction in group
space is not zero, one can generate kinetic mixing term

W3, X v/sqrt(2)

Problem: not renormalizable.

If one gives up renormalizability one can write higher order operators
to generate abelian and non-abelian gauge fields mixing!

In fact in the SM, one can generate such a mixing between SU(2), and

U(1)y
Wa,, X (H*taH)
Here H is the usual SM doublet!

Possible to have kinetic mixing between ablian and non-abelian
gauge fields.

J. Cline and A. Frey, arXiv: 1408.0233; G. Barello abd s. Chang, PRD94(2016)055018

C. Arguelles, X-G He, G. Ovanesyan, T Peng, M Ramsey-Musolf, PLB770(2017)101 19



:LUV completion of kinetic mixing of Abeliand-
NonAbelian gauge field?

Yes, they can be generated at loop level starting from a
renormalizable theory.

The particle in the loop carry both abelian and non-
abelian charges.

b Wa
One can even talking about A\\
SU(N) and SU(m) kinetic mixing N /
Wauv YbMVAab
Yb

Kinetic mixing between an Abelian and a non-Abelian
fields should be very common when going beyond SM.




+

= Kinetic mixing can also be induced for
abelian and non-abelian gauge particles

s Effects can be searched at colliders
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4. CP Violating Kinetic Mixing

V|oIat|ng kinetic mixing allowed?
. =Musolf-Phys. Rev.D101 (2020) 075016

For Abelian kinetic mixing

Y™ X, CP conserving
Y*¥X,,,with X, = €,,a5X**, CP violating
But

Y™ X = —€ap0” (Y XP)
It is a total derivative, can be dropped off. No physical effects.

For Non-Abelian kinetic mixing

- 1/ 0 2%t
Tr(W,,2) XH /A X=3 (\/EE_ —¥0 )
(@0 +XO) XMW W, X, vev of 2,

Allowed! There are physical effects.
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f model study

S S
A A

. 1
ﬂtd:d} ) —§ (CIE'XZHUXHU + QAXFHUXHU)

Tr [W,, ] X

~r

- %jw [sw w20 —iga(zo + X°) (W, W, —WiW, )]

2
V(H,Z)=—p*H'H+ \(HTH)* — %F + %FZ +a H'SH + %H’fHF,

AZX(AX) = Bxocw (sw)/A .
C T Hy\ [ cosf sinf h
F=Tr(Z*X). Hy] — \—sinf cosf /) \ Y

H=(¢", (h+i¢°)/V2)

a, breaks CP explicitly, x, breaks CP spontaneously
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Physical effects .

: EDM Loz
E D M . L - - 5 df fﬂ'”yﬁfﬁ fF:u,y- FIG. 2: Different contributions to fermion EDMs.

e m
df :——fCESE CEVEff (T.ZH]! TEHE)
S?T (" \
Z,X \\leHg
+ CXV;{—f(TXH“ TXH,) ; N ;
3 B 2 2
Cz = %‘iwssg Ox = Fowee Tz(X)H = mE(X}/mH’
; 97
Vi = (ce = seazx) —2— — Qraaxse; gy, = 1/2 —s%,Q;
f 2m% 0z x
vi—_ _ : tan 26 = —
X (s¢ + ceazx) p— Qraaxce § m2 — m%

f(z y)—llug m‘r’ﬁ;] _1 m]ngm_ylogy
’ 2 mH 2\ 1—=x 1—vy
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dX ~ 1 m, 3 Bxvs

~ g
T 32m22mE, 7 A

dq ~ 4¢°/(q* — m% )eaxdy

edm g2= 0, so no edm in the usual sense.

Mixing between X and Z, , o
generates Z weak dipole dy ~ sinédy

Challenging to measure it. Maybe at super-Z factory (FCCee, CEPC..)

25



o tried to study collider signature:

LU AT+ AT —

Jet correlations probe effects of (zo/A)X W, W,
A = J(Eiﬂ ﬁf;ﬁjj > D) —_ {T(Eiﬂ ﬂ.qﬁjj < D) 1 V*g q
{T(Eiﬂ ‘&";ﬁjj > D) + {T(Eiﬂ ﬂ.qﬁjj < D) V*: ------ X
q © q

&qﬁij — {E&Jl o qf’jg;
¢;, and ¢;, are the azimuthal angles of the jets
in the forward and backward regions of the detector,

F Oq,gﬁi/z
,.""‘1’13
- - ks~ g
0<Ag;; <mand — 7 < Ag¢.:: <0 1 @ mone gk
— JI] — - JJ] — :jn\/\/\/\Ai\/\f\'/\»r\< — 2z
:mr o 92’&5 ko




A renormalizable model
Cheng, X-G He, M. Ramsey-Musolf, Jin Sun, PRD 105(2022)095010, arXiv:2104.11563

.

= JB L JB 7 L1
Generate (d=5) _ _ETT[WLWE] Y _ ETT[WHHE] Y ur

by loop to make the model renormalizable!

Type-III Seesaw come to be a natural extension

Right-handed neutrino f in the loop, non-trivial SU(2)
representation needed, type-III seesaw,

f =(3,0) (x) -- new need x non-zero to connect X!

Yo

Yy o Xy
| 1 | |
i ff fia fy B 5 i f7
Wi ¥ Wy X W X Wi X
‘E::i‘l‘llg ‘fmlg
fr fi fr fa f3 fr fy fi
(a) (b) (c) (d)

27



ew particles: £:(3,0)0)  ==5w =3 ("2 )

f: (3,0 fn= 20" f (ﬂ% "’/ﬂ) PR 1( 9 = (£8)° ~/zf;=¢z(fg}ﬂ)
: X H__ H__ g L=fp=z0"J; =3
(3,0)(3) Vafp £ P \Vaf = VAR = -(Ry

Anomaly cancellation: f; (3,0)(xe), f5: (3,0)(-x¢), f3: (3,0)(0)

Also for generate a non-zero kinetic mixing.

SX: (1,0) ('ZXf) < Sx >= vs/V2 generate a dark photon mass m% = Lg% Us-
Seesaw neutrino masses . .

- Lm = — = IjL:I_J% T D VE,L"R — EL: _.L Me D EL: R
Need two new Higgs doublet 2o (agy 2a) () = ) (i) 650

Hi: (1,2)(=1/2,—z5), Hp : (1,2)(=1/2,27) Mo=| ™5™ 5= 55| Ma=| my Y= o
—LpYsriH{fr1 — LiYsoHy fro Vgl Yrsgth Yige 0 0 my




Kinetic mixing generated

—

X X 1
g_ﬁ — Jgﬂ Sﬂjggxi‘fﬂﬂ[:mlg}ffg [f(mlzmlapﬁ"u'p.x] +f(m21mlupW3px:]] .
l—x
l—z—y
dzx
flma, ma, pw . px) / / ( —mz m? —y(m? —m3) — zpy, — ypk + (zpw — Ypx)*

mE l—m—y

mi —mj mj — y(m3 — mi) — ypiy — zpﬁﬁr(yﬂw—wxlﬁ)

Degenerate m;=m,=m,, = m limit: Bx/A =~ ggxzs|Y},|siné/6m°m.

LHC search, m >900 GeV 5sind x 10—4

Replacing sind by cosd, one obtains  ,/A

Other fermions in the loop. Scalars in the loop does not work!
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i Including —(1/2)axy X" B..
A 1 0 —EAX A™
Z 1 =101 —&—e€zx Z™M
X 0 & 1 Xm

eax = oaxycew + Bxswus/A  €zx = —axysw + Bxcwus/A

§ ~ —mZezx/(my —m%)

Consider two cases for illustration

Case I: oy, = 0. CPV determined ~ gx Bx.~ sind cosd largest 2

Case II: ayy = 107 allowed for my a few tens of GeV

30
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= =
{n

FIG. 2: Different contributions to fermion EDMs.

The 3 one vanishes in this model!
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10-25
Neutron EDM upper bound
|d,] <1.8 x10%% [e cm]

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

-26
107" ¥ The bands ranging from low to high
correspond to my, from 300 to 600 GeV.

10-27 3

-

o
»
o

Electron EDM upper bound =
|de] <1.1 x10°%° e

EDM [e cm]

10—29

10-10 —

Case I: Bxvs/A=BxviiA=5N2 x10~*
axy=0, mx= 60 GeV

Case ll: Bxvz/A=5x%10"%, Byvy/A=0
10-32 axy =102, my =60 GeV
10~° 107¢ 107! 10°
V!lvﬂl

10-31 ‘___:,_':-7;-_;.__7_.‘,5 FLG S

FIG. 3: The ranges for d, and d. for Cases I and II. The
90% C.L. upper limits for electron and neutron EDMs are

from Ref. [17] and Ref. [18], respectively.
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W mass anomaly again

ng, He, Huang, Sun, Xing, PRD106(2022)05501,arxive:2004.10154; 2208.06760

In CP violating Dark photon kinetic mixing, there is also a scalar triple
contribution to W mass. Tree and Loop contribution from Y=0 triple =

( V2 2 4 2112
V(p, X)=—m; {(,:) ®) + Ao(oT 0)? — MsTr(E3%) + MTr(X7) + A2(Tr(X7)) S5
+a(oTo)Tr(2?) + BT 220 + a1t 80 . —
70 S
1 _
Sz—g Z (Is3,)? (mh 1 mh) 4{ W (mH+ 1 :tn%+ ) ~ {:f_l_- nfz
T my my my  m% 15mmy,, Wl
1 (2— 2+ L) mh mh 1 (m%. —m,)? 0 3 lo
lﬁ?T{u "%1 3)1l m%’ m? ~ 1272 2 st m? m3,, ’ - # ol 20
1 2 1 2 2 o
1 T 1 m? : m? : my. my,
_ 9 I12)1 I3 L O [ac2 )2 I3 ‘ Is \ _(9_ 124 I3 ‘ I3—1 30
’ b 1.-;:2—1( e n N T 1_-;=2—1 [ (fsew )¢ my’ my ( 3+ )t mi," mi, R
B L In ?71'}1..] i " € miw miu ¢ m:;.,, ?71%‘..] ~_ f-'%l-""’%l-' ?7122
6r mi., w| " m% = m m2, ’ md, 157 m2,. s . . . . §
100 200 300 400 500 600
2 4 2 g [GEV]
Cyxr 3V (8 (=TT T~
Tree: Amijy =mpciy - = Loop: Am?, =mc, Li Z
' Gy — S V2 ' W W60 ¢, — s2, m?
I’l I‘I -'I_.l.' € I_l' H+

Both tree and loop can have significant contributions
to W mass. Can explain W mass anomaly!
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0.2
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0.0F

my = 250 GeV

fo2 101 e
ol

(a) (b)

FIG. 2: (a) The CDF allowed regions in |o| — vy, plane for some given values for mx. (b)
The T parameter for two different values of vsy.
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iP violating kinetic mixing can be induced for
abelian and non-abelian gauge particles.

= Effects can be searched by studying EDM of
fundamental particles.

= Study of the CP violation effects are challenging
at colliders.

_ = Can help to easy the W mass anomaly problem
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