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1. Enlighten Dark Photon by Kinetic Mixing




hoton and a pure dark photon

eory of U(1).nxU(1)x gauge group F., =0,A, — 0,4,

L= - Va F P — Yo X, X + Ao + X,
- : wJlem T A X, = 0,X, — 0, X,

A is the usual photon field and X is a new gauge field X and j*, x currents
X may have or not have a finite mass m?, XX /2

If j», does not involve with SM particle, X is a photon like particle which
cannot be probed using laboratory probes — a Dark Photon

X,

) gauge invariant term.
This kinetic mixing term mixes photonand

Dark Photon making dark photon to interact

with SM particle, Dark Photon enlightened!

Holdom 1986, Foot and He 1991, ....




ﬁome 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),

1 , O , 1 v .
[::—quuxu —§XNUYM —ZYW,Y“ +]§L/Yu+];Xu

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 1 A A A
. - pv " (224 T 1 —_
Case a) . La = A ;u/X 4Y;u/Y + Jy 1 _ 2Yu +.7X(Xu myu) )
Loy v Yov o | ui o : 1 3

Y=Y, +0X,, X,=V1-02X,.

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*y .

Which one is the correct one to choose?




Work with SM photon and dark photon

YM — CwAu — Swzu g WS — SwAu -+ CWZM )

1 v 1 v 1 v 1 v 1 v
EO = —Z I“,Xu - ZAﬂVAu — ZZI“/Z“ - §O'CWXMVAFL - EO-SWX;,WZu
. . . 1
+lemAp + 372, + 35 Xy + §m2ZZuZ”' ;
Write the above into canonical form requires
—o?swew 0

TSW

1
A \/l—ozcﬁv V1 —02\/1—020%[, A
Case a): Z | = 0 vi—otdy g Z |,
X —oew vise X
\/1—020%‘, V1 —02\/1—026{4,

1 —O'QSWCW —OCW -
A Vi1-02,/1-02c}, \/1—a2c%,v Al

Case b): Z |=|o ViZda 0 7,
X Vol X

0 1
\/1—02\/1 —ozc%l, \/1 —-O’ZC%V




1o ow 1i 0 ls 50 1 ,1-0% 5 -
— X X" = Z AW A — 22, 2" +§m22 s Il
1 olswew V1—o?c
+ng - +]u A
(\/1 022, ' V1—-02\/1-0%3, )+ 7 V1—o? )
. —0Cw e OSw ~ ~
+7% + + X)),
Ix Vi-022, " JV1-o/1-02c, " 2
1o o 15 - 1s 5 1 ,1—-0%Cy 5 5
_IX! X _ A A 7! gl + _m2 W 21 VAL
4w 4= 47w 277 1—g2 K
Jem V1—02\/1-0%c, " +/1-02c, "
V1— 0%y, - oSw ~ 1 .
+3% V7)) + g4 7! + X!).
2 V1-—o02 2 ]X(\/l—az\/l—azc%v V1= 0%, 2

Which one to choose?
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If dark photon is massive, easy to identify

X has a mass to start with: (1/2)my? XX,
Example: get a mass from the vev of a scalar S with U(1)y charge but
not charge with SM charges.

1 —OCw ~ OSw ~ -
Case a): —m2 A, + Z,+X,)?,
) X(\/l—azcw Vi—o%/1-02, " 2
1 oSw ~ 1 ~
Case b) : 5™ Z + X')? .
) X(\/1—02\/1 o2k, " \/1-02c, 2

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—-0?c?, )2 +m%o?sy, m3 osw m . ~¥
(1- 02)(1 o2c?,) V1-0?(1-02cy,) Z — CO.SO sin 6 g
mosw mi ’ Xm —sinf cos@ X'
V1-02(1-02cy) 1-o2c,

2m%oswV1 — o2

m (1 — o%cy)? — mk[1 — o?(1+ sj)]

tan(26) =

Inconvenient to work with a) although finally one will reach the same interactions
11




‘Summary of constraints on the dark photon mass and coupling

107
BaBar
K] E ;

MA\II

1076

LHCb gy prompt
CEPC, FCC-ee

(T

lIIIlIIIIIIIIIIIl“l““m

1078 HPS :
2 =) plwé I w(zs) Y(@S)
€ =
10_9 \ LHCb ppu pre—module
b J ‘
10°10 Orsay, U70
LHCb pp post—module
-11 =
10 LHCb D* and uy assume 15 fb™!
xe .
Charm, Nu~Cal, E137, LSND ’
10-12 11 11l

0005 001 002 005 01 02 05 1 2 50 20 30
my [GeV]) Iten et al, arXiv:1603.0892

For massless dark photon, much less stringent!
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Very small mass or zero mass dark photon
constraints (beam dump) very weak

Y-S Liu. G. Miller, PRD96(2017)016004

10
L NO approx.
1071 |
) 10-3 n
(@)
u i
I vector
| meeeeeas axial-vector
107 | pseudoscalar
105 10-3 107" 10

mgy (MeV)

10°
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What above massless dark photon?

ore complicated!
Photon and dark photon are both massless, degenerate!

They can be rotated into each other by an orthogonal

transformation Vi—o2&,  oew ( P )
—ocy /1 —o%c}, X

A\ _
X )=

Which one is the photon and dark photon! Cannot be decided
by looking at their masses.

In fact, any rotation from case b)

IS as good as any other ones ( AI) ( cs 33) (Af ) .
- = F ), Z2'=Z
X' —S3 Cp X

14
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Ly = —}IXLUX " EAIMT”‘” - iZ,’WZ”“’ + %mg 1 I—_UUCW 7,2"
+ ((cza + \/1?‘;63‘/ $8)Jbm — Sp Vi 1 s Jx) ,
+ (\/\;1‘__0;%1’3'5 Vi ;i%c‘f =rs o+ = a;’\jv: _ a?cﬁvj;) Z!
+ (\/1 _IUZC%V cai + (s5 — \/10—02/%3‘, cs) jgm) X!

Forcase b), B =0

Forcasea) s = ocy, A’ = Aand X' = X

The final physical observable should be p independent!!!

15



ark photon effects in electroweak interactions

Let us first look at the EM interactions alone.

A physical process include
how the process occur
how the results are detected

Photon or dark photon can affect observable
involve EM interaction must be proportional to

JHam X===--- d., (dueto A, X exchange)------ jv

16
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OCw
r @2 Ri=|cg+
Exchange A: e2 R, A (5 N>
OCw
Exchange X: e2R Rx = | sg — .

Total: e%(R, + Ry) = e%/(1-0%c,?)

Normalize the electric charge:

No other observable effects!

2
S.3>

2
Cg )

17



ﬁample: g-2 of leptons No observable effects!

2
Q oCw
a' v =Rx—, Rx=/|s3— cg |
nX X om X ( g V1—o0%, B) A X
2
8% OCw 7 7
a ,=Rs—, Rjs=|cg+ S :
A A27‘[’ A B \/1 —O'QCQW B
A X
- B a 1 a a )
a’p,,total o (RX + RA)Q’/T o 1 — O'QC%V I o 271_’ a = 62/47T = O‘/(l _ JQCQW)

This amounts to redefine j* = (g/e)j* .
EM interaction for an SM particle can all be absorbed into
e = e/\/1—o%c,.
—acv;;c"x /27 under the influence of a non-zero X ,w..

YD —

a’u,total _

18



at about weak interaction? No observable effects!

- v P, W 71 Ziu
4ZWZ + 5™z = A
V1—o%c, o’swew oSw .
+ 7~ em + x| 2,
( V1 — o2 Iz \/1—02\/1—0202WJ \/1—02\/1—UZC%VJX :

No modifications on W interactions and W mass.

Modify Z mass: :ﬁ% = m%(1+z) z = 025%1//(1 —_02)-
9 20

On-shell mass scheme Ciy = cos” by = CZW/ (1+2)

57 = syy[l+ o’y /(1 — o’cy)] = Sy

= _ 7 = 9 zu - 9z = — _
i =eQfVf, Gt = 55 (=), G = 7f'r“(g{} — 7,

g7 = QI(\/iG'pﬁl2 )1/2. B Ig%/m% B
” o Z 3 ~ p parameter pP = 22, 1.
ga =17, gy = Iy — 2Qs5%) W

19



| Where can massless dark photon be observed?

Inicharged particle

Lo ow 1i 1w 1o 50 1 ,1—023 5 -
L, = _ZXWXW - EA”VA# — ZZWZ# + 5™z Z, 0"
1 - o2 swew ~ V11— o2 -
+Jém Ay — Z,)+ j5( Z
(\/1—026‘24, g V1—02/1—02c, Wtz V1—o? 2

—OCw " OSWwW ~ ~

+7% A, + Zy+ Xyu)
JX(\/l—OQCIQ/V g \/1—02\/1—0203‘, g 2

Effective minicharged particle:
example j& = gx /7" fy

j‘l;((—UCW/\/]. - 0'26%‘/)/1” — (5&/@:1:)(6@)()14# with QX = —O'Cng/é.

20



10°

1
107}
10—2.
w
10—3.
Lamb shift
. 104
FIG. 2: Vacuum polarization diagrams contributing to and Lamb shift (left) and muon
g — 2 (right) in the presence of millicharged particles. The cross vertex denotes the
external source. 10'?)-7 106 10 10~ 102 102 10~ 10° 10
m,, [GeV]
Lamb shift between the levels of 25,/ and 2P/, of hydrogen atom
) 2 4(—13m€ *2 - m™m
E = —c 3 Q I(a ): 2-loop __ 2A Fx
T a 0 — € A9

o 1 u? —1
I(a*) = du(l + —
(Of ) [ U( 2’(1,2)((1* +2u)4 / du/ dv ) 2(1 2/3)
ot = ame/mfx R u?( 1 —v2) + 4z%(1 — u)

M. Gluck, S. Rakshit and E. Reya, arXiv:hep-ph/0703140
H.H. elend, Phys. Letts. 20, 682(1966)

21



ﬁ Constraints from various other searches
I 0 —_ ——

arXiv:1311.2600

10k

-12f

-14F

T T T
Log,q(m/eV) -
Bralms® Invisible widthof Z  Z coupling to ji:  (osw/v1 - o?) 5% Z,

Assuming J; = ng—x’)'#fx Qx = —O0Cwyx € = |QX/§|
Effective neutrino number: R.92+0.05. € < 0.18

22



g/here can massless dark photon be observed?

= A process involve only SM particles, and detected by
electroweak interactions, no observable!

= [0 feel effect massless dark photon effects, Jy information
must be used. => missing energy FEr

Example: h,pp — vy, vyp and vp7p.

> Jems JX
e j2 : diphoton (v7); ,/\ \. - Ax

® jemJx: mono-photon (vET); \J/ ‘ Joms 3

A X

° ]3( ET'

23
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62

pp,h — 7y 84(2RAXRX+RAXRA+RXXRX):<

2.2
1 T°Cy

= e/\/1 — o2}, B independent. The same as SM!

Byyp 22 B
= do%cy, , 2L — 5lcy,
Byy Byy
h —~vEr

Can reach 0.1% at HLLHC |o| can be constrained to
be less than 0.24 at 90% CL

:

24



*- ark photon can be enlightened by kinetic mixing and

have interestin
= What is a dark

g conseqguences.
photon, easily determined, by mass

eigenstates, but for massless dark photon care should
be taken to distinguish a dark photon and a photon

s Massless dark
processes invo

s Massless dark

hhoton has no observable effect in
ve only SM particles

hhoton needs to know how it interacts

with visible world to know effect of kinetic mixing.

h -> vvyp iS @ good process to search for such effects.

25
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2. ete” Collider Detection of Dark Photon
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Luminosity [10** cm2s1]
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M. He, X-G He, C-K Huang,
Int. J. Mod. Phys. A32(2017)1750138

M He, X-G he, C-K Huang, G Li,
JHEP 1803(2018)139

dOe+e— sy A'—syptp- 4

| €
myu~m g~ 2
do‘e+e_—)'7’7'—)'7,.l,+[.l'_ (ml_" mAI) + PAImAI

5 4T My
. . B ~ € gl_‘ e )
Nailve expectation em—background Ay
Dyoosr= S @3 (14270 1 2
A=>ff = g FQemM A/ w2 i,

Integrate dimuon energy range |m,, — ma/| < 20,,
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ith some physical cuts

Basic cuts M.+~ <3,

CEPC

Apr

Pr

AR
C

FCC-ee

E
2Pr
Pr
AE
E

=0.1% ®

0.20

vV E/GeV

0.1% &

0.15

v E/GeV

Pr .
: ] : .0;
1% GV for |p| < 1.0 and 10 times larger for 1.0 < |n| < 3.0;

& 0.5%. for || < 3.0.

E,>2GeV, AR;>02 Am,:, <10 GeV,

PT__ for In| < 1.0 and 10 times larger for 1.0 < |n| < 2.4;

105 GeV

& 1%. for |n| < 3.0.

29



ith Some Physical Cuts

Vs =160GeV
107 ==== [§=240GeV
R N V' =350GeV
>
3 10° o=10" E,>10GeV
s Dark photon decays
A
.; 10°}
/ 0.30
10-'° 4
............... - 10" 0 =102 0.25 a=10""
10-“ ’ A .-".: ..... A
0 50 100 150 200 250 300 350
0.20
ma-[GeV] § 10°* — g
= — X
% ‘e 4015
i T
< 107t @
10-2, Ey > 10GeV
4 Y 1071 — Total — a@ — 0 ! 0.05
— Ww- — zh
0.00
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
ma[GeV] ma [GeV]
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0.100;
0.050

0.010,

0.005

Solid: S//B =2

Dashed: S/\/B=5  L=lab™'

~

0.001 FCC-ee(350GeV)
x1074 CEPC(240GeV)
FCC-ee(160GeV)
x107*
50 100 150 200 250 300 350

m,|GeV]

0.001

5x10°*

1x10°*

Sensitivities at various ete- colliders

— FCC-ee(350GeV),1.5ab™!
CEPC(240GeV),5ab™!
— FCC-ee(160GeV),10ab~!

50

100 150 200 250 300 350
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‘ CEPC may have advantage probing dark photon
at 10 to a few 10s (<<m;) GeV mass range.

10—5 LI . =:
\ MAMI ' E SJATL
» 13 B -
10 ‘ KLOE  HE. LHCb up p%ExES' F ce
: FHRE : g
107 | il 3
107 _E = = = 3
i = g $(2S)  Y(@S) :
A
10—9 i a LHCb pyu pre—module E
10710 = N J
LHCDb pp post—module
10~ = '
. LHCb D* and upy assume 15 fb™!
Tten et al, arXiv:1603.0892 K AS/CMS ’
1 ' Charm, Nu-Cal, E}37, LSND ‘ N, .
107 0.005 001 002 005 0.1 0.2 0.5 1 2 5 10 20 50

my [GeV]
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3. Dark Photon From Non-Abelian Kinetic Mixing
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ively, not possible to have Abelian-No-Abelian

netic mixing, we, X« , IS not gauge invariant!

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

(Y

If the VEV of <A?> = v3/sqrt(2) alonlg a particular direction in group
space is not zero, one can generate kinetic mixing term

W3, X v3/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!

bn( {e)lct in the SM, one can generate such a mixing between SU(2), and
Y
Wa,, X= (H*2H)

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)10134



*V completion of kinetic mixing of Abeliand-
onAbelian 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 we
One can even talking about A\ /
SU(N) and SU(m) kinetic mixing N /
WaMV wa’Aab
Yb

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




A triplet A2 (0,3,0) and W-B mixing

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

(2)w = SU(2), U(1)x = UQ1)y

2
1 2 2 _ (0 \2 UA
Lk—miming - _i@UAj\fBO’MVLL3LO My, = (mW) <1 + 4_,02 )

1
= —56 (SWCWAgyAO’“” — SWch,gVZO’/W + (c%/ — s%/)AgyZo”““’)

Analysis the effects through S, T, U parameters

A 0 0,uv B +0yx57—0,uv C 0 70,uv G 0 0,puv
Alerr = — A A = g W W= 20 200 4 5 A 2
_ V4
o+ w(mpy W OW O () 23 2%
2
A=2syewe, B=0, C=2syewe, G=—(cy — siy)e, w:41;—§, z=0.

2 _ g2 (2 — s2,)?
aS =4sict, ([A—C - Y YG) =488l | dswew + 22—V ) e
Swew Swew
2
v
al'=w—z= 4—2 ,
v

1 2
B+ W2

U=4st | A— =0
“ SW( S Sw Sw >




Some phenomenological implications

, v
C’)g’,)x = —% Tr (W, 2) XH € = (B sin Oy, (XE)

¢ IS naturally small!

Bound on € from muon g—2 on kinetic mixing Bound on ewx from muon g—2 on kinetic mixing
\
5y 10-4. |7 Ourbound | 0.005+ Our bound

= T Marciano bound 0.002
1X1074’ i 0.001+
5x1075" : 5x107*F
. T 2% 1074
Y x0T : E 1x1074
5X10_6’_,__ B 3% 1075k
L1061 | 2%x1075¢
5x107- ] Ix107r

1 X 10_7 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 5 10 50 100 500 1000 1 5 10 50 100 500 1000
my (MeV) myx (MeV)

FIG. 1: Bound on abelian mixing parameter € (left) and non-abelian mixing parameter ey x (right).




¢ I3
10" 10" 10’ 1" 10°°
Ly T '
ol -w'X
- -w 2
- IO-J . - 'Nl
- et :J.
= = -
— - — - -1
o I g S
/ —
w't —_—
-
10-‘ A A A A
-’ 0w 10-? 03 10! 10-? 04 10-? 103 w-’
BIA[Tev '] BIA[TeV 7]
I3 I3
w-* 10"’ wn-* n-* w-"* 0n- w-" n-*
'0 v Ll v . lo v v v -
= 0.1 =X
=W 2 -w
- N, . . - W,
-_Ch - 10 c;
p— el -th
-y = 10-* v
Mynm®
-’
1 10 100 10-2 0.1 1 10 00

BIA[Tev ']

BIA[TeV )

Figure 4. Branching ratios for H* decays as a function of /A (bottom horizontal axis) and ¢
(upper horizontal axis) for myx = 0.4 GeV. The top (bottom) row corresponds to vy = 1 GeV

(t.'}_‘ =

107% GeV), while the left (right) column corresponds to my. = 130 GeV ( my- = 130

GeV). The solid black line indicates the branching ratio for H* — W' X. Branching ratios for
other final states are as indicated by the legend insert.
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100t
my ~=m”:=130 GeV

my=04 GeV

10¢

a+Br (pb)

—ATLAS 95% CL limit on o+Br
e r(vg=1.0 MeV c1) N
— —o(ve=1.5MeVcr) N
0.1} |- o(ve=2.5MeVcr) R

510 50100 500 1000

¢t (mm)

0.8F

0.6f

AIBI(TeV)
2
.

0.2t

0.0},
0.0

my-=mpy,=130 GeV —mx=(l)§ %x
my=

ATLAS

05 10 15 20 25 130
vy (MeV)

Figure 5. Constrains on triplet-assisted non-abelian kinetic mixing, recast from the ATLAS search
reported Ref. [12]. The left panel gives the exclusion in the (er, ¢ x BR) plane, where the region
above the parabola is excluded. The diagonal lines indicate the dependence of ¢ x BR on er for
different representative choices of vy,. The right panel gives the exclusion region in the(vy:, A/3)
plane for mx = 0.4 GeV (red region) and mx = 1.5 GeV (yellow region).
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+

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

s Effects can be searched at colliders

40
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4. CP Violating Kinetic Mixing

41



CP violating kinetic mixing allowed?

Fuyuto, X-G He, G. Li, M Ramsey-Musolf arXiv:1902.10340
r Abelian kinetic mixing

Y*X,., CP conserving
Y* X, with X, = 2€,,,5X*?, CP violating
But

Y* X, = —€ua30%(Y* XP)
It is a total derivative, can be dropped off. No physical effects.

For Non-Abelian kinetic mixing

- 1/ 20 2%t
(o + SO) XHWIW,, X, vev of 3,

Allowed! There are physical effects.

42



$ A model study

[(d=5) _ —%Tr (W, 5] XH — %

_ 1
£4=%) 5 =5 (@zx 2 XM + aax Fp X7

Tr (W, 2] X"

~

- %X‘“’ [swFuE° —iga(zo + X°) (W, W, — WiW, )]

2
V(H,Y)=—pu’H H+ \NHH)? - %F - %Fz +a,H'SH + 02—2HTHF,
AZX(AX) = Brocw (sw)/A

o T Hy\ [ cosf sinf h
F =Tr(Z*+X). Hy) — \—sinf cosf ) \ X°
H = (¢*, (h+ig°)/V2)

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

i -
EDM: £ = —Zdsfo" 75/ Fu. !
€ m
df =——5—"csse|CzVLf (rzm,, T2m,) \
82 v Z.X \ 1, Ho
\
+CxVif (rxm,, TxH,) f N
3 3 2 2
Cz = %sws@ Cx = gswc& TZ(X)H = mZ(X)/mH,
95 f "
Vi = (ce — seazx) . ‘zw — Qraaxse, g, = I/2 —52,Q¢
f 2m2 Qzx
Vi (s¢ + ceazx) p— Qraaxce, § mQZ — mg(

ey = L1 m%h 1 (zlogz ylogy
“Y 2°g m%, ) 2\1-z 11—y




_|, | | | | II| | | | Il_

: Electron EDM constraint —

0%k ldel<1.1x107 ecm g

d,| < 3.0x 10726 g ]
|d,,| < 3.0 x e cm, S ol |
< F -

~ i i

_ R 107 Bxy PBx N

lde] < 1.1 x107%° e cm (ThO [30]), — = =2x107 3
— =20 GeV, my. =200GeV

|de| < 1.3 x 107?® e cm (HfF™ [31]). ma = 206V, my 2GSV
lO‘“l I Lottt | Lot

1073 102 107!

sin @

FIG. 2: The electron, proton and neutron EDMs against the
mixing parameter sinf. It is taken that BzoA = BzoA =
2 x107°%, mx =20 GeV and my = 200 GeV.
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tried to study collider signature:

~ R
Jet correlations probe effects of (zo/A) X* "WW,

A= o(sin Agj; > 0) — o(sin Agj; <0) B q

o(sin Ag;; > 0) + o(sin Ag;; < 0) V' -------- X

q < q

A¢JJ = ¢]1 o ¢j2)
¢;, and ¢;, are the azimuthal angles of the jets

in the forward and backward regions of the detector,
Ay
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Unfortunately, although at parton level, the asymmetry can be large, but the
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= CP 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.
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%k Photon can be enlightened by kinetic mixing

Yet to find any signal !

Workshop on Fractional Charge Particles,

Monopoles, and Dark Photon

from 31 May 2019 to 1 June 2019

Tsung-Dao Lee Institute
Asla/Shanghal timezone

ps://indico.leeinst.sjtu.edu.cn/event/54/overview
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