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Two mechanisms for dark photon

Two mechanisms to generate dark photon (DP):
> Kinetic mixing (KM) *
> Mass mixing (MM) 2

"Holdom, PLB 166, 196 (1986); Foot & He, PLB 267, 509 (1991).
2Feldman, ZL, Nath, https://arxiv.org/pdf/hep-ph/0702123.pdf
[4/64]


https://arxiv.org/pdf/hep-ph/0702123.pdf

standard
model

Hypercharge portal

hidden
sector

kinetic mixing

+ mass mixing

5/64]



Toy model

© Feldman, ZL, Nath, https://arxiv.org/pdf/hep-ph/0702123.pdf
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Kinetic mixing between 2 gauge bosons

Consider 2 gauge bosons A;,, and A, corresponding to two U(1) gauge groups. Consider the
following the Lagrangian £ = Ly + £

SWe usually take § as a small parameter.
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Kinetic mixing between 2 gauge bosons

Consider 2 gauge bosons A;,, and A, corresponding to two U(1) gauge groups. Consider the
following the Lagrangian £ = Ly + £ where

1 v 1 v 5 v
LO - 71F11“,F1# - ZFQMUFQ# - §F1,LLDF2# 5 (1)
Ly = Ji, AV + Jo, AL, (2)

where
> F = 0,Au — 0, A, is the field strength,
> § is the kinetic mixing parameter. 3

» Ji, (J2.) is the current that couples to A, (Aa,). If we identify A;,, (Ag,) as the gauge
boson in the dark (SM) sector, then Ji,, (J2,,) is the dark (SM) sector current.

SWe usually take § as a small parameter.
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Define (omit the Lorentz index)
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Matrix form

=(3). = ()

The Lagragian can be rewritten as follows

Define (omit the Lorentz index)

1 1 4]
L:() = —ZFll“,F{“’ - ZFQHVFQMV - éFll“’FQHV
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Matrix form

_ (A _ (N
v=(1). v=().

Define (omit the Lorentz index)

The Lagragian can be rewritten as follows

]‘ v ]‘ v 5 v
Lo == P F" = Pouy FYY = S Fy FY

1 18\ (F™ ,
- Z(Fll“’ F2W) <5 1> <F2“’>: 4VuTu v
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Matrix form

_ (A _ (N
v=(1). v=().

Define (omit the Lorentz index)

The Lagragian can be rewritten as follows

1 1 4]
L:() = —ZFll“,F{“’ - ZFQHVFQ#V - éFll“’FQHV
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Matrix form

_ (A _ (N
v=(1). v=().

Define (omit the Lorentz index)

The Lagragian can be rewritten as follows

1 1 4]
L:O = —ZFll“,F{“’ - ZFQI—“’FZMV - éFll“’FQHV

1 1 6\ (FM™ .
:_Z(FW Fou) (5 1) (sz>: 4VMTVKV;L

ﬁl = Jl/LAllL + JQ/LAlQL = J/Lvu (4)

To correctly interpret the physics, we need to put the kinetic terms in the canonical form,

namely transforming K to an identity matrix.
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Put the kinetic terms in the canonical form

To put the kinetic energy term in its canonical form, one may use the transformation

Al AH
Vi = <A§> =G (A#> = GoE* (5)
where the LHS (RHS) is the original (new) basis, and
1 0
Ny
Go=| V150 N (6)
V1—62
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Put the kinetic terms in the canonical form

To put the kinetic energy term in its canonical form, one may use the transformation

AR A
VH = <A§> = GO (A#> = G()Eu (5)

where the LHS (RHS) is the original (new) basis, and

1
——F 0
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Go=| V150 . (6)

Voo

This is because 5
1 1 0
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Put the kinetic terms in the canonical form

To put the kinetic energy term in its canonical form, one may use the transformation

A¥ AP
VH = (Aé) =Gy (A“) = GoE"

where the LHS (RHS) is the original (new) basis, and

1
G = | Vg%
Vie
This is because
GTKGy = GT <(15 ‘15> Go = (é (1)) .
Now we have 1 1
Lo=—=F, F*" — —F F".

4 4 m



Alternative transformations

> Gy is not orthogonal; it is the GL(2) group.
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Alternative transformations

> Gy is not orthogonal; it is the GL(2) group.
» The Gy that canonically diagonalizes the kinetic terms is not unique.

This is because the transformation G = GO instead of Gy would do as well where O is an

orthogonal matrix

cos —sinf
0= (Sing cos 0 ) ’ (9
GTKG = (GoO)"K(Go0) = OT(G§ KGy)O = 00 =1, (10)
cos 6 - sin 0
J1 — 52 T _ 52
G =Go0 = ! 52059 ! 5s€n9 (11)

— 3 +
Vi T

which has an additional free parameter 6.
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Lagrangian under G
With the general transformation G = GO, the total Lagrangian £ = Ly + £ becomes

_ EF/ F/MV,

1 v 1 v
»CO == _ZE/“’EM = _ZF#UFM 4 v
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Lagrangian under G

With the general transformation G = GO, the total Lagrangian £ = Ly + £ becomes

Lo = —EEM,E‘“’ — _EFWF’“’ 4FZWF/W (12)
Ly =J,GE" = J,GoOE*
L cos . cos 06
~ | (0= )
sin 6 sin 09
[t (s 1 ) "

» Kinetic terms are in the canonical form

> Both bosons interact with both currents

> Interactions with current (matter) depend on 2 paras: 6 and §. So one has the freedom
(namely ) to choose the basis.
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Asymmetric solutions: case 1

Case 1: § =0.
Lo=am| g, -] any (14)
' Vi—aet oyt o
= 0
Iz Ny u
M) v = Gopr = | V159 o (15)
Al L \A
V1-42
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Asymmetric solutions: case 1

Case 1: 6 =0.
Ly = AH ! Jiu — 0 Jo, | + AP T, (14)
vi—e ot o oya—e2t .
71 0
AM — A/;L
<A,§> =VF=GyE"= |V 1755 ) <AM> (15)
V1—62

> Because Ay, = A" is the gauge boson in the hidden sector, we can identify A’ as

V1—462
the dark photon, which interacts with both the dark current J;,, and the SM current J3,,.
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Case 1: 6 =0.
Ly = AH ! Jiu — 0 Jo, | + AP T, (14)
vi—e ot o oya—e2t .
71 0
AM — A/;L
<A,§> =VF=GyE"= |V 1755 ) <AM> (15)
V1—62

> Because Ay, = A" is the gauge boson in the hidden sector, we can identify A’ as

V1—462
the dark photon, which interacts with both the dark current J;,, and the SM current J3,,.

» Then A, is the ordinary photon, which interacts only with the SM current Jy,,.
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Asymmetric solutions: case 2

Case 2: § = arctan [6/\/ 1- 52}

)
© T T yr
(ﬁ;) _VH— GEF = V- (iﬂ)
2 0
Vioo?
Ly = A" ;J —LJ + A" J,,.
! iz o 1ot e
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Asymmetric solutions: case 2

Case 2: § = arctan [6/\/ 1- 52}

)

AF o — 52 AP
(Aé>:V“:GE“: . vi-o (A#> (16)
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i |2 g o0 g (17)
! iz o 1ot e

> Because Ay, = A}, — A,6/+/1 — 62, we still identify A, as the dark photon.
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Case 2: § = arctan [6/\/1 - 52}
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Because Ay, = A}, — A,,6/+/1 — 62, we still identify A, as the dark photon.
Then A, is the SM photon.

A:L interacts only with the dark current Jy,,.

A,, interacts with both the SM current Jy,, and the dark current .Jy,.

Coupling between A, and Jy,, is proportional to the kinetic mixing parameter 4.

vVvyVvyyvyy
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Asymmetric solutions: case 2

Case 2: § = arctan [6/\/1 - 52}

4
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<A§>:V“:GE“: . vi-o (A#> (16)
Vioo?
i |2 g o0 g (17)
! iz o 1ot e

Because Ay, = A}, — A,,6/+/1 — 62, we still identify A, as the dark photon.

Then A, is the SM photon.

A:L interacts only with the dark current Jy,,.

A,, interacts with both the SM current Jy,, and the dark current .Jy,.

Coupling between A,, and Jy,, is proportional to the kinetic mixing parameter §. —
hidden matter is millicharged if ¢ is small.

vVvyVvyyvyy
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Mass

So far we have not written down mass terms for the gauge bosons. To make the dark photon
massive, mass terms are needed. The general mass terms are

1 1
,Cm = im%AlﬂA’f + §m§A2#A’2‘ + mlmgAlﬂAg. (18)
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Mass

So far we have not written down mass terms for the gauge bosons. To make the dark photon
massive, mass terms are needed. The general mass terms are

1 1
,Cm = im%AlﬂA’f + §m§A2#A’2‘ + mlmgAlﬂAg. (18)

Write the mass terms in a matrix form:
1
Lo = EV#M2V“, (19)
5 m% mims 2 (1 €
M+ = 2 =m] 2 (20)

mimeso moy

where € = mg/m;.

Note that the determinant of M? is zero so that one of the eigenvalue is zero, which can be
identified as the photon mass (this is a must for a successful NP construction); the other
(massive) eigenvalue is the dark photon mass-square.
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Mass eigenstates: case 3

V1 — 42
Diagnolizing the mass matrix M? fixes 6: 6 = arctan l:é] .
—€
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Mass eigenstates: case 3

V1 _52
Diagnolizing the mass matrix M? fixes 6: 6 = arctan lell(gl .
—€
1—de
AN e 1 N B NG
(Ag)v =GE V1 =26+ €2 €—90 1 Ak (21)
V1 — 42
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Mass eigenstates: case 3

1—¢€d

1— de

i) N N v
=V =GF! = ———

(AS 1 — 20€e + €2 €—0 1 A

V1—62

V1 —521

Diagnolizing the mass matrix M? fixes 6: 6 = arctan l

1

1 < €e—9 1—de

= Jop + ——=—=J1,, | A"
VIi—ere \Vi—2 * ' V1i=p2 “)

[15/64]



Mass eigenstates: case 3

V1 _52
Diagnolizing the mass matrix M? fixes 6: 6 = arctan lell(gl .
—€
1—de
AN e 1 N NG
(AS)V =GE V1 =26+ €2 €—0 1 A
V1 — 42
1 €e—90 1—de
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Mass eigenstates: case 3

V1 _52
Diagnolizing the mass matrix M? fixes 6: 6 = arctan [611;1 .
—€
1—de
AN e 1 N B NG
(Ag)V =GE T VI _2er e €e—0 1 AH
V1 — 42
1 €e—90 1—de
= Joy + —=J1, | A"
LT VT -2+ e <¢1—52 ROV > “)
1
+ —————=(Jo, — €J1,) AX.
1—25e+62( " )

DP A’ and photon A interact with both currents: J; (dark) and J, (SM).
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Millicharge & mixings

Take a closer at the interaction.

1 €e—90 1 — de
Ly = Jop 4 —— gy, ) A
R sy paaps <¢1—52 RN s> “)

#Recall that millicharge is the electric charge of the dark sector matter, so it is the coupling between the
dark sector current J1,, and the SM photon A*.
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Millicharge & mixings

Take a closer at the interaction.

1 €e—90 1 — de
— Jop 4 —— gy, ) A
L VI -2t & <¢1—52 RN s> “)
1
e (Jyy —eJy,) AR 23
Ty e S (23)

» Millicharge vanishes when ¢ — 0. *
> |If DP is massive, kinetic mixing alone does not lead to millicharged dark matter

» If DP is massive, mass mixing alone generates millicharged dark matter.

#Recall that millicharge is the electric charge of the dark sector matter, so it is the coupling between the
dark sector current J1,, and the SM photon A*.
[16/64]



Realistic model

© Feldman, ZL, Nath, https://arxiv.org/pdf/hep-ph/0702123.pdf
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StkSM

For realistic model, one has to extend the SM, which has the gauge group
SU(3)C X SU(2)L X U(l)y

© Feldman, ZL, Nath, https://arxiv.org/pdf/hep-ph/0702123.pdf
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where both kinetic mixing and Stueckelberg mass mixing between the 2 U(1)'s are present.
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StkSM

For realistic model, one has to extend the SM, which has the gauge group
SU(3)C X SU(Q)L X U(l)y

We consider the extended electroweak sector with the gauge group SU(2);, x U(1)y x U(1)x,
where both kinetic mixing and Stueckelberg mass mixing between the 2 U(1)'s are present.

Assume that the SM fields do not carry U(1)x quantum numbers, and the fields in the hidden
sector does not carry quantum numbers of the SM gauge group. The 2 mixings terms are the
only connections between the 2 sectors.

o Feldman, ZL, Nath, https://arxiv.org/pdf/hep-ph/0702123.pdf
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The Standard Model & Higgs

We first review the SM and Higgs.
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The Standard Model & Higgs

We first review the SM and Higgs.

Because the new U(1)x only mixes with the hypercharge (the hypercharge portal), we focus
on the electroweak sector. See e.g., section 20.2 of Peskin & Schroeder.

The covariant derivative of the Higgs field ¢ in the SM is
o
D,¢ = (@L — zggAu7 — zgyB#Y> o, (24)

where o are the Pauli matrices, A, and B, are, respectively, the SU(2). and U(1)y gauge
bosons, and Y is the hypercharge quantum number. For the Higgs doublet, Y = 1/2.
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The Standard Model & Higgs

We first review the SM and Higgs.

Because the new U(1)x only mixes with the hypercharge (the hypercharge portal), we focus
on the electroweak sector. See e.g., section 20.2 of Peskin & Schroeder.

The covariant derivative of the Higgs field ¢ in the SM is
o
D,¢ = (@L — zggAu7 — zgyB#Y> o, (24)

where o are the Pauli matrices, A, and B, are, respectively, the SU(2). and U(1)y gauge
bosons, and Y is the hypercharge quantum number. For the Higgs doublet, Y = 1/2.

Higgs VEV (¢) — \% (2)
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Neutral gauge boson masses in the SM

The gauge boson masses arise from the (D, ¢)!(D"¢) term:

1 o 1
Lmass = 3 (0 v) (92A + QQYB ) (ngb” + QQYB”> (2) (25)
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Neutral gauge boson masses in the SM
The gauge boson masses arise from the (D, ¢)!(D"¢) term:
1 ot 1 . 0
Liass = 5 (0 0) (9245 + s9v By | | 924 nZ + QYB” (25)
2 2 2 v
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Neutral gauge boson masses in the SM

The gauge boson masses arise from the (D, ¢)!(D"¢) term:

1 o 1
Lmass = 3 (0 v) (92A + 29YB ) <Q2Ab“ + QQYB”) (2) (25)

This then leads to

1 2
Lo = 57 |93 (41)" + 63 (42)" + (~024} + 9v B,.)”| (26)

Keeping only the neutral gauge bosons, we write the mass terms in the matrix from:

1 122 g2 e A3
Liass O =— (A% B 2 37 . 27
a1 A Bu) (_QQQy 9, B, 27)
This mass matrix can be diagonalized by the weak mixing angle 6y, where tan 6y = gy /g2,
leading to a massive Z boson and a massless photon. Note that the determinant of the mass

matrix is zero, which ensures the existence of a massless eigenstate.
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Diagonlization of the mass matrix of neutral gauge bosons

The orthogonal mass matrix is

B\ . [(A\  [cosby —sinfy\ (A
(A3> =0 (Z) - (SinOW cos Oy ) (Z) (28)

where A is the massless eigenstate (photon) and Z is the massive eigenstate, and
tan By = gy /g2 such that

g2

VB

sinfyy = ——2 (29)

VBt

cos Oy =
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The orthogonal mass matrix is

B\ . [(A\  [cosby —sinfy\ (A
(A3> =0 (Z) - (SinOW cos Oy ) (Z) (28)

where A is the massless eigenstate (photon) and Z is the massive eigenstate, and
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cos by = %, sin Oy = %, (29)
V95 + 9y V95 + 9y
A\ _ r(BY\ [ cosOyw sinfw B
<Z> =0 <A3) - <—Sin9W COSGW) <A3) (30)

» photon, my =0, A = cyy B + sy A3

v
> Z, myg = 5\/9%4—9%/, Z =cwA® - swB

[21/64]



Couplings to SM fermions

The neutral current interaction with the SM fermions is given by

Lxc = fLiv"Dufr + (L < R),
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Lxc = fLiv"Dufr + (L < R),
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= friv* (au — ngAfL% - igyBHY> fr+ (L + R), (31)

where D,, is the covariant derivative with respect to the SU(2);, x U(1)y gauge group.

. o3 1 1 o3
Consider electron: for ey, we have - = —5 Y = —5; for er, we have - =0,Y =-1.

Lnc D eyt (ggA + gyB Y) er + (L — R)
_ 1 _
=—ey" ( 2 AD ~ + gYBuQ) er —erY" (9y Bu) er (32)
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Photon/Z coupling to electron

_ 1 1
Lnc D —epyt <92 (SwAM + cWZ“) 5 + gy (CwAH — Swzﬂ) 2) er,
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Photon/Z coupling to electron

_ 1 1
Lnc D —epyt <92 (SwAM + CWzH) 5 + gy (CwAH — Swzﬂ) 2) er,

—erY (9y (ewAyu —swZy))er

_ 1 1 _
=—A, {em" (928W2 + gycw2> er +ery" (9vew) eR]

-2y [6L7“ (92 (ew) % + 9y (—sw) ;) er +erY" (gy (—sw)) €R]

20y - _
=— Au% ery"er + ervY"er]
V92 + 9y
2 9 2
92 — 9y 9y _
-7, | =2 v"e, — ————=éprY"er (33)
[2\/93 + g5 V95 + 9y



Photon coupling

The coupling between photon and electron is

L}/Q [eLy*er + eérter] = cQe A ere (34)

Lnc D _AM
95 + 9y
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Photon coupling

The coupling between photon and electron is

929y

Lnc D —A, > > ery'er + eryler] = eQ.Aene (34)
93 t 9y
Thus we find that Q. = —1 and
1 1 1
o— 29Y . == S5+ (35)

92 9y

VBt e

[24/64]



Lagrangian of StkSM

The total Lagrangian is
Lsiksm = Lsm + AL (36)

where

1 ) 1
ALD =2CuC" = S0 B™ + 58,0 +miCu+ meB,) + gx J5C (37)

[25/64]



Lagrangian of StkSM

The total Lagrangian is
Lsiksm = Lsm + AL (36)

where
1 v g nv 1 2 12
ALD —ECWC — 5C,“,B + 5(a,ﬁ +miCy +meB,)” + gxJJ5C. (37)

» B, is the U(1)y gauge field (the SM hypercharge)

[25/64]



Lagrangian of StkSM

The total Lagrangian is
Lsiksm = Lsm + AL (36)

where
1 124 g 1224 1 2 Iz
ALD _EC’WC - §C,WB + 5((?”0 +miCy +meB,)” + gxJJ5C. (37)

» B, is the U(1)y gauge field (the SM hypercharge)
» (), is the U(1) x gauge field (the dark boson)

[25/64]



Lagrangian of StkSM

The total Lagrangian is
Lsiksm = Lsm + AL (36)

where
1 124 g 1224 1 2 Iz
ALD _EC’WC — §C,WB + i(aua +miCy +meB,)” + gxJJ5C. (37)

» B, is the U(1)y gauge field (the SM hypercharge)
» (), is the U(1) x gauge field (the dark boson)
> gx (Jx) is the gauge coupling (current) in the hidden sector

[25/64]



Lagrangian of StkSM
The total Lagrangian is
Lsiksm = Lsm + AL (36)

where
1 124 g 1224 1 2 Iz
ALD _EC‘WO - §C,WB + i(aua +miCy +meB,)” + gxJJ5C. (37)

» B, is the U(1)y gauge field (the SM hypercharge)
» (), is the U(1) x gauge field (the dark boson)
> gx (Jx) is the gauge coupling (current) in the hidden sector

» o is the axion field (in the Stueckelberg mechanism), which is charged under both U(1)x
and U(1)y.

[25/64]



Lagrangian of StkSM

The total Lagrangian is

Lsiksm = Lsm + AL (36)
where
1 , 0 , 1 )

ALD _EC‘WOM — §C,WB” + i(aua +m1Cy +maB,)* + gx J&C,,. (37)
» B, is the U(1)y gauge field (the SM hypercharge)
» (), is the U(1) x gauge field (the dark boson)
> gx (Jx) is the gauge coupling (current) in the hidden sector
» o is the axion field (in the Stueckelberg mechanism), which is charged under both U(1)x

and U(1)y.
» my and my = mye are the mass terms (in the Stueckelberg mechanism)

[25/64]



Lagrangian of StkSM

The total Lagrangian is

Lsiksm = Lsm + AL (36)
where
1 , 0 , 1 )

ALD _EC‘WOM — §C,WB” + i(aua +m1Cy +maB,)* + gx J&C,,. (37)
» B, is the U(1)y gauge field (the SM hypercharge)
» (), is the U(1) x gauge field (the dark boson)
> gx (Jx) is the gauge coupling (current) in the hidden sector
» o is the axion field (in the Stueckelberg mechanism), which is charged under both U(1)x

and U(1)y.
» my and my = mye are the mass terms (in the Stueckelberg mechanism)

v

0 is the kinetic mixing parameter

[25/64]



Lagrangian of StkSM

The total Lagrangian is

Lsiksm = Lsm + AL (36)
where
1 v O v L 2

AL D _EC‘WOM — §C,WB” + i(aua +m1Cy +maB,)* + gx J&C,,. (37)
» B, is the U(1)y gauge field (the SM hypercharge)
» (), is the U(1) x gauge field (the dark boson)
> gx (Jx) is the gauge coupling (current) in the hidden sector
» o is the axion field (in the Stueckelberg mechanism), which is charged under both U(1)x

and U(1)y.
» my and my = mye are the mass terms (in the Stueckelberg mechanism)

v

0 is the kinetic mixing parameter

v

€ is the mass mixing parameter
[25/64]



Stueckelberg mass terms
The Stueckelberg mass terms

1
i(aﬂa +myCy +maB,)? (38)

are invariant under the U(1)x x U(1)y gauge transformations. °

5The Stueckelberg mechanism can be viewed as the U(1) Higgs mechamism with the Higgs boson mass
taken to be infinity.
[26/64]
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Stueckelberg mass terms
The Stueckelberg mass terms

1
i(aﬂa +myCy +maB,)? (38)

are invariant under the U(1)x x U(1)y gauge transformations. °

U(1)y gauge transformation:

5yBu = (9;1/\)/7 (SyCH = O, 5y0’ = *mg/\y. (39)

U(1)x gauge transformation:

(SxBM:O, 5XCM:8M)\X, (5)(0': —mle. (40)

5The Stueckelberg mechanism can be viewed as the U(1) Higgs mechamism with the Higgs boson mass
taken to be infinity.

[26/64]



Kinetic mixing matrix & mass matrix

The StkSM model has a nondiagonal kinetic matrix (K) and a nondiagonal mass matrix (M?),
and in the unitary gauge in the basis VI = (C, B, A%),

1 0 0
K= 1 0], (41)
0 0 1
m3 m%; . 0
M2 m%e m%eQ—i—Zg%/vg —Zgng’UQ (42)
1
0 — =gy gav® +19§UQ

5The mixings between the 2 U(1)'s do not alter the W mass directly. But the changes on the neutral gauge
bosons affect the W mass indirectly; see e.g., Du, ZL, Nath, 2204.09024 [hep-ph]
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Kinetic mixing matrix & mass matrix

The StkSM model has a nondiagonal kinetic matrix (K) and a nondiagonal mass matrix (M?),
and in the unitary gauge in the basis VI = (C, B, A%),

1 6§ 0
K=16 1 0], (41)
0 0 1
m3 mie 0
1 1
M2 = m%e m%eQ—i—Zg%/vg —ZgngUQ (42)
1 1
0 —19Y92U2 +19§UQ

» 3 NP parameters: §, mq, and ¢
> v is the Higgs VEV

> go and gy are the gauge couplings of the SU(2)y, and U(1)y groups
6

5The mixings between the 2 U(1)'s do not alter the W mass directly. But the changes on the neutral gauge
bosons affect the W mass indirectly; see e.g., Du, ZL, Nath, 2204.09024 [hep-ph]

[27/64]



Simultaneous diagonalization of the kinetic & mass matrices

A simultaneous diagonalization of the kinetic & mass matrices can be obtained by the
transformation G = GO, which is a combination of the a GL(3) transformation (Gy) and an
orthogonal transformation (O). This allows one to work in the diagonal basis, denoted by E
where ET = (7', Z, A), through the transformation V = GE = G,OF.

¢ Go to Eq. (54) for photon couplings.
[28/64]
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Simultaneous diagonalization of the kinetic & mass matrices

A simultaneous diagonalization of the kinetic & mass matrices can be obtained by the
transformation G = GO, which is a combination of the a GL(3) transformation (Gy) and an
orthogonal transformation (O). This allows one to work in the diagonal basis, denoted by E
where ET = (7', Z, A), through the transformation V = GE = G,OF.

The matrix O is then defined by the diagonalization of the mass matrix

M3 = 0T (G M?Gy)O0. (44)

¢ Go to Eq. (54) for photon couplings.



Mass matrix diagonalization

Thus the matrix to be diagonalized by O is

4m3(1 — 0€)? + 6%g3v®  dmie(1l — de) — dg3v?  Sgagyv?

) (4 (1 —)52) ., 41— 52 41— 62
dmie(1 — de) — dg5-v 1 1
AT M2G — i y 22 1 2 9 _t 2 45
o M>Go Wi mie” + 19vv 192970 (45)
3gagyv* —Egggva lgzvz
41— 32 4 472
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Mass matrix diagonalization
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GT M2Go — 1 ¥ 22, 1 92 92 ! 2
0 0 4@ mie” + 1 Ivv 792970
0929y v 1 2 L oo
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> The determinant of the mass matrix is zero. (Why?)
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Mass matrix diagonalization

Thus the matrix to be diagonalized by O is
4m3(1 — 0€)? + 6%g3v®  dmie(1l — de) — dg3v?  Sgagyv?

o (11(15_)62)5 ) 4\/1_152 4@

mie — 0€) — (%

GE M*Gy = L Wi Iy mie + zg%vz —igzgyvg (45)
8gagy v 719 gy v? 1921)2
W12 4% 472

> The determinant of the mass matrix is zero. (Why?)
» So it has a massless mode, which is the SM photon.
> It also has 2 massive modes: Z and Z' (or A’).
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Mass matrix diagonalization

Thus the matrix to be diagonalized by O is

4m3(1 — 0€)? + 6%g3v®  dmie(1l — de) — dg3v?  Sgagyv?

) (4 (1 —)52) ., 41— 52 41— 62
dmie(1 — de) — dg5-v 1 1
AT M2G — i y 22 1 2 9 _t 2 45
o M>Go Wi mie” + 19vv 192970 (45)
3gagyv* 7}929}/”2 1921)2
41— 32 4 472

> The determinant of the mass matrix is zero. (Why?)

» So it has a massless mode, which is the SM photon.

> It also has 2 massive modes: Z and Z' (or A’).

» We label the additional massive mode as Z' (A’) if its mass is larger (smaller) than the Z
boson.

[29/64]



The massless mode

It is not difficult to find the eigenvector of the massless mode:

1 [—V1—0%g2e O13
A= i g2(1—de) | = | 023 (46)
gy Os3

N = /g3 (1206 + ) + g} (47)

where
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The massless mode

It is not difficult to find the eigenvector of the massless mode:

1 [—V1—0%g2e O13
A= i g2(1—de) | = | 023 (46)
gy Os3

N = /g3 (1206 + ) + g} (47)

where

The components of the photon eigenvector are the elements of the orthogonal matrix O.

C i C i A
V = B —)V:Goszo B —)VZG()V:G()OEZG()O Z (48)
A3 A3 A

[30/64]



Neutral current interaction

The neutral current interaction with the visible sector fermions is given by
Lnc = fLiv*Dufr + (L < R), (49)

where D,, is the covariant derivative with respect to the SU(2);, x U(1)y x U(1)x gauge
group.
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where D,, is the covariant derivative with respect to the SU(2) x U(1)y x U(1)x gauge
group.

Because the SM fields are not charged under U(1)x, the covariant derivative includes only the
SU(2), gauge coupling g and the U(1)y gauge coupling gy .
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Neutral current interaction
The neutral current interaction with the visible sector fermions is given by
Lnc = friv'Dufr + (L R), (49)

where D,, is the covariant derivative with respect to the SU(2) x U(1)y x U(1)x gauge
group.

Because the SM fields are not charged under U(1)x, the covariant derivative includes only the
SU(2), gauge coupling g and the U(1)y gauge coupling gy .

‘CNC = fL’[:’y“ <a,u — ZQQAZ% — 'l:gYBl,,Y> fL + (L < R), (50)

Coupling between neutral gauge bosons and SM fermions

~ 3
Lre o ot (AT +avBaY ) fu+ (Lo ) (51)

[31/64]



Photon couplings with electrons

_ o3
Lnc D eyt (gQAZQ + gyBMY) er. + (L < R), (52)

"See Eq. (43) for Go.
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Lnc D ey (ggAz(; + gyBMY) er. + (L < R), (52)
To obtain photon couplings, make the following replacements: ’
4 g2
B — (GgO)23A = (G)2q0a3A = |Oz3 — ——=013| A=A 53
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Photon couplings with electrons

3
Lnc D eyt (QQAzc; + gyBMY) er. + (L < R), (52)
To obtain photon couplings, make the following replacements: ’
4 g2
B — (GgO)23A = (G)2q0a3A = |Oz3 — ——=013| A=A 53
(GoO)as3 (G0)200as3 [ 23 N ] 13} N (53)
A3 = (GoO0)33A = (Go)3a0a3A = O33A = %A (54)
where N = \/gg(l —20e+€2) + g3
Thus, we have
929y _ o®
‘Cphoton D) TA” |:€L'Yu (2 + Y) er + (L <~ R):| s (55)

"See Eq. (43) for Go.
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Photon couplings (continued)

o3 1 1 o3 .
We next use - = —5 and Y = —5 for ey, and - =0and Y = —1 for eg to obtain
£photon > _%Au [éLWHGL + éR’y“eR] = _92]3)/ A/»Lé’yue (56)

8Note that g}S,M is defined such that the relation between e, g2, and g)S,M is the same one in the SM.
[33/64]



Photon couplings (continued)

o3 1 1 o3 .
We next use - = —5 and Y = —5 for ey, and - =0and Y = —1 for eg to obtain
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Photon couplings (continued)

o3 1 1 o3 .
We next use - = —5 and Y = —5 for ey, and - =0and Y = —1 for eg to obtain
Lohoton D —%AM [Ery"er + épyier] = —92]\9[’/ Aeyte (56)
Thus we have G20y 920y
e = = 57
N V31 —25e + €2) + g2 (57)
Or )
1 1 1—26e+¢ 1 1
e g 9y g5 (65M)? (58)

where gy = ¢$MV/1 — 26e 4 €2. 8

8Note that g}S,M is defined such that the relation between e, g2, and g)S,M is the same one in the SM.
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Mass matrix

The mass matrix

4m3(1 — 0€)? + 6%g3v?  dmie(1l — de) — 0g3v?  Sgagyv?

, (4 (1 —)52) ) 4y/1 = 52 4y/1 =52
dmie(1 — §e) — dg5-v 1 1
GTMQG — 1 Y 2 2 - 2,2 _ - 2 59
o M>Go Vi mie” + 19vv 192970 (59)
dgagyv* —1g29yv2 1921}2
W1—02 4 1

where gy = ¢$MV/1 — 26€ + €2.
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Mass matrix

The mass matrix

4m3(1 — 0€)? + 6%g3v?  dmie(1l — de) — 0g3v?  Sgagyv?

) (4 (1 —)52) L, 41 = 52 41 =52
dmie(1 — §e) — dg5-v 1 1
GTMQG — 1 Y 2 2 - 2,2 _ - 2 59
0 0 Vi mie” + 19vv 192970 (59)
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41— 52 4 472

where gy = ¢$MV/1 — 26€ + €2.

So the mass matrix depends on mq, €, d, v, g2, and gXS/M.
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Mass matrix

The mass matrix

4m3(1 — 0€)? + 6%g3v?  dmie(1l — de) — 0g3v?  Sgagyv?

, (4 (1 —)(52) ) o 41 — 62 44/1 — 62
dmie(1 — §e) — dg5-v 1 1
GTMQG — 1 Y 2 2 - 2,2 _ - 2 59
o M>Go Vi mie” + 19vv 192970 (59)
dgagyv* 7}929}/”2 1921;2
41— 32 4 472

where gy = ¢$MV/1 — 26€ + €2.

So the mass matrix depends on mq, €, d, v, g2, and gXS/M.

Compute the eigenvalues.
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Mass eigenvalues

Three eigenvalues of the mass matrix are (depends on [ only)

M3 =0, Mz=(q—p)/2, Mz =(q+p)/2,

SM)2 2 2 SM 2 2
p= \/<me + oy )*5+95 )f + 9 v2> - 4m%7(gy )4 + 9 v2p,

(gls/M)QB + g3 02
4

q=miB +

B 1— 26 + €2

P 1—42
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Mass eigenvalues

Three eigenvalues of the mass matrix are (depends on [ only)
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gt (63)

A special case: ¢ =0 = f =1 = (assuming m; > mz)
= wv, My = maq, (64)
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ME=0, MZ=(q-p)/2 M3 =(1+p)/2 (60)
p= \/ (g + BELI4 03 m)z amp L ey (61)
q=m2B+ (Q}SfM)Qf +95 02 (62)
gt (63)
A special case: ¢ =0 = f =1 = (assuming m; > mz)
= gg—jng/M)Zv, My = maq, (64)
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It implies that J is equivalent to e.
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Another orthogonal transformation

To see the equivalence, perform the following orthogonal transformation

Vi -5 0
R= 5 Vi—462 0] (65)

0 0 1
which transforms the mass matrix to
m3 mie 0
_ o v _ v? —
M2 = RTGEM2GyR = | i€ mie + () (1+8) ——af™Vi+e | (66)
02 V2
0 *ZgzgxsfM V14 e ZQS
where € is defined so that 5
f= 9 (67)
V1—62

Note that the mass matrix M? looks exactly the same as for the mass matrix (namely M ?)
one has if there was just the Stueckelberg mass mixing except that ¢ is replaced by €. (Namely
compare § = 0 with § # 0.) See Eq. (42) for the mass matrix M?. [36/64]



Mass matrix diagonalization

To diagonalize the mass matrix M? = RTGE M?GR such that
OT M?0 = Diag(m%,,m%,0), we use the following parameterization (3 Euler angles)

cospcos g —sinfsin gsiny sin cos ¢ + sinfsinpcosyy —cosfsin @
O = [ cosysing +sinf cosgpsiny sinysing —sinfcosgpcosyy  cosbcosd (68)
—cosfsiny cos 6 cos sin 0
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OT M?0 = Diag(m%,,m%,0), we use the following parameterization (3 Euler angles)

cospcos g —sinfsin gsiny sin cos ¢ + sinfsinpcosyy —cosfsin @
O = | cos¥sin ¢ 4+ sinf cos psintyy sinysing —sinfcospcosy  cosb cos ¢
—cosfsiny cos 6 cos sin 0

where the angles are defined so that

SM 2m sin O
tanf = gL, tang =€, tan2y = — 3 02 2 2 =2
g2 mi —mg + (m7 +mg — miy, )€

and mo = mz(e = 8) = v\/g3 + (¢5)%/2, and my = g2v/2.

[37/64]



Neutral current (1)

The neutral current interactions with SM fermions f are

Lnc D fy* (92 A3T% + gy B.Y) fr + (L — R)
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Neutral current (1)

The neutral current interactions with SM fermions f are
Le D Juy* (92 45T° + gy BuY) fu + (L = R)
= A3 [T7 frr* fu] + v Bu Yo fir" fr + Yrfry" fr)
= gAY [T} fA"Prf] + 9v B [(Qf — T3) fy*Prf + Qf f+" Prf]
= g2 A3 T3" + gy B JY, (70)
where T% = 03 /2. Here T? is only for left-handed fermions; T]:f’ = 0 for right-handed fermions.
In the 3rd line, we have used Q5 = T}" + Y}, where Yy denotes both Y7, and Yg. The chiral

1
projection operators are Pp, g = T Thus we have (in the V-A form)
_ _ T3 T3
S =T PLf = |5~y | f (71)

i ) ) 3\ -1}
Jy = A" [(Qf —T7)PL+ QPR f = f4" Qf—j — %5 f (72)




Neutral current (11)

The transformation relating the initial basis and the final diagonal basis is
= [Go(§)R(0)O(e)|E, where VT = (C, B, A%), and ET = (Z',Z,A,). °

9Note that there are some hidden dependence in the relation of gy = g?,M\/ 1 — 28€ + €2. However, if one

uses the SM relation (g)S/M)72 =e 2 952 to find g;S/M, then gls/M can be treated as free of NP parameters.
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Neutral current (11)

The transformation relating the initial basis and the final diagonal basis is

= [Go(8)R(6)O(€)]E, where VT = (C, B, A%), and ET =
The neutral current interaction can be written in the form

Lyc = JTS(€,0)0()E

where JT = (gxJx, 65y, g2J3), and S is given by

1 0 0
_ gy
S(e,6)= |0 oM 0|GoR= 0
0 0 1 0

(Z',2,A,). °

]

V1=

vVi+e o0

0 1

(74)

9Note that there are some hidden dependence in the relation of gy = g?,M\/ 1 — 28€ + €2. However, if one
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Neutral current (11)

The transformation relating the initial basis and the final diagonal basis is
= [Go(§)R(0)O(e)|E, where VT = (C, B, A%), and ET = (Z',Z,A,). °
The neutral current interaction can be written in the form

Lyc =JTS(,6)0(€)E (73)

where JT = (gxJx, 65y, g2J3), and S is given by

0
! 92/ 0 1 7./1 52 0
S(E,é)z 0 @ 0 GoR = 0 m ol (74)
0 0 1 0 0 1

When Jx = 0, the neutral current interaction of Eq. (73) has no dependence on 4.

9Note that there are some hidden dependence in the relation of gy = g?,M\/ 1 — 28€ + €2. However, if one

uses the SM relation (g)S/M)f2 =e 2 952 to find g;S/M, then g%M can be treated as free of NP parameters.

[39/64]
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Neutral current (l11)

The neutral current interaction with SM fermions are given by
Lnc = ¢y TeaBa + 9205 Tsa Ea (75)

where T = S(€,0)O(€). It is convenient to write the interaction in the conventional form with
the reduced vector & axial vector couplings

Lxc = gz fy" [(vf —v5a) Z), + (vg — v5a5) 2] |+ efv"QrALf, (76)
where gz = 1/ g2 + (¢™)2/2. Thus, we find
vp = 951[(92T32 - gxsvl;iTm)T?/? + v TQy],
ar = ggl [(92T32 - ngMT22)T]§/2]a u (77)
vp = 9z [(92Ts — 93" T )T/2 + B T Qg
af = g7 [(92T51 — g5 T01)T7 /2]

[40/64]



Neutral current (1V)

The reduced vector and axial vector couplings (tree level) can be further expressed in terms of
the rotation angles:

vf = oS [(1 — Esin@tanz/))T}3 —2sin% 6 (1 — €cschtan)) Qf] , (78)
ay = cost [1 — ésin O tan ) T}s, (79)
vy = —cosy [(tant) + esin ) T;’ —2sin? 6 (€csc + tanvp) Qy] (80)
ay = — cos [tan 1) + ésin 6] T} (81)
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Neutral current (1V)
The reduced vector and axial vector couplings (tree level) can be further expressed in terms of
the rotation angles:
vp = cosy [(1— Esin@tanw)T]‘;3 —2sin% 6 (1 — €cscftan)) Qs] . (
af = costp [l — ésinf tan ] T, (
vy = —cosy [(tant) + esin ) T})’ —2sin? 6 (€csc + tanvp) Qy] (80
ay = — cos [tan 1) + ésin 6] T} (

Because the rotation angles only depend on €, we find that the dependencies on § and € of the
vector & axial vector couplings between SM fermions and neutral bosons are only through €.

We conclude that kinetic mixing parameter § and the mass mixing parameter € are degenerate

so that only their combination
_ €e—06
€= T (82)

appears in the reduced vector & axial vector couplings of SM fermions. [41/64]
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What about interaction with hidden sector current?
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Neutral current (V)

What about interaction with hidden sector current?

For Jx, we have
ENC = ngf(TlaEa/L
= ngg(SlbObaEau
= gxJ% [(O11 — $5021) Z;, + (012 — 56092) Z,, + (O13 — 55023) Ay (83)
1) . .
where ss = ———. Because the only element of S that contains ¢ is S12 = —ss, the

V1—262
interaction with hidden current now depends on 6.
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Neutral current (V)

What about interaction with hidden sector current?

For Jx, we have
ENC = nggt(TlaEa/L
= ngg(SlbObaEau
=gxJ% [(011 —55021) Z;L + (012 — 85022) Z,, + (013 — 550323) Au} (83)

where s5 = . Because the only element of S that contains § is S12 = —sg, the

0
V1—02

interaction with hidden current now depends on 6.

When Jx # 0, the NC interaction depends on J, breaking the degeneracy beteen § and e.

[42/64]



Millicharged dark matter

Consider Dirac fermion x with J% = x7"x, the coupling to photon is

Lnc = gxx7'x (013 — 56023) A,
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Millicharged dark matter

Consider Dirac fermion x with J% = x7"x, the coupling to photon is
Lnc = gxx7'x (013 — 56023) A,
= gxXY"X (— cos@sin ¢ — s5 cosf cosp) A,
= —gxX7"xcosfcos¢ (tan ¢ + s5) A,
= —gxX7"xcosOcosp (€+ ss) A,

_ e—9 )
= —gx 7"y cos B cos ¢ (\/1 — + 7 52) A,

_ €
= —gxXV"xcostcos¢ (W) Ay (84)

» The electric charge of x is proportional to €. The mass mixing parameter € is responsible
for the generation of the millicharge of x.

» Millicharged DM can be generated via mass mixing, but not via kinetic mixing.
» This is consistent with the toy model.
[43/64]
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We next discuss two regions of the parameter space
> my > my: denote the new massive boson as Z’ where myz ~ my
» m; < myz: denote the new massive boson as A’ (dark photon) where m 4/ ~ m;

Recall that the reduced vector and axial vector couplings (tree level) of Z'/A’ are
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Heavy 7’ versus light A’

We next discuss two regions of the parameter space
> my > my: denote the new massive boson as Z’ where myz ~ my

» m; < myz: denote the new massive boson as A’ (dark photon) where m 4/ ~ m;

Recall that the reduced vector and axial vector couplings (tree level) of Z'/A’ are

vy = —cosy [(tanw—l—ésin@)T})’ —2sin? 6 (€csc  + tanvp) Qy] ,
ay = —cosw[tan¢+€sin0]T]‘?,

where the angles are defined so that

SM 2m sin 0
tanf = gL, tang =€, tan2y = — p) 02 2 2 =2
g2 mi —mg + (m7 +mg — miy, )€

mo =mz(e=120) =v\/93 + (g?,M)Q/Q, and my = gov/2.

[44/64]



V and A coupling of A’ (1)

When m; < mz = mg, we have
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V and A coupling of A’ (1)

When m; < mz = mg, we have

tan 2¢) =

2m3 sin fe

2mi sin 0e

73 3 2 .3\
mi —mg + (mi +mg — miy )€

— m? —md
_ 2mgsin fe ) mi
- -mg mg
2
= —2sinfe [1 + m;] (88)
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where in the last time | have written mg as my.
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V and A coupling of A’ (1)

When m; < mz = mg, we have
2m3 sin fe

tan 2¢) = —
w8 =R+ (3 + g — )

2mi sin 0e

=3 2
mi —my
2 i pE 2
__ 2mgsinfe 1™
- _.2 +—
—my my

2
L m
—2sin e [1 + 21]
mz
where in the last time | have written mg as mz. Therefore, we find

m? m?
tan ~ 1 ~ —sin fe [1 + 21} — tanvy + esinf ~ —sinHE—Ql
my msy,

Note that a’; o< tanv + €sin .



V and A coupling of A’ (I1)
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V and A coupling of A’ (I1)

Thus we find that

vy = —cosy [(tanw—i—Esinﬁ)T}; — 2sin® 6 (€csc O + tan1h) Q]

1R

2
_ K_sin 9g2§> T} — 2sin” 0 (€csc b + (—sin 0e)) Qf]
Z

2
=¢ [(sin(?m;) T} + 2sin” 0 (csc 6 — sin 6) Qf]
myz

2
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V and A coupling of A’ (I1)

Thus we find that

vy = —costp [(tan + esin 0) T3 — 2sin? 0 (¢csc 6 + tan ) Q]

1R

2
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Z

2
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mz

2
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V and A coupling of A’ (I1)

Thus we find that

vy = —costp [(tan + esin 0) T3 — 2sin? 0 (¢csc 6 + tan ) Q]

1R

2
_ K_sin 9g2§> T} — 2sin” 0 (€csc b + (—sin 0e)) Qf]
Z

2
—¢ [(Sinemg> T}” + 2sin% 6 (cscf — sin ) Qf]
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2
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V and A coupling of A’ (I1)

Thus we find that

vy = —cosy [(tanw—i—Esinﬁ)T}; — 2sin® 6 (€csc O + tan1h) Q]

1R

2
_ K_sin 9g2§> T} — 2sin” 0 (€csc b + (—sin 0e)) Qf]
Z

2
=¢ [(sin9m21> T} + 2sin” 0 (csc 6 — sin 6) Qf]
myz

2
= €sinf l(ml) T} + 2 cos® on]

mz
a}:—cosw[tanl/)—i—Esin@]T]‘?7
2
_ . mq 3 /
~ of{— ) T 90
€sin <mz> F <Ly (90)

where we have used m; < myz.
[46/64]



Dark photon

2
- - 1-— m
9z A" (Vy = y5ap) fA], = gz€(2sin0) f" [COSZ 0Qs + 275 <m;> T?| fA;,
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Dark photon

2
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Dark photon

: ",
~ eecWfov“fA;L (91)

where we have neglected the term proportional to (m;/mz)?>.

_ . - 1-— my\’
9z 1" (Vs — vsaf) f A}, ~ gz€(2sin0) f* lcos? 0Qs + — <m;> Ty

> Both v and a’; are proportional to €.
> a/; is smaller than v by a factor of (m1/mz)*. If my =1 GeV, a is ~ 10~* times
smaller than v’.
» For small m;, A’ couplings to fermions are then nearly vector, and v} is proportional to
charge Q.
» So A’ is a massive vector boson whose couplings to fermions are photon-like (suppressed
by the small parameter €). = Dark Photon
» The smaller the dark photon mass, the more photon-like it is.
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Dark photon mass

Phenomenology studies on dark photon depend on its mass. The dividing line is ~ MeV:

01 fact, DP can also decay into a pair of neutrinos, but it is suppressed by (mA//mZ)4 < (’)(10’20).
" The decay A’ — ~ is forbidden by the Landau-Yang theorem.
2However, if the strict definition (vector-like coupling that is proportional to electric charge) is not used, dark
photon can refer to any light gauge boson. For example, U(1)p—p, boson, U(1)r,—r, boson, etc.
[49/64]



Dark photon mass

Phenomenology studies on dark photon depend on its mass. The dividing line is ~ MeV:

» my > 1 MeV: accelerator probes are usually more important. In this case, DP can decay
to a pair of SM fermions via a tree level diagram. Ex: A" — eTe™.

01 fact, DP can also decay into a pair of neutrinos, but it is suppressed by (mA//mZ)4 < (’)(10’20).
" The decay A’ — ~ is forbidden by the Landau-Yang theorem.
2However, if the strict definition (vector-like coupling that is proportional to electric charge) is not used, dark
photon can refer to any light gauge boson. For example, U(1)p—p, boson, U(1)r,—r, boson, etc.
[49/64]



Dark photon mass

Phenomenology studies on dark photon depend on its mass. The dividing line is ~ MeV:

» my > 1 MeV: accelerator probes are usually more important. In this case, DP can decay
to a pair of SM fermions via a tree level diagram. Ex: A" — eTe™.

» my < 1 MeV: astro/cosmo probes are usually more important. In this case, DP can only
decay into 3 photons via a loop diagram. 10 1!

01 fact, DP can also decay into a pair of neutrinos, but it is suppressed by (mA//mZ)4 < (’)(10’20).
" The decay A’ — ~ is forbidden by the Landau-Yang theorem.
2However, if the strict definition (vector-like coupling that is proportional to electric charge) is not used, dark
photon can refer to any light gauge boson. For example, U(1)p—p, boson, U(1)r,—r, boson, etc.
[49/64]



Dark photon mass

Phenomenology studies on dark photon depend on its mass. The dividing line is ~ MeV:

» my > 1 MeV: accelerator probes are usually more important. In this case, DP can decay
to a pair of SM fermions via a tree level diagram. Ex: A" — eTe™.

» my < 1 MeV: astro/cosmo probes are usually more important. In this case, DP can only
decay into 3 photons via a loop diagram. 10 1!

As discussed before, strictly speaking, dark photon exists in the mass region where ma < my.

01 fact, DP can also decay into a pair of neutrinos, but it is suppressed by (mA//mZ)4 < (’)(10’20).
" The decay A’ — ~ is forbidden by the Landau-Yang theorem.
2However, if the strict definition (vector-like coupling that is proportional to electric charge) is not used, dark
photon can refer to any light gauge boson. For example, U(1)p—p, boson, U(1)r,—r, boson, etc.
[49/64]



Dark photon mass

Phenomenology studies on dark photon depend on its mass. The dividing line is ~ MeV:

» my > 1 MeV: accelerator probes are usually more important. In this case, DP can decay
to a pair of SM fermions via a tree level diagram. Ex: A" — eTe™.

» my < 1 MeV: astro/cosmo probes are usually more important. In this case, DP can only
decay into 3 photons via a loop diagram. 10 1!

As discussed before, strictly speaking, dark photon exists in the mass region where ma < my.

Large dark photon mass introduces both significant axial vector coupling and deviation from
the proportionality of the electric charge. 2

01 fact, DP can also decay into a pair of neutrinos, but it is suppressed by (mA//mZ)4 < (’)(10’20).
" The decay A’ — ~ is forbidden by the Landau-Yang theorem.
2However, if the strict definition (vector-like coupling that is proportional to electric charge) is not used, dark
photon can refer to any light gauge boson. For example, U(1)p—p, boson, U(1)r,—r, boson, etc.
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DP vertex

Both production and decay of DP depends on its SM vertex 13
ecw QA" [ A, = eeQr [y fA], (92)
where the € parameter on the RHS is NOT the mass mixing parameter. Here | redefine the
. . . . emm — 0
vertex so that it looks similar to that usually used in the literature. So € = ¢jy ——, where
y w T—352

enn is the mass mixing parameter. ** From now on, | will use the new vertex.

BBDP is just like a massive photon, but with a suppressed coupling to SM fermions: the electric charge Qg is
suppressed by the small parameter e.

The absence of the factor cw in the literature is due to the fact that people often use the toy model where
they mix the C), boson with the photon field. In the realistic model, one has to mix the C}, with the

hypercharge boson B, ; the additional factor cyy is to account for the difference between B,, and the photon.
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Both production and decay of DP depends on its SM vertex 13

cecw Qp [y fA, = eeQp fA* fA,, (92)
where the € parameter on the RHS is NOT the mass mixing parameter. Here | redefine the
) . ) . eMM — 0
vertex so that it looks similar to that usually used in the literature. So € = ¢jy ——, where
y W 1= 52

enn is the mass mixing parameter. ** From now on, | will use the new vertex.

There is also a DP-DM vertex (for Dirac DM with vector coupling & Qx = 1)

!/

~ gx AL XYX (93)
which depends on the gauge coupling of the hidden U(1) x.

BBDP is just like a massive photon, but with a suppressed coupling to SM fermions: the electric charge Qg is
suppressed by the small parameter e.
The absence of the factor cw in the literature is due to the fact that people often use the toy model where
they mix the C), boson with the photon field. In the realistic model, one has to mix the C}, with the
hypercharge boson B, ; the additional factor cyy is to account for the difference between B,, and the photon.
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DP decays at the tree level
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Figure: DP decay. From https://arxiv.org/pdf/2005.01515.pdf.
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Figure: DP decay. From https://arxiv.org/pdf/2005.01515.pdf.
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DP decay width

The dark photon leptonic decay width is

2 2
DA — 1Ty = 240 145 (1420 2 4
(A" —=1%17) 1om m2, + me, (eeQ))”, (94)
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DP decay width

The dark photon leptonic decay width is

, m2 2
DA —1T17) = % 1- 4m2l (1 + 2:;2[ ) (eeQu)?, (94)
A/ A/

For DM, just replace m; with m,, and (eeQ;) with g,.

The hadronic decay width can be computed by
I'(A" — hadrons) = T'(A" — ™) R(m?,), (95)
where

o(eTe™ — hadrons)
o(ete — ptp~)

R(m)

takes into account the effects of the dark photon mixing with the QCD vector mesons and can

be taken from PDG.
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DP decays at 1-loop

8l

8l

Figure: DP decay to 3 photons via a 1-loop process.

51 iu & Miller, https://arxiv.org/pdf/1705.01633.pdf.
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DP decays at 1-loop

8l
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v
Figure: DP decay to 3 photons via a 1-loop process.

The decay width of (A" — 3v) 1®

ot omY, 17 67m3, 128941 mY,
273652713 m8 | 5 42 m2 246960 m?

T(A —3y) =¢

51 ju & Miller, https://arxiv.org/pdf/1705.01633.pdf.
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Visible DP versus invisible DP

DP can be categorized into 2 types:
» Visible DP: easy to detect
» Invisible DP: difficult to detect

Because typically eeQ; < gy, if mar > 2m,, one has T(A" — yx) > I'(A' — ff), and DP
decay predominately into DM final state. = Invisible DP

On the other hand, if m4s < 2m,, DP can only decay into SM final states. = Visible DP
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DP decay BR (visible decays only)
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Figure: DP decay BR. From https://arxiv.org/pdf/1912.00422.pdf.

10!

BR is independent

of e.
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DP production
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Figure: DP production. From https://arxiv.org/pdf/2005.01515.pdf.
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Figure: DP production. From https://arxiv.org/pdf/2005.01515.pdf.

» Bremsstrahlung
e Z e ZA

[56/64]


https://arxiv.org/pdf/2005.01515.pdf

DP production

€ ¢ A
ot > B hl
o N remsstrahlung
e H e Z —e ZA
Bremsstrahlung Annihilation » Annihilation
R ’
— ~vA
4, , e e ~
!
M { , AH
Ay _
q
Meson decay Drell-Yan
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Figure: DP production. From https://arxiv.org/pdf/2005.01515.pdf.
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Accelerator searches for dark photon

© Fabbrichesi, Gabrielli, Lanfranchi, https://arxiv.org/pdf/2005.01515.pdf. (DP review)
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DP above MeV (visible)

Two kinds experiments:
» colliders
> fixed target or beam dump
Signatures: resonance (reconstruction of ff in the FS)
> collider: prompt vertex or slightly displaced vertex
sensitive to relatively large ¢ (¢ > 107) and DP mass

» beam dump: highly displaced vertex
sensitive to relatively small € (1077 < € < 1073) in the low mass range (less than few GeV)

This can be easily understood by looking at the decay distance

(97)

L =~vra =~vv/Ta x yv 5

mare

where in the last step we have assumed visible decays only.
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Existing limits on the massive DP for m 4 > 1 MeV (visible)

di-lepton searches at experiments at
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Figure: From https://arxiv.org/pdf/2005.01515.pdf.
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Projections on the massive DP for m, > 1 MeV (visible)
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Figure: From https://arxiv.org/pdf/2005.01515.pdf. [60/64]
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Existing limits on the massive DP for m 4 > 1 MeV (invisible)

BaBar (2017)
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Figure: From https://arxiv.org/pdf/2005.01515.pdf.
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Existing limits on the massive DP for m 4 > 1 MeV (invisible)
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Figure: From https://arxiv.org/pdf/2005.01515.pdf.
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Projections on the massive DP for m4 > 1 MeV (invisible)
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Astro/cosmo probes to dark photon

© Fabbrichesi, Gabrielli, Lanfranchi, https://arxiv.org/pdf/2005.01515.pdf. (DP review)
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Current limits on the massive DP for m 4 <1 MeV

Bounds:
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Figure: From https://arxiv.org/pdf/2005.01515.pdf.
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Current limits on the massive DP for m 4 <1 MeV

Bounds:
> CMB: COBE/FIRES

10—17 PN I I N N NP AP A I N P S I [ S S I B

102 10 107 10 102 10 10® 10° 10* 102 1
my [MeV]

Figure: From https://arxiv.org/pdf/2005.01515.pdf.
[64/64]


https://arxiv.org/pdf/2005.01515.pdf

Current limits on the massive DP for m 4 <1 MeV
Bounds:
> CMB: COBE/FIRES
» Coulomb
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Current limits on the massive DP for m 4 <1 MeV
Bounds:
> CMB: COBE/FIRES
» Coulomb
> Light through a wall (LSW)
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