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)1. Introduction

The Goldstone Thereom: When a continuous globel symmetry is broken spontaneously,
there are massless particles correspond to the broken generators. Examples: Axion,
Majoron, Pion...

If the globel symmetry is gauged, the Goldstone boson become the corresponding
gauge particle longitudinal component and the particle becomes massive. Examples: W
and Z, Dark Photon...

If the Globel symmetry is explicitly broken, by tree level terms, or quantum loop
anomalies, the particles corresponding broken generators will become massive.
Examples: Axion, Pion...

Gauge anomaly cancellation constrains mdoel building leading to charge quantization in
the SM. Dirac monopole also provides a way to think about charge quantization.

All the exotics, such as Axion, Majoron, Axion and Dark Photon particles are related and
well motivated particles for experimental searches. They can also play different roles in
particle and cosmology.

Experiments, go to find them or rule them out in all possible ways!
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The standard model of strong and electroweak interactions

SU(3) x SU(2) x U(1) gauge theory for strong and electroweak interaction
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Can one negeclects gravitation interaction when studying particle interactions?
The coulomb force between two protons: Fc= e2/r2,
And Gravitational force: Fg=-Gm?2/r2 |Fgl|/|Fc| = 7x10-38

Leptons Quarks

Gravitational force is much weaker than electromagnetism!

But when study cosmology > gravitational force always add up > but electromagnetism can cancel
between positively and negatively charged particles!



)2. Axion and Majoron Interactions

ion

Some useful relations L?TiBfB o _\/éﬁfgi(i'}’agfrrNN + ferNlN >

The chiral anomaly relation, 8* (v, vs¢) = %‘E;TT(C?G),
. gx-nN = 14 is CP conserving, and f,.yx is CP violating coupling with
leads to a chiral rotation 1 — e**75/24 generates in the Lagrangian

2
ol g3 A
8L, = —« Hd Tr(GG) .
- _9 (mz —my) mymam,f
f?rJ'VN S s
B i My Mg + My Mg + Mg,
An imaginary matter term §L = —¢mn(cosa + isinavys )y

D, ~ —3.8 x 107%0 ecm

can be transformed away by define ¢’ = e *7/2¢ and to

5L — —F'me +a g3 GG . Including all SU(3) octet contributions:

1672
If one write with more than one ¢ the mass matrices as ¥ rM L 2.5 x 10 1%Fecm < |Dn| < 4.6 x Becn
Txgenerdl M ineomplex.. Then, Using data |D,| < 3 x 10~2"ecm, |6] < 10~11!
5L = —(dpMyr+ H.C)—06 1§§r2 Tr(GG)
2
=Bt — (O — AR, EHCE) Why 8 is small is the strong CP problem.

M = diag(m,,ms, ...), with m; > 0
1. One of the quark mass is zero, since D, is proportional to m,;mymg But..?!

2. Making the theory left-right symmetric (parity conservation, 8 is zero to start with).

3. Spontaneous CP violation, making 8 equal to zero first. Need to check whether after
symmetry breaking, 8 is not generated.

4. Dynamic solution driving 6 small by symmetry, the Peccei-Quinn symmetry. PQ
symmetry is spontaneously broke by Higgs vev, results a Goldstone J—L
s is the Axion whi - /INEzsTUl
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Peccei-Qiunn symmetry and Axion

U(1) 4 chiral model of QP symmetry for strong CP problem Extend the Higgs secotor to have two Higgs doublets H; and H;
L = Lgp + 0Ly, 6Ly = —0(g2/1672)Tr(GG) H, — €'*H) and H; = e7**Hy,

up — e®up, dp = €*, Qr = Qr, Ly, = L; and ep — e®ep Then Ly = —Q Y, Hiug — Q. YsHodg

§=0—0-2a, Should make the potential V(H,, H,) invariant.

If Lgay is symmetric under U(1)a, L = Lsa + 6Lg—g_o0 Both H; and H»3 should have non-zero vev, v; and vs

For Lsy, o is arbitrary, choose one such that @ = 0 — 2a = 0. The PQ symmetry in V(Hi, H>) is spontaneously broken by v;,

No strong CP term! There is a massless GOLDSTONE boson, Axion.

The invisible Axion Model: H, (1,2, 1/2)(X,), H, (1,2,1/2)(X,) S (1,1,0)(-X,;+X,) In order to

have a non-zero (Y,
ht

1

X1+X2 not equal to zero, H; = =

?

1
—(vg + hg +11,).
\%(%—I—hi + il;) ‘/5( )

to solve strong CP problem. DFSZ

QL: O, UR: XUZXl, DR: Xd:—Xg, LL: 0, ER: Xez—Xg

linear combination I, I,, I provide the golstone modes, need to fined out which one is

—

& n (”01, V2, O), A: (Xl’Ul, XQ’UQ, XS’US).

the Axion from broken genrators
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2 2
v5U1 vy U2 v2 v,

— 2.2 _ 2.2 - 2.2 I
a v/ vivs+viv2 v/ v{vs+v2v2 v/ v{vs+v?u2 2

\ V2Vs — _ V1Us — V12 — / IS
\/Uzvg—l—fulvz \/U2U§+U1U2 \/U2U§+U1’U2
a — _ _
Ly =i—o—m— (vViUMyvsU + v3DMgvysD + vaEM.vsE)
2. a1 21 11 71
g3 1 2 2 = Qg a -
Lagg =N v? + 03)aT(g)Ga, Gl = 22 2 g G |
qg 167T2 U\/U%UQ _|_ 'U2"U§( 1 2) (Q) H 871- fa H
2
e 1 5 1 =
La, s 22 2 2N 212 FVF,U,V:_ OFVFMV

QCD anomaly from loop generated aGG coupliongs, breaks PQ symmetry

2 _72r 2 MMy MM s N fﬁ 9 My, M
s e e & ~ fze 2
a u d ulltd My Ms + mdms) fa (mu + md)

v, much larger than v; Axion becomes invisible, v, > 10° GeV

A lot of interesting phenomenology, al lay th [ tt
| ing p gy, also can play eroe%&a;%%ﬂ
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No experimental evidences for Axion. All flavor conserving interactions.

How to obtain flavor changing interactions to test Axion models?

Jin Sun, Xiao-Gang He, PLB811(2020)135881), Jin Sun, Yu Cheng, Xiao-Gang He, JHEP}}@@@%@JTM
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' Majoron

Majoron: resulted from spontaneous symmetry breaking of global lepton for
neutrion mass generation.

Experimentally observed neutrino oscillations show that neutrinos have
masses. This is a firm evidence of new physics beyond SM.

A popular way of generating by the introcudtion of a Majorana mass for
neutrinos. Seesaw models are most studied models which provide
explanation by neutrinos have small masses compared with their charged
leton partners..

Type I seesaw model: vz (1,1)(0) neutrinos, =LY, Hvg — (1/2)mro§vr,
Type 1I seesaw model: x(1,3)(—=1) small vev vy, =L Y, xL] = —vp(Y"v, /\/E}uj
Type III seesaw model: Ny (1,3)(0).- LLY,HNg — (1/2)mpN§NRg,

The Majorana mass terms break lepton number by two units explicitely! UJ—L
MN=zsatull |
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AP

=k Majoron

Type lll seesaw. Yu, Cheng, Cheng-Wei Chiang, Xiao-Gang He, Jin Sun, PRD104(2021)013001.

Besdies SM leptons and Higgs L (1,2, -1/2)(1), Eg (1,1,-1)(1), H (1,2,1/2)(0)

H = (h*, (v+h+il)/v2)" : (1,2,1/2,0) AT 2 ogy
: : : YR = . woe |, Br= 2
Introduce right handed leptron triplet: >:z (1,3, 0)(1) nie— ¥ N~k
Also asinglet S = (1/v/2)(vs + hs + i) : (1,1,0,—2). fr =
Lepton number is broken by v, | corresponds the broken genrator,
_ _ W —
it is the Goldstone: Majoron Ly =—0Y.HEg — 0,V2Y, g H — §Tr YRYSYR
1 — s
—e KD vy MV( L) (ELawL) ( ) = 0 Mp = Me \/§MD
2 ( R) VR YR M, Mg Mg/’ M 0 Mp
o —
'35, [VEMpvr — 20 Mpyr| + He., M, = Yell . Mp= }33 . Mg = % :
2 2
New search signal to Neutrinoless doublet beta decays -
s " g g g - gg;gy;, gaizi:il':x:‘?ah'ff “%i*‘f';fo

N. N N o 3 Moscow (INR)' 10><102
= i a f

Early experimental searches: Elliott etal, PRL 59(1987)1649 Doi etal, PRD37 1988%6@/7& ] SJTUM L
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Flavor changing Majoron interaction

VY. VY Ve L(R) Ve L(R) 8 J
e ) perm [ 0 T 3 07" (57 + 7 s )i + Dyl v
%1 ViR Vie ® Vag®/) ¢ =—cq = —vedvert and o = v vt - vEve!
A=t +TrL —T1r—Trr Re(d/ ™) V(H,S)=—p*H'H + NH'H)* - p35'S
T T+ Tre +Tr+Trr |72+ I? + A(ST9)2 + A (HTH)(STS)

['(h— JJ) = A3 v? cos? 9/327Tmh s < 0.014.

TABLE I. Bounds on flavor-changing Majoron couplings with charged leptons. Each bound is obtained by keeping only one
type of interaction at a time.

Process Experimental input Bound (in units of f;/TeV)
i M —M P < 83 x 107" /Sg(By) [15] .
Sge(Bo)ss = 0.50 k| < 0.407 Neutrinos
SB(BO)PPZO.Q IC | <0.351
SB(Bo)szrystr) =035 |CV/A| <0444 also decay
I p— el Br < 2.6 x 107° (90% CL) [16] ey al <364 x 107"
T = pJ Br < 5.7 % 1072 (95% CL) [17] et 4l < 6.87 x 107*
T—ed Br:< 3.2 1072 (95% CL) [17)] |t al < 5.11 x 10~* New data to
111 T = pefi Br < 2.7 x 10~° (90% CL) [18] \/| w7 alleits Al < 0.379 — 0.405
T — pee Br < 1.8 x 10~® (90% CL) [18] 7 Al al <0353 —035  JIVE MOre
T — pué Br < 1.7 x 1078 (90% CL) [18] 0 alles 4 < 0.346 — 0349, .
) e information
T — eefl Br < 1.5 x 10~% (90% CL) [18] |e&7, 4llc5E 4| < 0.346 — 0.347
vV (53— 2). —(0.88£0.36) x 10 2 [19] |€F] < 321, [C5] < 072
(9—2)u (28.02 +£7.37) x 107" [19] |65 | = 3:07
v [ — ey Br < 4.2 x 1073 (90% CL) [20] \/| CgalICT | < 0.011
T = py Br < 4.4 x 107% (90% CL) [21] |CY5AllCT Al < 514

T — ey Br < 3.3 x 10~® (90% CL) [21] IC35AlICY7 Al < 4.78 \%JT&
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2 3. Flavor Changing Goldstone Boson Interactions "

How to obtain flavor changing interactions?

Jin Sun, Xiao-Gang He, PLB811(2020)135881); Jin Sun, Yu Cheng, Xiao-Gang He, JHEP04(2021)141

1. Making the Majoron also play the role of Axion. Just make the lepton number part
ofthe PQ charge.

Change the Lepton number in seesaw model to be PQ charge and keepting the
quarks and charged lepton as in the previously discussed Typelll DFSZ model. The

Axion current is given b O J 1— L 2 - "
9 y QMT CivH (e + ¢ 1s) i + VLj’Y”CEJZZ/LZ‘]
—2 . _ - S ;
. U™ e orw —c Y7V v Ve v v Yv
S =N (e Vi + VRVRL)'YH(VLIJEDL T VRI,VR) C%/ =—ch = _VERLV&%T and ¢ = VI, Vit — VigViR!

’U2

1 (L VEL + PRVED XEr (Vidve + ViELvR) + (P VER + 7rVER) Xk (VERVE + VERvR) )

This has plavor changing interactions for Axion, but only in lepton sector.
Seesaw scale is the same as PQ symmetry breaking scale, 10° GeV.
2. Also make different genrations of quarks, Ipetons having different PQ charges.

How does one achieve this?

/\“’(\J@T@ﬁﬂ
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Model construction: Assuming SM particles have PQ changes
QL t (3,2,1/6)(X¥) X7 = XT = X¥ U} - (3,1,2/3)(X¥), or D§ : (3,1,-1/3)(XP)
I o (1,2, ~1/2)07 ) X = X7 = X7 WE 1 (1,1, DX,

Xj » PQ charge matrix diag(X f}R, X fR, X f?R)

pluse multi Higgs doublets Hf,;d’e”” transforming as (1,2,1/2)(X2'7 — xpbev k)
singlets S are introduced with U(1)g charge _(X]?" + X¥F)

= —QJY*HYUE — QI Y{*HS DY — LI Y*HS B — LIV HY vk —(1/2)0 jYJkS VR

&+ hG, +il5)

R
H( ) ) Siv = (VDS + Ry +il2).
Lo

To solve strong CP problem, one must have 7Tr(X% — X)) + Tr(X% — X¢)#£0
vevs of H; break both SM and PQ symmetries, and S; break PQ symmetry

Jmmﬁmmmmgeaemm@masmﬂwosmﬂ\f;@ﬁﬂ
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The vevs of H, breaks SM

. . ¥ d . .
The vector z “eaten” by Z boson, in the basis I = (I;*"k, Ijk? I;kjfgfk,[;k), is given by

- u d e v
& = (Ujk’a Uiks Viks Vjks 0) )

U(1)c broken generator vector A is given by

A= (—(xp - Xghys, (XF - XEh, (XF = Xgwo, —(XF - Xgwh, —(X5 + X5s)
But it is not yet the Axion, one needs to find a linear combination of z and A

_ 1 2
which is orthorgonal to z = N—(qﬂz— v’ A)

N, is a normalization constant to ensure @ - @ = 1, and

?JZ — 2 ET — (U;k)2 + (U‘;lk)z + (Ujk)z + (U‘I;k)Q ?

P= A AT = (X - XE) (o) + (XD = XE)Wh)? + (X7 = XE)(W5)° — (X7? = X))

|

the physical GB, a = a - IT , In terms of IJC-“k , We have

1 . e ‘ k vy v s 718
o=~ | ((XF = XB") = (XP = XE))) (of ) ulhsion(@) 5, + (XF + X&) 0h) 05|

Ne
—7” for ¢ = u, v and “+” for ¢ = d, e. /Y\%JTJHL

Tsung-D
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sign(q) takes




2

Ly=—0U3 M3* 1+m;\][— (_Z_Q — (X _Xﬁk)ﬂ Uk — DI M [1 +z’a;\]]— (Z—Q —(xT ng))] BE
BVEL _ v (v ej ek k=i agik v 72 Vi A k
F{MI® |1+ ia— F—(XL — X§%°) || Eg — v M} 1—[—@0‘,N—a _U_Q_(XL — X3 || vR
_lfq ik UQ vj vk k
ZI/RMR 1—|—za—N (X5 +XR) ) vg +He.,
U ke 1k o€
” TR, w Y3 vl ik YZhug,
Mi==p Mi=—5 ME=—7
 k ik v ks
: 0 Mp)’ ; TR S kY U
MI* = th ML’ = - M= 2
z (Mg MR) P RSB T v MR T R

AL Z

2 T m )11 m [T m v rTmy/u yuysu m rTMmY/U Y u U m
Jac ~ 2N (UTyfysU™ — DTty D™ — Byt s B )—l_N_(UL VLXLVLT’YMUL +URVRXRVRT7MUR)

[0}

2 B 2 B
+ 5~ DEVEX{VI "Y' DY + DRVAX GV v D) + 7~ (BEVEXE Vi BY + ERVEXRV ER) .

87

Since X are not unit matrix, in general flavor changing interactions are

w@ﬁﬁx@nﬁddﬂanibgsgns)—m*%@ﬂﬂ
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Olg e

_ 93 Yauv ova apy Ha -
LCLQ 167T2N(X)T(Q)G a G,u,y e gEG - G,u,y ) L(I'Y =

Tr(T°T%) = T(q)6%® = §°?/2. N(X) = N*(X) + N4(X) N(X)= (/N )Tr(Xg—X¢+ X% - X%

E(X) = E*(X)+EYX)+E°(X) E*(X) = QiNIN*(X), E4X)=QiNIN(X),
=2 2
N¢ =3 and N¢ = 1 E(X) = Q2N® (—NG;\J]— a ;\J]—TT(X% —Xg)) .

Can look for flavor violating axion interactions

Axion with spontaneous CP violtion, no new CP violating interaction for Axion
- 07 d _i6?
7 = (vje"ik, v kez ik
A= (—(Xp7 — XgFyoh e, (XP — X@Fwdheh, (X5 — XgF)vg,en,
—(ij — X7 Jvjg€* 03, —(XVJ + Xg )U Re ) .

1,9 1.9
,fuke k,’uke , 4y,

il 4 .
a = Tm [ ((XF = XE™) — (XE — X)) (020 signla) (bl + i15) + (o) X(X5 + XEEYgeSe (g + T3]

v

j, is the same as before without spontaneous CP violation

/\“’(\JQ@M—L
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Type Il Seasaw: One Triplet scalr (1,3, 1)(-2) having a small vev to give
neutrino mass and break lepton number by two units.

If impose lepton number symmetry to be respectied, there is a Majoron.

To make it invisible, needs a singlet having a large vev so that the other
light degrees of freedom will couple weakly with SM patrticle.

To have flavor changing interactions, need at least two triplets.

Left-Right symmetric model: SU(3):xSU(2), xSU(2)gxU(1)s.. Again to
have flavor changing Majoron, two copies of triplets are needed. Also two
bi-doublets are need to have quark and charged letpon masses to be able
to fit data.

/ﬂ”f\ﬁ%ﬁ@ﬁﬂ
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))4. Would-be Goldstone bosons and Dark Photons "

What if a global symmetry is gauged?

Axion models have problem to be gauged because it rquires to be
anomalous of QCD.

Gauging the a particular symmetry, one should have gauge anomaly to
be zero when sum over all contributions.

Normalizing the contributions by right handed 1+y5 chiral fermion in the
loop to be positive proportional to the couplings, then left handed 1-v;
chiral fermion in the loop will be negative. The total sign also depends on
the couplings g4T7g,12 g5T13.

The cancellation can happen by summing g

up left and right handed Fermion with appropriate e

couplings contributions. If vector fermion, no anomalies generated.

){\lt Lﬁ L‘r;’: \i- Tsung-Dao
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Gauge anomaly cancellation in the SM

P

g, T

',J_‘{ g, T? gsT _“-—x_

Type of anomalies:

The standard model of strong and electroweak interaction has gauge group
SU(3)c x SU(2)r x U(1)y with gauge bosons

8 SU(3)c Gluons: G* = X'G¥, Tr(3d)=94".
3 SU(2)r, W-bosons : W# = %Wf, Tr(%%) = %.

1 U(1)y B boson : B#

The building blocks of fermions are chiral fields fr r = 1:'2'*" b ]
The SM fermions are leptons Ly, Er and quarks Qr, Ur and Dg
Ly = (vp,er:(1,2)(-1/2)7, er:(1,1)(-1),

Qr = (uz,dz)T : (3,2)(1/6), ur:(3,1)(2/3), dr:(3,1)(-1/3).

GGG (3 grkuons): automatically zero, because under SU(3); all fermions are vector like.
WWW: also automatically zero, because T, = o; Tr(o;0;+0;0;)0,)=0

GGW, WWG, BBG, BBW, GWB all are zero due to trace of one single T, is zero.
Nonzero ones: GGB, WWB, BBB, and ggB for individual fermion in the loop

Two gravitation gg and a B

19



UR dR U|_ d|_ eR Vi e|_ sum

GGB 2/3 - -1/3 -(1/6) -(1/6) O 0 0 0
One generation of SM fermion contributions to gauge anomalies
WwB 0 0 -3(1/6) -3(1/6) 0 -(-1/2)  -(-1/2). 0

BBB 3(2/3)3- 3(-1/3)3 -3(1/6)3- -3(1/6)3- (-1)3 -(-1/2)8 -(-1/2)3 0
ggB 2/3 -1/3 -(1/6) -(1/6) -1 -(-1/2)  -(-1/2) 0
All anomalies are automatically cancelled!

One of the reasons for having two Higgs doublets H, (1,2)(-1/2) and H,(1,2)(1/2)
Because Higgsino is a chiral fermion, it produce gauge anomalies
WWB -1/2+1/2=0; BBB (-1/2)3+(1/2)3=0; ggB (-1/2) + (1/2) = 0!

20



Another example: SU(3):xSU(2) xU(1)yxU(1)

u—T
(PRD 43 (1991) R22; PRD 44(1991) 2118)

U(1),_, charges: O for ug, dg, u_. d_and eg e_
+1 for HRs VpL, ML, -1 for TR VoL, TL

New anomalies (indicate U(1),_, gauge boson as Z’)

UR VL ML TR Vel TL sum
WWz» 1 -1 -1 -1 -(-1) -(-1) 0

BBZ (1)1 -(-1/2)2x(1) -(-1/2)2x(1).  (-1)2x(-1) -(-1/2)2x(-1) -(-1/2)2x(-1) 0O
Z’Z’B  (12x(-1)  -12(-1/2)  -12(-1/2)  (-1)2x(-1) -(-1)2(-1/2) -(-1)2(-1/2) O
2’277 13 -13 -13 (-1)3 (13 -(-1)3 0
ggZ’ 1 -1 -1 1 (1) -(-1) 0

Gauge anomaly free. The simplest model with a new Z’ model!

New U(1)x gauge gropu can mixing with U(1)y
New consequences: Kinetic mixing of U(1) gauge gropus. Dark Photon...

21



UR dR U|_ d|_ eR Vi e|_ sSum

GGB vy, Ya Yaq Yaq 0 0 0 0
WWB 0 0 -3Yq  -3Yq 0 Y. <Y, 0
BBB 34 30d% -8V 8% B (W - 0
ggB Yu Yd -Ya -Ya Ye -Yi A 0

H (h+, (v + R + i l)/gart(2)): (1/2)

L =\baru, dg H->y4-Yy,+1/2 =0 conserve electric charge

Yo=1/6, y,=2/3, y4=-1/3, Y, =-1/2,y,=-1 quantized the way needed for SM!
C-Q. Geng, R. Marshak, PRD39(1989) 693; R. Foot, G. Joshi, H. Lew, R. Volkas, MPLA 5(1990)2721). ﬂ

VAR =TI
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Enlighten Dark Photon by Kinetic Mixing

A photon and a pure dark photon

A theory of U(1)enxU(1)x gauge group Fuw = 0,4y — 0,4,

L = - Va F Fwv — ¥a X, X0 4 A i + X, jiy X =0,X, —0,X,

A is the usual photon field and X is a new gauge field X and jv, x currents
X may have or not have a finite mass m2, XvX /2

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

€
X, F* O e e @
8 X Y

Possible to add the tollowing 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!

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



Work with SU(3):-xSU(2), xU(1)yxU(1)y

Kinetic mixing can happen between U(1)y and U(1)y

1 1

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

Not unique! Examples

1 Ly Ly 1-‘\ 5
& - Lo=— XXM = VLY + 5y Y, (X, ¥ 4
ase il) a m A +Jym “-i-jx( 1 m ,u,)
:”1_‘72}/;;, X =oY,+X, ,
LG, o o 1 "
Case b): L, :——X’ i _ Z v i\ Ny s ,
ase ) 4 ,u.v 4Y IJ’Y +JY(YP; m H.) +Jx mXH )

V!i=Yy+0X,, X,=V1-02X,.

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

Case b), Redefined X does not couple to jvy 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

Y,=cwAu,—swZu, W, =swhA,+cwZ,,

i 1 1 1 1
Ly = —EX“HX“” — ILA“”AW — ZZ‘”’”Z“F — §JCme,A”y + §JSWXWZ””
: : : 1
+j;ﬂ.AH + J'%Zu ¥ J;XH + Em%ZHZ“ ;

Write the above into canonical form requires

1 —g? S CW

0
A V1-0%c4, V1-d? -\/l—frzcﬁ,
Case a) : Z | = 0 V/1-o2cy 0

S DN B

V1—o?
—TCW TsW

. — 1
v/ 1-02c%, Vi1—o?4/ 1—o02c,

) b}
1 —olswew —gew

A m\/l —'crgc'ﬁ; \/1—52(:%&; A
Case b): Z |=|op % 0 7¢ 1
X

i—o?

TEW

0 . L
vl—ar“"\/l—a%ﬁv \/l—agcﬁ,
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1 1 L T
X, X —AWA”” 1 G2 S gy —=— = CWZ Zn

4
it~ I )+ V=T )
+7% \/;‘_’T;C%V b+ J;\s/u«:_ J%Wz + X,
—i}'i;yi’(’“y 4AWA’““ iz;yz’“” + %mf';;ll—_gzczw WA
Hen(A, ;?Vfli o, i~ Vv l{szcfy X.)
(L) + e e Bt e K.

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? XvX,

Example: get a mass from the vev of a scalar S with U(1)x charge but no
SM charges.

- —oCw  « O Sw = 5 \9
Case a): §mx( m}lﬂ + N ey Z,+X,)*,
1 oSw - 1 .
Case b): —mj; Z + X! )*
) 2 X(\/l—az\/l—azc%v g 1 — ocy, 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—o?cd, )2 +m% o2sd, m% osw " . 3
= (1—02;{16]—02(;%;} . \/I—UEJEI—UQC%V) ( Z ) = ( g 99 = g ) ( % )
(1= - , o . !
My osw X X R W
V/I_Uz(j_gchv:] 1—"-';2?'?[; X
2mkoswv1 — o?

m%(1 — o2c%)? —mi [l —o?2(1 +5%)]

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

tan(20) =
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Summary of constraints on the dark photon mass and coupling

1073

1078

1077

]ﬂ_m

10—11

10~ 12

T |;I|I|||4 |I T 11,0 TQT T 11 hi:i\llll 'E T E |||| T T T T §
\ | ‘ e i F
F \. E™T4 £ | fxoe HA. LHCERGr#(C- 3
g 3 i = M. He, X-G Hg, C-K Huang,
F \ A/ /ENS =< = Int. J. Mod. PRys.
- ; P E§ =i = A32(2017)1750138
5 m pled I ¥@E - XE9 M He X-G helC-K Huang, G
o e T n— Li, JHEP 1803[2018)139
LHCb pp post—module
B l"*\ LHCh D* and uy assame 15 fh™!
Klq IIII ! . : =
Charm, Nu—Cal, E137, LEND N
I A T | 1 L IS N I | 1 1 T R | 1 L N Y I | I 1 I |
0.005 001 002 005 01 02 05 1 2 3 10 20 50
my [GeV] lten et al, arXiv:1603.0892
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frequency [GHZz]
1072 107" 10°

10!

T A
Dark photon dark matter ma: [eV]
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“BE>61t%l” (Dark SHINE)
— New Initiative for Dark Photon search at SHINE facility

Innovation of Dark SHINE %W > SHINE Under Construction: 2018 — 2026

, . , 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 2

> Being the first experiment in China of this type 25 2 LIEIE Bl 2 GRS (2D ST T

» Explore the fundamental science potential of SHINE facility 104

LSRR, R L R T O T | S R T S R I Ak

: B:aBa} :

SHINE LINAC and Dark SHINE Kicker illustration

FEL kicker FEL kicker
-7
DarkSHINE kicker 107E
~ 1 electron A
100 pC 10—8 L e e e L TRy x
> v N = o~ s i :
i w —~ —
0000000000 WY o oo B i i
60 ns 10 = i 2 p

600 ns 20020 = . : !
T 11010 PEEgt s s s nanasaananananng / """"""""""""""" e sess sy fueues
'  10" ...DARK SHINE..9E14. EQT..‘.E .......

DARK SHINE, 1.5E15 EOT

To DarkSHINE 1
— - & " - B FEL-II (0.4-3 keV) i 10712 ........................... [T TR PR D ,.\RKSHINE’1E16EOT. .......

750kev cMoo o1 " cmozos '/:C" CMo4-21 B'C:\' cM22-75 muﬁy_ —_ 78 GeV, 3E14 EOT
Y N :
ﬂalchi \ Kickers - 10713 T L L T L e T e e S e e I S S s
uncher 120 MeV 270 MeV 2.1 Gev 8.6 GeV - - &
2.4MeV 12A 85A 1500 A 1500 A T : Invisibly decaying d_ark photon H
SINHE linac S S — — 1014 1 L1 |||||| 1 Lol 1 L1l

102 10°

Sci. China-Phys. Mech. Astron., 66(1): 21 1062432623)




Non-abellian and Abellian gauge kinetic mixing

CP violating kinetic mixing allowed?

J. Cline and A. Frey, arXiv: 1408.0233; G. Barello abd s. Chang, PRD94(2016)055018C.
Arguelles, X-G He, G. Ovanesyan, T Peng, M Ramsey-Musolf, PLB770(2017)101; K Fuyuto, X-G
He, G. Li, M Ramsey-Musolf Phys. Rev.D101 (2020) 075016

For Abelian kinetic mixing

Y Xy CP conserving
Y* X v, With )E-uv = %E#yng a8 CP violating
But

Yo X ww = —€uap0® (Y X P
It is a total derivative, can be dropped off. No physical effects.
For Non-Abelian kinetic mixing

) 5 L N ) vig
Tr(Wy, X)XH /A T 2\v/28- %0
(zo + Z0) XHW W, Xo vev of %

Allowed! There are physical effects.
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A renormalizable model
Yu Cheng, X-G He, M. Ramsey-Musolf, Jin Sun, PRD 105(2022)095010, arXiv:2104.11563

e

Generate  (d=5) _ _% Tr [W,, 5 X — % Tr [W, 5] X

by loop to make the model renormalizable!

Type-Illl Seesaw come to be a natural extension

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

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

o oy E b3
| | | |
. | : 231 L i I

fi fa h fa f I fz 1
Wa x W x Wy x W X
imyy
i ] ]

fs h fa fe fr fr 7 ff
(a) (b) (c) (d)



New particles: >:(3,0)(0) z:%azﬂ
f: (3,0)(x) fﬂzzgaﬁ:z( A “Ef**) o=
2 Ny )

—_—

2

1

(&

1 T3 w/ﬁﬂ"’
V25— —x8

)

L= (fR)°

f :_Jafa:l
B 2\ ag = VAU

Anomaly cancellation: f, (3,0)(x;), f>: (3,0)(-xy), f3: (3,0)(0)
Also for generate a non-zero kinetic mixing.

Sx: (1,0) (-2xy)

Need two new Higgs doublet

H£ : {132){_1!’(2!_17.?): ‘H.‘ri : {lazjt_lf’lz*zfj
— LY H fr1— LiYiroH) fro

; sy e 0
Ly, = _E(VL:VR} (

Mp =

1 Mp = = [m. V2ZM
P & c . © D nl
vi,vr) — (E E A
Mg MR ( Lt R} [: Lst] 0 Mg ( L!fﬂ)-
Yerniv], Yrriowvs Yrepiaw Yin1ts
Vi VB W wa maz D
Yirmw] Yyeoew, Yipsav Mo = Yioav
AT, Sl R=| m2 55 0
Y_FJ.{S_IU; Y_r.r.:w”{; Y-_r'..'..‘i-.‘i-?" 0 0 Mas

2 V2

W2

V2ff = \/E(f;t}c)

~1p = —(1h)°

Seesaw neutrino mass < Sx >= vs/v2 generate a dark photon mass m?2 = Iffqirﬂﬁ
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Neutron EOM upper bound
|da) < 1.8 % 10-2% [& em]

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

—26
10 F| The bands ranging from low to high
correspond to my, from 200 to 600 GeV.

-27
10 dgﬂ“ o
T 107}
: F Electron EDM upper bound
= Idel <1.1 % 1072 [e cm] e
E 10—25'_ ..................... : .. P ™ - = - = 253 mms s
L

Case I: Bueve/h=BxviA=5M2 x 10-*
ayy =0, my =60 GeV

Case ll: Byvi/A=5x%10"% Buvg/A=0
@yr =102, my = 60 GeV

107t 107

10~

10-2F
1073 102

Vi, Vi,

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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