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Motivation

Dark matter candidates:
WIMP ~ 10GeV-TeV
Axion, ALP < GeV
Dark photon < GeV

Primordial black hole

Light bosons such as axion, ALP and dark photon can be the
candidates of dark matter.

Because the Goldstone is needed when the dark photon is described
under the Stuekelberg mechanism, thus the EFT treatment of
axion, ALP and dark photon can be considered simultaneously.
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Origin

Axion is a (pseudoscalar) Goldstone originated from Peccei-Quinn

symmetry U(1)p( breaking to solve the "strong CP problem".!

U(l)PQ break a(t, :f) parity transform —a(t, —f) ' (1)

However, such a pseudoscalar field satisfying shift symmetry has
been extended to other sectors without the requirement that it is
from U(1)pg break, and is often named as axion-like particle
(ALP).

Regardless its UV completion, ALP can be treated as a SM singlet
extending the SMEFT.

'Phys.Rev.Lett. 38 (1977) 1440-1443, Phys.Rev. D16 (1977) 1791-1797
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Effective Lagrangian

The GEFT is the SMEFT with an ALP a(x) extension, its effective
Lagrangian takes form that

Laerr = LsuerT + Larp + Lint (2)

where Lgygrr is the SMEFT Lagrangian, £41p is the effective
Lagrangian containing ALP solely,

Lorp = %8,“18“@ ~ V(a), (3)

and L;,; contains the operators of ALPs and the standard model
particles.

s FERE B O YIRS

Axion, ALP and Dark Photon Effective Field Theory



Axion, ALP and Dark Photons
[e]e]e] lelele]

Leading Order Lagrangian

The leading terms of L, are 2

a ~
Lint = cp 7 * BB + c~J7 W, Wen + c@JTaG,j,,GW
0 Opa 0
+ cqua (upy*ugr) + cdea (dR'y“dR) + cefLa (ery"er)
oua opa i
e, (@ QL) jonq oL I, (LLA"Le) iy, (4)

In terms of the canonical dimension, the leading operators are of
dim-5.

2Phys. Lett. B 169 (1986) 73-78
PN EREEEIR YRR
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Shift Symmetry

The shift symmetry of the Goldstone implies that ALPs interact
with other particles via derivatives, but at the renomalizable level,
the shift symmetry of the operators involve gauge bosons is
implicit.

fﬁaFuuFuV - 2]‘%8MAVF”V
Imegrat bypart, Oty v _ 2y, ), oo
fa @
Bianchi identi oua | =
lanchi identity - 2LA,/FMV . (5)

a

s FERE B O YIRS

Axion, ALP and Dark Photon Effective Field Theory



Axion, ALP and Dark Photons
00000e0

Majoron(1)

Considering a special case where the breaking U(1) is U(1)p—_1
symmetry, the consequent ALP is called majoron. 3

Type-| seesaw

UV particles | (B — L)
Ngr -1
10) 2

There are UV renormalizable operators such as

s 1
LD —yRLHNR+§)\¢N§NR+h.C. (6)

The VEV of ¢, ¢(z) = %(f +o(z) +iJ(z)), breaks the U(1)p_1
spontaneously.

3Phys. Lett. B 99 (1981) 411-415
PN HERIEF IR AT
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Majoron(2)

If the heavy particles Nr(z) and o(z) are integrated out, we can
get effective operators coupled to the light Goldstone J(z) such as

ey J(LCH*)(H'L) + h.c. (7)

This operator can be transformed to be explicitly shift-symmetric,

e - 1 . .
J(LEH*)(HTL) = — ™ (D, J) Hy (D H)(LiLy) . (8)
Hh
Thus all the majoron effective interactions are a subset of the
general ALP Lagrangian, and are dominated by high-dimension
(dim-8) operators.
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Dark Gauge Symmetry

Dark photon is a massive vector field X,,, it can be assumed to be
gauged under a "dark" U(1)x group.

SM sector dynamic mixing | dark sector
SU@B)ex SU2)ewx UQ)y U(l)x
G w B eB,, XH X

(9)

Including a "dark" higgs S, the unbroken Lagrangian takes the
form that

1
L = _EX;LVX“V+DMSTD“S+M2STS_)\(STS)Q’ (10)
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Higgs Mechanism

According to the Higgs Mechanism, vg, the VEV of S triggers the
spontaneous symmetry breaking. Suppose

§= L (vg+0) exp(—i;is) , (11)

V2

the broken Lagrangian is

1

£=-3

1 1 1
XWX 4+ 22 (X, — —0 ) CR——T
pv "‘29 ”S( 4T ug ( qUs ™

1 Loy, 2 2 3_ 1y 4
+ §8u08“0 - 52)\1150 — \vo® — 1)\0

o o? " "
Rl ity (gvXy — Our) (guX* — OFm)
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Stuekelberg Mechanism(1)

Without the assumption that the Dark photon is a gauge boson, it
can be described by the Stueckelberg mechanism.

Regardless the UV completion the Lagrangian of an IR massive
vector boson should be of Proca form

1 1
Lproca = = X X" + Emg(XMX“ . (13)
Under the gauge transformation:
X, _>X;/L:XN+8NU (14)

The Lagrangian is not invariant,

1 1 1
L—L = =7 X X + mx (X, — ——0,0) (X" — —0V0)

s FERE B O YIRS
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s

The sollution is to introduce another scalar field to fix the gauge.
Considering a scalar field 7, satisfying equation of motion that

(0% + m¥%)m =0
the Stueckelberg Lagrangian is

Lstueck = —EXWX’”’ + %mg((Xu - ;Xa,m)(X“ - n;&“w)
- %(aﬁxﬂ b ) (0" X, + mxr) . (16)
Under the gauge transformation
X, = Xy+0u0, ®™—=m+mxo, (17)

the first line is invariant, and the second line is not , which is the
gauge-fix terms.
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Stueckelberg Mechanism(3)

The gauge-fix terms can be generalized to the 't Hooft-like gauge
function, and the general Lagrangian takes the form 4

1 1 1 1
IStueck = _ZXMVXHV + img((Xu - mixauﬂ')(XM — m—Xa"w)
1
- i(aHX“ + Emxm) (9" Xy, + Emx) . (18)
Gauge choices:
¢ Unitary gauge ({ = o0):
Xu—Xu+0,
/Stueck 2 X Oy £Proca (19)
¢ Feynman gauge (£ = 1):
‘C/Stueck — ﬁStueck . (20)
*Int.J.Mod.Phys.A 19 (2004) 3265-3348
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Comparison

1 1 1 1
L=— "X, X"+ -g*vz X, — — XH — —H
R "’29 US( " g u”)( JUs 7")

1 1 1
+ 20,00"0 — =2 \v%0? — Avo® — — Aot (21)
2 2 4
o o2 v o
Ty T 2,2 (gvXy — Oum) (guX* — 0¥ )

The Stueckelberg Lagrangian (apart the gauge fix term) can be
related to the one from Higgs mechanism once we identify

m% = g*v%. (22)

provided m2 = A?v% is so large that o decouples, which means the
self coupling A of the "dark higgs" S is strong.
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Building Blocks

s

The SMEFT extended by dark photon is XEFT.
Generally, defining U = exp(im/mx), and covarint derivative

D“U = (aﬂ — ZX,U')U - ZUv(i MT( - X/j,) ’ (23)

mx
the Stueckelberg Lagrangian can be rewritten as

2
My

1
Lspsec = = 3 X X + ZX(DUN(DIU) (24)
which is identical with the nonlinear Lagrangian. °
Thus within the Stueckelberg mechanism there are two building
blocks, a massless vector particle X, and a Goldstone

Uy = iUTDHU of chiral dimension-1.

5 JHEP 03 (2008) 047
FEREEIECYIER AR
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Independent Lorentz Structures

The independent Lorentz structures are isomorphic to the SSYTs
of the primary Young diagram.

=TT [Tk, (25)

The shift symmetry implies the corresponding amplitudes satisfy
Adler's zero condition,

lim M(p) =0, (26)

p—0
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Overview

We construct the efective operators of ALP and dark photon upto
dim-8. In detail,

® We consider the Majoron as a special case of ALP and find its
leading operators are of dimension-8;

® For dark photon, both unitary and Feynman gauge are
considered.

e The ALP result is consistent with the Hilbert series method®;

6JHEP 11 (2023) 196
P RERF R BRI
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ALP Operators(1)

dim-5 operators

Class Type Real F Axion Majoron
B%s sBrL,, BL" v
F?¢ Wis swil,w " s
Gis sGr?,, G s
e.HfLs sHT (ecpLiri) W
w22 4 H1Qs SHT (dy"Qrat) «
HQucs €IS H(Qpyitics™) s
s° s°
@ HHts3 $3H;HT'
H2H12 sHH;H"HY

Dark Photon Effective Field Theory



High-Dimension Operators
[e]e]e] lelelelele]e]

ALP Operators(2)

dim-6 operators

Class Type Real F Axion Majoron
Bis2 SQBLWBL‘“’
ngSQ Wgsz SQWLIWWLIW
0%52 SchAWGLAW
H2L2s e*ellsH Hy(Ly; L, ;)
2 e HTLs? SZH“(echM)
g d.HT Ls? S2HT (dey* Qraz)
HQu,s> eijsij(me.u”“)
D2gt D2HH's? (D,s)(Dts)H;HT* v
H2H 1252 s*H;H;H" H
o HHtst s4HHT
86 86

BRERICHIERR TSR
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ALP Operators(3)

dim-7 operators

Class Type Real F Axion Majoron
Fig Wis e"’K,?WL’MVIVLKA“EVLJA';
2 Gis fABcSGLAWGLC "G By
DBrecels B (Dys) (eq,auezr) v
DB LL's (Dys) B (Lo, LT,") v
DBrd.d}s (Dys) B! (depoudl,,) v
DRy — DBres (D) By (tcy" 0yl ’
DBLQQ's (Dys) BL™ (Qpai0uQ',™) v
DWLL's (D)W, (LyouLt,) v
DWLQQls (D)WL (Qp,0uQ"") v
DG dodls M0 (Dys) G (dey 0L ) v
DG ucufs N0 (Dy )G (uey 0 utl,) v
DGLQQTs  N(Dys)GLA™ (Qpyi0u@1,") v
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ALP Operators(4)

dim-8 operators

Class Type Real F Axion Majoron
€78(dep " opttly,) (Lri( D* Ls;)
Dch2u,is . N EE
) €(DHs)(dep™ Lyi) (Lsjopuly,) ;‘7;] v v
Do cabes(dey 7, Q1) (deg (D" L))
Dd&2LQ's B b o ci Y[
€abe(D"8)(dep” L) (der "0, QT, ") Tﬂ] v v
Datels €abes(dey el (der"(DPdes))
o Cane(D"s)(dep"der”)(desopel,) v v
D2Bis (Dys)(D"s) BB v
D?F}¢? D*W3s? (Dyus)(DHs)W L W, 1™ v
D*Gis? (D/AS)(D“S)GLA.»\GLAM v

ERfE BRI R
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Dark Photon Operarors(1)

dim-4 operators
Class Type Stueckelberg Unitary F
F} X.BL Bru, X" v
uecel (ecpotel, Juy

(ecpot el ) Xy

uLLt (Lp,o™ L1, Yy (Ly;o"L1,") X,
upf uQQt (Qpoio"QT " Yup (Qp,,0"Q1," )X,
ud.df (dep*odl, , Ju, (depotd], ) X,
wneu (0"l (e "l ) X,
u¢? w?HH' HiH wu” H:H X, X"
ut ut wuutu,u” X XHX, XY

= B e IR ST
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Dark Photon Operarors(2)

dim-6 operators

Class Type Stueckelberg Unitary F
X, B, HHT H;HBp,, X" v
F3¢? X W HH! T HHY WL, X v
X2HH' HH" X1, X" v
XpeH'L H' X1, (6,0 L) v
Froy? Xrd.H'Q HY X1, (dey o Q) v
X HQue €V H; X1y (Qpgi 0" er”) v
uHH'eel HHY (ec,0tel, u, HH (ec 0tel,) X,
t J t J
T H;HY (Ly,0" LY, Ju, H;H (Ly0"L1,") X,
H;HY (L0 LT, Y, H;H (Lp,0"LT,") X,
ug? P HiH(Qp 0" Q1" uy HiH (Qpy0" Q") X,
uHH'QQ' e T & 1 i
HHY(Qp,,0"QT, Y, H;HY(Q,,,0"Q1,")X,
uHHd.d], HH" (do, " o"d}, )u, HH"(d.,"o"d], )X,
uHHfu,ui HIH"(upp“cr“uim)u“ H1Hi'(u(p“¢7“ui,_“)X“

s

SHERI S B ISR ST T

Axion, ALP and Dark Photon Effective Field Theory



Dark Photon Opera

High-Dimension Operators

0000000080

dim-T operators

Class Type Stueckelberg Unitary F
Fro®y? X H2L? €* eI Hy, Hy X, (Lyp,0™ Ly ;) v
2t e”(ul,“F,,dppa)(Lr,a”“sz)u“ e"(ulll,FVdpp“)(L,.,a”“sz)X“
ud.L*u, -
: € (], 7 dey) (LyiLiy ) € (uf 7" dey) (LriLs ) X
upt ) . U » .
ud?LQT €abe(Q“Tdey,®) (e, Lai )y, €abe(QY T dey®) (de,"Lai) X,
uddel €ave (€] dep®) (de,dey )iy €ave(e}, 7" de,) (de,"de,) X0
e* el Hy Hy (D" Ly,) Ly )uy ekl HyHy((D"Ly,) L)X,
Dug?y? DuH?L*
€* el Hy (D" Hy)(Lp,Lrj )uy €* el Hy(D* Hy)(Lp; Lrj) X
€ eJ Hy (D, Hy)(Ly,0"" Ly ), e* e Hy (D, Hy)(Ly,0"" L)X,
u2¢?y? u?H2L? €* eI Hy Hy(Ly, Ly )u,ut €* eI Hy, Hy(Ly, L) X, X"

s
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dim-8 operators

Class Type Stueckelberg Unitary F
X, HH Le, HH HY X0 (600 L) v
Frgtw? X HHPQd, HyH HY X1 (dep® o™ Qr i) v
XoH2H'Que  @9H; HH X1, (Qpoio™ ter®) v
Cabe Xy (deyeer) (e, 0 e, %) v VI
Xpecu? €abe X Ly (dep 0N €or) (20 e ) v Yy
Cabe XL (dep” 0 €cp) (tes"110°) v Y H
€9 X1 (cpo™ Lri) (Qsgjuie,”) v
XreeLQue X Ly (€epLi) (Qsay " er®) v
€ X Ly (ep@” Lri) (Qs 0 Muce®) v

X1 (e 0 Qry) (Quagtied”)

<

Fryp*

Xpd Q. €9 X1 (e Qri) (Qsaj o ue,”) v

(RS
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As extension of the standard model, the ALPs and the dark photon
can regarded as candidates of the dark matter, and mediaters
between the standard model particles and the dark matter.
Treating them as low-energy degrees of freedom, we develop the
EFT descriptions of them, including their building blocks,
symmetries and power-counting scheme.

In particular, we construct the effective operators involve ALP and
dark photon upto dimension-8, which will play an important role in
the high-loop calculations and high luminosity experiments.
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Thank you!
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