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Search for new dark particles:

_—

eV keV MeV GeV TeV PeV
— Pt —_
sterile neutrino Massive portal Heavy charged states
(baseline exper.) (intensity frontier) in LHC

Each can easily couple to a photon:

SM/BSM charged patrticles general kinetic mixing
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No hint of new light d.o.f. from cosmology?

Planck 2018 1s07.06209] (o r———{EOMCN: Abazalian & J. Heeck1900,03200]
5: s — 3VR |

N = 206t03  95%, Planck TT,TE,EE+lowE T\ 2V

eff = =77-033  lensing+BAO o v

g+ . \
.1
3 |
Negg = 2.957938 BBN + BAO < 0501 i
: Planck+BAO \
That is, new light mediator can only _SPT-36150 \_
0.10 -
\\\-.

be feeble. L OMB-S4 T
0.05; wld o enad oI ™

105 10* 10° 102 10" 10° 10' 10%2 10° 10
vg decoupling temperature Tgec in GeV

In order to take advantage of a (nearly) massless mediator:

SM photon portal Y

via dark loop/mixing/confinement

[e.g. Holdom 1986, Raby, West 1987,
Bagnasco, Dine, Thomas 1993, Foadi, Frandsen, Sannino 2008, ...]
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What can a photon portal be?

Explore the possible EM form factors of light dark particles:

the most general Lagrangian taking non- ”Y*(q)
relativistic I') (g, Q)
Ling = —iAH(Q)Ju(Qv Q) limit

1. milli-charge of a new particle: electric monopole

5 . Non-vanishing terms
QZ/d zpem(Z) x Jo(g =0,Q = 0) . :
— the interaction operator

Complex scalar ¢ (0,¢) — (0,07 )¢

Dirac fermion Tﬁ%ﬂb

Complex vector V0, V) — (8,V.F)V* imposing Lorentz gauge
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What can a photon portal be?

Explore the possible EM form factors of light dark particles:

the most general Lagrangian taking non- ”Y*(q)
relativistic I') (g, Q)
Ling = —iAH(Q)Ju(Qv Q) limit

2. in case that dark particle is QED neutral: dipoles, quadrupoles, ...

JE — /dg.ilj‘prM(f) X aaj_? ’(j':() - electric d|p0|e
q
. 1 L . i L
fiv = /d%x X Tont(F) o (Vi X T)|os magnetic dipole
; 527, - ( charge radius
/d 7 pen(7) 8qi8qj|‘j:0 - electric quadrupole
Vi (Vg x J)j+ (i ¢ §)lg=o - magnetic quadrupole, ... ...
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What can a photon portal be?

Explore the possible EM form factors of light dark particles:

the most general Lagrangian

Ling = _iAM(Q)J,u(q) Q)

taking non- Y (q)
relativistic I') (g, Q)

limit

2. in case that dark particle is QED neutral: dipoles, quadrupoles, ...

interaction type coupling ¢ P CP
magn. dipole H g8 wg Gl Scalars have no-spin,
elec. dipole d +1 -1 -1 thus Only can have
- ( charge radius
elec. quadrupole Q +1 +1 +1
magn. quadrupole Q +1 -1 -1
A, 2 N
{\charge radius) g1 /m +1 +1 +1 (9" 0,0)0, FH"
toroidal moment g4 / m* -1 +1 -1
anapole moment gé /m? -1 -1 +1
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What can a photon portal be?

Explore the possible EM form factors of light dark particles:

the most general Lagrangian

Ling = _iAM(Q)J,u(q) Q)

taking non- Y (q)
relativistic I') (g, Q)

limit

2. in case that dark particle is QED neutral: dipoles, quadrupoles, ...

interaction type

coupling

magn. dipole |

elec. dipole

elec. quadrupole

magn. quadrupole

(E:harge radius)

toroidal moment

(ahapole moment)

o & O independent indices for Dirac fermion
+1 +1 +1 o’ q, X0 X F
— _uv_5
el o g,y X X E
1 1 1 27" — g4 XY x0" Flu
+1 -1 -1 ) . .
= v
[° — ¢ d] v XYy x0" F,
Bl L b
-1 +1 -1 [e.g. Pospelov, Veldhuis 2000, Sigurdson, Doran, Kuryloy,
Caldwell, Kamionkowski 2004, Ho, Scherrer 2012, Kadota,
-1 -1 +1 Silk 2014, Mohanty, Rao 2015, ...]
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What can a photon portal be?

Explore the possible EM form factors of light dark particles:

the most general Lagrangian taking non- ”Y*(q)
relativistic I') (g, Q)
Ling = —iAH(Q)Ju(Qv Q) limit

2. in case that dark particle is QED neutral: dipoles, quadrupoles, ...

interaction type coupling ¢ P CP
= | independent indices for vector boson
: . = P
magn. dipole = g = imposing Lorentz gauge
elec. dipole d 11 ]
— 2imy py [kaguﬂ kﬁg“’a 4 yi: (kzgaﬂp Zkakﬂp“)]
elec. quadrupole | Q +1 +1 +1 iQ v
| ) . Tv(k.?gaﬁpu_gkakﬁ u)
magn. quadrupole Q +1 -1 -1 id ; Q
A -9 o DY (o 1 g o)
charge radius g1 /m? +1 41 41 2mV .
A
toroidal moment gf / m? -1 +1 -1 ;egl k*ptg®P — 69‘21 kz(k"‘g“ﬁ + kﬁg“a) — %kze“aﬁppp
mV mV mv
\\anapole moment gé /m? -1 -1 +1
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What can a photon portal be?

Explore the possible EM form factors of light dark particles:

the most general Lagrangian taking non- ”Y*(q)
relativistic I') (g, Q)
Ling = —iAH(Q)Ju(Qa Q) limit

2. in case that dark particle is QED neutral: dipoles, quadrupoles, ...

interaction type coupling ¢ P CP
( magn. dipole - Y +1 +1 +1
elec. dipole d 11 ]
| If self-conjugate particles, onl
elec. quadrupole Q +1 +1 +1 Ju9 P y
| . C-violating factors survive
magn. quadrupole Q +1 -1 -1 _ _
[F. Boudjema, C. Hamzaoui, V. Rahal, and H.
charge radius g1 /m? +1 +1 +1 C. Ren, Phys. Rev. Lett. 62, 852, 1989]
toroidal moment g4 / m? -1 +1 -1
\\anapole moment gé /m? -1 -1 +1
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What can a photon portal be?

Explore the possible EM form factors of light dark particles:

1. milli-charge of a new particle: electric monopole

Relevant for EDGES anomaly, and well constrained recently, sce e.qg. E. Gabrielli, L. Marzola, M.
Raidal & H. Veermée 1507.00571, A. Berlin, D. Hooper, G. Krnjaic, S. D. McDermott 1803.02804, E.
D. Kovetz, V. Poulin, V. Gluscevic, K. K. Boddy, R. Barkana, M. Kamionkowski 1807.11482, T.
Emken, R. Essig, C. Kouvaris & M. Sholapurkar, 1905.06348, S. Foroughi-Abari, F. Kling & Y. Tsai
2010.07941, M. A. Buen-Abad, R. Essig, D. McKeen, Y. Zhong 2107.12377, M. Montigny, P A.
Ouimet, J. Pinfold, A. Shaa & M. Staelens 2307.07855, ...

2. in case that dark particle is QED neutral: dipoles, quadrupoles, ...

For technical details on multipole expansions, see e.g. K. Gaemers & G. Gounaris, 1979, K.
Hagiwara, R. D. Peccei, D. Zeppenfeld & K. Hikasa, 1987, J. F. Nieves & P B. Pal 1996, ...

3. Inelastic cases: )
1% N

typically easier to produce and detect;
but will not discussed.
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ll. probe a neutral dark sector:

spin-1/2 v.s. spin-1
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A typical constrain plot for a light dark particle

New physics |~

1 1 1 L L L L l L
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WIMP mass [GeV/c?)

Coupling to SM
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A typical constrain plot for a light dark particle

- > Heavier mass

New physics |~

L1l J 1 1 1 1 L1l I 1
10 20 50 100 200
WIMP mass [GeV/c?
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cMB: @) e -—p 0 ®

Coupling to SM
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A typical constrain plot for a light dark particle

New physics | === > Heavier mass
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A typical constrain plot for a light dark particle

New physics |~

. > Heavier mass
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A typical constrain plot for a light dark particle

. > Heavier mass

New physics |~
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A typical constrain plot for a light dark particle

New physics | === > Heavier mass
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A typical constrain plot, adding production

New physics | === > Heavier mass
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Cosmos/Stellar: dark state production

First half: total production rate of (off-shell) photons in medium

X £ 3 £ S SM / X £ S SM 4 £ 3 X SM / x
ZIm[ ’YwA‘w’wy ] = ZIm[ WM@NJ -l-,va +’7@ + ...

SM * |2 SM * |2 SM *x |2
= | am }J + | W + | @J
SM SM SM
SM particle Compton SM particle
pair annihilation scattering Bremsstrahlung

==

Preciser to separate the resonant (plasmon) and non-resonant contributions

ImII
—td = §(sy+ — Il 7) + non-reson.

7T|Sfy* — HL’T‘Q

+ ...
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Cosmos/Stellar: dark state production

Second half: plasmon/photon decays into a pair of dark particles (1,2) via

. 7 4 ¢4 H

Y Iinvis. o /dHPLPZ (27T) 0 (q — P1 — pQ)Mq/*—ﬂQ '¢:—>12
1 4m? q"q”

— . [1= 12 s ) (—agtv i
. 5 f( Y )(—g 5o )
1 4m? flwhy — |E‘2)
E.g. plasmon deca lrp=—2 1 — X
J-P Yo T T\ W -k e

Stellar cooling bounds are thus derived from dark pair production:

e For T << m, plasmon decay usually dominates the dark production;

e For T ~ m, electron annihilation (in SN) or np Bremsstrahlung (in RG/HB).
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Cosmos/Stellar: dark state production

Second half: plasmon/photon decays into a pair of dark particles (1,2) via

4 ¢4
v Hi = [ Al (27840 — 1= p2) MY MY
1 4m? q"q”
N 12 N (— MY
. s (o) (=9 + )

Before showing the constraints:

— compare f(s) for milli-charged scalar(S) / fermion(F) / vector(V)

(ee)?s(1 + 4m?b/s)

fs(s) = 3
4(ee)?s(1 4 2m3/s)
fr(s) = 3 More factor
2
(ee)?(s — 4m3)(s? — 4mP s + 12mi,) s/my,
fv(s) =

12m3, for dark vector.
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Cosmos/Stellar: dark state production

Second half: plasmon/photon decays into a pair of dark particles (1,2) via

v 4 ¢4 H U
* — _ _
Y L vis. = /delap2(27T) 0°(q — p1 P2)My*—>12 512
1 Am? q"q”
= —[1— —2f(sy)(=g"" + )
interaction type fermion f(s) vector f(s)
2 9.2 Smi py s(s — 4mi)(16m3 + 3s)
magnetic dipole 2 Hx S (1+—=) L4 L4 L4
3 s 12ms3,
2 4m? d% s(s — 4m2,)?
i o _d2 2 1 — X V Vv
electric dipole 3 0x ( — ) 62
2 .2 2
electric quadrupole Qvs (81; dmy)
52 2 2
magnetic quadrupole Qus (82: §my)
. 4 e*(g¥)?s’ 2m? e?(g)%s%(s — 4mi)(12m}, — 4mi s + s?)
charge radius 3 mf‘( (1+ . X 18m%, More factor
: e’(gi')*s’(s — 4my,) 2
toroidal moment 3m% S / mv
4 e?(gX)?%s? 4m? 20 A2 2/ 4. 22
anapole moment 2 (954) (1-—%) €(g5)°s (s = dmy) for dark vector.
3 mi S 3mS,

07/09/2023 PADUA
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Summarize the constraints derived

interaction type

fermion f(s)

magnetic dipole

222 i
FHy (1+ )

< 5
3 tc... r
4 2o L —
10 6&356 ‘thhceduenkbal” o
‘00 '\(‘0 .

i

Induce too fast
sus)ernova cooling?
on’:

e --

| Pre ‘l§p-roner -y
-'—_

Coupling to SM___—

10—2 T |||”“| T ||||l||| T

10-9 __SN1987A

1071

10—11

XC, J.Kuo, J.Pradler, L.

1012

Semmelrock 1908. 005531

Dim-5

10—13 11l IlllI 111ty Il 1
1078 1077 10‘6 10 =] 10'4 10" 10‘ 10"
m, (GeV)

100

Thermal freeze-out via EM
factors is unlikely,
while small regions left for

p/d-wave annihilation.
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Lesson-1. vector is different

interaction type

fermion f(s)

f(s)

vector

magnetic dipole

2 5 4 Smf(
ghxs (1 =7)

uy s(s — 4m3 ) (16m3 + 3s)

eV keV o MeV GeV Te\l~ > Heavier mass
Pl \
& Intensity-frontier I \\\‘ .7' ~
be‘*(:):@eq‘ Low-reéolliDD, X=——"""Freeze-oul
> etc...
10~ °6s§;s°F Displaced erticas] ~ = -
SRS
)  ncic too s == 1/M-enhanced:
£ A:)malous gllar evo g#s)ernova cooling? -" - )
g A L from longitudinal
Coupling to SM - - = -
— - mode m
1072 pr—rrrmm——rrrem— < ‘ i
.. Dirac B
104
107 el deusit N
10-6 wrascancys-silibren: - stection e
’?6 10—7 Sun ’ — BBN _
3
< 107 E
107? \:SN,I'QS\ZA\/ NEINAONT 1;1
10-10 R
~J
10-11 1™ = - -
" rr e mm=="
1012 XC, J.Kuo, J.Pradler, L.
» . - Semmelrock 1908.00553
07905107 10°° 10° 10% 107 102 10°% 10
m, (GeV)

12m3,

10—4-Fv_l_l'l'lmﬂ]
106k

E- Sun
10_7§
10 SEg™
1079 -
10-10

§ HB
10—11:E
10-2  RG
10713}
10—14
10—15
10~16 l T BT R TI B

10, 10° 10 107* 107% 107* 107' 10°

. my (GeV)

XC, J. Hisano, A.lbarra, J.Kuo, J.Pradler, 2303.13643
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Lesson-2. cosmos/stellar: CP affects mildly

Q
=

>
4

—~
~—

interaction type coupling . P CF
magn. dipole M +1
elec. dipole d —1
MDM
1072
1073
104
105
10-¢
1077
108
10_9 7 \./Sl\ilfgs\lA\_/ N2 ONE NT ) -
1071 ;
1071 3
1012 XC, J.Kuo, J.Pradler, L. |
by S€MMelrock 1908.00553 |
07905107 10°° 10° 10% 107 102 10°% 10
m, (GeV)

up to velocity suppressions

In non-relativistic regime

EDM

1072
103
10~
10°°
106

1077

(1)

_SX 108

SN1987A

NN NT N Ng

1077
1071
10—11

107"

13 | \ \ | | L 9(1)809553
10770 107 10 10° 107 10° 102 10T  10°
my(GeV)
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Lesson-3. intensity-frontier: same but weaker bounds

interaction type

coupling: = B P Difficult to constrain

magn. dipole

elec. dipole

% +1 +1 +1 effective operators

d S| at low-energy experiments.

MDM XC, J.Kuo, J.Pradler 2001.06042
10—3 F T T T UL I T | T T T LU I T : 10—3 : T T T LU
- Dirac - Dirac
1074 —
o
= 105F =
>
iy
—— SHiP —— SHiP
1075 —— DUNE 3 1078 —— DUNE E
CHARMII ] F CHARM II
E613 ] i E613 |
MiniBooNE-DM - I MiniBooNE-DM -
LSND | I LSND
LEP LEP
10—7 lIIlI 1 1 1 llllll 1 1 1 Lol 10—7 1 1 1 llllll 1 1 1 IIllll 1 1 1 [ |
103 102 101 10° 1073 102 101 100
m, (GeV) m, (GeV)
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l11. Validity of the constraints
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Caveats and theoretical validity

On the observational side:
Caveats do exist in extensions, such as:

- dark state trapping by additional dark states fe.g. Y. Zhang 1404.7172];

- Production suppression from large thermal mass of dark states
[e.g. W. DeRocco, P W. Graham, S. Rajendran 2006.15112].

- if SN1987A was not neutrino-driven explosion fe.g. N. Bar, K. Blum & Guido
D’Amico 1907.05020, and earlier 1601.03422).
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Caveats and theoretical validity

On the observational side:
Caveats do exist in extensions, such as:

- dark state trapping by additional dark states ;

- Production suppression from large thermal mass of dark states

- if SN1987A was not neutrino-driven explosion

On the theoretical side:

EM form factors are defined at extremely IR-end:

® For all spins, the C.o0.M energy has to be below UV-theory scale A.

we do not exclude regions where dimensionless coeff. x (C.o0.M)"> 1

® Spin-1 case needs to be treated with additional caution:
C o 4
we indicate unitarity bound as: oy+yv_v+v(s) S ?ﬂ E (20 +1)

Similar to WW-scattering, may not be enough, and should turn to UV-completion.
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:%eal IzatIOﬂ Of UV-Comp|etiOn J. Hisano, A.lbarra, and R. Nagai, 2007.03216

Dark SU(2) gauge bosons with: 1) dark doublet leptons that couple to photon;

. 2) dark doublet Higgs that generates masses.

In the limit of heavy dark fermions/scalars

one can write down all the EM form factors in terms of UV parameters
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Realization of UV'CompletiOn XC, J. Hisano, A.lbarra, J.Kuo, J.Pradler, 2303.13643

Dark SU(2) gauge bosons with: 1) dark doublet leptons that couple to photon;

. 2) dark doublet Higgs that generates masses.

interaction type coupling C P CP

elec. dipole d ey * Maybe unphysical to separate

magn. quadrupole Q a9 - the two operators for vector

_>states;

where each amplitude diverges even for
transverse V-boson production.

* Nevertheless, bounds are mostly
sensitive to the scaling of f(s),

dy = —Qvmy /2 and thus easy to generalize.
the divergences in transverse modes
cancel with each other.

In this UV, there is, at first-order,
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Realization of UV'CompletiOn XC, J. Hisano, A.lbarra, J.Kuo, J.Pradler, 2303.13643

Dark SU(2) gauge bosons with: 1) dark doublet leptons that couple to photon;

2) dark doublet Higgs that generates masses.

interaction type | coupling C P CP Thjs UV model gives at first-order:
charge radius gi /m? +1 +1 +1
A A 2 2 A
X x mi/mz and =0
toroidal moment gy 1 g1 Ys V/ F Y4
anapole moment g2/m? _1 —1 41 sothe full couplings are independent of my,.

For such terms, a UV-completion gives the correct scaling of production rates,

4 4 !/ __ .
AN Xy gp /My, — 3

95 AN =TT.
which can stay valid until the SSB scale, which heavy dark higgs enters.
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V. Conclusions
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Conclusions

So far no heavy new particles, try something (with) light?

Multi-messenger constraints/observations will be important to

identify dark states;

Intensity/neutrino experiments play an important role.

Astrophysics can be extremely useful in probing light dark states.

Parameters/values of EM factors not always justified by UV

models.
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Milli-charged fermions, mostly in the literature
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