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The photon as new physics messenger

In cosmology, most information has been brought to us through photons;
especially true what regards the properties of the dark sector

=> In this talk, we consider new physics where photons directly point
back to dark sector physics

1 ) Cosmological 21cm photons as probe of new very light physics

M. Pospelov, J. Ruderman, A. Urbano, PRL 2018, arXiv:1803.07048

e “Photon-portal” to new physics - direct dark state photon couplings

X. Chu, JP, L. Semmelrock, PRD 2019 arXiv:1811.04095
X. Chu, J.-L. Kuo, JP, L. Semmelrock, in preparation



New Physics under the lamppost?

THIS 1S WHERE YOU
LOST YOUR WALLET?

\ .

NO, I LOST IT IN THE PARK.
BUT THIS IS WHERE THE LIGHT IS.
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The cosmic plechart

Energy budget

Dark Energy

69%

Baryons 4%

\

Radiation << 1%

CMB-inferred



The cosmic piechart

Energy budget VS. Number budget?

Dark Energy

69%

Baryons 4%

\

Radiation << 1%

Baryons 10-10

Dark Radiation can be dominant

CMB-inferred
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The cosmic plechart

Dark Radiation x% ?

Dark Energy

Dark Energy

69% 69%

Baryons 4% Baryons 4%

\

Radiation << 1% Radiation << 1%

CMB-inferred Low redshift Universe

ppr/p~ < 0.15 Planck OPTION 2: wpr < WCMB; MDR > MCMB;

WDRNDR K Ptot



How much is possible?

Number of CMB photons in the RJ tail until ®max

1 [mex w?dw Tw? .
nRy = — ~ X~ ().2] 7
T explw/T| — 1 272 “max (“CMB

NRJ
ncMB

For Tmax ~ 1077 ~107° r=w/T

For example, zmax = 1072, and saturating the permissible numbers:

NDR 5 102 ncMB, early DR with ANeff = 0.9

npr S 10° nomp,  late decay of 0.05 ppwm

=> It IS possible to add many more dark quanta in the RJ tail without running
Into Immediate problems with cosmology



Direct sensitivity to dark radiation?

Any direct sensitivity through a smaller branching fraction into SM states will
strongly depend on the details of the model

Consider, e.g. DM decay X — yyx

=> X — xxe' e decay is highly suppressed

BrX—>x>‘<e+e_ < 10_3Gimf‘§< ~ 10713 (mx = 1GeV, Gy = Gr)

Our Universe has the chance to be permeated by dark radiation that is
sourced by DM decay (or annihilation). What are the direct tests for it?

1) [£ dark radiation 1s a dark photou

=> 2Tcm cosmology! The new game tn fown.
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21 cm H hyperfine transition

higher energy state spin flip
} D (D
3] no

wavelength of 21cm

ni g1 {
no go

— 3|3

Ts spin temperature
2lcm or 14GHz or 6ueV

no + 3Hng = —ng(Co1 + Bo11,) +n1(Cro + A1p + BTOII/)

collisions Einstein coefficients

intensity of photons with 21cm wavelength
I, = Tw?/2r?

In reality, evolution is very complex, once Ly, & X-ray fluxes are generated by stars.

see Venumadhav, Dal, Kaurov, Zaldarriaga 2018



Evolution of spin temperature

see, e.qg., Loeb, Pritchard 2012

v[MHz] 200
103 |=_| 1 I | | | | | L |
— - gas is heated -
X, 102 =Py X-rays =
— = -
5 CMB .. i
10 e -
= et N o

Compton on Xe

radiative coupling  collisions of gas T
gas —

\ 10 o

10 100

T =T,

adiabatic cooling ~ (1+2)2

first sources inject Ly, => re-couples spin temperature to gas temperature



Evolution of spin temperature

see, e.qg., Loeb, Pritchard 2012

diati I collisions of gas Compton on xe
radiative coupling 9 Teas =T, = Ts

\ 10 o

v[MHz] 500 100
103 |=_| || | | | | | L L v
— [ gasis heated ——  \|.eXor :
X102 Fby Xrays 0\ e =
E~ . =
: CMB .k . gas Z
10 = e =
= et P N N
10 100
1+z

adiabatic cooling ~ (1+2)2

first sources inject Ly, => re-couples spin temperature to gas temperature



Age of the Universe (Myr)

150 200 250 300
0.2 : -
g 0 !", 4‘\., v \.\'\I!'/‘\. N _\‘I'/,\‘\
h‘? i N
§ -0.2
: : & — H1
What is measured in 21 cm T
cosmology Is a brightness g -04F —H3
temperature 2 4
H5
-0.6 H6
T(Ts — T7) A 1 l . 1 .
TQl(Z) — 1 26 24 22 20 18 16 14
—I_ < Redshift, z
15 (2 1+ 2
~ 23mKzg(z) |1 — r(2)
Ts(z) 10

Zaldarriaga, Furlanetto, Hernquist 2004

=> EDGES collaboration has measured anomalously low value (3.8 sigma)

To1(z ~17) = —-0.5K (16 < z < 20) Bowman et al 2018



Principal options in changing Ta:

T51(2) Q:ZSIDI(aq{(z)ll-—

T (2)
Ts(2)

|

1. Make baryons colder by coupling it to colder DM fluid

1+ z

10

Barkana;

Munoz, Loeb;
Barkana et al;
Berlin et al; ...

DM-baryon/electron cross section needs to be enhanced by 1/vA4 (i.e.
massless mediator, Coulomb-like.) Milli-charged DM constraints apply;
sub-% population may still do it.

1074
107°
1076
1077
107%
10—9;
10—102
10—11;

— (T%1) = =300 mK
B Planck 2015 constraints

BN SN1987A cooling
SLAC

1 MeV

10—12 |

——rrre—
1074 1073

IIIIVII T
102

Fx

LAY | T T 1 1 rr

10°

1MeV -

300 F-----=-~--
-500 -
1000 - == ====== === A= T e
— f = 04%
— fo=02%
fr = 0.05%
— £, =0011%
_3000L 2 MRS | 1 |
107 10°® 107 107

Kovetz et al:



Principal options in changing T21

T (2) 142

2. Add photons into the 21cm wavelength band at z~17
=> raises “effective Tcmg" in the low-energy Rayleigh Jeans (RJ) tail of the CMB

dnCMB _ w2 1 \ T'w N T 1 dncwvs
do  w2ew/T —1 " g2 w o dw

=> those extra photons engage in the H hyperfine transition

=> needs a careful modification of the CMB, that is only operative in the IR
(distavors direct DM decay into photons)

Rough criterion: double the amount of RJ photons at * = wa1 /Tcup = 1072



Principal options in changing T21

To1(2) ~ 23mK 25 () [1 _ Tr(Z)]

Ts(z)

1+ z
10

2. Add photons into the 21cm wavelength band at z~17

w21 ~ 1077

{]j p—
TcoMmB

CMB not measured at x ~ 10-3
.e below 100 MHz;
swamped by foregrounds

=> room to accommodate
primordial extra photons

=> will affect 21cm signal

107" —

10718

l, (Wm™2sr T HZT)

10722 L

10

Wavelength (cm)

1.0 | 0.1

10—19_

1020 :-

Penzias/Wilson

v

Atmosphare

— 2.73 K blackbody

- + FIRAS COBE satellite E
5 *x DMR COBE satellite
i x UBC sounding rocket
¢ LBL-Italy White Mt. & South Pole
o Princeton ground & balloon
MilchstraBe A& Cyanogen optical
| (Synclhro?roln)l o o o
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Frequency (GHz)



Extra photons in the CMB

dark vadiation = dark photons

Our main idea: CMB released
v
AcwmB
<t
! A/
a— A'A § A <1 — exira photons
A | | |
Zrec <res <21cm

A
A’ continuously
sourced by decay of a

Resonant conversion of
A’ into ordinary photons A

happens when ma = m'y(2)



Modification of the RJ tail of the CMB

Main idea: Rayleigh-Jeans
tailw/T < 1
dn A — A
dw
AcmuB
i > ()
W21cm
dnA dnA ClnA/
4 X Ppya A X Ppr_a

do = dw dw



DM decay into dark photons

Axion-like particle together with dark photon:

m2 a

1 2 a 2 ! ' uv
5:5(({%@) —70/ _I_4faFILLVF,u _|_£1414/7
1 1 € 1
LAA/ — —ZFEV — Z(F/;V)2 - §FMVF/,/LI/ _|_ §m?4/(A:,L)2

Lifetime can be anything from much shorter to much longer than the age of the
Universe

o m?> _3><10_4( Mg )3 100 GeV \ °
Yo64nf2 Ty 10~%eV fa

Axion decay to two normal photons does not work because f, > 10 GeV
and the rate is tiny.



Dark photon - photon conversion

my = ma(z)

107
- 21 cm §
10% - 15 <2<20 -
10 - E
— - T
% 10-10 Resonant région '%
10
= 10712 g
A - —
10-14 :
10—15 L] Ll L] - ]

109 101 102 103

<

photon plasma freq.

ma(z) ~ 1.7 x 107 4eV x (1 + 2)%/2XY2(2)

1014? ~
1013 21 cm .
W - 1552520
< 10120 5
Q 10 %
X L sa
= 101 x=14x107 2
< - g
S 1010 E:
A - I
10° -
= I \‘ I \‘ I |
101 102 103 104
<
transition probability
2, 2 2 |1
TE“M5, dlogm
Ppsar = Parp = A x 4
W dt ——

see also [Mirizzi, Redondo, Sigl 2009]



[1/cm?d]

dn/dx / (1 + z)°

Spectra at 21cm wavelength

dnar /dw
‘ \ ‘ \”\’ Cdl | /
0.8 m, =103 eV xqu,;;e(gxoo : 2
Phe O
Zres = 500 /’(e(eﬁvc : dnCMB/dw ~ TCMBCU/T(’
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DM litetime vs. photon count

fa [GeV]
Example: 10510 109 104 10°
F|X|ng progen”:or mass Conversion probablhty
3 E 102 - Stellar Pasa>1 .
m, = 1077 eV E;? - energy losses ]
v S T 4 ]
“ N
and DP mass such that v 10! ma = 10° eV TN
c - \ N
B "N Zres = 500 \ ]
— & B \\ \ N
Zres = 500 - 100: E \\ -\ -
Y 7 X N A = IR \ -
we obtain the possible < % N Oo@ >
enhancement in the = 10-1. & N2 g
photon count at x = 10-3 = - & > @7 \\
i X0} YN
- \@ A

—2 [ LI [ Ll [ Ll | \}MHH [ R [ Ll [ L

green line: count doubled . 100 102 103 104 105 106 107

=> EDGES amplitude explained



Kinetic Mixing vs. DP mass

Imposing nara/nry =1,
l.e. requiring that EDGES

amplitude Is explained, and
for one value of axion mass

=> yields parameter space
iIn DP mass vs. epsilon

=> much allowed.
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Adaitional signatures

(preliminary)
Coma Cluster
200 % tSZ + conversion -- - %
* Further constraints on the model will exist 100 £ 52 —
from conversions in the low-z Universe, e.g. 0
< 100 b E
2 :
S 200 & E
- from thermal SZ-effect measurements <
. e —300 -
in specific Clusters |
- from “lines” from axion decay inside ek Ta=50f
DM haloes today 600 Fradbate e e
0O 02 04 06 0.8 1 1.2 14

w (meV)
e [nteresting connection to ARCADE 2 radio observations. Measurement of
(extragalactic) sky temperature in the range 3-8GHz show excess
[compare FIRAS > 13 GHZ]

e Can we learn more about EDGES, e.g. by considering the shape?
(steep turn-on of the feature)



© Dark States with EM-interactions

X
A
Electromagnetic neutral particles x can interact with J\’<
the photon through higher-dimensional operators X

For a Dirac particle, best known are magnetic and electric dipole moments

Hyipm = — iy (é + Oy) T “
P and T even d ﬂu P d;

Hepm = —dx(E Oy ) \ij dT
Pand T odd => CP violating : V;/



Dark States with EM-interactions

X

Ay

Electromagnetic neutral particles X can interact with
the photon through higher-dimensional operators

Charge radius interaction and anapole moments

Hanm = —ay(J-3,)  Zeldovich 1958

P odd but CP even
Heg = —by (V- E)

Pand T even




Dark States with EM-interactions

Effective operators

millicharge (eQ):
magnetic dipole (MDM):

electric dipole (EDM):

anapole moment (AM):
charge radius (CR):

Ay

X

X
ee XV x AL, dim 4
1 e
5:“)( Xo-'u XF,LLI/7
%dx XJW/’Y5XFW/7 d|m5
ay XYY’ X0 F
by XV X0 F 0. dimo6

NB: Millicharged states at the intensity frontier have previously been

discussed

Prinz et 1998; recent refs Magill et al 2018; Berlin et al 2018,



Origin of form factor interactions

a) COMPOSIteNess

e.g. Bagnasco, Dine, Thomas 1994; Foadi, Frandsen, Sannino 2009;
Antipin, Redi, Strumia, and Vigiani 2015

o) radiatively (possibly enhanced by mass degeneracies)

\YaLIDY Q‘QA,VP J Q Imyvy})
My ™~ x
Ty my
b Qlyav|”
Ay, Ox ™ VE
Qlyav|? 1
b, ~ ’ X —
Or “xr Ox My Am

see also recent ref. Kavanagh, Panci, Ziegler 2018



Muon g-2

e Muon g-2 puzzle: (3-4)o tension between SM prediction and
measurement

Aa, = a;]”P — a,EM = (290 +90) x 10~

® Prospective solutions became a driver for intensity frontier efforts,
think: dark photon. 107

1078

10_9

10—10

—6
10 T T T 7T

10 MeV 100 MeV 500 MeV Pre-2021 ]

m 10—11 1 e
g 1073 102 10" 1

mpea [GeV]
Pospelov 2009 2016 Dark Sectors **Community Report**




Muon g-2

e Muon g-2 puzzle: (3-4)o tension between SM prediction and
measurement

Aa, =a,; " — aiM = (290 £ 90) x 10~

¢ For form-factor interactions, contributions enter through the vacuum
polarization

e.g. use dispersion relation + unitarity

1

— 1.3
4T 4m§<

Aay, dS O et e~y (8) K ()

solution to g-2 for

Bx|s |dy | ~ few x 10~ g

=> we shall see, that it is excluded by BaBar



Precision tests

e |n EW theory, Gr, mw and mz are related and receive calculable
guantum corrections, summarized in the Ar parameter

2

A
Arops = 1 — —5>— = 0.03492 + 0.00097 Ag = (ma/V2G )
MWSw

2 =1 - Mj /M3

—0.0038 < Arpew < 0.00018 (tighter upper limit from 1.8 tension)

Running of a contributes Arpew ~ II(—M3z) — I1(0)

X
Y Y x| or [dy| <3.2x 10 °up

(saturating upper limit)
lay | or |by| < 3.2x107°/GeV?
(saturating lower limit)



EDMs

¢ Recently, ACME collaboration improved bound on electron EDM

de] <1.1x107* ecm =6 x 107 ¥up
* Dark states may induce an EDM operator via insertion of dark d,,

~y 3loopitis
EDM de ~ e*med, x (mass)™!

1 2

(mass) ™! ~ ee? /m,, ,uimx,

2 2 2, 3
dypymy, bydims ...

e e e.g. dim-5 operators only:

(107° — 1075) s\ /GeV /my



Rare Meson Decays

e X pair-production through ¢ in flavor changing s->d and b->s transition
closely relatedto K™ — n7l*l~ and BT — KTIT]~

W

e.g. for Kaons fﬁ?\l
u,C, v
S —>» > — > S—)|

_ 2

DK™ = 77xx) 1o 108 (ot dy y

'K — mete™) B

DK™ = 7txx) 06 % 104 [ O by : e
'K — mete™) TeV?2 s

constrained from Br(Kt — 77 +inv) <4 x 1071 E949; see also NAG2

x| or dy| S 3% 10~ up
lay| or |by| <0.2GeV~?

likewise for BI‘(B+ — KT + inv) <7 X% 10~° BaBar 2003



A target for the intensity frontier

e.qg. utilizing electron beams

e (p1) 1E) Y(px) 1. search for missing momentum in
ete- colliders such as BaBar, Belle,
o S Belle-Il and BESIII

p2) x(px)
X . : '
q \J< , 2. search for missing energy in e-
e —D— e fixed-target experiments such as
g a1 NA64 and LDMX
N —> > X,

3. direct search for XN or xe-
X— é’ — X scattering of x particles produced in
d1
>

e- fixed-target experiments mQ, BDX
o (at SLAC or Mainz)




Direct sensitivity

dim-5
magnetic or electric dipole

10_2 F T T T T 1T Y{ T T T T T Y{ : T :
: BT — KT +inv : .
~ ISEE.
i
5 s
1073 & S g
R
n
< 1074 | ; -
=< - ]
i L

107° Belle IT (systematics limited) -

-----------------------------------------
.....
-------

et “Belle I (statistics limited)

106

0.001 0.01 0.1 1

p ™ (GeV)
up >~ 2 x 107" ecm

LDMX |: 4x1014 EOT, 4 GeV beam on W
LDMX |I: 3.2x101% EQOT, 8 GeV beam on Al

101

102

a, or by, (GeV~?)

1074

0.001

dim-6

anapole / charge radius

T IIIIIII‘

Bt - Kt +inv
KT > a1t +inv
NA64

T IIIII‘

BaBar

Belle II (systematics limited)

T

II.IIIII‘
-

.
.
.
Y
[y
.
-----------

Belle IT (statistics limited)

“‘
.

0.01

0.1
my (GeV)

1

mQ: 8.4x1018 EQT, 29.5 GeV beam on W
BDX: 3.2x1022 EOT, 11 GeV beam on Al
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Form-factor “landscape’

in preparation with X. Chu, J.-L. Kuo, L. Semmelrock

=5 see Jui-Lin Kuo's poster

109



Photon as New Physics Messenger

21cm cosmology is new probe non-standard population of soft
photons, sourced by nhew physics processes

Cosmic pie-chart in number densities is largely unwritten. Our Universe
could be filled with dark radiation, and when the energy of quanta is
small, it can be so in large numbers;

Dark photon sourcing particles, that supply an extra population of
cosmological photons through resonant conversion => can account for
EDGES signal

Neutral sub-GeV dark sector particles may directly talk to the
photon through electromagnetic interactions

We are ftilling the “landscape” in form factor coupling and dark sector
mass; another science case that lines up with much activity on the
“Intensity frontier” and the exploration of light dark sector physics



