What can 21 cm line at cosmic dawn tell us about
fundamental physics?

RabiFest

University of Maryland, College Park, Maryland

October 20-21, 2022

PN

Northeastern University, Boston

October 21, 2022

1 University, Boston RabiFest: October 20-21, 2022 October 21, 2022

1/37



Rabi Mohapatra

Rabi has made innovative contributions on the frontiers of particle
physics ranging from electroweak physics to physics at the GUT scale.

o L-R symmetric models

e Spontaneous violation of parity
@ v-masses

e Strong CP problem

e n — n oscillations

e Dark matter
e SUSY
e SO(10) grand unification

@ + many more.
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@ My most overlap with Rabi’s work is via his paper with Bunji Sakita! which
discussed SO(2N) algebra in an SU(N) basis using oscillators.

@ Using oscillator formalism my student Raza Syed and I developed a field theoretic
formulation for the computation n-point Higgs-fermion and gauge -fermion
couplings 2.

@ These techniques are uniquely suited for the computation of couplings involving
constrained multiplets such as 144 and 5603

r,eh =0, 16 x 10 —16 = 144

TuPhY =0, 16 x 45 — 160 = 560

!R. Mohapatra and B. Sakita, Phys. Rev. D 21, 1062 (1980)
2PN, R. M. Syed: PLB 508 (2001) 68-76); Nucl. Phys. B. 618 (2001)138-156.
3K. S. Babu, I. Gogoladze, PN, R. M. Syed: Phys.Rev.D 72 (2005) 095011; Phys.Rev.D
74 (2006) 075004; Phys. Rev. D 85, 075002 (2012).
i b RabiFest: October 20-21, 2022 October 21, 2022 3/37




Outline

Thermal history of the universe in brief and physics of 21 c¢cm line
at cosmic dawn.

e Data from EDGES * not explained by the ACDM model.

A possible explanation from Stueckelberg hidden sector model
with milli-charge dark matter to explain the EDGES anomaly.

Possible connection with strings. Future prospects.

44The Experiment to Detect the Global Epoch of Reionization Signature,” st Murchison
Radio-astronomy Observatory in Western Australia.
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Thermal history of the universe in brief

Time Temp 2z = Aobs/Arest — 1 Epoch
10~ %5 1019 GeV Quantum gravity: Ev/Gny =1
10737s 1016 GeV SUGRA /grand unification®
10—125 103 GeV Weak scale supersymmetry®
10—10g 102 GeV Higgs & EW phase transition?
10—455 0.2 GeV Quarks to hadrons transition®
(1-100) s (1-0.1) MeV BBN (2H,%H, *He,"Li)
380,000 yr ~1eV 1100 (recombination) e~ +p— H(ls) +~v, CMBR
(0.5-1) billion yr ~ 1073 eV (10 — 30) Reionization-cosmic dawn.
13.8 billion yr 2.35 x 1074 eV z=0 Current times

550(10) — SU(3) x SU(2) x U(1)y
Charginos, sleptons and squarks with masses in TeV range expected and discoverable at LHC.

N o

SU(2) x U(1)y — weak force+ Electromagnetism.

Higgs breaking: SU(2) X U(1) = U(1)em-

Quarks and gluons become bound into protons and neutrons.
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21 cm line at cosmic dawn

@ 21-cm line arises from the spin transition from the triplet state to the singlet state
and vice-versa in the ground state of neutral hydrogen.

@ Spin temperature T is defined by the relative abundance of triplet vs singlet states of
the Hydrogen gas!®
ni T

2L 37 T
no

where 3 is the ratio of the spin degrees of freedom for the triplet versus the singlet
state, Tk is defined by AE = kT, where AE = 1420 MHz is the energy difference at
rest between the two spin states,

he

= — = 0.068K.
k)\Qlcm

T

10
Baryon temperature Tg = T
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EDGES data

o EDGES reported an absorption profile centered at the frequency v = 78 MHz in the
sky-averaged spectrum.The quantity of interest is the brightness temperature To1 of the

21-cm line defined by
Ts — T

To1(z) = i z’Y (1 —e 7)),

7 is the optical depth for the transition.
The analysis of Bowman et.al.}! finds that at z ~ 17, Th; = —50072%0 mK at 99% C.L.

—500

e Cohen et. al. 12 analyzed the 21-cm signal as a function of the redshift and found that
using 193 models within in the standard cosmology the temperature 751 is maximally

To1 ~ —250 mK, z=(6—40).

11J. D. Bowman, A. E. E. Rogers, R. A. Monsalve, T. J. Mozdzen and N. Mahesh, Nature 555,

n0.7694, 67-70 (2018).

1
2AA Cohen, A. Fialkov, R. Barkana and M. Lotem, Mon. Not. Roy. Astron. Soc. 472, no.2,
1915-1931 (2017) [arXiv:1609.02312 [astro-ph.CO]].
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Possible explanations of EDGES anomaly 13

Astrophysical phenomena such as radiation from stars and star remnants.

@ The CMB background radiation temperature is hotter than expected.

@ The baryons are cooler than what ACDM predicts.

@ Modification of cosmological evolution: inclusion of dark energy such as Chapligin gas.

e I will discuss here the baryon cooling by DM which assumes a small percentage of DM
(~ 0.3%) is millicharged and baryons become cooler by Rutherford scattering from colder
dark matter.

e However, before going further one might ask what is the origin of millicharge.

13 . . . . . .
Barkana, Loeb, Prichard, Furlanetto, Kovetz, Munoz, Dvorkin, H Liu, Moroi, Kamiokonski,
Valentino, Vagnozzi - - - .
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Millicharge with two U(1)’s: U(1)x and U(1)y

e Holdom showed that with kinetic mixing, massless gauge fields of two U(1)’s allow a
millicharge'* which, however, is phenomenologically not viable.

e The problem of two massless gauge bosons is overcome in Stueckelberg mass mixing of
two U(1) gauge fields which allows a millicharge with one massless gauge field®. The
existence of millicharge is consistent with anomaly cancellation.

L = Lsm + Lhid + LsM—nhid>

1
LSM—hid = —5(%0 + M1Cy + MaB)?,

Particles : Cy, 0, (dark gauge field, dark axion).
My, M2, (Stueckelberg masses).
€ = My/My, (millicharge=ee).

14B. Holdom, Phys. Lett. B 166 (1986) 196.

B. Kors and PN., Phys. Lett. B 586, 366-372 (2004); JHEP 12, 005 (2004);
A. Aboubrahim, PN, Z. Y. Wang, JHEP 12, 148 (2021).
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e Couplings of hidden and visible sectors in a mass diagonal basis:

Lhid-vis =€~ eD’y“DAZ +ezeDy*DZ, v, Z couplings
+ Eff'y“(v} - vsa})fAZ +9x D'y“DAl ~" couplings

€y,€z,€5 are O(e = Ma/My), gx = O(1).

@ All the couplings exhibited are needed for generating a consistent cosmology.
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Early time evolution.

The early time evolution determines the boundary conditions for late
time evolution specifically the amount of millicharge dark matter.
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Hidden and visible sectors in different heat baths

Visible sector

Hidden sector

A consistent analysis involves an equation for the thermal evolution
function £ = Ty /T.
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Thermal evolution of the universe with different different
heat baths

@ In most treatments separate entropy conservation for hidden and visible entropies is
assumed. However, for coupled visible and hidden sectors only the total entropy is

conserved.
d(a® d(a®
(@s0) _ o d@Sh) _ ) (invalia).
dt dt
d 3
(Zts) =0, s =5y + Sp.

@ The total entropy density and the Hubble parameter involve two temperatures: T, T},.

27r 87rGN

(h &5 + higT?), H> = ——=(po(T) + pn(Th))-

@ Thermal evolution with two heat baths involves evolution equation for d¢/dT,.
Recently a general analysis on the thermal evolution of the universe with different
heat baths has been developed 16,

@ We use this formalism in the analysis of the relic density of the millicharged dark
matter

1

6AA Aboubrahim, W. Z. Feng, P.N. and Z. Y. Wang, Phys. Rev. D 103, no.7, 075014 (2021)
(2 heat baths); JHEP 06, 086 (2021) (3 heat baths)
A. Aboubrahim and P. N.,JHEP 09, 084 (2022) (n heat baths).
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100
_f\,f—\ Benchmark (b)

107!

=T,/T

111 11 I

§

103
10-° 10-4 10-2
Visible sector temperature, T [GeV]

100 102 104 100

Evolution of £ = T} /T as a function of the visible sector temperature T'. The ratio levels off

at £ = 0.5.
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Relic density of millicharged dark matter

Dark freezeout: Chemical decoupling of dark fermions from dark photons

10t
—
_— Yp
2 fasieeaaaaann..,
10 —_— Y, (A=107)
- Y, (A=1072)
w 10774 == Yp'(Tn)
~ req
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Il 10784
cwd w0 \\ 77777
o 10 'I J
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Hidden sector temperature, T}, [GeV]

17

A. Aboubrahim, PN and Z. Y. Wang, JHEP 12, 148 (2021).
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Late time evolution
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Evolution of temperature of baryons (T5) and of DM (Tp) at Reionization

For the Stueckelberg extended model the evolution equations of baryon and DM
temperatures, T and Tp, and of the ionization rate x. are given by '8

dTp _ Lo oy 2 g
(1+2) - 2TD+H(Z) (Tp —Ty) 3H(2) Qp,

dTp Ie 2
(427 =20+ 5 T =T = 55, 9

dze
H(z)(1 +z)di —C [nHang 41— me)BBe—3E0/4T7] .
4

H(2) = Hoy/Qum(1+2) + Qp + (1 + 2)2.
Qm = Qp + Qc¢, Qp = 0.685, Qf = 0.001.
C is Peebles factor, I'c is the Compton interaction rate; I'y (negligible).
QB, QD couple Tg and Tp via millicharge couplings.

ap is a recombination co-efficient and Bp is photoionization rate.

18A. Aboubrahim, PN and Z. Y. Wang,JHEP 12, 148 (2021). For earlier work see
J. B. Munoz and A. Loeb, Nature 557, no.7707, 684 (2018).
E. D. Kovetz, V. Poulin, V. Gluscevic, K. K. Boddy, R. Barkana and M. Kamionkowski, Phys. Rev. D
98, no.10, 103529 (2018)
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A brief history of ionization fraction

@ Reionization and recombination of ground state of hydrogen was discussed by Saha in
192019
e~ +p<+— H(ls)+~.

Assuming thermodynamic equilibrium Saha computed the degree of ionization of
hydrogen in a thermal bath.

@ Saha’s analysis did not take into account excited states. Later works by Peebles 20
and by Zeldovich and Sunyaev 2! took into account these states of the Hydrogen
where

e +p+——Hnl)+v, n>2

@ Additionally we have to take into account effect of Hubble expansion on the
ionization fraction.

19M.N. Saha, PMag. 472, 809 (1920)

20p_J.E. Pecbles, APJ, 153, 1(1968)

2lya. B. Zeldovich, and R.A. Sunyaev, Ap&ss, 4,301 (1969).
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The brightness temperature of the 21-cm line

The quantity of interest in explaining the EDGES result is the brightness temperature To;
of the 21-cm line defined by

Ts — T
R

7 is the optical depth for the transition

3T A10A3, 1
- 32nTsH(z)
Here
T« = 0.068K

A1() = 2.869 x 10715 571 Einstein co-efficient for spontaneous hyperfine transition
A21 = 21.1cm
nur = na(l — ze),
. : free electron fraction.
Ty =Tg
H(z) : Hubble at redshift z
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Fit to EDGES data 22

109 | mp=1MeV,ep=3x10-" 108 mp=5MeV,ep=3x 107

108 L mp =15 MeV,ep =3 x 107

— Toup — Tonp — Tos

10! T5(ACDM) | 10! ) TH(ACDM) | 10} Tp(ACDM)
Ty { Ty { I Ty
—_—T { —_—Tp -_—Tp
¥ EDGES 1 W EDGES W EDGES

o 7 100 . 100 [ .
10! 10° 10 10° 10 107

The evolution of the CMB (black line), baryons (orange line), and DM (blue line) as a function of the
redshift. The pink dashed line is the T'g evolution in the ACDM model. The three panels correspond to
three different values of mp and fixed ep = 3 X 107° and fgq, = 0.3%. It is seen that for mp small,
baryons and DM have a faster heat exchange so they thermalize early on and DM cools baryons more
efficiently. The red point with vertical error bars in each of the three panels represents the EDGES
measurement.

22

A. Aboubrahim, PN and Z. Y. Wang, JHEP 12, 148 (2021).
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Millicharges, BSM physics, quantum gravity

Millicharges do not exist in the Standard Model. However, they can arise in BSM physics.
Some examples:

@ Witten effect: In CP non-conserving theories, the electric charge of a
t’ Hooft-Polyakov magnetic monopole will be —ef/27 which is a millicharge if 6 is
small?3.

@ Kinetic mixing of two U(1)’s can generate a millicharge when both gauge bosons are
massless??. The millicharge disappears if one of the gauge boson becomes massive
such as for the case of a massive dark photon 2°.

@ As noted earlier perhaps the simplest way to generate a millicharge when there is one
massless gauge field is via mass mixing in the Stueckelberg mechanism?6. St
mechanism has a strong link with strings 27.

@ Banks and Seiberg point out?® that quantum gravity puts a constraint on the mixing
parameter in that a single massless field coupling to charged matter requires the
charge to be rational.

235, Witten, Phys. Lett. B8G, 283-287 (1979).

S. Coleman, “Magnetic monopole fifty years later”, A. Zichichi (ed.) Plenum 817p.

24B. Holdom, Phys. Lett. B 166 (1986) 196.

25D, Feldman, Z. Liu and P. N., Phys. Rev. D 75, 115001 (2007).

26B. Kors and PN., Phys. Lett. B 586, 366-372 (2004).
27For U(1)’s in strings see, e.g., Abel, Benakli, Feng, Ibanez, Ignatios, Kiritsis, Rizos, Shiu,- - -
QSTA Banks and N. Seiberg, Phys. Rev. D 83, 084019 (2011).
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Stueckelberg mechanism from strings

@ Green-Schwarz 29 found that in the low energy limit of Type I strings the kinetic
energy of 2-tensor Bjsn of 10D Sugra gives

OpBun) = OpBun +wg\)[N - wg}\)lN

Subsequent to GS work the low energy N = 1 supergravity Lagrangian in 10D
coupled to Yang-Mills was generalized fully to order k2 (k = Ml;ll) ELR

@ Expanding the kinetic term for Bj;n one has from the Yang-Mills Chern-Simons form
OpBuny+ApFun+ -+

Dimensional reduction to 4D with a vacuum expectation value for the internal gauge
field strength, (F;;) # 0, leads to

BHB”- +AuFij + R aHO'-f—mAH y
on identifying the internal components B;; with the pseudo-scalar o and the value of

the gauge field strength with the mass parameter m. Thus A, and o have a
Stueckelberg coupling of the form A, 0"c.

29M. B. Green and J. H. Schwarz, Phys. Lett. 149, 117(1983)

30 A. Chamseddine, PN, PRD 34, 12, 3769 (1986);
S. Gates and H. Nishino, PL 173B, 52 (1986);
L.J. Romans and N.P. Warner, Nucl. Phys. 8273, 320 (1986);
E. Bergshoeff, A. Salam and E. Sezgin, Nucl. Phys. B 279, 659-683 (1987).
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The Stueckelberg mechanism enters in the Green-Schwarz anomaly cancellation where the
ABJ loop contribution to the anomaly is cancelled by a tree contribution.

The tree contribution arises here from the exchange of the o field.

mAFO,0 + S Fu FHV.
m

An anomalous U(1) will get massive through the Stueckelberg mechanism since m.c # 0,
but a non-anomalous U(1) will do so as well if ¢ = 0 but m # 0.

Strings could thus be the embedding framework for Stueckelberg mechanism and for
millicharge.
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Future prospects to probe 21 cm line at Cosmic Dawn
The Low Frequency Array (LOFAR) in Netherlands. Bandwidth: (10-230)MHz.
The Murchison Widefield Array (MWA)) in Western Australia. (80-300) MHz.

Broadband Instrument for the Global HydrOgen ReionizatioN Signal (BIGHORNS)
Murchison Radio-astronomy Observatory. (70-300)MHz.

Large-aperture Experiment to Detect the Dark Ages (LEDA). Owen’s valley,
California; Socorro, New Mexico. (30-88)MHz.

The Precision Array to Probe the Epoch of Reionization (PAPER), Northern Cape,
South Africa. (100-200) MHz

the Hydrogen Epoch of Reionization Array (HERA) in South Africa. (50- 250) MHz.

The Square Kilometer Array (SKA) in southern hemisphere with cores in South
Africa and Australia with headquarters at Jodrell Bank Observatory in UK.
(70 MHz-25 GHz).
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SKA MeerKAT, South Africa. SKA Murchinson, Australia.
70 MHz-25 GHz.
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Large Aperture Experiment to Detect the Dark Ages (LEDA) at Owens
Valley in California. (30-88) MHz.
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Conclusion

@ A variety of current and future telescopes will probe the cosmic
dawn in greater depth and will test the EDGES result.

o If the EDGES effect is confirmed and millicharge turns out to be
the preferred solution, it would require a paradigm shift in our
view of the standard model of particle physics as well as the
standard cosmological ACDM model.
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An underlying theme of Rabi’s work has been to create models beyond the
standard model and he has been super successful in that!

‘While Rabi is justly recognized as a leader in neutrino physics his contributions
stretch far beyond.

The sheer volume of Rabi’s output is off the charts!
So
Congratulations Rabi!
For your wide ranging contributions to particle theory
and

for mentoring a generation of particle theorists.
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Extra slides
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Peebles factor C3!

3 1

_ ZRLya + ZA2S,1S

= 3 1 :
BB + §RLya + 7M2s,15

@ Rryo: Rate of escape of Lyman alpha Lya photons

8mH(z)

3ngris )\iya

RLya =
@ Apyq = 27/En1; En1 = E2 — Eo = 3/4Fy.
@ Aog 1. =822 s~L: The total 2s — 1s two-photon decay rate.

@ npyxis ® 1 — xo: Number density of ground state population of neutral hydrogen in
the recombination epoch.

3

]"PA J. E. Peebles, Astrophys. J. 153, 1 (1968).
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Compton interaction rate I'.

B 647r3oz2TfYl Te

I'e.= 3 .
136m2 14 zc + fue

@ T,: CMB photon temperature

T, = 2.726(1 + 2).

@ «: Fine structure constant.

@ fhe: Helium fraction.
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ap and f[pg
@ «ap is a recombination co-efficient given by

a(10~4Tp)°
1+ c(10-4Tg)d’

ap(Tp) =10""
where a = 4.309, b = —0.6166, ¢ = 0.6703, and d = 0.5300.
@ [p is photoionization rate which can be obtained from ap by detailed balance

Bp(Ty) = %P2/ Tinpap(Tp = T),

(:U'GT’Y)S/2 1
ge =\ —(5 )
2 nH
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1074 4

Mass mixing, €

Sawm ~0.3%

My ~ 3
v 2N Luch

vCAL

103 102 10t 10°

Dark photon mass, m. [GeV]

Plot of the mass mixing parameter € versus the dark photon mass where the constraints shown from
various experiments are discussed in the text. The region in blue corresponds to the parameter space
giving fqm ~ 0.3% and is consistent with the allowed region in the e p-mp plane only within the region
not excluded by T21 bounded by the hatched red curve. Here we set Qx = 1 and gx = 0.2. mor o~ 3mp

indicates that we are able to deplete the DM relic density to the required fraction.32

32A. Aboubrahim, PN and Z. Y. Wang,JHEP 12, 148 (2021).
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ANEff
The extra relativistic degrees of freedom: one has
4Any (11\*3 /T \*
AN, ~ — —
A ( 1 ) ( T )
In the model Any = 1 for the massless field ¢. At BBN time & = T}, /T = 0.5 which gives33
ANgy5 ~ 0.14 consistent with the experimental limit of ANy ~ 0.2.

10
— \’f—\ Benchmark (b)

107!

T,/T

111 I 1

§

10-%
10-¢ 104 102 10

Visible sector temperature, T [GeV]

102 10! 100

Evolution of £ = T}, /T as a function of the visible sector temperature T. The ratio levels off

at £ =0.5.

33A. Aboubrahim, PN and Z. Y. Wang,JHEP 12, 148 (2021).
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Kinetic equilibrium

Benchmark (b)

I
<
T Kinetic decoupling

I 313 ] Kinetic decoupling °

o 107 Kinetc deconpling of D 6 6D

s

£ 1074 :

I i 5 KoV

~ 104 i Tia ~ 1.2 keV

100 A=10"
100 10 102 103 101 10° 109 107
x=mp/T
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The sources QB and Q.D

The quantities Q B and Q.D couple the evolution of Ty and Tp and are

2
T mpmg o) 2eTi/2 F(r
fdm . 5 = *T(TD*TB)+mDQ , (D)
1+fHet ep(mDert) ut T U r
mpm o 2e ’rt/z T
Qp =nuze Y BT 20 2 (Tp —Tp) +ms Elre) ) 2)
teep (mp +m)? g ™ Tt

file = nue/nu ~ 0.08 is the ratio of the helium to hydrogen number densities. The function

F(re) is given by
F(r¢) = Exf (%) f\/gn e e/, (3)

Here r = Vpp/ut, where 4t is the average velocity due the thermal motion defined by

ﬂt:\/TB/mt—l—TD/mD. (4)

my is the target mass which could be either an electron or a proton.
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o

Ty k]

mp [MeV]

Exhibition of the dependence of T21 at z = 17.2 on ep (left panel), on fq,, (middle panel) and on mp
(right panel). Left panel: the three curves correspond to mp = 1 MeV (blue line), 5 MeV (orange line)
and 10 MeV (green line) with a fixed fq,, = 0.3%. Middle panel: The three curves correspond to the
same three values of mp as in the left panel except that here ep is fixed at ep = 1075, Right panel:
Here the three curves correspond to values of e to be 3 x 107% (blue line), 1 x 10~° (orange line) and
3x10°° (green line) with a fixed fq,, = 0.3%. In all panels, the red hatched region is excluded by
Ta1 > —300 mK while the blue hatched region is excluded by Ta; < —1000 mK. 34

A. Aboubrahim, PN and Z. Y. Wang,JHEP 12, 148 (2021).
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