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Portals to the Hidden Sector

connecting the visible world to the dark side

(H'H) (Ap + \¢”) “Higgs Portal”
(a minimal model of DM)

LHN “Neutrino Portal”
likely realized in nature (neutrinos
have mass); sterile neutrinos

FY v “Vector Portal”
8 Kinetic mixing of abelian
field strength tensors



The kinetic mixing portal
‘Dark Photons”

SU(3). x SU(2)L x U(1)y x U(1)

Standard Model X “dark sector” with vector particle V*#
Ky o at low R
g twV cnergies . 2 ‘{
hypercharge photon
field strength field strength

NB: V., must be massive, otherwise k can be rotated away.



Radiatively induced kinetic mixing

Assume there are particles charged both under U(1)y and U (1)’
of arbitrarily heavy mass M

/

gy g Auv . o, ,
K~ o3 X log< i ) non-decoupling” [Holdom '85]

=> kinetic mixing can be a low-energy messenger from high scale



Dark Photons

K
Two equivalent ways to think about —§FWV“”

A. Keep the mixing as a

perturbation: “Light-shining-through-wall’

e (LSW) experiments
V Y
/<;p2 Y V Y
e ...suggests... AN IAMANANNANN
eAuJpu
o 4
Photon-Dark Photon probability ocxk

mixing manifest sensitivity when my ~ wy



Dark Photons

K

: F,,Vt

Two equivalent ways to think about —

B. Diagonalize kinetic term:

Direct production Iin

€ experiment:
|4 Ke v,
€ ...suggests... - d\,w’” -

Ordinary matter has milli-
charge under new force “Intensity Frontier’



Dark Photons

‘Intensity Frontier”

precision 2015
- . — beams on
: WASA fixed target

(g o 2)6 q)?
10° e — e V- e ete

108 flavor

factories

e-beam NA48/2 _ _
107 E141 ete > N *yl+l

dumps [ |1|0 | | 1 [ B | '11(|)2 ]

m,, (MeV/c?) 7 vV — ’}/6+6_

e — eV —>Ze ete”
latest results from BaBar, A1, NA48

Future facilities, e.g. HPS, SHiP proposal,...



Dark Photon Landscape

Jupiter SRV
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Cold Dark Matter
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Dark Photon Landscape

Jupiter SRV

Log,omx[eV]
Dark Photon becomes
a dark matter candidate

(Fig. from Jaeckel 2013)
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Outline

@ Astrophysical constraints on keV-mass Dark Photons

Mini-review on stellar energy loss (see also Javier's talk yesterday)
Laboratory limits from direct detection

An, Pospelov, JP, (Ritz) 2014 & 2015
@ Cosmological constraints on MeV-mass Dark Photons

Fradette, Pospelov, JP, Ritz 2014
Primordial nucleosynthesis as a tool test for new physics

@ ALPs (or other MeV-scale particles) during BBN

A new solution to the “cosmic lithium problem”
Goudelis, Pospelov, JP 2015



Astrophysical constraints

my < 1 MeV

Stars are supreme laboratories to test (and exclude!) light, feebly
interacting new particles. E.g. Sun core temperature 7' ~ 1keV

=> Particles with mass < O(keV) are kinematically accessible
and can be produced!

=> Energy loss affects stellar structure and their litespan.



Reaction to energy l0ss

<Ekin - Egrav> \

1. Stars supported by radiation pressure (active stars):
1
Virial theorem: {Exkin) = _§<Egrav>

=> (Gravitational potential energy becomes more negative
(tighter bound)

=> average kinetic energy increases, star becomes hotter,
negative heat capacity

2. Stars supported by degeneracy pressure (white dwarfs,
neutron stars): pPossess positive heat capacity, the star
indeed cools by the energy loss



Stars as laboratories

See Raffelt’s book!

Hot, blue
| | | ] T 1 1 1 l | 1 1 T I 1 | 4 4

Red Giant

C’O'. :."."':
\White Dwarfs

PR S S SN SR T ST S N SR R ST SR N SR S S
. 0 1 2 3 .

Horizontal Branch (V-1), Cold,red  Main Sequence

Globular Cluster color-magnitude diagram
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Astrophysical constraints

Accelerators

-Q'Dl\/Ihz >0.1

SN dimming

SN1987a |

-11
White Dwarfs

-13

L bbb b b bbb ba bt dadal
w-2 0 2 4 6 8 10 12 14

e.g. millicharged particles



Stellar Production

For my < 1keV hidden photons are produced in the solar interior

K
2

on—shell V
F, V" +edt A, > Ling = —kmy A VH + el A,

2

T
i
fransverse resonance longitudinal resonance
my, = Rellp = w, mi, = Rell, = womi, /w?
< w2 — w2

wp = plasma frequency g



Stellar energy loss (here: sun)

flux at earth (1/cm?/sec/keV)

10%2

1020

1018

1016

10" |

longltudmal Bremsstrahlung

resonant emission
of longitudinally
polarized vectors

INside the sun:
leV < wp <300eV

=> resonance can
always be met for

my/ < l1eV



kinetic mixing s

Solar energy loss

Coulomb ALPS-I

ALPS-IT *,
(proj.)

1071021074103 10721071
my (eV)

1

CAST (T)

Laark < 0.1Lg

Lo = 4 x 10%° Watt

energy loss heats up
the sun => greater

neutrino flux constrained
by SNO



kinetic mixing k

Solar energy loss

Position of stellar limits
understood from:

Sun wp(r=0)~300eV,
HB wp(r=0)~2.6keV,
RG wp(r=0)~ 200keV.

see also Redondo, Raffelt 2013

dl'\prod
dw

101

g

102 103 104
my (eV)

2r2 w2 —m?

/T — 1 0w (r)/or]

10°

2,,4

y k’m%w? longitudinal,
K“my, transverse,
T=Tres



Solar Dark
PhOtOﬂ ﬂUX atomic end of

lonization resonance
threshold region

1018 - k=10"" -

1016 L _

~

14 [ - _
]_O /// T \\

1012

best sensitivity to stellar
flux in the sub-keV
energy regime

1010

flux at earth (cm™2s 1 keV 1)
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Dark Photon absorption in
Dark Matter experiments

Direct detection experiments search for
Dark Matter - nucleus elastic scattering
via scintillation, ionization, heat, ...

' 51 ’ Drift time
Particle ' indicates depth

'S1

=> Liquid scintillators are amply suited
for detecting absorption of a new particle By ., e secrons

VN UV scintillation photons (~175 nm)
electron

Vi
Eion(Xe) = 12eV L%_j/e
N

19



Dark Photon Absorption

(including medium effects)

Amplitude: Mipyve, = — Pyl I (0) iy, ™ (a)

m3, — r 1(q)

62 P 1Y
Rate: Try = o f diz k2 exe, (pi|[T2 (), T2 (0)]p:)

A

Effective mixing angle
INside the medium

4
2 2 my,

my, =Tz, |2

20

A

Related to the polarization
tensor 11,,, of the photon
IN the medium
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Dark Photon Absorption

(including medium effects)

' : . _ U N1, L
AmplltUde' MZ—’f-FVT,L m%/ — HT,L(Q) <pf“]em(0)‘p%>€,u (Q)

62 Q- 1%
Rate: T'r = o Jd4x """k pehe,(pil [Jh, (@), J5, (0)]|pi)

kp p ImIlr g Absorption rate given by the
W imaginary part of the polarization
function (optical theorem)

I'rn =—

An, Pospelov, JP, PRL 2013
An, Pospelov, JP, Ritz, PLB 2014
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Absorption in Xenon

Compute absorption rate

from Xenon refractive index

(via tabulated atomic X-ray data,
using Kronig-Kramers relations)

I = (w? — )1 — nig)

refr

LXE refractive index
T 1 ] ] LR l' ] 1 T 1 LB

10" ¢

101
102
107
104

1077

|

lllll

10-°
10

100

w (eV)

1000

10000
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Absorption in Xenon

lonization-only signal S2 can push sensitivity to lower masses

Despite uncertainties in 0A 313 ]
. . . - X X i
electron yield, calibration, 039 N S
£0.30} . s -
and background we can | S ;g@g

. . L 025' X
set a ropust limit: N 3 oo &
= 0.20¢ y XXy o
) | X

£ 0.15! g

1. count all events " 010l

1Y) 8 16 32 64 e-

2. do not subtract backgrounds s —

. C : 051 2 | I5 10 20
3. Infer limit [rrespective of nuclear recoil energy E,,,.  [keV]

electron yield XENON10 collaboration. 2011
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Direct detection experiments as
Dark Photon Helioscopes

N
E}
Re-utililizing existing 3
Dark Matter data §
E

vields a laboratory test
that Is superior to
astrophysical bounds

NB: the competition “astro vs. lab” is
ongoing; see Redondo 2015

10—4

I Coulomb ALPS-I

1076

)

10~ 7

ALPS-IT ™,

108 (proj.)
1077
1071
10~
1071
107"

10-14 Xenonl) —

10—15
1079102104103 107210°! 1

7n¢f(eVU

H. An, M. Pospelov, JP, PRL 2013
24
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keV-Dark Photon Dark Matter

Dark Matter Halo

Extent of Survey
around the Sun

Milky Way



Abundance

1 2 1 2
EZ _ZFMV_ZV’U’V_

K

2
™m
5 P VI + TVVMV“ +eJk A,

1. thermal production X
2. resonant production X
3. non-thermal production: field can be generated during inflation

Quantum fluctuations during inflation
vield abundance “for free”

Oy ~ 0.3, —V Hint Graham. Mardon. Raiendran 2014
~ U. ranam, araon, najenaran
v 1keV \ 1012 GeV |
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Stability and litetime

1 2 1 2
£: _EFMV_ZV’UJV_

K

2
™m
5 P VI + TVVMV“ +eJk A,

1. Make it light, below 2me. Prevents V' — ete~ decay

2. Have small k « 1, to slow down V — 3~

~
e
Pospelov, Ritz, Voloshin 2008 Y

=> Vectors can be have lifetime greater than the Universe

27



Dark Matter Absorption

Photon vs. Dark Photon Dark Matter absorption of energy w = my

Photon Dark Photon
‘Cﬂ = W (ﬂ = My UDM ~ 0(10_3)w

=> little difference for us: A\, y 2 r. allows to expand Hamiltonian

(Pe€) exp(iqre) =~ (Pe€) x (1 + iGre + ...)

Using “normal” photon cross sections will be
accurate to O(w?r3 ) ~ O(a®) — O((Za)?)

28



Absorption in Xenon

10° g [Ty FrrrrrrrTT [T [TrvrrrreTs
> re_utlll 7e XENON ‘I OO | keV background model
L XENON100 +—e—
. . L )
results on axion absorption 10° ¢ -1
XENON100 collaboration, 2014 103 &
_ = :
109 E T 3 & N
- KSVZ ] é 1()2 2
L — 'g"J o
100 E E ® l
- . 10l L
i CDMS } 107
ot b ! /\EDELWEISS |
E. ~ /‘,;' \'/, . B l
12 : i
1072 ¢
E XENON100 . 101
107 S — -
1 2 3 4 5678910 20 30
m, [keV/c

predicted Dark Photon
scintillation signal (S1)



Dark Photon Dark Matter

10~ 12¢

kinetic mixing x
= —
o o
N N
e [~}

p—

T
ot
o

Laboratory probes beat

astrophysical limits
10—16

XENON10 —
XENON100 ==
XMASS ---

diffuse v —-
CMB -

limits from
v gamma rays
and CMB

An, Pospelov, JP, Ritz, PLB 2015
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Dark Photon Dark Matter

Future sensitivity

Projected improvement by
XENONA1T with scintillation

(EM background is almost
2 orders of magn. lower)

kinetic mixing k

10~ 12¢

—
|

—

e~

p—

=
[y
ot

—t

B
—_
(@)

p—t
|

[

~

An, Pospelov, Pradler, Ritz + Ni (XENON) 2015

1013

- XENONIT(proj.) e
; XENON1) —
XENON10QQ e
XMASS """ \'\I
L IIIIIII L L IIIIIII L L1111 III L L IIIIIII L IIII Illl

1 101 102 103 104 10°

31



‘Simplified Models” of
Dark Matter absorption

(in contrast to WIMP-nucleon scattering)

(pseudo)scalar  gsS¥Y, gpPyrysi),
(pseudo)vector  gv Vb, s gaA VY5,
tensor gL o, -

Y .. .electron

Discussed the example of vector V with
coupling gy = ek

NB: these models do not lead to any appreciable amount of
modulation o415V =~ const
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‘Simplified Models” of
Dark Matter absorption

(in contrast to WIMP-nucleon scattering)

(pseudo)scalar  gsS¥Y, gpPirysi,
(pseudo)vector  gv Vv, gaA VYL,
tensor gL o, -

It the DM mass is not protected by some symmetry (like for
dark photons or axions), loop corrections induce a mass shift

Am ~ gAuy  => ¢, <107 for m ~ 100eV

As we have |ust seen, such couplings in the "naturalness regime”
are being probed by direct detection!

33



@ Cosmology

E.g. Dark Photons:

e.qg. Bjorken et al. 2009
Y(3S)

34



@ Cosmology

E.g. Dark Photons:

Very Dark

Photon V

K

1072 F

—

1076 |

1071

10—12

1071

10—16

10718

34



@ Cosmology

E.g. Dark Photons:

Ep.b. :mvnv
ny
N mVFprode:imV
Ny, T=my
~ Qo X 10°% eV
Ot = K2Q1

—1
I}WOd/V'TV Ny, T=my

BBN sensitivity: MeV/baryon
CMB sensitivity: eV/baryon

Very Dark

Photon V

K

1077 prr—rrre
g a

—

1076 |

10—10

10712

10—14

10—16

10—18
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@ Cosmology

E.g. Dark Photons:

Ep.b. :mVnV
ny
N mVPprodHEimV
Ny T=my
~ Qo X 10°% eV
Qo = K21

—1
I'prod ~ Ty Ny, T=my

BBN sensitivity: MeV/baryon
CMB sensitivity: eV/baryon

Very Dark

Photon V

34



BBN: the Universe at a redshift of a billion

Nuclear reaction network

Today: parameter free theory (baryon density from CMB)!
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The origin of chemistry: t = 100 sec

Big Bang Nucleosynthesis

t/ sec

0.1 1 10 100 1000 10 10° 100

LR L LR LR L L L L

Yp
: ﬂ, D/H = :
¥ 3 : light
photons, He/H /1
TH elements
electrons,
. ) gl have formed

neutrinos - — SR S |
Li/H -\
LM .
1

36



Light element observations

Deuterium D/H ~ 107°

* No known astrophysical sources
(monotonic)

e |ISM measurements (FUSE)
show dispersion in the local gas
D-absorption on dust grains?

* high-z QS0 systems are the way to go
=> metal poor Ly-alpha systems
have > 98% of primordial D

=> measured through the isotopic
shift from H
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ight element observations Deuterium D/H ~ 10~°

Distant* - . .
galaxy .
'5 - -Background

e quasar
To Earth . -

‘ }n,t'.ervening :
gas .

+ Hydrogen emission
/ from quasar

I
I
[~ I
I

™ Hydrogen

~~ _ ,absorption,
T, i fi\\i
| q B _ Metal’ absorption lines

E ikas V\_N‘V Y Ym

| | I | | | ] I |
4000 5000 6000
Observed Wavelength [Angstroems]




Light element observations
Deuterium D/H ~ 107°

Pettini et al 2008 Pettini et al 2013
a L [ I B L B
43 1 ~4.50
44 +Q1009+299 y B ]
/:-\_45: _____ é e _+_____: EE . | )
e s A | I——— ~
8 -46rF f Q0913+072 8 —-4.60
;ED —4.7 - | & - ]
a8l Q2206—199+ . T _465 |
_49 __ — i
i —-4.70
_50 oo v v v v b by | | | | | | | l | | | | | | =
e 17 18 19 20 =<l << 196 200 204 20.8
1 N(H I —&
og N(H I)/em log N(H I)/cm~?
(D/H), = (2.81+0.21) x 1075 (D/H), = (2.53 + 0.04) x 10
p — ° ° p ° L °

=> substantial iImprovement of the error bar
Now D/H at %-precision and in agreement with predictions!
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LiQ

Nt e

Y, ~ 25%

Final Dataset

0.28

0.27

0.26 -

> 025}

0.24

0.23 -

02l — . 1 .

Aver et al 2015

Y =0.2449 +/- 0.0040 -
d(Y)/d(O/H) =79 +/- 43 A

Helium gets illuminated in HIl (ionized hydrogen) regions

=> emission lines

now claim few %-level accuracy (systematics limited)

6 8
O/H x 10°

10 12 14

ement observations
elium mass fraction

|zotov et al 2014

0.27 —
0.26
0.25

0.24 —

. Y=(0.2551+/-0.0010)+(11.12+/—9.80)(0/H) ]

- X°=1.43

P T T S | | |

50 100 150 200
10%(0/H)

Schematic of an Idealized Hil Region




Light element observations
Helium @ z=1000

Planck 2015
* frue primordial detection of 7| Excluded by |
Helium in the CMB o Serenelli & Basu (201 >tandard BEN -
 Helium recombines before H, z o |
. 22 S [ A .
affeC’[Iﬂg | ver et al. (2013)
the free electron fraction _
s F Planck TT+lowP i
=> affects redshift of last scattering ano | WM Planck TT+lowP+BAO
. : : | I Planck TT,TE,EE+lowP
Silk damping tall I R S S
S0 1 2 3 4 5

CMB only detection of Helium yields et

10% level uncertainty (high-I polarization
data will yield improvement)



Beyond SBBN

| D

Change in timing

— 7/q.

o) 2%
Dp / SHe D 3*He*He
é DD1

:
Vien ( () X 7) Ve

DD2 TD “He T
T Li

non-equilibrium BBN

) 7Be

"Li p

catalyzed BBN
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Change in timing

HspeN — H = HsgenV/ 1+ par/psm

0.8

0.6 0.24<Y, < 0.26 ——

0.4 Neg = 3.15 + 0.23

0.2 Planck 2015

AY/ YSBBN

-04 -0.2 0 0.2 0.4 0.6 0.8 1
Apsm /psm (T < 0.1 MeV)
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Time evolution of fundamental constants

%Fiv or @m(ﬂq

A time evolution of, e.g. Vi

=> yields changes in mq, electric charge, NAacp, HIggs vacuum expectation value....
=> induce changes in the reaction rates, nuclear binding, and the position of resonances

| [ — N S— N _
Y, — | | . "
D/H ] BBN: exponential sensitivity on
F L 10 Li/Hasy | /0 ‘ -
005 - S - Amy,, determines n/p freeze out
o}
3 Eq  determines end of the
~
e 0 D-bottleneck
3
4
i A w2
-0.05 F > 2 .
. 2 . )
10-10
01 L v s 0 PR LIPS PP PP
0.1 -0.05 0 0.05 0.1

AEy/Ey 44



4 non-equilibrium BBN: (t > 108 sec)
electromagnetic Injection

Y, —
CHe+T)/H —
D/H —

. | PR
0.01 0.001

photons in EM-cascade
below €™ threshold

are not efficiently dissipated
=> gpallation of nuclel

"Be + v — 3He + *He
D+y—-=n+p
‘He + v — °He/T +n/p

Secondary effects:
"H +*Helpy —°Li+n

"He +*Hep, —°Li+p
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non-equilibrium BBN
é (hadronic injection)

O

Energy; + *He — T + X

®

Important for electroweak-scale
decaying relics (large initial energy depositions)



non-equilibrium BBN
é (hadronic injection)

Energy; + *He — T + X

Important for electroweak-scale
decaying relics (large initial energy depositions)



non-equilibrium BBN
é (hadronic injection)

@“@ OR @@

®

Energy,; + +4He - T+ X

T + *He|p, — “He 4+ p
T1/2(6He) = 0.8s

°He + “He|, — "Be + n

Important for electroweak-scale
decaying relics (large initial energy depositions) Pospelov, JP, PRL 2010

46



BBN Limits

soft hadronic injection

“Extra neutrons”, also
through captures like

K~ + *He — A(XZ")(pnn)

=> A path to ameliorate
the lithium problem

"Be+n— "Li+p

Li+p — *“He + *He

1

102

1074

X > atn™

nX/nB = 8, T = 1000 s

Yp_

: D/ H
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non-equilibrium BBN
with Dark Photons

1.V Production
5/, N\ ‘leakage”
= from SM with

sub-Hubble
rates

ettt KT, ...
Lifetime macroscopic, because
of tiny value of &

10

Eop. (€V)

—_
3
—

adopted effective branching
p—t
3

1073 ——
0.1 1

mys (GGV) 48



10_32 10—15 . Lo

1039

1000 10000

10 100
my (MeV)

CMB-constraints

‘He mam

D/H

| 3He/D mmm

Li/H ---
OLi/H - -

charge exchange

T 4+p—o7+n
s-quark exchange
K +p—-XfaT, 2970 AxC
K +n—-Y7" 3%, An™
Kaon captures

K~ + *He — A(Z")(pnn)
photodissociations

"Be + v — *He + *He
D+~v—>n+p
‘He + v — 3He/T +n/p

etc....
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o = (ke)?/(4m)

effective fine structure constant

MeV Dark Photons

10—+

1076

Cosmology becomes the only test
for very feeble couplings to SM

1078

10—12

10—14

10_36 —_—) 10—16

10—18

T T T T T TITT] I/ T '/'/I/n
V“ASA/iixﬂa

APEX/

MAMI BABAR

E141

u70

CHARM

E137
LSND

SN

5\
'\( N3

N
\ \

\;_/

®

CMB

10! 102 103
my (MeV)




@ ALPs and the lithium problem

10—10
10—12

10—14

because rate is sub-Hubble
(and because there is no
stable/long-lived A=5 element)

t/ sec
0.1 1 10 100 1000 10° 10° 100
T L LR IILRRRRL LR T T T i T
| H lD b.n.
.................................................................. Y
SBBN f.o.
E—
D/H
3HeH /!
™H )
e _lm o 'BeH |
; 7Li/H \
I
| .
I
N SLi/H -
|I 1 1 1 1 1 1 1 1 ',I 1 1 1 1 |I 1 1 1 1 1 1
1000 100 10
T/ keV

7Li/H]gpN = (4.68 & 0.67) x 10710

most lithium comes from 7Be (at ncws): “He + *He — "Be + Y

followed by (much later) "Be + e~ —'Li + v,



@ Lithium - observations

tiny lithium abundance forbids extragalactic
absorption measurements; can be observed in

atmospheres of stars

SBBN

10

Li/H

“‘cosmological lithium problem”

"Li/H|ops = (1 +2.5) x 10710

A

-10

10

Coc et al., 2004

- Ryan et al. (2000)
B A Ryan et al. (1999)
B [J Bonifacio et al. (2002)
— /A Thevenin et al. (2001)
RSN EN N B RN AN BN i AN BN BN AN N N BN SN AN AN BN A B A A AN
-3.5 -3 -2.5 -2 -1.5 -1 -0.5

[Fe/H]
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@ Lithium - observations

tiny lithium abundance forbids extragalactic
absorption measurements; can be observed in
atmospheres of stars

-

9 Coc et al., 2004

@ Ryan et al. (2000)
A Ryan et al. (1999)

10

SBBN >

A

Li/H

It §

[ )
@ 6
6 ¢3:‘"“" o¢ i

“‘cosmological lithium problem”

\/
"Li/H|ops = (1 +2.5) x 10710 >

-10

10 Py
— Adopted (95% c.l.) o
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A pbetter look at the Li-plateau

SI\/IC I'—Iovvk' et'a|'2012
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A pbetter look at the Li-plateau

Atmospheres of stars may process some of the Li, by transporting it via convection to the
hotter interior where it gets burned. Creating the Spite plateau without much scatter
requires severe fine tuning of stellar models.

My [Mg] Fu et al 2015
n Ibility: o
C)llﬁ'pOSSbty 3.5 T T T T ITTIT RARRERENE VX
all LI got - ] :

g . \BO- MOCC :2X1O_8(t/TOCC)_O.g J 2'6
destroyed in PMS | :
phase, and 2.5 {24
accretion . 2.0| 2.2 _
replenishes Li, = 20%
regulated by EUV i | 8
photo-evaporation 'Y i

| 1.
0.5r

g B ; 11.4
0.0 thiibbui b o v oo N oo o3 P et

O 20 40 60 80 100 2 4 6 8 10 12

A M AQ Gyr
Li-solution may be ge [Myr] ge [Cyr]

astrophysical, but could also be due to to new physics.
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Beyond SBBN - Lithium solution?

HV/Q/Q

Dp ’
H é DDl é
p.n B
p.n) —— 1D VzHen X ) Y7Ben
Dy
"Li p
DD2 TD ‘He T
T "Li
Change in timing non-equilibrium BBN catalyzed BBN

Precise D/H measurements disfavors practically all lithium solutions that utilize
energy injection to spall ‘Be (requires substantial fine-tuning)
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Beyond SBBN - Lithium solution?

— /4 /Q
H é DDl é

p.n
@ =~ | D V3Hen X ) Y7Ben
Dy

— DD? TD  *HeT
direct absorption T 0y
of a new particle 1

Change in timing non-equilibrium BBN catalyzed BBN
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A new solution to the lithium problem

Ingredients: a bosonic state X that

1. lives 100 sec or longer

2. couples to quarks

3. has a mass/energy between 1.6 - 20 MeV
4. is abundant (relative to baryons)

binding 2.2 MeV

binding 1.6 MeV => use mass/energy of X
to undo the binding
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"‘Borrowed neutrons” as a solution
to the lithium problem

R2, 7x = 1035

: H 7
. Y,

neutrons are dug from
their nuclear graves;
they set in motion a 'Be
depleting sequence:

106

108

Be+n — "Li+p

1071

i+ p — ‘He + *He "

T (keV)

Keeps all other element yields unchanged!



A new solution to the lithium problem

102 2 a
R1: "Be(X,a)’He : o
ol L / D/H high
R2: D(X,p)n 5 ;
E 1L "Li/H solved |
| g '
In blue band, essentially, :
1071 = E
NXOabsV ~ H L = 10%s
: R1
at ’Be formation (~50 keV) 0 10-33 10-32 10-31 10-30

(nx/nB) X oBev (cm?)

E.g. 5 MeV particle, 1% of photon energy density

=> Oaps¥ ~ 1078 cm?

=> much smaller than photo-nuclear reactions, and much larger than
weak interactions, but lifetimes comparable to 3 decays

=> very small couplings to electrons, photons, and neutrinos to make it
work (“leptophobic models”)
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Axion-like particle (ALP) version

Consider ALP that couples to down quarks

0,0 - 0pa 4 1

Laq — —d7u75d => £a7rN — T [fwauﬂ-o + _771"7;17577/ - _ﬁ’Y,u’YSp]
d fd 3 3

[

we use naive guark model estimates
for spin content of nucleons

Decays through axion-pion mixing 0 = (f./fa) x (m?/m?2)

re ~g2 (e 31%@_ 1 TeV 2( Ma )7 1
Y m. e fa 5 MeV/ 100 s
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Scenario A: relic X = a

Absorption cross section for non-relativistic ALPs can be
related to photo-absorption cross section

2
Oabs,iU C; m
~J

~ X —ot “Scenario A” (C’s are spin-factors)
O photo,iC 4o fd

Despite the small width, ALP get thermally populated during QCD epoch

re ~g2 (e 3F7r0_ 1 TeV 2( Mg )7 1
T \me) U fa 5 MeV/ 100 s

‘expert comment”:
, _ short lifetime helps
Depletion of the relic abundance with EM constraints,

requires additional light particles! but large required
abundance creates

entropy
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Scenario B: X = a from decay of Xp

Freeze-in of a progenitor state that decays to X,, — aa

For example:

Lxx, = AX,(H'H) + BX,a* + L,

Abundance controlled by A ~ (107 —107°) GeV.

Lifetime controlled by trilinear coupling. 7x, ~ 10° s => B ~ 10~ MeV.
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Scenario B: X = a from decay of Xp

Once X=a is injected, the particles free stream

“Inject” “Inert”

Xp—>aa

Ea — EBe,thr

=> distribution function of “piled-up” a-particles from X, decay

I, Yx (Tl) (T )
T EY=2| dr ASEVFY IR
9l ) JT ! H(Ty)Ty 11

=> absorption rate

Ein O abs.i Dz E2
I — dE g(T. E)s(T E)u(E © o~ x 2
abs /|EB| 9(T, B)s(T)oabs(E)v(E) Ophoto,i Ao j
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Scenario B: ALP solution to L

Abundance of Xp @ o

determines the 3

vertical position of

CcCurves —
102

Scenario B
nXp/nb =3 X 104

my, = 10 MeV

102 103 104
Tx, (sec)

D only forms, here but a from
early decays survive
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Intensity frontier prospects

Target for neutrino experiments with
hadronic drivers

g8 apsorption in
i Nneutrino detector

m's, X (a)

I I I I I I I ] 2

Ng ~ (fW/fd)2 X Ny

proton
beam
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Intensity frontier prospects

T
Scenario B
LSND puts most [ nx,/np =3 x 10
stringent limits - my, = 10MeV
(adopted from their
measurement Of ">\ 103 :_l/ ....................................................................................................................... =
@ -
neutrino-electron < LSND
elastic scattering) = AT l
N, N,o Tev\ * D/H high
Nevents ~ PP 6 X | —
47TL2 fd
102 ' 1 oo |
102

TX, (sec)

(a more detailed studies, including a consideration
of astro-constraints will go into a longer paper)



Conclusions

@ Excursion to non-WIMP Dark Matter scenario: sub-MeV “dark

photons”; probed through stellar energy loss; DP-DM is a rare
case where direct laboratory limits are superior to astrophysical
constraints

BBN provides a cosmological consistency test that must be
passed by any new physics model with particle content present
> 1 sec after Big Bang

One quantitative problem in BEN: predicted lithium abundance
IN disagreement with observations at high statistical
significance

=> new solution with MeV particles that are searchable at the
intensity frontier
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