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Cosmological probes of new physics

CMB (spectrum/anisotropies) and BBN (elemental abundances) provide
precision calorimeters (and polarimeters) to test for new particle physics...
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New physics in a dark/hidden sector

Empirical evidence for new physics (e.g. neutrino mass, dark matter) arguably
points to a hidden/dark sector, but not directly to a specific mass scale

mediators Hidden Sector
Standard Model <> - dark matter
- neutrino mass

May contain light states, if
sufficiently weakly coupled
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3 priori all options deserve exploration, so what theoretical guidance
is there, and how far down can we probe the (in)visibility frontier?



New physics in a dark/hidden sector

Empirical evidence for new physics (e.g. neutrino mass, dark matter) arguably
points to a hidden/dark sector, but not directly to a specific mass scale

mediators Hidden Sector
Standard Model <> - dark matter
- neutrino mass

Easier to be systematic if we focus
first on the mediation channels...

Substantial research effort over the past decade....



EFT for a (neutral) hidden sector

mediators
Standard Model <> Hidden Sector
(+ gravity)
O(SM) O(med) 1
L= Z . Anl ~ Oportals + 0 (A)

n=k-+[—4

Generic interactions are irrelevant (dimension > 4), but there are three
UV-complete relevant or marginal “portals” to a neutral hidden sector

K ; :
_ . [Okun; Holdom;
e Vector portal: £ = —§BWVW Foot et al]

e Higgs portal: L = —HTH(ALS + A‘SQ) [Patt & Wilczek]
e Neutrino portal: L = —Y]i,jl_)iHNj
. 1 N N
higher [ o Axion portal: L = ——(F,, F" +c,G,G"")a ]

dimensonal 2.,
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CMB Sensitivity to the (In)visibility frontier

CMB calorimetry/polarimetry and very dark sectors

Radius of the Visible Universe

Enerqgy Frontier

Visibility Frontier

Case studies in this talk: [ (i) (very) dark photons (vector portal)
(i) (very) dark scalars (higgs portal)
(iif) (very) light axions

NB: Impact from late decays of "dark singlet leptons’ through the neutrino portal
was studied earlier [White et al '94, Adams et al ‘98, Lopez et al '98,...]



Case (i) - Dark photons (vector portal)

CMB calorimetry/polarimetry and very dark sectors

Enerqgy Frontier

Visibility Frontier

(i) (very) dark photons (vector portal)
(i1) (very) dark scalars (higgs portal)
(iif)(very) light axions



Case (i) - Dark photons (vector portal)

mediators
Standard Model <> Hidden Sector
1 K 1
L 2 Uv 2 2
U, [Okun, Holdom]
Lint = —keV,JE  [Fayet, 1980,81]
A’- couples to the SM via the EM current

Oeff = kK’

e Simple 2D parameter space {k,mv}
e \ector mass via Higgs or Stueckelberg mechanism
- If mv > 2me, V — leptons, hadrons, Br ~ O(k?)
- Ifmyv <2me, V — 3y or 2v and is a warm DM candidate
e Generic mediator for DM model-building over a large mass range

*Alternate Notation: k =¢, V, = A}, 8



Dark Photons - sensitivity if Br(SM) ~ 1

[See e.g. Snowmass NLWCP WG, Essig et al '13; Dark Sectors Workshop ’16]
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Very dark photons
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Very dark photons

au WASA I?OE
. egr b 101 MRl BABAR
Cosmological sensitivity 104 | -
to energy injection from %
late decays? 1076 - crarm |
E137
3 10MeV 10735 .l snb |
Ty ~ =6 x 10° yr x °Y « ol
Qeff MV my Qloff o
¥ 10710 : _
vl
BBN (t ~ 1-10° s) > wnf e
N
\-
el N
CMB (t~ 1012101 §) —>  ws| @ -




Thermal production

 Production in the early universe via freeze-in

101 H

—

9
N
I

adopted effective branching

: 3
sYy =ny +3Hn = Q—ﬂva%/TKl(mv /T)

Freeze-in abundance (Thax prod ~ mv) ;-

0.1

Y va%/
YT Hmy ) s(my)
1014 10 MeV \ 2
~2x 10717 % (M) X ( 0 eV)
TV my

NB: conservatively ignoring production modes during inflation
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Thermal production

* Production in the early universe via freeze-in

eil )
1
g 1071 ¢ w

: 3 210y i

sYy =ny +3Hn = 2—7T2er?VTK1 (my/T) F ;

10_301 | II II1
w Energy stored per baryon | oy (GoV)
S 10'4s 10 MeV

Ep.b_ = vaV’f —| ~ 2.6eV X X
Ny g TV my

CMB has sensitivity to ~ 0.1eV p.b. !
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Energy injection
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CMB sensitivity

Angular scale 6 [degrees]
b.1

D0.05

10° |
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E modes
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CMB-S4 Forecast
Planck 2015
ACTPol
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Polarbear
SPT({TT) / SPTpol

[CMBS4, Abazaijian et al '16]]
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CMB - VDP energy injection

[Following Chen & Kamionkowski '03; Zhang et al '07; Slatyer ’12]

iE o

dtdV ;Cmpre

C: iQ_V _ iEp.b.
3 Qb 3 my

f = efficiency for deposited
energy to produce ionization
(~1/3) and heating (~2/3)

b (T < (2 —10) x 1072° Hz



CMB - VDP energy injection

[Following Chen & Kamionkowski '03; Zhang et al '07; Slatyer ’12]

dF

_ —Tt
dray — oemele

(19 [
3 Qb 3 my

f = efficiency for deposited

energy to produce ionization

(~1/3) and heating (~2/3)

b (T < (2 —10) x 1072° Hz

[Fradette et al ’14]
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Cosmological constraints on VDP

mixing with
photon

mass
(MeV)

[Fradette et al ’14]
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Case (ii) - Dark Scalars

CMB calorimetry/polarimetry and very dark sectors

Enerqgy Frontier

Visibility Frontier

(i) (very) dark photons (vector portal)
(if) (very) dark scalars (higgs portal)
(iif)(very) light axions

19



Case (ii) - Dark scalars (Higgs portal)

mediators
Standard Model <—> Hidden Sector
1
Lrs D pHYH — Ay (H'H)? — 5m?gks@ — ASH'H
| o TorBssSMe
£. ¢ = _9 S JS 'S [Si(;]o__ Spectatc?ra I?/I%lijneel
int —
S - couples to the SMvia 2|
the scalar current
10™
Av 10°
0=— 2 08 |
My — Mg N
0.1 05 1 5 10 50

e Simple 2D parameter space {6,ms} mg [GeV]

e If ms>2me, S decays to leptons, hadrons, Br ~ O(62)
20



Thermal production

Production in the early universe via freeze-in

[Fradette et al - to appear]

Production Channel i||Y;">° Yiv?’0 Y™ Yot [10106?)
tt — gS 2.11 | 0.93 0 6.20.8 11
tg — tS (x2) 4.17 | 0.90
tt — hS 0.41 | 0.08
tt > Z8 0.44 | 0.11 |0.03-0.05( 1.72-2.01
th — WTS (x2) 0.82 | 0.11
th — tS (x2) 0.38 | 0.13
tZ = tS (x2) 146 | 0.77 ]0.14-0.21| 14.40-17.77
tW — bS (x2) 3.66 | 1.43
bW — tS (x2) 8.70 | 1.11
Zh — ZS 0.26 | 0.10
Z7Z — hS 0.33 | 0.17
WW = hS 0571 0:25 14 61-0.02|| 8.68-10.93
WW — ZS 3.47 | 0.89
Wh— WS (x2) || 0.46 | 0.16
WZ— WS (x2) || 3.57 | 0.69
hh — hS 0.01 [<0.01] 0
Total 30.81| 7.84 |0.19-0.28|| 31.1-38.8

Freeze-in abundance

/

100

dY/dT

107"
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10

(Tmax prod ~ mW)
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300
T [GeV]
NB: Thermal effects are important
(need to include thermal masses
and v(T)), and production is
significant around the EWPT
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CMB constraints (Planck, COBE-FIRAS)

dFE
Energy injection from decays: —— = 3CmpFe_Ft

dtdV
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[Fradette et al - to appear]
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Cosmological constraints

[Fradette et al - to appear]
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[See also Berger et al ’16]



Case (iii) - Very light (but dark!) axions

CMB calorimetry/polarimetry and very dark sectors

Enerqgy Frontier

Visibility Frontier

(i) (very) dark photons (vector portal)
(i1) (very) dark scalars (higgs portal)
(iif)(very) light axions

24



Case (iii) - Very light (but dark!) axions

e With multiple U(1)rq symmetries broken at high scales, only one linear
combination of Goldstone modes becomes the massive PQ axion (with
a potential role in the strong CP problem, and as dark matter)

[Peccei & Quinn, Weinberg,
Wilczek, KSVZ, ZDFS]
- A simple realization involves two “axions” with a
shift symmetry a—a+const [Anselm & Uraltsev ‘82]

1 [a; az) ~ l (a1 a " a -
~|—+—=)G G’”+—(—+— EnF"  —  Locpa+=En "
2(81 &) 2\fi f) " Y
QCD
axion &
(massive) massless
Ma ~ Mnufn/fa pseudoscalar
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Probing new dofs with CMB polarization

[CMBS4, Abazajian et al "16] Temperature quadrupole
o 10 s L os Angular scaleﬂ[c;igrees] o anisotropy Only prOdUCGS

T T T

— ; — ; : T
Temperature

E-mode (gradient-type)
polarization, Q#0

w Precision
measurements of
CMB polarization
(with BB « EE) now
allow its use as a
precision probe of

E modes

Lensing B modes

—

L(£+1) /27 C [1K?]
Ia

w07 | CHE-S¢ Forecast 1 physics affecting
anc - . .
ol ACTPol | photon polarization
BICEP2/Keck ]
Polarbear ] . .
wl | | SPTOT)/SPTpo | 1 E.g. gravitational waves
10 100 250 500 ey 3000 4000 **  (tensor perturbations)
from inflation,
2
1 Hing
2 —
Pij = E{ Ej — 5057 < Qo + Uon r=1oe s\
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Probing new dofs with CMB polarization

[CMBS4, Abazajian et al '16]

Angular scale # [degrees]
1530 105 1 0.5 0.1

Temperature quadrupole
anisotropy only produces

T ; —
Temperature

Lensing B modes

—

L(£+1) /27 C [1K?]

CMB-$S4 Forecast
Planck 2015
ACTPol
BICEP2/Keck
Polarbear

SPT({TT) / SPTpol
ol | | | 1

E-mode (gradient-type)
polarization, Q#0

w» Precision
measurements of
CMB polarization
(with BB « EE) now
allow its use as a
precision probe of
physics affecting
photon polarization

Inflationary perturbations

| 1 1
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Multipole number £

1

Pij :E:E] —
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»* are generic = B-mode can
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Axions and EM polarization

Axion electrodynamics:

~ Oua
2fa fa

As photons propagate over a region with Ay « A; the equations
take the form [Harari & Sikivie '92]

L= A Frv

FWF“’”

L] (E + faB> EDB L] (B — EE> —EDE

m resulting rotation of polarization, by angle

Aa

Ay = =

28



(Perturbative) rotation of CMB polarization

Thomson scattering and the TT quadrupole anisotropy produce linear
(E-mode) polarization at the SLS

\ast S'f dce

A~k a .
Lya=5—FF
2fa
1
z=1000 e~l recombination U,
Ay = Ad  arari & Sikivie
observer £, '92;Lue etal ‘98]

[W.Hu, background.uchicago.edu/~whu/physics/tour.htmi]

Induced rotation from E-mode to B-mode: U ~ 2AyQ

29



Inflationary pseudoscalar perturbations

stochastic rotation of
linear polarization

. Aa(n)
Ap(7n) =
A(A,7) =0 Y=,

¢

z=1000 recombination

= A(71,Tpss)

Induced stochastic rotation from E-mode to B-mode
Un) ~2An)Q((n) + - -

Compute Cgi's by generalizing the formalism of Zaldarriaga and Seljak
(‘96), for scalar and pseudoscalar modes [Pospelov, AR, Skordis, ’0%]0



Constraint (from 2008)

In 2008, QUaD had the best sensitivity to I~O(102-103) B-modes

100
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0.0001
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< ¥
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[Pospelov, AR, Skordis, '08]

<— QuUaD data constrain H/fs, and
observationally r ~ 0.14(H14)2,
where Hi4 = H/1014 GeV

Induced B-modes (from axion-
induced rotation) track E-mode

F | 9 for large I's
; \°\
BB (r=0.14) \
1 | 1 L1111 | 1 1 | | I 1 1 | I |
10 100 1000

1

fo>2x10GeV x Hyy ~ 5 x 101GeV x /1
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Updated constraint from BICEP-2/Keck

Temperature
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BICEP-2/Keck Array & Planck provide the best sensitivity to I~O(102) B-modes

Angular scale # [degrees]

[CMBS4, Abazajian et al "16]



BICEP-2/Keck Array & Planck provide the best sensitivity to I~O(102) B-modes
d
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w Updated constraint; f, > 10"°GeV x Hyy [see also Lee et al '14]
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Updated constraint from BICEP-2/Keck

BICEP-2/Keck Array & Planck provide the best sensitivity to I~O(102) B-modes

Angular scale # [degrees]
45010 5 1 05 0.1 /
10* T T | T T
[ Temperature T T T T T
107k ‘ 0.05F} ¢ BKxBK T ?
i (BKxBK-aBKxP)/(1-c)
102} S 0.04 T4
E modes —~S —
- i A R
7™ F N o { xs - ® -
g 1011 R = 0.03f T 4
E W R B % 0.02} I S T
< [ nsing B modes =
Tl i 2 ¥ 1
3,10 2 ] ] * % 0.01 :*: I -
\
Lo
07 ¥ CMB-S4 Forecast o S e OSSO
I Planck 2015
» r ACTPol [BICEP2/Keck Array & Planck’ 15]
10°
i BICEP2/Keck
-0.01
! Polarbear 0 50 1 00 150 200 250 300
10% | SPT({TT) / SPTpol Multlpole
Eonl/ 1 1 1 1 1 1 1
10 100 250 500 1000 1500 2000 0D
Multipole number £ \}K——

w Updated constraint; f, > 10"°GeV x Hyy [see also Lee et al '14]

B: (BimEym) m optimal estimator for rotn angle o) =)~ Yim (7)
[Kamionkowski ‘08, Gluscevic et al ‘09, Yadav et al '09]

° fa/H14 ~ 1015 GeV 34



Light axion/pseudoscalar constraints

106
107 ' V:Q\‘\ys
7’
10-8 _ '
DAMA / \[ g
o SUMICO e |
10710

Ig,,1 (GeV™)
o

10712
10713
10-14%
‘A 10°1 { > [CAST '17]
4 m—m}r RRTIT p g gaasnl .K. NI RN R T RTTI 4 ul s panil 2 444344 2 4848 >
1077 10°8 107 107¢ 1075 104 1073 102 1077 10° 10
m, (eV)

Depending on the scale of NB: CASPEr NMR proposal

inflation, could provide new targets a similar coupling

sensitivity at very low fa (for regime [Budker et al *13]

very low mass)
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Concluding Remarks

Summary

® BBN and the CMB are powerful “calorimeters” to use in testing for late
energy injection from dark sector decays via all portal interactions

® CMB polarization is also a precision probe of inflationary pseudoscalar
perturbations, through rotation of E to B modes

Comments

® Important Assumption: Br(SM) ~ 1. The phenomenology changes
significantly if Br(hidden) is dominant (due to the change in lifetime)

® Freeze-in is a generic production mode, but inflation is a further non-

thermal production source, can be relevant for a wide range of hidden
sector states [e.g. Nelson & Scholtz ’11; Graham et al '15]

® Possible to target sensitivity to the gravitational scale, e.g.

10-16 0 (me) 0 " Me
g3 10-16 ) \ 7y 1016 M, 26




Extra slides...




CMB - Induced B-modes

e Using the formalism of Zaldarriaga and Seljak (‘96), for scalar and
pseudoscalar modes (with momenta k and q):

3 A 7—0 . ~ g —
U(k,q,7) = 5 (1= (- k)Q)/ dre! o) D) o (DTI(K, T)Aa(T, q) + - -
0

source—Q(k,)

* The basis-independent expansion coeffs are:

1 .
ABIm — 2 /dQ( 2,lm + Y—*2,lm)U(n)

e |[ntegrating over generic (k,q) perturbations:

3[(1—2)1""? .
= dQ,d’kd>qY,
apj 2[(l—|— ] / q Olm( )

X/Otodﬂmz—(1+a§)2x2)e“”+’w (T)I(k,T)Ax(q,T)E(K)EA(G)

1 perturbations of
= Cp = m;mmmam,n) = inflaton and A
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BBN - VDP (EM) energy injection (mv < 2my)

2 x 10%, "Be+y — 3He+*He (1.59MeV)
V—ete (EM cascade) tm~q 5x10%, D+y—ntp (2.22MeV)
4 x 10%, “He+~y — 3He/T +n/p (20MeV)

10_10 - T L] L] ll'l" L] L] T ll"ll T A L] 'l"l' L] L] L) L™ 4
g :
: - He maw
-

107 1 3He/D wam [Secle als]o Berger
i ' ; D/H et al 16
10 E < ' | TLi/H ---
: : 6Li/H -
] Tv/sec
Ny /Np

Favourable reduction of
'Be (& 7Li)

i Under-production of D
B | | : (require 3He/D <1)

\ Over-production of 3He

. [Fradette et al '14]] from 4He dissociation
10° 10° 10¢

my (MeV)

Exclusion based on measured D/H [Pettini & Cooke] 40
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BBN - VDP (had) energy injection (mv > 2mx)

Ch n /ab . 7r_—|—p—>7ro—|—n
arge exchange/apsorption
9 9 p 7r_—|—4He—>T—|—n

_10‘ M | L |
10 i “He mam
107 1 *He/D mum
[ 10 D/H
1071 F TLi/H ---
- 6Li/H e
| Tv/sec
012 L 10° ny [y
r 10°
) \ ) additional p <= n
10713 % E : ,
o % DN raises n/p and violates
: " ¢ | N limits on D/H and 4He
1014 p ! E
| ] extra n from V — nn
ot i, [Pradetioetal 141 over-produces D,
1 10! 102 10° 10° violating D/H < 3x10-5

my (MeV)
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