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The particle detector in this talk: CMB map

* radiation with wave length ~ Tmm
* blackbody radiation with T ~ 2.7 K
* temperature anisotropy ocmp ~ 100 p i
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Typical CMB analysis: correlation functions
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Typical CMB analysis: correlation functions

(0T'(01,¢1)0T' (02, 02)) (0T(01,¢1)0T (02, p2)0T (03, ¢3))

6000 ‘super-horizon” physics
E000 IS scale invariant
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[t makes sense to use N-point functions. The temperature
anisotropy is almost a scale-invariant (not “localized” signals)
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Motivation

* Our goal is to probe heavy particles that couple to inflaton
and produced during the inflation

* |n the context of “cosmological collider physics”, we usually
focus on signals of non-Gaussianity ( > 3-pt functions)

* The signals are usually suppressed by ~ exp(—nwM/H,)

Question: Can we probe particles with mass > H, ?

What will be the signal to look at?
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If the new particles are so heavy > H, ,

they only show up as localized signals in position space

As | will explain, in this case
we get Pairwise Spots on the CMB map

(cartoon picture)

Is position space search better than the N-pt function

for identifying very heavy particles?
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If yes, the searching strategy will be totally different

i
Looking for pairwise hotspots ¢ -dependent distortion of
IN position space CMB TT-spectrum
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If yes, the searching strategy will be totally different

Cam/Aachen, R=1

Looking for pairwise hotspots like studying jet substructure
INn position space
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If yes, the searching strategy will be totally different

Cam/Aachen, R=1

We were also motivated by Maldacena’s work

A model with cosmological Bell inequalities 1508.01082

Juan Maldacena

We discuss the possibility of devising cosmolcc cal oaservables which violate Bell's inequalities. Such observables could be used to arque that
cosmic scale features were produced by quantum mecnhanical affects i the very early universe. As a proaf of principle, we prapose a samewhat
elaborare inflaricnary model where a Eell inequality vialating abservable can be canstrucred.
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Production of the pairwise spots on the CMB

Particle production @

0

{ during the inflation

I Perturbation

b gets

i frozen

f when

t horizon shrinks
I (due to inflation)
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Step I : the non-adiabatic particle production

| Particle production @

1 during the inflation
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Consider a scalar particle () that

carries a mass depending on the inflaton-VEV

Vo, ¢)

e Sigma mass is typically heavy (comparing to Hubble scale)

* mass takes its minimum value at time 7}]x
* Sigma can be produced from the inflaton energy around 77*
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A toy model example

1 |
V(¢, 0) = V., {) + > (M7 + (g — M)?) 6* with M ~ ggp > M,

Minimum mass when go ~ M

Mz = M§+ (g — M)* ~ M5 < M*

(also see a similar setup in Flauger et al. (2017),
and Muchmeyer et al. (2019) for the N-point function study)
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e.o.m. during the inflation

2 WE
O_//__O/_I_ (k2 | (77)>(7:O

N H2772
u=o0o/n
M? H? — 2
" + <k2 | (77)/2 ) u =" _|_w(77)2u — 0
Ui
2
simple harmonic oscillator w(n)Z _ k‘2 | M (77)
with time-dependent frequency | 772
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How to calculate the particle production?

e O is produced from the kinetic energy of inflaton

* cannot calculate the production as in collider experiments.
Inflaton & sigma are time-dependent fields

e calculate the number of non-adiabatic particle production
from Bogolyubov transformation
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Particle production from time-variant vacuum

My (1N = —00) Mo (7))

when promoting field into an operator, initial raising/lowering,
operators will be a combination of later raising/lowering operators

—'i,k-xl

w(n, x) ———Nar e (n) e~ al Ii(n) e
\ J 0y 3, . k .li. T

L, F arethe initial & final
EXOCETCAOR] Vave functions
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Bogolyubov Transformation

Relation between the raising/lowering operators defined

in the initial and final vacua

7 A x AT
b = ai G + By, ag,

Number density of particles in the “final vacua”
(in Heisenberg’s picture)

univ <0 ’ Nrk. |0>univ — univ (0 ‘ bl bk |0>univ
univ <0’ ('3k (}h + O‘}:_ (}23) ((-Yk: aj + '3;: 61”0) univ
|'3k‘2(5(0) .

n = / d°k ny, =/d3k|,6’;¢c|2
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Number of () pairs in the
CMB last scattering surface (with a thickness)

O\ 372 (M2 —2H?2) 3
Napairs — 8 o & 991
2’7‘(’2 Hf kCMB Threc

looks like a thermal production

°® s suppressed by the Sigma mass

. f CMB

O y rom measurement,

o \/g ~ 60H, kinetic energy of inflaton
Planck .. \
° CMB horizon with finite thickness
. o .® A?? ec
o %~ 0.04
777“66
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Number of () pairs in the
CMB last scattering surface (with a thickness)

Na pairs

1 [(g¢
212 \ H?

3/2 (M 22 I 3 An
e lgdl ( i ) < "“ec)
kCMB Trec
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As a reminder, Mgﬁ ~ Mg + g2qb'2(77 — 77>.<)2

My = 5.51/ ¢ ~ 330H,

and the spot size ( 7]« ) is similar to a
pixel of chopping CMB into 100072 pieces

Na pairs ™ 103



Back-reaction constraints

Need to make sure the field of heavy particle do not

OV
0¢

affect inflaton’s slow-roll e.o.m. 3H,¢ ~
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Back-reaction constraints

Need to make sure the field of heavy particle do not

affect inflaton’s slow-roll e.o.m. 3H,¢ ~ %‘;ﬁb
. ov. % B )
Since 96~ 00 +9(g9p — M)o

this requires  g(go — M)o? ~ gMyo* ~ gn, < H*¢
and an upper bound Ny pairs < 10° for the same spot size

that gives < 1% of the correction
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Back-reaction constraints

Need to make sure the field of heavy particle do not

affect inflaton’s slow-roll e.o.m. 3H,¢ ~ %‘2
. oV 0Vy B 5
Since 96 ~ 9¢ T9lg— Mo

this requires  g(go — M)o? ~ gMyo* ~ gn, < H*¢
and an upper bound Ny pairs < 10° for the same spot size

that gives < 1% of the correction

Radiative correction => assume a UV completion (e.g. SUSY)
takes care of that (see e.g., Flauger et al. (2016) )
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Step II: mass modifies curvature perturbation
Particle production @ '  Particle mass modifies

| during the inflation | curvature perturbation

I Perturbation
 gets

i frozen

f when

¢ horizon shrinks
i (due to inflation)
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particle mass modifies curvature perturbation in the horizon

Curvature perturbation ~ (energy perturbation)/4 - gravity perturbation
for radiation in Conformal Newtonian gauge

horizon size ~ |1
at particle production
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Once perturbation in the old horizon is frozen, NEW particle mass
Modifies the perturbation in the NEW horizon

new horizon, different
perturbation
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Once perturbation in the old horizon is frozen, NEW particle mass
Modifies the perturbation in the NEW horizon

new horizon, different
perturbation

radius-dependent perturbation |
with 7 < |ns ”
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Curvature perturbation in position space

| | Maldacena
Produced heavy particles backreact on spacetime (1508.01082)
M ( ) Fialkov et. al.
eff (7] 0911.2100)
Sa — /dt\/ —4oo Meff D /dnaﬂc |

H
\ comoving curvature perturbation

\_/
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Curvature perturbation in position space

| | Maldacena
Produced heavy particles backreact on spacetime (1508.01082)
M ( ) Fialkov et. al.

eff (7] 0911.2100

Sa — /dt\/ —4oo Meff D) /dnanc ( )

H
\ comoving curvature perturbation

\_/

Give rise to a non-trivial one-point function

Meg ()
H

- C.C.

() = —i / 1 {01C (170)8 G (1m)]0)
* N

given by the inflaton fluctuation
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Curvature perturbation in position space

| | Maldacena
Produced heavy particles backreact on spacetime (1508.01082)
M ( ) Fialkov et. al.

off (7] 0911.2100

Sa — /dt\/ —4oo Meff D) /dnanc ( )

H
\ comoving curvature perturbation

v

Give rise to a non-trivial one-point function

Meg ()
H

- C.C.

() = —i / 1 {01C (170)8 G (1m)]0)
* N

given by the inflaton fluctuation

Profile in the position space

Meg (|| =) H

<Ck> B I 2\/2_€Mpl ] 27T\/2_€Mpl
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Curvature perturbation in position space

The resulting curvature profile in 7 < |n«| from the spot center,

Adiabatic fluctuation () = VAs ~ 107°

g UMRY H g UMY
<Ca>— §log< . > ZW\@Mpl ~ _51()%( - > <Cad>

Spot size ~ |n«| and the coupling g controls the spot temperature
over CMB fluctuations
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Curvature perturbation in position space

The resulting curvature profile in 7 < |n«| from the spot center,

Adiabatic fluctuation () = VAs ~ 107°

g UMRY H g UMY
<Ca>— 510%“( . > ZW\@Mpl ~ §log( - > <Cad>

Spot size ~ |n«| and the coupling g controls the spot temperature
over CMB fluctuations

. ¢ " <« log comes from the exponential
O — P = P(t —ts) = — log <—) growth of scale factor
% T)+ during the inflation
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Heavy particles are produced in pairs:

momentum conservation

simplified view

1
----- pairwise spots A

— adiabatic

~ ( Curvature perturb profile )

r (in units of 7.)

radius

Particles are produced non-relativistically and have separation < \77*\
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Hot or Cold spots?

Perturbation enters in the radiation-dominant & matter-dominant
era has temperature fluctuation

0T 0T
<Ca>

T CMB, RD T CMB, MD

<Ca>

The minus sign comes from the gravity potential (Sachs-Wolte),
makes pairwise spots COLD before entering the horizon

However, we find that the baryon acoustic oscillation (sub-horizon phys)
converts the signal into HOT spots and suppresses the fluctuation

We are currently calculating the sub-horizon evolution of 075,

see also Fialkov et al. (2009) for the pre-inflationary particle study
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Step III: localized signals on the CMB

| Perturbation
 gets
i frozen

 when
t horizon shrinks
| (due to inflation)
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For the following discussion,

| will ignore contribution from sub-horizon physics

to temperature perturbation

20



Simulate pairwise spot signals

 We use HEALPIx to generate fake CMB image that follows the
temperature fluctuation of the best fitted LCDM model

* for signal events, we add pairwise hotspots with a given
temperature profile, pixel size, and separation between two spots

signal signal + fake CMB

600

500

400

LA
3003

g = 30

only for illustration
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Simulate pairwise spot signals

 We use HEALPIx to generate fake CMB image that follows the
temperature fluctuation of the best fitted LCDM model

* for signal events, we add pairwise hotspots with a given
temperature profile, pixel size, and separation between two spots

signal signal + fake CMB

Yuhsin Tsai yhtsai@nd.edu



Identify signal on the CMB map

Ditferent types of backgrounds to consider:

e Instrumental noise
* fore-ground from compact objects (stars, galaxies,...)
» primordial fluctuation background (indistinguishable)
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Identify signal on the CMB map

Different types of backgrounds to consider:

e Instrumental noise
» fore-ground from compact objects (stars, galaxies,...)

‘may” veto the background by
correlating Planck’s
.w&vmmm«.,-ﬁ.w,:rm«-ma PRRPAT maps in 9 frequency bands
X8 | v e (need more study)

Planck 2013 results. XXVIII

Fig. 1. Sky distribution of the PCCS sources at three different channels: 30 GHz (pink circles); 143 GHz (magenta circles); and
857 GHz (green circles). The dimension of the circles is related to the hrightness of the sources and the beam size of each channel.

The figure is a full-sky AitolT projection with the Galactic eguator horizontal; longitude increases (o the lell with the Galactic centlre
in the centre of the map.
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Identify signal on the CMB map

Different types of backgrounds to consider:

e Instrumental noise

fore-ground from compact objects (stars, galaxies,...)

orimordial fluctuation background (indistinguishable)

signal signal + fake CMB
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Here we only consider background
from primordial temperature fluctuations

Assume a perfect CMB measurement
with zero noise and perfect foreground subtraction

We are interested in the “irreducible” background
from primordial guantum fluctuations
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Sounds easy!

Since our signhals are very hot (or very cold),

simply apply a minimal temperature cut to veto the background!
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Well--- primordial T-fluctuation can be very hot (or cold)

Our signal 0T, =~ gme

—
b
:-
o~
™~

.
-
o
—
—
’

F
-
&
—
—_

.r
—
—

Standard deviation of CMB fluctuation ~ 100 pK

This is 4x larger than the primordial 07T ~ 27uK
of each [-mode in the CMB spectrum
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Well--- primordial T-fluctuation can be very hot (or cold)

The large temperature tluctuation in position space
comes from the sum of tfluctuations with difterent wavelengths

2 . 2 N\ TT
5T |CMB — (6T (0)6T(0)) = %: —Ci

N
N
-
.\.
l}—
“Q
—
.k.
l}—
QO
\,‘
—.

50 100 500 1000
Imin (SUM £ up to 2000)

50 100 500 1000

Max
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Subtract background from lower [-modes

Standard deviation ~ 100 uK

subtract avg T from each
patch with area ~ 1I=500 mode

\4

Standard deviation = 50 uK

The subtraction plus additional 9’I" cut does veto most of the fake signals
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[solation cut!
Since our signals show up in pairs,
we can draw a "cone” around each signal candidate

and require 2 spots inside the cone

=> This indeed further reduces fake signals.

BUT it doesnh’t work as well as we thought
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The very hot (or very cold) CMB spots

like to show up close to each other in position space

309x309 Cartesian Coords. (Nside = 1024)

300 Pixels within 10° degrees 0
are projected onto 309309

C adesjan Coords.

2350
200

>, 150

of background only &

e Ty > 300 pK
T > 250 1K
Tcu! > 200 /.’[K

S0

0f, -~

S SN S S WS T W S S SO T S F S T T S T T T T ——

0 50 100 150 200 250 300
X
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These are the procedures we currently use

Sig + BG
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These are the procedures we currently use
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These are the procedures we currently use

Veto 071" ~< 0T, Subtract lower-l modes
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These are the procedures we currently use

Require at least 2 spots
inside cone 7 ~ |7,

Subtract lower-l modes
P i' "‘ —."\ F Ty
-3

i
r"-.l?*‘-{ Lt
, 15_ il
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These are the procedures we currently use

"o/ Simulated CMB [

|

Require at least 2 spots
inside cone 7 ~ |7,

Apply additional cut on the
average T of the remaining spots
if the signals are hot (large g)
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Number of pairwise hotspots for 2 sigma excess

For signal hotspots with angular size around ¢ =~ 2500 modes

preliminary

Cuts 0Tt = 180 uK | 6Toue = 120 uK | 6Ty = 70 uK
(+ at least two spots

inside the cone) Ths" > 260 pK | Tyg” > 170K | Tyg” > 70 uK

Signal number 90 560 1200

for 20 excess

Cut the sky into pixel number Npixel = 107 = ¢2 | from simulation of 2 - 10* CMB maps

Yuhsin Tsai yhtsai@nd.edu 39



The corresponding (" distortion

5Tyy = 135K, Nyg =90 0Ty, = 950K, Nyg = 560 674, = 681K, Ny, = 1200

W o 1599 sl 1t 154 3 e 104« 159)

v Retricved ACDM spectium s Retrieved ACDM spectrum Retrioved ACDM speciram

o

Retrieved ACDM + Hotspot spectrum Rewrieved ACDM + Hawspat specurum Retrieved ACDM + Hotspol spectrum

O

\'.T.:d.' = 1024 Nsde = 1024
o Jeed
NL e = 1200
e=35
Nh. y = 2

Nside — 1024
Nltes = 90
g=10
Ntin: =2

DT =T (e +DCy f(27) | 10K7)
LI [(23) [ poRP

e
Y
=
=
~
=
&
~
>,
-
s
=~
1
~
~NN
~
3
=
~
=,
P-.
=
(o~
ey
~
(o

D red) — DY (bluey DAV =T} 7

DT redy — DY (blue)

All the reduced chi2 are much less than 2sigma

The cut & count search provides a better probe of the signal for these 074q’s
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Bounds on the heavy particle mass

Before including corrections from sub-horizon physics

§Tig & g 27 uK

Na pairs —

1
272

.\ 3/2 .
n(My—2HZ)
g¢> e (I)gél ( b

H? EcuvB

) (

An’rec
77’1"66

)

MZ; ~ M§ + g*¢"*(n — ni)?

Lower bounds on the
bare mass My of O .

Sensitive to mass
~ 100x of Hubble
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Conclusion

Production of heavy particles with inflaton-dependent mass
generate pairwise spots on the CMB map

Can use both “position space” and “N-point function” studies to
dig out the signal

More things to explore:
e different heavy field potential can generate different CMB signals

e improving search by wavelets or deep learning technique?
e pairwise clumps in Large Scale Structure” CMB lensing, cosmic shear, etc?

Thank you!
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Backup Slides



Number of (J pairs in the
CMB last scattering surface (with a thickness)

.\ 3/2
2 2 3
T(M§—2H)
N, — : 99 e o3l s Anrec
opairs — 5 o5 | 772
A\ komn Mrec
® 9. — % i)a{('lyil‘(l'tl'i'tlil;l
® O » ‘
. L ‘\ll\‘(.\';n.t.\‘ — 1“‘
[ -‘\iu tspots — 1()l
®
o
G
N S
Planck ..
. . ‘ ,//_///,»
e | w0 300 100
® Mo/ H
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More details on the Sigma production

Expand (O mass around | (,{2 4 7'2)u — 0

| 2
inflaton value at 7]« dr

(min- 1., for particle production) | r=+(-n) @=5 -2 4 g
o e 9, UCtion T=7(n—n.) K 72—|— e N = "

The solution is a combination of parabolic cylinder functions

1
w=iVoW (=0 Vo) + =W (=5 —V21) o= Vit e - e

o %
have chosen the initial condition that the solution gives
a positive frequency function at initial time 2~ 6_%72

T — —OO



More details on the Sigma production

w=i/oW( ’;,:ﬂT)I W(—", —V27)

However, at the late time, the solution contains a negative frequency
mode

N 21/4 (10 7 _|_%'7_2 n 10 1 _%'7_2_
T o0 U= —— e | €
VT I\ 2 20 2 20

5 Y o) = |82 =1

Therefore, Sigma is produced 3 5
with a number density = /d k W‘



