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Abstract: The n-point correlation functions (n&gt;2) of primordial fluctuations, known as primordial non-Gaussianities, encode rich information
about the physical degrees of freedom and their interactions at inflation scale, and can be viewed as signals from a cosmological collider with huge
energy. In this talk we introduce recent theoretical attempts to extract new physics at the inflation scale from primordial non-Gaussianities, including
possible discovery channels, the background signals from the standard model, and signals from new physics such as heavy neutrinos, and a possible
way to turn inflation into a Higgs collider.
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Large Hadron Collider
ATLAS detector
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Cosmological Collider
The universe
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Cosmological Collider
The universe

Mplanck
GeV

1018
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photon decoupling
CMB

dark ages
21cm tomography

galaxies formed
galaxy map /

lensing / Lya /
cosmic rays ...

Gravitational waves
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cosmic Schwinger pair production

Origin of large-scale inhomogeneity and anisotropy
&£ = V=g[ s MpiR — }(0,0) - V(9)]
ds? = —dt? + 1t % 452

a long-lived scalar mode ¢

(——-——H L+ ikT)e™ i
g Mp[\/ 4ek3 Mpl\/ 4ek3

22 H?
(¢)' = 25 Pe(k) Pe(k) = =T

2 2 —
81 eMP1
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non-Gaussianity: the collision

Interactions of the scalar modes during inflation

(Ciey CieaCies)’ = (2ﬂ)4Pgm5(k1,k2,k3)

The long-lived scalar mode is weakly coupled

oca equil ortho
Jocal — 0.9+ 5.1; fri™ = —26+47; fI° =38+ 24
Planck 2019, 68% CL
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Page 9/35



non-Gaussianity: the collision

Future probe down to O(0.01): What can be seen?
Munoz et al., 1506.04152; Meerburg et al., 1610.06559

. =)
T3

heavy particles?

Chen, Wang, 0911.3380;1205.0160

Pi, Sasaki, 1205.0161

Arkani-Hamed, Maldacena, 1503.08043
Chen, Namjoo, Wang, 1509.03930

I To

I =i ' '

Zs £ new interactions?
¢ < Chen, Wang, 0911.3380

& Chen, Wang, ZZX, 1703.10166
T3 ] oy loop effects?

Arkani-Hamed, Maldacena, 1503.08043

¢ ¢ ¢ Chen, Wang, ZZX, 1610.06597,1612.08122,

' 1805.02656
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heavy particles in inflation

A massive scalar particle o in inflation

O'k(‘r) = l\g'f_r eiﬂ(u/2+1/4)H(_7_)3/2H£1)(_kT)

9 m?

e

Late-time behavior

(o1 (T1)0 1 (T2))’

2 2 4 3/2+v
i [r?(—y)( bty ) i —y)‘ & local

o R :

Boltzmann suppression comoving ==
X G*W?FL/II dI|UtIOl’I o'¢ 1/7n
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heavy particles in inflation

A massive scalar particle o in inflation

O'k(‘r) - l\gE eiﬂ(u/2+1/4)H(-T)3/2H£,1)(—kT)

A
V4 H?

Late-time behavior

(o1 (T1)0 —k(T2))’

2 2~ N\ 3/2+v
i [r?(—y)( bty ) o —y)‘ & local

"~ 4rk3 4
particles with spin: v, = \/ (s = 1)2 1 (s #0)
' 2 H?
May 21, 2019 Zhong-Zhi Xianyu 10
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squeezed bispectrum: a discovery channel

T=( ;
T3 Iy T2 <0_2> 1 ( k2T1T2 )3/2:&/
kI ™ 73
¢ S Je k 4
/ dridr; ¢k1 (Tl)d)kz (Tl)d)k:i (7-2)
X (gk“s (Tl)gk'i (TJ)>
B i ke \ £
—_— (f) Py (cos 0)
1
- ky 9 m?
A Vi
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squeezed bispectrum: a discovery channel

T:::] r=0.3 T'—l r=3 i ' ;_J
;‘fr
£
,,,,,, e e R 0 90 180 270 360
T, e~ 0 °]
1 ; 10 100 1000 10*
lafta
Chen, Chua, Guo, Wang, ZZX, Xie, 1803.04412 Lee, Baumann, Pimentel, 1607.03735
May 21, 2019 Zhong-Zhi Xianyu il
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how to estimate

1
2 S(kh k?: k3)

(GaieaGia)' = @) PE sy

(=~ (H/do)oo

From ¢ gauge to §¢ gauge s
~— P}/%5¢

fne ~ Pp L 2(6¢3) i 2 (vertices) - (propagators)

T3 ! Ty
- ¢
May 21, 2019 Zhong-Zhi Xianyu 13
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how to estimate

An example of QSFI Chen, Wang, 0911.3380

£ = v=g[~ LR+ 0)*(8u8) — 1(8u0) — Var(6) — V(0]

2

Y, 5 [06) - @39)? + (60’ — 000)’]

— La*'m?60® + a®k,006¢" — %a4A3503

o)) ™

fnr ~ P,

H H \
2----0—0
- (propagators) o
K1 <m m < H E/
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Pirsa: 19050028 Page 16/35



Pirsa: 19050028

“In-in formalism”

S-matrix = (out|in) === Feynman diagrams

(in|gy - - Bnlin) = ) "(in|out)(out|@; - - - ¢ in)

out

f D¢y Do_e*1#+1=150-I§[p (r = 0) — ¢_(r = 0)]

Still Feynman diagrams, but with 2 sets of fields
2 types of vertices & 4 types of propagators

May 21, 2019 Zhong-Zhi Xianyu
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“In-in formalism”

S-matrix = (out|in) === Feynman diagrams

T=10
T3 TIT oy

¢
¢ ¢

(in|gy - - nlin) = ) "(in|out)(out|@; - - - ¢ in)

out

f D¢y Do_e'¥#+1=158-I§[g (r = 0) — ¢_(r = 0)]

Still Feynman diagrams, but with 2 sets of fields
2 types of vertices & 4 types of propagators

May 21, 2019 Zhong-Zhi Xianyu
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“In-in formalism”

Decorated Feynman diagrams

)

“Schwinger-Keldysh diagrammatics”
Chen, Wang, ZZX, arXiv:1703.10166

— A recipe for particle physicists

May 21, 2019 Zhong-Zhi Xianyu 16
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‘in-in formalism’

1) 1200ty tap, (0)
¢ p: Umatipa{ (6) = 124} up, iy (0)

0 "
Re 1 ) 1y a’eyvp, vp, vp, (F2)
oiis U Ce "o, (h) [' fs o' vt tpa vy (F2) xlh‘“ dfy a’oqup, ub, (F1)
0 o —
0 Py r
x / dry a’ u.-w ,,J{“‘/ drg @’ u:‘,,. mtu}J v { dry ,'J‘".l"‘ w”"/ d ) Uy U / dry a' 1O w vy, (73)

x(2m) '5 {\ P} 6 perm. 1.2) (2 " i) + 8§ perm (B.7)
. %
(2) |.8rr,”rtr..u,.,!“| (0}
0 " "
x Re {] daf a :wmwml.‘ﬂ‘[u'}/ dfy a’cav, ! UpyUpy (T1) /— dry a’ '*'“m “[r‘l
it o J e
x [ dry @ unlwu;' u}/ dry a'e ) IlﬁI dry a 'A”“ ,..fﬂ‘
.ld 4 [\ pi) + b perm. o (B.8)
e
\
(3) = 12uy, wp, up, (0) \ "
0 M - \ 7 f IIJ}rllﬂ Upatipy (72)
xRae dfy a O3y, Up, Upy (F1) & e
x b— -—-- H {
0 4 T { Iy @ r}ifﬂln,l_l.[}
X / dry ey’ u {r‘)/ dry a’egn /
2Vp 1
gl x / (B.9)
x{'iﬁ}‘r"‘i}_‘[nk 5 perm /

i

(4) = 12ug, 1y, up, (0) n) / dry a’egtrp,u]

qil .
x Re l/ dty a'equp, thy, (1) f J/‘ dry atepud ' (1)
o g Vpa {73 Ta 3 Ta

2Vpa Yo

0 Ti o
X / dry a'egv), v, ,-.[*-)[ dry a’eyu) u T p perm (B.10)

x(2m)Y8 [\ pi) + 5 perm

i

121y, Uy, Uiy (0)

A

Ra {] dr) a'e S ,,.l”] / dry a ur',,l,u > (73)

(6) = 12up wp,tip, (0)
0
wh-[[ 71 acavpl, (1) '
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“In-in formalism”

Y >
/

Chen, Wang, ZZX, 1703.10166

™ ASAS

k3
60 = greras ™™ [ Sr AL GEALE)

Chen, Chua, Guo, Wang, ZZX, Xie, 1803.04412

May 21, 2019 Zhong-Zhi Xianyu 18
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“thermal” background

- o NI

m? o \/XT2

May 21, 2019 Zhong-Zhi Xianyu 19
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IR-enhanced loop mass

Classical roIIing-down

Ho ~ \¢® ~ H/(\t)
Quantum fluctuation (¢%) ~ H°t

Equilibrium reached at ¢ ~ (VAH) ™!

—  (¢%) ~ H?/VX o

-  m?~ AP ~ VAH?

May 21, 2019 Zhong-Zhi Xianyu 20
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fun with spherical harmonics

OY;(z) = —H?L(L + d)Y;(z)

(O—-m*)¢=0
d+1
Wick G(z,z') = Z HAL Y; ()Y (2')

rotation
A = L(L +d) + (m/H)?

d+3

Y2

Zero mode Sz
™m

May 21, 2019 Zhong-Zhi Xianyu 21
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fun with spherical harmonics

Il
Gm,x’zz / Yo ()Y (2 = (2 Y5 (2
"/:;"T’ ( ) 1%’ T,z ALAM L( ) L( ) M( ) M( )

1 s,
-3 [ 5@ =50 [ 6o

AZ
o 3N2H?
Small mass limit my < H == §mi = ——
8mems,
May 21, 2019 Zhong-Zhi Xianyu 29
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Higgs mass

Loop expansion breaks down

The zero-mode path integral to all orders
non-vanishing in the classically massless limit

6

" H?
)

Mj; =

Rajaraman, 1008.1271
Chen, Wang, ZZX, 1612.08122

May 21, 2019 Zhong-Zhi Xianyu
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SM spectrum

10* "

10?

10

>“““x

inflaton bg. gravity bg. ==

107!

10-2}

—

10 L

M,=0.05H M,=05H M,=5H Higgs Inf

Chen, Wang, ZZX,
PRL 118 (2017) 261302

Higgs bg. - :
EWSB thermal” bg. JHEP 1608 (2016) 051
JHEP 1704 (2017) 058
May 21, 2019 Zhong-Zhi Xianyu 24
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SM signatures

Without EWSB, always from loops

&£ > - fu(X)H'H - fpu(X)D,H|?

= 1
o f‘I’i(X)‘IJ?:@‘I}’i == (X)FuwF(iw
4

Spa =

Sy =

Sy =

May 21, 2019

f1(Xo)

|1+ fou(Xo)

[ fbu(Xo)

2 19 k

S

o7rd

|1+ for(Xo)

[ fu(Xo)

2 H442
o

2 Hdég#%/z

|1+ fo(Xo)
[ f4(Xo)

|

)2—2#h

+ (pp — —#h)}

(32)" s )]

7 [qu (B1/2) (

|1+ fa(Xo)

|
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278 e [CA(M)( -
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SM signatures
How to identify SM? A consistency relation

dintan® 8y m(l—n, - §7) | M3, fRL M fRL
dlnk 3/3P;sin’ Oy | H? \| Nw|Ca(uw)| H? \| Nz|Ca(pz)|

Chen, Wang, ZZX, 1612.08122

Estimate signal strength

1

. p-l/2, bo
1672

¢ —- - (propagators)

fnr(clock) ~ Ad

Unitarity bound: A > ¢/

At most O(1), but technically unnatural
need to tune Boltzmann factor away

May 21, 2019 Zhong-Zhi Xianyu 26

Page 29/35



Pirsa: 19050028

SM signatures

Without EWSB, always from loops
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SM signatures
How to identify SM? A consistency relation

dintan?8y _ m(1-n, - ir) | M3 fe M fiL
dlnk 3/3P;sin’ Oy | H? \| Nw|Ca(uw)|  H? \| Nz|Ca(pz)|

Chen, Wang, ZZX, 1612.08122

Estimate signal strength

1

. p-1/2, %o
1672

¢ —- - (propagators)

fnr(clock) ~ e

Unitarity bound: A > ¢/

At most O(1), but technically unnatural
need to tune Boltzmann factor away
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Probing heavy neutrinos

A rare chance to see right-handed neutrinos

m ~ 10°GeV ~ H
Inflaton background as a neutrino source

L (@.0)NToN %N*a‘w A

A A
= 1 /m?2 + A2 10 g
- e 1 ..:f'/ j
10 I mel __me3H __mmSH (‘_I-"
o s} \ [ : /‘\( A : o100}
) ! AN P, U P o Ve A e GRS e, g
;; ool ST *}c’, XL /\{ Axﬁ/f, 0010} || ..:_,,.‘—ﬂ.___\:‘:
0.5 / \_\ y \ \_\ /‘I \/ oL ‘: [ J";I-
g R e T it
i 1 2 4 6 8 10
']

358 . cre e 72 /(4X)
fnr(clock) ~ 5 FENmse s i

Chen, Wang, ZZX, JHEP 1809 (2018) 022

m/H
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A Cosmological Higgs Collider

End of inflation End of inflation
6 \ {C }c
=
E= doh
“inflaton collider” “CHC”

Modulated reheating ¢ x 6T ox oh

4m2 \ 1/?
f) mys < h

2
my

LI@ONS T 1) = pgman(1-

Studying Higgs interactions directly in non-G

Lu, Wang, ZZX, in preparation

May 21, 2019 Zhong-Zhi Xianyu 28
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more possibilities

CP violation?

SYMMETRY BREAKING

Very low scale inflation E\N\/S B “Heavy-lifting senario”

May 21, 2019

Kumar, Sundrum, 1711.03988, 1811.11200 Delacretaz et al., 1610.04227
GUT’? Chen, Wang, ZZX, 1612.08122 Supersymme’[ry‘?

et r1206e24 MIGHER SPINS
Baumann et al., 1712.06624

scale-dependent features Tensor mode / gravitational wave

Chen, Loeb, ZZX, 1809.02603 Maldacena, Pimentel, 1104.2846

& MIANY IVIORE sting exelatonsy

Strongly coupled theory

An et al., 1706.09971, 1711.02667
lyer et al., 1710.03054
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Probing heavy neutrinos

A rare chance to see right-handed neutrinos

m ~ 101%GeV ~ H

Inflaton background as a neutrino source

L é $
—(0,0)NTehrN  Zpntzon A=
~(9,9) £ .
,JJ —\ / rrnz + /\2 10pr ;),r-—' _,’n':
1.0 mel mu3H __mmSH (,_.—‘
; l ~ , - ~ ~ 0.100 F,‘
;% 0.0 Y *}C : y = , /N A\R/' 0.010 :\ -.::_,,."_‘ ,___‘:“
?; . \/ \ i \ o I / : \: i oht I‘:_ -’je,'.
G mwh i 2 104 ‘.‘
2 4 6 8 10

S 0 ; 2 /(4X)
fnr(clock) ~ 5 EEAmEenittt

Chen, Wang, ZZX, JHEP 1809 (2018) 022

mfH
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