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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
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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[+MpiR - $(9,4)" - V(9)]
ds® = —dt? + et T4 dg?

a long-lived scalar mode ¢

Ck = _# (1 + ikT)e %" —
© 7 MpiVaek? - MpV4ek3

2 2
() = 2P (k) Pk) = o

13 ~2x107°

2 2 -
8 eMPl
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non-Gaussianity: the collision

Interactions of the scalar modes during inflation

T=0
x3 T1 2

¢
¢ ¢

(Cies CieaCia)” = (27r)4P3m5(k1, ks, ks)

The long-lived scalar mode is weakly coupled

local — 0.9 £5.1; foIW = _26447; fiho = —38 +24
Planck 2019, 68% CL
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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

=)

= heavy particles?

Chen, Wang, 0911.3380;1205.0160

Pi, Sasaki, 1205.0161

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

T3

I . '
“8 : 2 new interactions?
¢ Chen, Wang, 0911.3380
C Chen, Wang, ZZX, 1703.10166
x5 217 o loop effects?
Arkani-Hamed, Maldacena, 1503.08043
C C C 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) P lﬁ eiw(u/2+1/4)H(_7_)3/2H£1)(_kT)

2
_Ji_m
"=V 1T m?
Late-time behavior

(o1 (T1)0 —k(T2))’

2 2 3/2+v
g [r?(—y)( kit ) (= —y)] ol

RR— :

Boltzmann suppression comoving EFET
o e—Tm/H dilution x 1/m
May 21, 2019 Zhong-Zhi Xianyu
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heavy particles in inflation

A massive scalar particle o in inflation

O'k(‘T) = —ﬁeiﬂ(u/2+1/4)H(—‘T)S/ZHS})(—k’}')

2
_Jo_m
=NV 1T w2
Late-time behavior

(o1 (T1)0 -k (T2))’

2 2 3/2+v
& [I‘2(—V)( kit ) + (v — —I/)] + local

"~ 4rk3 4
los with spin: 5~ (o 1) - 2
particles with spin: v, = (s - 5) -7 (s#0)
May 21, 2019 Zhong-Zhi Xianyu 10
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squeezed bispectrum: a discovery channel

r=0 -
T3 T To ( 2) 1 k27'17'2 3fary
a (B30 e
TR\ 4
q ¢ ¢
/d’i’]d?’g ¢k1 (Tl)d)kg (Tl)d)k;; (7'2)
X (O'k.; (Tl)gkz (T2)>
e N7
—_— (k_s) Py (cos 0)
1
- iy 9 m?
I Y i
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squeezed bispectrum: a discovery channel

T s -r T p
=1 r=03 r=1 r=3 /.:'
.—'/
£
Wy
0 90 180 270 360
01
1 10 100 1000 10t
lafka
Chen, Chua, Guo, Wang, ZZX, Xie, 1803.04412 Lee, Baumann, Pimentel, 1607.03735
May 21, 2019 Zhong-Zhi Xianyu 12
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how to estimate

1
- S (k1, ko, k)

(G sl = @) PE sy

¢=- (H/CES{))‘SGb

From ¢ gauge to §¢ gauge L/
~— P}/%5¢

fnp ~ Pp 12 (6¢%) ~ P L2 (vertices) - (propagators)

I 29

May 21, 2019 Zhong-Zhi Xianyu 13
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how to estimate

An example of QSFI  chen, Wang, 0911.3380
Z = \/—_g[ - %(ﬁ"' 7)*(8,8)° — %‘(aua)2 — Var(0) — V(U)]

2

b, 3 (6¢)? - (9:3¢)? + (30")? = (9:d0)?]

— Ta'm?60® + a®k1006¢’ — La'3d0®

ot ()™
- (oropagators)

K1 <m m < H /

May 21, 2019 Zhong-Zhi Xianyu 14
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“In-In formalism”

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

T=10
z3 T <,

¢
¢ ¢

(inl1 - dulin) = 3 (infout) (ous@: - $uin)

out

/ D¢, Dp_e¥#+171518-15[g  (r = 0) — ¢_(7 = 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=20
x3 T o,

¢
¢ ¢

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

out

/ D¢, Dp_e*#+171518-15[g  (r = 0) — ¢_(7 = 0)]

Still Feynman diagrams, but with 2 sets of fields
2 types of vertices & 4 types of propagators
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“In-In formalism”

Decorated Feynman diagrams

ey

“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) 12 iy Upy (0)
\ ”"‘”l‘. Ul " (6) = 120}, Uyt (0)
4
i l/ o dh a’eavy, v, (M) /..‘rh) et Upa Vs (72) * e [/’ dfy a’ogupul, (71)
0
i 1 r p ¥ g o " 7
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i
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“In-in formalism”

N\ >
/

Chen, Wang, ZZX, 1703.10166

m ASAS

8 3
(0¢%)" = 256 Hk3k3

Im f LI ()

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

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

m?, o< AT?

m? o VT2

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

Classical rolling-down
Hp~Xp®>  ¢> ~ H/(\t)
Quantum fluctuation ~ H3t

Equilibrium reached at ¢ ~ (vVAH)™!

—  ($%) ~ H?/VX 3

-  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
/ Hd+1 /
Wick Glz,z)) = Z V@Y @E)

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

d+3
Y2

Zero mode 7
m

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

N2 .
/m,m’ G(z,x') _LZM/“’ )\LAMY—-(:I:)Y (3:) (m )Yﬂ(x)
:Z/ )\1% L(;L-)Y-' = ——/G z,z)

; » ()
A A :‘57;5( )

)\2
. N2 H4
Small mass limit my < H == dmj = ——
8m<ms,
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

2 __ 2
Mf =4 5 H

Rajaraman, 1008.1271
Chen, Wang, ZZX, 1612.08122

May 21, 2019 Zhong-Zhi Xianyu
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SM spectrum

).< 103
i 10%

1

1
//\ 10

§_ 1b—
inflaton bg. gravity bg. il

102

Q-

Higgs bg. . )
EWSRB thermal” bg.
May 21, 2019 Zhong-Zhi Xianyu
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Chen, Wang, ZZX,
PRL 118 (2017) 261302

JHEP 1608 (2016) 051
JHEP 1704 (2017) 058
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SM signatures

Without EWSB, always from loops

£ > - fu(X)HH - fpu(X)|D,H/?

= 1
B f\117 (X)qj%'@qji il ZfAu, (X)Faqu(iLy

May 21, 2019
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SM signatures

How to identify SM? A consistency relation

d1ntan? Oy, . (1l =ne = ;ET‘) M% }G’L . A’I% fﬁL
dink  3,/3P;sin’*fw | H? | Nw|Ca(uw)| H? \| Nz|Ca(uz)|

Chen, Wang, ZZX, 1612.08122
Estimate signal strength
i : .
T P, LR % - (propagators)

fnr(clock) ~

Unitarity bound: A > ¢o/?

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

dn tan? Oy, _W(l‘ns“i"') Mgp fﬁL _M% fﬁL
dink  3,/3P;sin’*fw | H? | Nw|Ca(uw)| H? \| Nz|Ca(uz)|

Chen, Wang, ZZX, 1612.08122
Estimate signal strength
i . ;
o P, HE % - (propagators)

fnr(clock) ~

Unitarity bound: A > ¢3/?

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 ~ 103GeV ~ H
Inflaton background as a neutrino source

i ) . .
K(c‘w)N*a’*N %N*aON A=‘Fj{‘

p=vm?+ A2 ap——
| S 1
1.0 ’(‘:J
2 0.100f
; 00 [*\*K N / /\\\t%\\{t St s
e 0.001
o 104 il

fNL(C]OCk) BL PC /\5 03 —57r1?7L2/(«1X) m/H
Chen, Wang, ZZX, JHEP 1809 (2018) 022
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A Cosmological Higgs Collider

End of inflation End of inflation
¢ \ !C }c
[0) ®
£ m E

“inflaton collider” “CHC”

Modulated reheating ¢ x oI' x dh

~ ~ 1 4 2\ 1/2
%f(aqj)»f’f L(p— ff) = 5 A2 m¢fmj2r (1 - %f) mys < h

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\\/SRB “Heavy-lifting senario”

May 21, 2019

Kumar, Sundrum, 1711.03988, 1811.11200 Delacretaz et al., 1610.04227
GUT’? Chen, Wang, ZZX, 1612.08122 Supersymmetw?

Lee et al., 1607.03735
Baumann et al., 1712.06624 H IG H ER SPI NS
scale-dependent features Tensor mode / gravitational wave
Chen, Loeb, ZZX, 1809.02603 Maldacena, Pimentel, 1104.2846

& MANY MORE String excitations?

Strongly coupled theory
An et al., 1706.09971, 1711.02667
lyer et al., 1710.03054

Zhong-Zhi Xianyu 29
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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

%(%cﬁ)N*c‘r*‘N %N*aﬂN =

A
U= \/ m2 + \2 .
1 '_7:7"’,

10 ;«.3‘
“w o8 f"\ 0.100f
i o l"”?‘ ;ﬁ\i?’/a\y/)\\\‘/\ = 0010 ‘.‘J__ A

- 0.001} {f i/

10 iy

ey 10-+Ld
3” N6 3e—5m/(4X) i

fnir(clock) ~ ——P:A°m

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