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Cosmological Collider Physics

Inflation seems to be the highest energy

observable process, during which particles with
mass m = H ~ 10*GeV can be produced from
vacuum.

When coupled to the inflaton, the oscillating

Particle

production in
ds.

mode function will give rise to characteristic n-

point functions of inflaton at late-time boundary,

known as the CC signal.

By measuring the frequency of this oscillating

An example of
bispectrum.
Qin, ZZX,

signal, we can reveal the mass of the massive

2208.13790.

particle.
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Cosmological Collider Physics

“Cosmological Collider”
Arkani-Hamed & Maldacena: 1503.08043.

Analytical calculation of inflation correlators 4



Cosmological Collider Physics

In general the 4pt function has the form:

(‘pklfpkz §0k3 §0k4> = ](kll kz, k3) k4-) kS; kt)XK(Hl)

In the squeezed limit k¢ — 0, the dynamic piece can be
divided into three part:

,gif_l)lof = Jgrr + /L + /NL-

* Jerr: EFT term, or the background piece. Fully analytic

in both ry and 7.
* J.: Local signal, proportional to (r; /1),
» JnL: Nonlocal signal, proportional to (r;7,) .

Oscillation:
A (1) + c.c. = 2|A| cos[wlog(ry13) + I].

Momentum ratios:

kit ky

Momentum
configuration.

Squeezed limit
configuration.
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Cosmological Collider Physics

™

Inflation correlators are hard to calculate!  D— (ks m) = 7°

Dy _(ks;1,m2) = D*_ (ks; 1, T2),
~ I RIomz in Minkowski. Di+(ks;T1,72) = D_y(ks; 71, 72)0(T1 — T2) + Dy_(ks; 71, 72)0(T2 — T1),
’ D——(ks§71,7'2) = D+—(ks; 7'1772)9(7'1 - 7'2) + D—+(ks;T1,7'2)9(7'2 - T1)-

T (1) P H (— ko ) HO (— ko)

/\2
16]g1 Z ab/ drd7 e1ak12'r1+1bk:34'r2D (ks, 7_1,7_2) in de Sitter.

(See Xingang Chen, Yi Wang, ZZX: 1703.10166 for SK formalism.)

Recent progress: Beyond dS-covariance:

* Cosmological bootstrap: Symmetry perspective. (dS-boost breaking)

Baumann, et al: 1811.00024, 1910.14051, 2005.04234. e Non-unit sound speed

* Mellin space approch: From AdS to dS.

* Non-covariant couplings.
Sleight, et al: 1906.12302, 1907.01143, 2007.09993, 2019.02725.

* Spectral decomposition: From tree to loop. * Chemical potentials. (Also P-violating)
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Helical Chemical Potential

vo 1 1% ¢ vVpo
S = / d*z [ —g( — Zgwg FF,, — Em%g“ AMA,/) + He“’ p FWFW]

Lian-Tao Wang, ZZX, 2004.02887 .
This action is both P-violating & dS-boost breaking.

With a rolling background: ¢ = gbot + const., and defining the chem1cal
potential: 4 = ¢ /A, the EoM reads: S

A/O, — 8?A0 + (QCLHAo), + a2m2A0 — O,
Al — 02 A; + 2aHO; Ag + a®m* A; + 2ape;,0' A¥ = 0.

Mode functions:

eF /2 : T
B(i)(k,T)z - Wiiﬁ,i’ﬁ(QikT)a “i0 D30 20 Z1o S Zod oot
f;rk CC signal for one helicity state
(T) _ —70/2 17 (_ \3/2g(L) , ,
Bk, ) = =5 e H(=7)""Hiz" (—k) is enhanced exponentially!
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Seed Integrals

Scalar seed:
0

Ifgpz (7“17 7“2) = _ab k?‘l‘pl‘l‘p2 / dTldTg (_Tl)pl (_7_2)192 eiak127-1+ibl~c347-2 Dab(ks; T, 7_2)

— OO

1 2 12 A’
AL = 5)\0, QY o 7:0 16k1 koksgksk? Z T17T2)

a,b=+4
2
1 4.9 B )\ch T-2,-2
ANY = 5)\00/ ¢CO' 7;bc - 16k, kokskyk. bz:t ab (7“1,’[“2)
By = (0x, Pxy Pks )5 = Ao lim ZIO2TT o
¢ ki ¥ka¥ks 8]€1/€2 r2—>1—a — ab 172 LI L
- Pko
(Helical) Vector seed:
0
I;g\)plm — _ 1b k§+p1+p2 / drdr (_Tl)pl (_7-2)192 61<'3’<1127'1-|—1b7<5347'2 Dgg\)(ks; T, 7_2)
— 00

e TTh

D(j)(k; T1,Ty) = %

Wii/j,i’,j(Qik}Tl )W:Fiﬁ’i,”j(—Qik7'2>
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Partial Mellin-Barnes representation

e Mellin Transform:

c+ico

22 sE(s).

F(s) = f Q27257 (2),  fz) = f —
0 C

.

 Partial MB Rep: Only perform the inverse Mellin transform to the
internal modes. The time integrals and the loop momentum integrals are
trivialized. Then we integrate out the Mellin variables s; using the
residue theorem.

* Scalar propagator:

1 (H°dsids, ... [k
D,_(kg;Ty,72) = Ef P eim(s1=52) (75)
_ioo

I‘( iV)F( +iV)F( iV)F( +i1/)

X S1 —— S — Sy, ——— S el I

b2 12 22 272
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Bootstrap equations

Baumann, et al: 1811.00024,
1910.14051, 2005.04234.

* Original bootstrap: Symmetry implies differential equations.
* Our bootstrap: EoM of propagators (mode functions) implies ODE for
correlators. Applicable to dS-boost breaking cases.

(7'12(931 — 210, + k§7'12 + mQ)Di:F(kS; T1,72) =0

(7‘12831 — 210, + k§7'12 + mz)Dii(ks; T1,To) = I|Ii7‘127'225(7'1 — Ty)
Commute the

. differential
Using Z>72 = A1 A7 ko tibkaams : operator with
g ab (T17 7"2) = —ab ks 72 2 € Dab(ksa 7-177-2)-
—00 1 2

the integral.

[ - I\]. . —a_
(ri = )07, — 2ri0y, + <V2 - _> Ty (rir2) =0

4
[ 1\ ] rir
2 4\ 02 3 ~2 —2,-2 172
ry —ry)0s — 2r70, ( —) A ,T9) =
( 1 1)0; 710r, + |V + 1) 13 (r1,m2) ——
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Bootstrap equations

_ 1\ 9 _9 020f "
(rf — 7’%)831 — 2r30,, + (V2 + Z) 7.2 (r1,m2) =0 "
- N 1 - B P 1T - 0.15}
1 82 2r33r+(u2—|——)22 “2(ry, 1) = g
_( 1) 1~7r 4 - +4 ( 1 2) 1+ 7o Téo_lo.
. . T\] Partial MB
* Homogeneous solutions: Local and nonlocal signals. Tnhlio]
Bootstrap
—— m=n=5
e Inhomogeneous solution: Background. e P Tt
0.025 !
A change of variables: u, , = 27, , /(1 + 1 3) 1s crucial for M
solving the bootstrap equation for vector seed integral. Itis also = ——
E 0.010} — m=n=1
useful for deriving closed-form formula for 3pt and 2pt correlators. = oo
0.005} ootstrap
m=n=>5
[ o~ — 1N )=1,-1 s 30
(1~ uD)0h, — (L ihpuddn, + (7 + ) |7 (i, 0a) =0 s

[ 1\] _ 1 UTU :
2 WD uo 2 (h)—1,—1 1U2
— 0 1 :|: h(ll U —|— ( —I— —) Z s = —
( ul) ( ! )u1 ! v 47 (u1 u2) 2 U1 + Uus — ULU

PMB vs Bootstrap
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Main results

| scalar lo'op, v=4 |

Different particle species and different types of
interaction give rise to different phases.

8 } ¢ + 1
>:: | vectorloop,?=ﬁ=4 I an, ZZX, 2205.01692.
Y A\ N\
L DANA A A A
T\ T”': \ \ | ‘f{ /
\ / A A\.,/ \,(sw \\/ ,f v Signals Background
\ \V, \/ \/ Y ] oo
0.6 0.8 1.0 1.2 14 1.6 =15
—logyo r ! 03 '\
g 2 —-1.0r
7 83 - ) —h[l ’gtc/ 0 \\\\ 3 -
i; _g? al \\ . Local -2.0f
| s » \‘\\}\Ionlocal —25F
. \ N e ’LL1=UQ=0.5
; k 4 -2 0 2 4 -30 —iO —‘5 0 5 lb
et hji hji

Signals exponentially sensitive to chemical

Local and nonlocal signals with chemical potential. potential. Background insensitive.

Qin, ZZX, 2208.13790. QiIl, ZZX, 2208.13790.
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Summary & Outlooks

 Calculation of inflation correlators are important (but difficult).
 Useful for particle model buildings, parameter scanning, template design, ...
* Amplitudes in dS are least understood among the three maximally symmetric spacetimes.

* Inflation provides a very high energy scale at H ~ 10**GeV.

* Two very useful methods are developed, both applicable to helical correlators, and tree
level calculations are basically solved.
 Partial MB rep & Bootstrap.

° Cuttlng rule as a bypI'OdUCt. (Xi Tong, Yi Wang, Yuhang Zhu: 2112.03448.)

e Outlooks:

 PMB works well for nonlocal signals of bubble and triangle and box diagrams.
* For covariant cases, spectral decomposition is useful for bubble diagram. (Hongyu Zhang, ZZX: 2211.03810.)

* Correlators with higher-spin or half-integer-spin.
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Partial Mellin-Barnes representation

~2,-2
* [} ” as an example:

T (ryre) = T8 (1, m2) + L Pro (r1, 72)

2

—2,—-2 _ ’ dr; dm +i(k1271+k3472)
I Vps(rre) =—ks 3 3¢ D+ (kg;T1,7T2)
1 2

— OO

_ (rira)'? /ioo ds1 dsy ; simss) ( o >_231< T2 )_252
4 i 2mi 27 2 2

1 1 iv iv
xF[7—281,7—282,81 251+ 2 s — Foso+ ]

1/2 100 _
Z—2,—2 _ (T1T2) / dSl ds? (_i€2i7rs1 + i€2i7T82)( " ) 2512
++,TO,> A7 o 2m 27i 2

X F[% — 282,1 — 2812,81 —

Xgﬁll
2
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< - 232, 1 — 2519
282

- n

ro

1V 1V
281t 5 S2

A

1V
252 T

iv
2

TCE
[ ] [ ] [ [ ] D)
...... -

[ [ ] [ [ ] D)

iv iv

s1=—mF o 82:—n2:|:7

B iv B iv

S1 = n1:F2, S2 = n2:|:2
Contributing to

local/nonlocal signals in the

Factorized part;

and to background/0 in the
Time-Ordered part.



* Spectral decomposition

ddq o0 ~1 v dS /1
ong Dv,ab (q; 7'1,7'2)D?J,ab(|ks - Q|;7'1,7'2) = / dv" —pS°> (V') D ab (s 71, 72)
(2) B g!
oq(V) ( \
_ Pk, - Pky
- a5 % pg(fl") oy, (V')
Pko Pks
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* PMB for one loop bubble:

T oy — )\2 179 )3+2i71'
N0 ™ 056m7/2k; - - - ky(K1oksy)5/2 4

o0 (_1)’n1234 (frl )2n13 ( T'9 )2n24
% Z nl!nz!n3!n4! 2 2

ni,n2,n3,nqa=

(1 — cosh 27v) (

x I'4 + 27’&13 + 217/’, 4 + 2n24 + 21'5, —np, — 17), —nNg — IT/’, —nN3z — 17/’, —Ny — 17)]

x I’

- .~ o~ 3 .
% + nqg + 1V, % + n3q + 1V, —Ny3q — 5 — 20V
—MNig — lg, —MN3q4 — 17/’, 3+ N19234 + 2iv

+ c.c..
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