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Motivation
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Inflation seems to be the highest energy observable process,
with the energy scale characterized by the Hubble parameter,
H ~ 10™GeV.

We want to make use of the high energies of the early
universe to study fundamental particle physics at high scale.

How? The “Cosmological Collider” signals provide us a
unique window.

Arkani-Hamed, Maldacena, 1503.08043

Inflation Scale

Spacetime metric: In 50yrs?
1 e p h LHC Mpianck
ds? = a?(t)[—dt? + dx?], a(t) = ~ T { | Gev
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Cosmological Collider Physics

To drive the inflation, we need to introduce a scalar field
named inflaton, which is nearly massless.

During the inflation, particles withmassm = H = 1
could be spontaneously produced due to the quantum
fluctuations, and then leave imprints in the inflation
correlators by interactions with inflaton.

Observables: Correlation functions of inflaton.

Such correlators are scalar perturbations and can be
measured from CMB or LSS.
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Particle production in dS. Here o
denotes the heavy particle and ¢
denotes the inflaton.



Cosmological Collider Physics
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The inflation correlators have characteristic oscillatory

patterns in the logarithm of momentum ratios, which is background

called a Cosmological Collider (CC) signal.

The frequency of this oscillation is connected with the
mass of the heavy particle. So by measuring the

frequency, we can recover the mass of the immediate 0 1 2 3 4 5
particle. logyg k1/k3

An example of a 3pt correlator (bispectrum).
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Signals versus Background

In general the 4pt function has the form:
(‘pkl <pk2 (pk3 (pk4) ~ K(Hl) X ](klr kz, k31 k4—) kSJ kt)

Here the factor K (6;) is purely kinematic.

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

klir_r)10] = Jerr +JL + /NL-

* Jerr: EFT term, or the background piece. Fully analytic in both r; and 7. rL= P re =7
e J.: Local signal, proportional to (11 /15)T = (k34/k13) . Analytic in k.
« Jni: Nonlocal signal, proportional to (r;75) % o k;—FZiw. Nonanalytic in k.

Oscillatory pattern:
A (11)* + c.c. = 2|A| cos[wlog(ry1y) + I].
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Analytical Structure

Singularity structures of amplitudes depend on the spacetime
manifolds, and are closely related to characteristic patterns of

physical region

observables. (m1 + ma)?

lamplitude|*

 Scattering amplitude in Minkowski spacetime:

m? —imD
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* Boundary correlator in dS spacetime:

A
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Calculation 1s Difficult

2
~ — A 1n Minkowski.
E2—kZ-m?2
Ok, Pky
/\2
Pk3 =~ 16k, Zab / dridr 2Rtk D (k7 ). in de Sitter.
e
(See Chen, Wang, Xianyu: 1703.10166 for SK formalism.)
T ¥
, —n 3/2¢7(1) (2)
D__|_(ks,7'1,7'2) — Ze (7’17’2) / Hi’z7 (—ks’i’l)H_ﬁ;(—kst)

D, (ks;71,72) = DZ (ks; T1,T2),
D++(k3; 71, 7'2) = D_+(k3; 71, 7-2)0(7-1 - T2) + D+— (ksa 71, 7-2)9(7-2 o Tl))
D__(ks;7m1,72) = Dy_(ks;71,72)0(1 — 72) + D_ (ks; 71, 72)0(70 — T1).
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Pk, ° °

Tks _, Py 0—Yk o Tk 4 ¥k o o E; ;1 2 1;2 E3 e
o . 1 2 2 o
ZQ, Xianyu, 7Q, Xianyu, Xianyu, Zang,
2208.13790 2301.07047 2309.10849

() - -
Full result, Nonlocal signal, Factorization and Cutting rule,
Xianyu and Zhang, 7.Q, Xianyu, 7.Q, Xianyu,
2309.10849 2304.13295 2308.14802
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Useful Tool: PMB
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Partial Mellin-Barnes Representation

* For QFT in flat spacetime, the Fourier transform 1s useful, since its kernel is the eigenmode of translation.

* In dS, there is no more time translation, but we have dilation symmetry. The corresponding integral
transform 1s the so-called Mellin transform:

c+ioo

F(s) = j Tdr U@, F) = f L SE(s).
0 c

_jco 2TT1

 Partial MB Rep: Only perform the inverse Mellin transform to the internal modes.
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Partial Mellin-Barnes Representation

* PMB of scalar propagators: ZQ. Xianyu: 2208.13790.

1 [ ds; dsy -, k2
Do (ki 7) = / S1 A8 eIFl’Il‘(Sl—SZ)(_) 12(_Tl)_231+3/2(_7_2)—232+3/2

Ar | 2mi 2ri 2
iv iv iv iv
X F[Sl_ 7,314'?,82— 7,824'7],

Dii(k‘;Tl,Tz) — D¢i(k;7'1,72)0(71 — 7'2) -+ Di¢(k;71,72)9(7'2 — 7'1).

There are IR poles in the I'-functions, corresponding to the late-time expansion of the propagators.

* The time integrals and the loop integrals are factorized and simplified. The price paid is the integral of the
Mellin variables.

 After the time and loop integrals, we finish the Mellin integral using the residue theorem.
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1-Loop Configuration

Energy inflow at vertex i: E;= );; |I_<)j(i) |.

Momentum inflow at vertex i: I_(l- =Y I_éj(i)
Momentum partial sum: B, = ¥, K;.

Question: What is the nonanalytic behavior in the
squeezed limit when a partial sum of momentum inflow
goes to zero?

P
q+.:N

UN+1

No degeneracy: Assume the energies and the soft
momentum transfer are independent.

KN+t
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1-Loop Correlator with PMB

* Dependence of energy: Time integral.
* Dependence of momentum: Loop integral, independent of SK indices.
* Nonanalyticities of energy are all encoded in the time integral.

* Nonanalyticities of momentum transfer are all encoded 1n the loop
integral.
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1-Loop Correlator with PMB

T(ik}) = Z /O ﬁ ld” (iaf)(_Te)pEﬁCag (kge);n)] /%Dgﬁl (q; Tv,’Tl)

ai,,ay=+"Y 7 ¢=0

X Dg?ﬁ; (|q + P1|; 71, ’7'2) Tt Dg}xjf‘:)ﬁv (lq + PV_1|; TV -1, Tv) .

With PMB, the time integral and loop momentum integral are factorized and simplified:

Time integral:
0
/ d7-1 “ e dTV (_Tl)ﬁ1—231i .. (—TV)ﬁV_ZsVV’ei(alE17'1+"‘+aVEV7'V)
X N(TlaT2)N(Tz,T3) " 'N(TV — 1,7'V)N(TV,T1),

Loop integral:

d? ) _ o B )
L = / (27:)13P, P — |q|—2sV1|q + P1|—2812|q + P2| 2593 . .. |q + PV—1| 2 V-7
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Loop Integral Analysis

* Only the soft region of integral contributes to nonlocal signal:

“ 1)3/2F [SVIN(N—H) 22 Sh e S
4

P;—2sviN(N_+1) [1 1. O(PN)]
3 — SVIN(N+1)» SVIs SN(N+1)

—2545 =28 N_1)N —2s 5 = o
> (Pl Si2 PN—1(N l)N) (PN+1(N+1)(N+2) L PV—1(V 1)v) + terms analytlc - PN

* Since Py — 0, we should take left poles of sy, S, Sy, Sy+1-
* Time integral: only right poles. Loop integral: UV poles, but analytic.

* The only choice is the IR nonlocal poles. Cutting rule: D, — Re[D].
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1-Loop Factorization Theorem

* Focusing on the nonlocal signal,
the 1-loop graph is factorized into
three parts.

* The singularity is fully encoded in
the bubble signal.

* The graph 1s singular when all cut

T ({k‘L)}) Bea(Py) TR ({k(R) })

(blue) lines become
simultaneously soft.

lim T ({k}) = Z 7;E|L) ({k(L)}) 7::51R) ({k(R)}) Bey(Py) + analytic * Every cut line can be replaced by

Pn—0

c,d==+
1 1 its real part and thus the SK
Left subgraph Bubble signal indices are automatically stripped
Right subgraph off.
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Applications

All 1PI 1-loop 4pt nonlocal signals.
7.Q, Xianyu: 2304.13295.

The closed-form of subgraphs (2pt tree
with time insertions) are derived by our
improved bootstrap method in 2301.07047
w/ Xianyu.
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Applications

( D}z Q(P/ke,u )

Oq

NL 0q+k1 aq— k4

| e

k3 ( k2 )2i'17 (2 +iv)*
2(471‘)7/2/{:1 k2k3k’4kilzk§4 4k10k3a (3 + 2i§)2
3

« T [3 + 217, —% _ 21’17] I [5 +iT,—2 — 1’17] +ecec.

Oq+ks

sinh? (77

klsigo [ﬂ’ox({k})] NL
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OPE Perspective

NL Oq+ki O0q—k4 '

ks—0

There 1s a boundary OPE version for understanding: 2
Each cut line 1s soft and thus the two endpoints are far away from
cach other. Therefore the left (right) points are close and can be
pinched together (OPE) as an effective coupling.

effective coupling

The results meet the physical intuition: The coupling scales as

1/m? for large mass.
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All Loop Factorization Theorem

The above arguments at 1-loop order can be generalized to all
loop order, but with some more subtleties.
7.Q, Xianyu: 2308.14802.

oo (1K} 657.cp ({K®})Mey . (P)

lim 7({k}) D

Z Ge,'

+ (subleading nonlocal signals) + (terms analytic in K)

* Focusing on the leading nonlocal
signal, the loop graph is factorized
into three parts.

The singularity 1s fully encoded in
the melon signal.

The graph is singular when all cut
(blue) lines become
simultaneously soft.

Every cut line can be replaced by
its real part and thus the SK

indices are automatically stripped
off.
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Outlooks
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e Calculations:
e Position correlators?

* Numerical calculations?

* General dS Amplitude structures:
* Analysis of (all) other possible singularity structures.
* Dispersion relation.

* Sufficient use of boundary conformal symmetry?

* Applications in phenomenology:
 SUSY/SUGRA signals?
* String amplitudes in dS?
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Backup

qzh21@mails.tsinghua.edu.cn 25




The result 1s complicated:

)\2

To = 16k; kokskak?

[IBG,>(7”1, re) + I~ (r1,72) + InL(r1, 7’2)]

1 5 = (—1)”12 rq\2nz, e~ 2n9 + % —iv,2n12o+5 1
Ipg,> = =11 Z atng) ( 5 ) (—iV)—p, (V) =, F o+ I — i —— | +c.c.
ni,n2=

sinimv /rq \W
Iy> = o ( r; ) F5(r1)F_3(r2) + c.c.,
Sinimwy / rire \¥
INL = o ( 142 ) F’,;(’I"l)F',j(’l”z) + c.c..
5/27[ R S S k k
. — e o~ _.~ 2 9
Fy(r)=r F[Q T, W]ZFl[ 1+iv 'r] lek—:z, T2Ek—334
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Tree-Level Example

For the opposite-sign integral, the time integral 1s factorized and simple:

I:Ii:lp2 (,r.l , ,,,,2)

:F

100 _ _
- 1 62Fi7r(p1_p2)/27"5/2+p1’)"5/2+p2 / dSl d82 (7"1 ) 281 ( Ty ) 259
— 4 1 2 0

2 2

A7 oo 2m1 271

. . .~ — .
><P[prl-;—281,2924'5—282,81—%,814‘%782—%,324-%]-

Y S P

) i i .
1= —n1 F % S3 = —ng + % => |ocal signal

""" i iV iV .

) si=-—mF o, s=-neF - => nonlocal signal
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Tree-Level Example

For the same-sign integral, we split it into two parts with the help of 8(7; — 7,) =
1—6(t, — 71), such that

Dy (k;11,72) = Ds(k; 11, m2) + [Dg(k; 71, T2) — D> (k; 71,72)] 0(1o — T1).

Then:

T2 (i, ) = ilfF,>(7“1>7“2) + ilfTo,>(7“1>7"2)- (r1 < 72)

0
TLs (rra) = = K7 [ dnde, (r) (et n e Dy i )
—00

0 -
Z-5:1:I2:9,2T0,> (7“1, T2) = — k§+p1+p2 / de/ dry (_7-1)191(_7.2)p2€ﬂ:1(k127-1+k3472)
X [D§(k§71,’f2) — Dg(k;ﬁ,'@)].

qzh21(@mails.tsinghua.edu.cn 28




Tree-Level Example

The factorized part is similar to the opposite-sign integral:

1 : 100 ds; dss ) : 1\ ~251 /1o 252
P2 = Fim(pi+p2)/2 5/2+p1 5/2+P2/ +jpt2ims: (_) (_)
HiF> = o e 2

XTI pr+ 2 =28, pa+ 2 —289,8 — L 5+ L 59— W gy + 2|
2 2 2 2 2 2

o... ) o~ e~ .
1= —n1 F % S3 = —ng + % => |ocal signal
iV iV .
) si=-—mF o, s=-neF - => nonlocal signal
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Tree-Level Example

The time-ordered part is more complicated:

1 : : dS dS . . r 2512
5 1 2 . . 1
Fim(p1 +p2)/27,,1 +p1+p2 (:Fle:I:QUrsl ! 16:&2171'32 ) ( )

TPLP2 _
10> = 4 © . 2m 27 2
X F[pz-l-% — 289, p1 + P2+ 5 —2812,81 — L, 51+ L s — X 5y + %]
= [po4 2 — 250, p1 + P2 +5—2512] 71
X 2F1 - — .
p2 + 5 — 282 T9
i ) iv iv
S1=—mF oy 2= —mpE - => background
""" iv iv
) S1=—n1:F7, 32=—n2:F7=>O

30
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Tree-Level Cutting rule

To see this, recall:

Am |, 2w 2mi 2

1 [ ds; d : k\ —2s
Dl 0, = / S1 dS2 e:{:17r(81—s2)(_) 12(_Tl)_231+3/2(_7_2)-2S2+3/2

[ It "~

iv iv iv iv
X F[Sl - 7,81 =+ 7,32 - 7,32"' ?]7
The phase factors e Fi(51752) are the same on the nonlocal poles. So the four
propagators are the same, and also equivalent to their real part. Furthermore, there 1s

no step function in the real part, so the nonlocal signal 1s automatically factorized.

Tree-level cutting rule: For the nonlocal signal of a tree graph, cut an internal line,
and replace D ; by Re[D] for the cut line.
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