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Observables for Inflationary Cosmology

2pt. correlation function (power spectrum)

<Cka'>mf. end — (27T)353(k + k’)ﬁpc

H2 L\ el nes ~ 0.965

Fo= g (k*) s o002
dlogk .

[Planck "18]
# Degeneracy of inflation models

3pt. correlation function (bispectrum) <ot yet observed in sufficient accuracy

P? ki k
. = (27) 6% (k1 + ko + K x S(_13_2>
(€1€2€8)inf. ena = (27) 707 (K1 + ko 3)(k1k2k3)2 ks’ ks ) [Chen and Wang 09

S : dim. less, model dependent shape function
(CCC) . effects of interactions in perturb. theory of QFT

# Probe for inflation models and BSM physics



[Chen and Wang ‘09, Noumi et al. "12,

CO SMMO I O g | C al CO | | | d er PrOJ eCt Arkani-Hamed and Maldacena, ’15,

Lee et al. "16 etc.]

Inflation end

(CCC)

Signals for massive particles

---------------------------------------------------------

k, 1/2 k k3 <K kl 2]62
S ~ (—3> e” "H cos (ulog Ly 6) me\2 9 ()
g it n=\(F) -3 ™"

Mass: wavelength of the shape function
Dictionary for particles of BSM in high energy scale p./;' < 10" GeV
Supersymmetry, gauge symmetry, CP violation, swampland, ...
[Baumann and Green ’12] [Maru and Okawa ’'21] [Liu et al. "21] [Reece et al. '22]



Q. Distinction of Interactions?

Some Directions:
- Phase of oscillation [Qin and Xianyu '22]

ki, 1/2 Expected to be uniquely determined by

/ ki,
S ~ (—) e " cos (,u 10g — 49 —
ks I, k—L, spin, diagram

ks

- Non-unity sound speed in EFT [Jazayeri et al. ’22, Jazayeri and Renaux-Petel ’23]

k

A peak in not-so-squeezed region k—z ~ ¢s (sound horizon crossing)

- Beyond scale invariant approx. (our work)
Scale dependence “ De Sitter sym. breaking “ Non-der. ints.

Derivative ints.: f(0.¢,0,0,0) Non-derivative ints.: f(¢,0,0,0)
- respect shift sym. of ¢ - break shift sym.
(de Sitter) (slow-roll effects)
- EFT, SUGRA, etc. - Higgs, axion, extra dim., etc.

@;w quuyﬁur/ €a¢/Mp10_2



Demonstration of Scale Dependence (ou cacuation

Approximated / numerical results: [Wang ‘19, Reece et al. '22]

Action for Inflaton ¢ + massive scalar spectator o

| 1 1 1
5= [ drt V5| SR~ 2007~ V(0) ~ 5(0u0)" ~ 3o’ ~ Moy’ + L
Sym. breaking interaction
Interactions for the diagram
Ediag D) CQ(—T)_3O'5¢’+63(—T)_20'(5¢/)2 .............................................. r ...........

Time dependent mass (excursion of inflaton) 0o, 0Pk, 0Pk,

mag = Mg + 2y Mpigo / by = ‘rMPI o
_____________ |
Slow-roll approx. = VvV 2eMp 10g —
# Linear approx. ¢o(7) =~ ¢.o — \/ 2e M (1 — L)
T x

~
Initial condition ¢.o >~ V2 M, log — Additional scale 7o, T«
T0



Analytic Calculation for Cosmo. Collider

Inflation end

dry(—71)P* (—72)P20(11 — Tg)ei(km_(k2+k3)TQ)H,$) (—k‘lTl)H(_QiL(—k‘ng)

Time-ordered Massive propagator

o my 9

. . . . K= o2 1
Analytical solution: convenient for extracting parameter dependence

But, the time-ordered integration is difficult (divergence # 1€, resum, etc.)

Newly developed approaches: Bootstrapping, Mellin-Barnes rep., cutting rule etc.

[Series of papers by Baumann, Lee, Pimentel et al. ’18, ’20, '21, Pajer et al. '20, Sleight "19, Sleight and Taronna 19, Melville and Pajer '21 etc.]
Our work: bootstrapping and Mellin-Barnes representation

which is used for single exchange of scalar & vector, one-loop of scalar, ...
[Qin and Xianyu ‘22 and 23] [Xianyu and Zhang ’'22]




Overview of Bootstrap Method

[Series of papers by Baumann, Lee, Pimentel et al. ’18, '20, ‘21, Pajer et al. ’20, Qin and Xianyu ‘22, '23 etc.]

The mode functions are characterized by the value of &7
H

2 vV 4ek3 P )
m) (dd— ol k) (ViBuy(r) =0 - (k@ —2k— + k) (VEux(r)) = 0

e.g., curvature perturbation wuy = (1 + ikr)e "

’7‘87— = k@k
Thus, shape function _ - Ay
perturbation ,~  ,~ = .
S(k;) ~ [ drid t a/k ’
(k;) / T1dT2(propagators) % P / /" Same scale kT
: : : S P A gy Cunnnnnns .
can be derived via diff. eq. 7 P o
T@ /// ,’ 7 ///
'DszN /dTldTQDki(prop.) ~ /dTldTgé(kiTl _kiTQ) % ,/ /// //6]43 87_ //
P> P 4 R 7
%—4 // pd i 7 7 1/H
. . . . // // // // //
Constants of integration: matching with A A /
/ /

direct integration in some limits — >time



bk, Pk, P, Pk,

[Series of papers by Baumann, Lee, Pimentel et al. "18, 20, ‘21, Pajer et al. 20,
Qin and Xianyu '22, ’23 etc.] kg

Seed integrals

0
Igﬁm (ks, ki) = —abkgﬂ)” f dry dmp (=) (—72)P? 61‘5“”“12"’1J“bk?"l72 Dy, (ks; 1, 72)

— 00

Bispectrum (¢%) 8/22]:;!@ Jim, Z T%72 1 (ks — Ky, ko)

Strategy: Deriving equations of motion for the seed integrals

EoM for 0 = EoM for propagators Dy (ki 71, 72) ~ (0x(71)0k(2))  Eeect of time dep. Mass

‘ D.,. ﬁab(rlzl, roZs) = —ia5a5H2(r1z1)2(rng)Q(S(frlzl — T922) introduced in our work
9
Dzi — Z?@i — 22,,;(3'2%. + 7”@2212 + ;Ufz + 1 — 2’)/?"@'25@' ‘
ks ks ~ y\/2_eM§1

<1 = _(kl + k2)7—1; <2 = —(k3 + k4)7‘2, ™ = , Doy = kSDab, vy==

[ ) f7g

Combinations r;z; mp Conversion of derivative z;0,, <+ r;0,, (D,, <> D.,)

5+pi2
. : ‘ Uji1u
D P1P2 (. ) — 2 Fipiom/2 = 1Ww2
» riIab (71972) = dap H e /2T (O erlE) (2 (fztl + uo — ulm)




Solutions and the Constants of Integration

Solutions of bootstrap eq.

Lop = Z Aapjed Ve (u1) Vo (uz) + G (u1, u2) Agb|ea © integration constant
c,d==
VP

u\ 5/2+p+iacu oo S, @
ol (U )_(5) o F1 (- s u) s :Z T S (1——) aFo(- - juy)

U
n=0 2

Int. const.: matching with the direct integration

Method: Mellin-Barnes representation
[Sleight ’19, Sleight and Taronna ’19, Qin and Xianyu '22, '23]

Woa(2) = o2 /300 ds- I'(s —ip)l'(s+ip) L—s+1/2 Cf. o X Wi%iu(Q’L’kT)
| _ioo 2m (s — K +1/2) In time dep. mass case

» / dry dry - Wiy i (20km )W _iy 4y (—2ikT) = - - - Z -+ (residues at s £ 1 = —n)

n

—V Expression is obtained
mpEg, lim TP =y AL VD (un) VR (us) + G0 (us, us)

u,u—>0
e a,b=+

coincides with lim V7 (u) and lim G¥'"*(uy,u2)
u—0 +|a uq,u2—0

» Conditions A pjcq = Aab|cd fixes the coefficients
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Analytical Results

Ll : scale dependence
Bispectrum . same as const. mass signal

kika, 0,2 (ka ) koks . o0 _o (le ) kski, 0,—2 (%2 E )]
S = ——U; — + ——U_; — + ——U_; —
abZ::i { k3 b k123 ko k2 Tab k123 | kg k3 ab k123 | &

where

1,34+ p2 F17v,0 + p12
HPIPQ — D : : s 5—|—p12 F Y : ’ :
i (D) 1(P1, P2, fo, V) u 2| T i, T Pyt it |

. + 2+ ip,, = Fiu, Fi
:|:D2(p1,p2auva’)/)u5/2+pli “"’2-7:1[1)1 2 1i2§u A |U] +(l~bv—>—l$v)

- + 3+, 244 0
UPE? (w[T) = C(p1,pa, pho, ¥)u’ 2 TPHER Ty [ PLmg = e g = e 0T U] + (Ho = — o)

1+ 2ip,
y\/%MQI 1
ko =ki+hka+ ks, V=EF =, Me= H?2 (mo + 2yv/2eM 1m4_r Qy\/Q_ﬁMgl) 4

from evaluation at horizon crossing



Effects of Time-Dependent Mass

Evo. of perturb. « Time of horizon crossing “ Scales
kt = —1

Constant mass: Scale invariant S(k /k3, ko /k3) N
Super-forizon » Dacotipled

a/k>1/H

Time dependent mass: Scale dependent

Different mass for each horizon crossing scale

# Dependence on values of scales itself

Expansion ‘

Perturbation of
wavelength a/k

Fixing additional scales

" ¢0(7')’1¢*0—\/2_6M1(1—l)
Two additional scales 7o, T« AN

Tx
0 = V2eMp log -
0

k;7. = —1 (expansion at horizon crossing) Hotizon 178

k
O+0 =~ V2eMy,) log (k_o) ~ O(NCMBV QEMpl) at the largest scale of CMB
T0, Tx “ k()) k. : ko ~ 10_4 N[pC_1



Observational Signals

Scale dependence :

1/2 .

ks

V= kl/ko — 104k1’
(’ng/kl = kg/ko)

A¢ ~ N+/eMy,

l [Lyth "96]

Not slow-roll suppressed
thanks to the hierarchy
My /H > 10°
in case of non-der. ints.

10

S ~

ks

1
kl) 05

15"

\

Coupling dependence
My ¢ 0
Q_J< H ) a=—0.35

“—Suppressed / Enhanced
//\\ N\

S/'\I;Cz(:g

_5}

S—r ~

100 1000  10*  10°

11X — kl/k?)

k3
(&
mass of short mode at the time of horizon crossing
ks
k1

cf. const. mass

1/26_””(:08 ,ulog@ _ (MmN 9
k1 = (ﬁ) 4

] in ks << ky ~ko

1 ( ks ) 9
u? = H2(m0—|—2y\/_ llog Uk_l T 2yV/2eM )_Z

Scale dependence

s

o v=104 -

v=102 ]

‘Compressed./
___Expanded

+

10 100 1000

1/x

10*

10°



Probing Ints. 1. Der. vs Non-Der. Ints.

Scale dependence : mass at horizon crossing

Q ¢no_2

(1) Non-derivative coupling, e.g.,

n—2
pl

S ~ I n 1 2
=) (e ()

—_— Large scale dependence
p

n(m-+1)—2
pl

Am2ﬁ i nm-—2 L n
eff i nm—n/2 1 3
i) (7))

Stronger suppression because of slowroll 9;"¢ ~ ™ V2H™ M,
(same order as the signal)

» Large scale dependence < Non-derivative coupling

(0™ )" o? nm . even

(2) Derivative coupling, e.g.,




Probing Ints. 2. Among Non-Der. Ints.

. _ /
Boltzmann suppression of the signal s ~ (%) e~ cos (ulogl;—)
1 1

n_2 Amn? M \""2/ M2 ks n
o eff P i n/2
0"0” mp Spt=a() () e (s (v

. 8
E.g., power function An—2 e

- M \""2( M\’ ko
- ™ . p n/2
‘ P 77\/05( A ) ( H) ) (108;( kl))
. | J

Determination of n from the suppression
n=1

More generally, L. = g(¢)o>
mp o~ exp {W\/g (Mpn/Q_elog (vkg)ﬂ
H k1

Suppression / enhancement rate Is _
uniquely characterized by g(¢) %« v

X C2C3

S/




Summary

Cosmological collider project:
- Dictionary for particles s ~ (%) / e~ TH cog (,ulog%)
- Scale dependence: types of inlteractions O Ql O
Signals: horizon crossing (e.g., i — p(vks/k1))
Distinguishing ints. by scale dependence in Ameg :

O Derivative vs. Non-derivative interactions
Derivative ints. Non-derivative ints.

H nm =2 nm—n /2 k : n/2 k3 " Sttt bt —
(i) (e () << () o2 (e ()
10\ ]

Scale dependence

Observably large thanks to My, /H > 10°

2 0

S/ V; C2C3

O Determining a non-der int. g(¢)o
-10

» m ks |
e” " ~ exp [H \/9 (Mpl\/Q_dOg (Uk_1> )] 10 100 1000  10*  10°
1/x




Appendices



Planck 2018

Linear perturbations:
Pr~2x1077,

ns ~ 0.0965

Tensor: not yet detected

P,
r=—L <0.056

Fe

0.20

0.15

0.10

0.05

TT,TE,EE+lowE
g5

B | 5k15:BAO
|| Natural inflation

«v attractors

Hilltop quartic mo

TT,TE,EE+lowE+lensing
+lensing

TT,TE,EE+lowE+lensing

del

Power-law inflation

0.94

0.96

Primordial tilt (ns)

Isocurvature perturbation: not detected
» Single field inflation is preferred.

Non-Gaussilanities:

Squeezed: f¢ =

Form factor: insufficient resolution

= —0.9x5.1,

Equilateral:

equil
NL

Future experiment: 21 cm line ™ resolution O (10~2)

== R? inflatio
_ 52
\
\ m—
\ —
\\ —_— Y x ¢/
\ —— Low scale SB SUSY
\ o N *50
\ @ N.=60
\
A
1.00
[Planck]



Non-derivative Ints., Numerical K@

[Reece et al. '22] gkl\./\_ B
Setup O/ Oks \ e
: : My, 2 @
Effective mass of the heavy particle: Me = e?/ Pimyg Pl
[Reece,’22]
. 10} ---- const mass
Oscillatory feature { B
Wavelength ]_ e
or
Amplitude

dumped

Things not clear in numerical work:

(kv /k3) 12 S(ky,k3)

-physical interpretation

-model dependence

-scale dependence
L Breaking down of de Sitter




Mode Functions of the Heavy Fleld

Mode expansion

: - g, al, ] = (20)36(k — k'
J(I):/(621;;3(%(7)%+UZ(7)aTk)e"“k'“’ e, g = ()"0 )

V. : Mode function

’

Equation of motion for o

’U"—g / k2 mgﬂ? —0 m2. = m2 + 2 M2 Vel 1
I Uk. ‘l‘ _|_ H27'2 VUV — , eff 0 Yy :F T*

T

Mode functions for 0 (Bunch-Davies vacuum)
1

———(2%k7) u? = == (mf + 2yMpiguo F 2yv/2eME ) —
yv/2eM?,

. V= E
y — 0 : const. mass mode function
Cn/2 VT
K2 H (=) H, (—kr)

| O

”Uk—

vV = e



Soft Limit to Obtain Bispectrum N

ks
X ——— lim I ks — k1, k —  \
Bispectrum: (¢°) TV R 2 + (k3 — k1, k2) i
_ 2k, 2k 2k, _;1 "
U kA ks ks 2 kst ks Tos” dzzi AapleaVale(w1)Voa(uz) + Gap™ (w1, uz)
) 5/2+ptiacy 5+ p+4iacu, 2 —iay + iacy
)2 ; tac , 5 5 u
Infinite sum. in GP:P> Vig(w) = iz mescem) () 7| 1+ Diacy
ab o2 _g HQG_G»E-.i;t-uQF(plQ +5) iu-n-;-plz-;-s (1 B 1) ( n+pa+4 )
A ab _r 1
Only n = 0 contributes 2piztS 2 s n
y 1 £ 1,3+ n+ps —iay,5+n+pi2 .
# resolved T G L e ntpe— i At patin |

Divergences in Vp|

o F1 [ 2 ‘|‘p+wcu,§—m7—|—mc,u | }

_ )\ 2tiavp( . .
1+ 2iacpy pea i) [(=2+iay) 4.+ — o0

is canceled after the summation ) AujcaVh.(u1) Vi (us)

c,d==
‘ Final expression: next slide




Equilateral limit ki1 = ko = k3

my=2H
v = k1/ko dependence AERRRRRRsnaassnnss RAREAARRARERERRNS
0S Vea 15;
%:f(mO) ” + O(e) 3
g 107
The same scale dependence as 5
5t =0
the general single field inflation : lo.5
, . . [Chen,‘07] : a7
(Consistent to EFT description 0f a==05
integrating out heavy field) 3 2 1 0 1 2 3
log,,(k0/k1)

Amplitude
Sea(~ fx1,) ~ €2c30(10)
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