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Plan

A brief infroduction
- Beyond the realms of the SM
The Framework

- The underlying model
- Gravitational production channels

Detectable Primordial Gravitational Wave (PGW)

Case of a stable and a decaying Dark Matter (DM)

- along with BAU
- Explaining IceCube excess

Light DM via gravity portal

Conclusion



Why go beyond the Standard Model?

PARTICLES OF THE STANDARD MODEL

Atoms

Dark
4.6% Energy b ¥ . ?p/?g\”) 8
Dark 4% ¢ % r%e Ly
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Where is the Antimatter ???

TODAY
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Here and there be Dark Matter!

Observations

P— hydrogen e {
. /i/’j«"‘?“f"f

0T,
[ ,51' ol

L fom visible g

Rotation Curve -

e e
"collisionless"”
o SMu?
v Couples very weakly to photons - foo light fo satisfy abundance
v Massive - too hot to form structures
v Still around today (stable) — Motivation to go beyond the SM
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QCD axion WDM limit

102V e ke U\)YMFPWS“TR M 10 M,
-~ e l
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o T > mx: DMin thermal equilibrium

0.001 T T T e Before nxy — 0,DMis rescued by
Yro freeze-out 'y < H.
. e Weak scale interaction accounts for
07 1 DM relic
Yuv
= 107F
£
e Canonical WIMP scenario getting
10-} cornered by experiments
e A possible alternative:
=111
10 Freeze-in (0911.1120,1410.6157...).
0.01 IRt “PM = Yoy o
X N 2 M
(W) - — favors
low T’
uv: o1
qpIe=
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Thermal Bath o favors high T
Temp T > Mx AL
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assume initial abundance negligible
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(@) Direct Detection (5) Tndirect Detection (© Colider Detection. 3 / 12



Matter over anti-matter

e Independent observations from BBN and CMB

YABELSnBN8X 10~ 1

e Dynamical generation of BAU: Sakharov conditions saknarov (e
Lett.5(1967)24)
— B, (¢;qP), Departure from thermal equilibrium

v/ B-number is an accidental symmetry in the SM
® /P = Jarlskog invariant eriss0391085 ~ 10729 is too small
@ EWPT is not strongly 15¢ order 202022,

e A possible way:

— Baryogenesis via Leptogenesis (rukugita Yanagida
PLB174:45,1986 )hep-ph/0401240 0802.2962) — connects v-mass with BAU
4712



Matter over anti-matter

e Type-l Seesaw:
e Thermal: produced via
. Majorana mas(AL=2) scatterings in the thermall
LD — 3 My N¢N bath

- Hierarchical: M1 < Mo 3

complex Yukawa - Davidson-lbarra

- N NH'L4+he.. (hep-ph/0202239)
e CP-asymmetry: interference between < %

tree- & loop

o Out of equilibrium provided by
expansion of the universe

“sphaleron”
—_—

Ty > My > 10° — 1010 Gev
— gravitino overproduction

OYL

Y (T ~ O(10% GeV)) e Non-thermal: My > Ty,

- Produced from perturbative
inflaton decay ¢ — NN
(PLB258(1991)305)

- From preheating
(hep-ph/9905242)

2
I(N; > LH) - (N, - LH) 1’”[(”“);,] M,
AN €= —~ LM< M;
NH r(N,—LH)+T(N-IHY) 5 (VY), M
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2 birds, 1 (non-standard) stone

This talk

{ Evaporation produces }
i particles of all spins

r N
! Gravity portal

\é \\15“'5 E + Type-I seesaw

QO™

T ae®
N

Numerous! RHN
\ep-ph/0503065,hep-ph/0505320, N - s
0911.4463,1005.2804,1101.4936, A Y 1’
1102.3455,1112.2704, 1608.03872, \\ -

1712.07652, 1712.02713,1812.06122,
1904.05594,1910.12916,2001.04085,

Leptogenesis

Leptogenesis
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The Set-up

e SM+3 RHNs (Majorana)+1 scalar
(inflaton)

e gravity portal arises from perturbation
around flat metric

Nuv + hul//MP

stress-energy
—

1
— = huu Tg‘;[ + Tgu +T§U
Mp NN
infaton DM

e Consider massless gravifons and from
T, we can compute the amplitudes for
the processes

¢~ N;
\*\
JTAZ2AN ny
Mp .~ Mp
/k/ h/_w
¢~ N;

e Potential for ¢ (T-model (1306.5220))

¢
V6 tanh <\/€Mp >

~ AR /MY 6 < Mp

k
V(¢) =AM}

_ Py _ k—2;
* w= el == is the general
inflaton EOS

o CMB measurement at k = k,

ng 21— 6ex + 214, =~ 1664
Vi 1872 Ag,

N
24m2e, M3, 6%/2N2

Agy, ~

Only renorm. interaction:

LD —(yn)i; N HT L

No perturbative decay of ¢ info RHN

¢ interacts with any other matter field only
gravitationally

stable DM: (yn )1 — 0, decaying DM:

(yn)ir #0 6/12




Gravitational Production

e DM:¢p¢p — N1 N1,SMSM — N1 Nq e
e (Non-thermal) Leptogenesis: ¢ ¢ — Nz 3 N2 3 e Graviton exchange processes
. sufficient to reheat for k > 9
¢ Reheafing: ¢¢ — SMSM (2201.02348,2205.01689)
e Can be relaxed by adding
non-minimal contribution to radiation
¢/h N production (but still
\ N NI k > 4 (1905.06823))
34 \,/ e k>4— w>1/3 = astiffepoch
II, \\\\ .
¢/h N, ¢/h YN
J M o~ = = _
¢ Nas 9. o Nas Lionmin D - QR+ Ly +Lp+Ln,;
i €58% &0l _
AN witho? =14 222 | Sk
- . M3 M3
¢ Nos ¢ s Nas 2 2
|€iIx"/Mp < 1 (leading order in small-field limif)
[N ,SM
\\ I//
N
/, N
¢." o e smallfield Imit: £, < 1, O(1)(GW) < &, <

O(101%) (collider [1211.0281]) 7/12



Primordial Gravitational Wave

e PGW is a crucial prediction of inflation e Slope of the spectrum can probe

e For horizon crossing happening during shape of the inflaton potential

RD, PGW spectrum is scale-invariant

o The spectrum is blue-tilted for a stiff 10:; ] excluded by BBN for excessive GWs
equation of state (grqc/0105121,1412.0743) 10 .
1077k
14 10°r
Qecw = — PEW ¢ g3w—1 109k
pe dlogk ook
TQ 10—11,
= 10712
e Excessive blue-tilting is BBN forbidden: c(:J lo-BL
rules out &, = 0 (1811.04093,1905.06823) P ni
-150
e This is relaxed for non-minimal coupling 10 A .
10-16F modes entering
_17E during MD
e PGW spectrum today 107! curing
10-18 moc?es entering
10—[9Alwlwlldlp-"ﬂgrRZA)A\lwllw
1, f<Jvp 1010010 102 1 10% 10* 10° 10° 10%
0 0 2(Bw—1)
ew Xy Ty f A8 fyp S f < fe f (Hz)

0, f>fe 8/12



Case of a stable DM: (yn)i1 — 0

an,h? = (9F, +9%, ) b2 ~ 01
® (yn);1 = 0:e.yg., Z2-0dd

e Relic is satisfied twice:

- Low Ty ¢ scattering dominates
- High Ty,: SM scattering dominates
w

0.5 0.6 0.7 0.8

Try (GeV)

inconsistent e
reheating

14 16 18 20

Tru (GeV)

Fields Zo
N1 —
N3 +
SM +

Yp o ear ny, (Tin)/s(Ti) ~ 10711

o Non-thermal leptogensis: Na

produced only during reheating
e kinematical suppression: My, — mg

w
0.5 0.6 0.7

106
107
104 =
10‘1 L

102

Y underproduced

inconsistent
reheating

20
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Case of a decaying DM: (yn)i1 # 0

e "PeV excess" @ IceCube: 1.04,1.14,2.2

k=28
PeV (1304.5356) : - T MRy o
e Maximum energy observed @ IceCube —o0eT (e"):cluded) Pe GeV_
EN ~ mpy /2 can be explained by 75 01 10% 73
decoying DM 10 8.1 8.1 17
(1308.1105,1311.5864,1410.5979,1607.05283...)
o DM lifetime with simplest Yukawa relic + BAU
yn, L H Ny k: [6, 20] .
&, =10
—20\ 2
s g2 (Ax10 1PeV 102k i
YN, MN1 % | IceCube events
&)
e Freeze-in production via same needs =
=
YN 2 My
Qn, h% ~0.12 1 1
M (1.2 x 10-12 1PeV )
& =0 excessive GWs
e minimal d = 4 operator is insufficient
(alteratives:1606.04517,1607.05283,2206.12910...) 10M 1(')(; "~
Gravity portal naturally provides
. Yy p y P My, (GeV)

PeV-scale DM 10/12



A second avatar

e Strong dependence on RHN mass can

be overcome considering an
intermediate state

LD —yh SNFN; +h.c.

e Each S decaying into 2 RHNs with
branching

2
MNi
2 2 2
My, + Mg, + My,

Br; =

S
— RYY/RY, ~Brim2 /MR,

— DM mass is much lower if Br is large

N;
s
6.
T N N;
el Ky AN
¢ s
N;

TRH (GE‘V)

0.

relic (1512.01981,2209.14220)

5 0.6

w
0.7

0.8

DM could be ~ O (keV) such that
warm DM limit applies
— e.g., mpy = 4 keV for thermal

N \)‘.Q\W(\

By

inconsistent
reheating

i

20
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A second avatar

k=38
3 Tin My, My, x 10!
1 0.0084 (excluded) — —
10 8.1 220 TeV 0.4
68 2.6 x 10° 4.0% 7.1 My > m/2 ]
100 8.1 x 103 7.1 PeV 13 , > iyl
&y = 1()2/
e Inflaton contribution dominates over . E
f : IceCube
thermal for spin-0 production (211214668, ovonty
2112.15214) e
k 3
T 2/k
RY"/R] ~(pe/pr)®F >1 2
a=amax 5"

[for spin 172 ~ (My /mg)? (pe/pRH)z/k]

o Kinematically: 2my > 4My

e Opens up lower mass and larger &,

10%

10 10°
My, (GeV)

10°

107

10%
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Remarks

A pure gravitational origin of DM+BAU+(gravitational)
reheating

GW overproduction rules out minimal coupling demanding
non-minimality

Possible explanation to IceCube high energy neutrino events
via decaying DM

Testable in future GW detectors because of blue-tilted PGW
spectrum
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Remarks

A pure gravitational origin of DM+BAU+(gravitational)
reheating

GW overproduction rules out minimal coupling demanding
non-minimality

Possible explanation to IceCube high energy neutrino events
via decaying DM

Testable in future GW detectors because of blue-tilted PGW
spectrum

Thank you for your attention!
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Backup Slides
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Production Rates
Generic solution fo inflaton EoM
$4+3H¢+Vy(d) =0
— ¢(t) = o(t) .P(t)

Rapid oscillations of P(t) are damped by decreasing envelope ¢(t) due to redshift
Period of oscillation

Tk 1 1
T =2r/w,w=mg Q(T—I)F(g-‘_E) /F(l/k)

Each Fourier mode contributes to scattering amplitude with energy £, = n.w
Thermal rate

8

T
RJT = B; e ,for spin ’j’ final states
P

Inflaton rate

Pi m2 2 4m?2 1/2
0 _ X k 2 X
Ry = 256w M3 2 <1+2 E2 > [(P5)nl {1 E2 }

n

n

R P S [y A
¢ 256m M £~ E2 "
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BEQs
EoM of ¢

d+3Ho+V'($) =0

Averaging over oscillation leads to

(%) =~ (&V'(9))
= po= P+ V) = T E2 () = Vi)
& o= I - (V) = 2 V) = L V(o)

EOS:w=p/p=(k—2)/(k+2)

Py +3H(1 +wg)py = =Ty (1 +wy)py
pr+4Hpr ~ +(1 4+ wy)Lype
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Energy-momentum ftensors

TI — 950,5 — g B 050 S — V(S)}

v 1
1??2 — é

= ;1+Z = L/+Z uv b ¢1€$ My —
X0 x + X0 x| — g X7 8ax—7xcx

Graviton propagator

. npyfr]a/"' _|_ nPMnUV — npan/'“/

TIHveo
() 52 :

in harmonic (de Donder) gauge where 9 hy,, = 1 0, Tr (h.,)
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Numlber densities

e Minimal gravitational production of RHN

3
B1/2 (k+2) pgy 2(7 — 4k)? 1042k
12V3M% 2 (k+5)(k—1)(5k —2)

Thermal: ny, (aru) ~

1 2
2 3t% 1
Inflaton: n‘f(,’j (ary) ~ M, V3 (k+2) piy (pend) %

8
2 k(k — 1)AF Mk \PRH

e Non-minimal gravitational production of RHN

N
E+2)(1—(£Le )
Thermal: nTEn#0) _ <\/§Nh (3)2¢2 MR, PRH> (k+2) ( (PRH)
i s2m0 /% Mp 72(5 - 4k) T (229F )

Uk rap 4 LGS LAH0 g 20k
x |9v/A(5 — 4k) ( Pe ) F( ) 4 (L) 2h—12R7 (7> g
PRH 4k -7 PRH 14 — 8k

e Gravitational production of scalar

3/2 1
\/ng/H k+2 (pend)l * sk
4rM3 6k — 6 \ pru 0

k
Inflaton: ni‘f (agrn) ~ Br; x
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BBN bound on reheating temperature

Py = prOTT = Ty,

6k
1o Pe Py (apBN/arn) 12
N N Ty /T 4
PRI|g,  PRIrgey (Tin/TeBN) w
(Thax) 7 ( 4 )% AN 2 - Lois. 0506 0.7 0.8
py(TBBN) = = | — —
® s \11 Y 3o BBN 101 1
<0.226 10BF T = 3x10M (ilv E
10"2F e
v 10 . Ty = 101 GV 1
05 0.6 0.7 0.8 10108 hedis E
P 1000« *
6=10 ~ 10%F “ [ :
N | % 107 ¥ G(:\ PR |
. £,=10" . . g 100F Tlunx ey E
. 1 1008 © & / 4
= . 2 G
. =10 e & 10 g G
. 3 10°F Ty = eE +
s 2 &= AW 10°F ‘ ©exeessVC = 1
] + ! 1 10F . 4
(\'2 o PROIN N * 9 1F =3
E 3R 3 10’;- 1
& L DR 1072p : 1
3 N ive, OB, o 10%F  BBN E
o e,;seﬁsv- . = 104 I I I I L L L
L n e 1 4 6 8 10 12 14 16 18 20
o : inconsistent 4 k
reheating |
BBN 4
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6 8 10 12 14 16 18 20
L 18712



Interactions

e Conformal transformation: Q2 = 1 + 6‘1’72
M3Z

M2 SO . _
Sy :/d4w\/—§ [_TP QR+ Ly+ Ly + L,
where

1
Ly==0,00"¢ - V()

2
Ly = d,ho*nt — v(hnh)
_ i 1 _ _
LN, = 5/\/,; Y N; — 3 My, (N)e; Ny + Ly

Ly = —yn; NihTL+hec
2 2
3 F _
+ 5’3\4‘72” = guv = % g

P

2 b
M:R K°

[ 3
SE:/d4z\/—g[— 5 +Tguuausaausb+ﬁlvi Y Ni—

1
o4

Mpy. 3t . > 1
> N;Ni+£yuk>7@1\ri (7 2) Ni— o (V¢+Vh)],

e Field re-definitons: L — Q3/2 L, N — Q3/2 N

MZR K9 1 i
Sp = /d4z\/—g|:7 D o 9" 850 08y —— (Vg + V) + SN

2 2 Q4
non-canonical kinetic term

1
N; + — L.

Q

yuk]
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Interactions

o Inflaton mass

1—-2
0%V o k
my (k) = 525 =3 k(k—1) Mp (A;;>

(0

e Reheating tfemperature

sE= 1 _3k_
T4 _ 30 MA Pe k=4 ak(g) \/g(k + 2) Bt
RO r2gpn U\ M 8k — 14

e Maximum temperature

> P% = V(he) With deng ~ \/gMp In B + g <k I/ 3)}

2k+4

13 =
Pend k+2 2k+4)4k_7 4
~ 3 ]\44 T —— = *Tmax
pmax 2 V/3 o () Mp <Mg,> 12k — 16 (6k—3 ¢
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Derivation of Qqw

e Assuming “hc” occurs during inflaton-domination

Qow(r k) = sy P X k)]
= s P05 ()
_ %k oy [gph (m)* (ahﬂ (;fiMd)
m Mp

3 PRH 2 9xs,dec Qrh
_ V/PRH _ Gnc (arh
Qhe

>3k/(k+2)

kne _ anc Hpe _ .
a0 27r "V pru 27r\/§Mp ap

B 2mag 2mag
Then
2 Q"/ h2 Gxp,rh 9xp,rh _% Hend 2 ag k—1 27I'\/§MP k=1
Qaw h” = ’ : 7
3 2 Jxs,dec 2 Mp arp PRH
e Assuming “hc” occurs during RD
2 -3 2
QGW h2 = Q’y h 9xp,rh (g*p,rh ) 3 ( Hend )
3 2 Gxs,dec 2m Mp
—— S)GVV h2 folgyv hQLKD X VV(f,lU)
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