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Motivation and background

Quantum gravity as a UV completion?
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Quantum mechanics + Gravity? - Standard Model

UV completion Low-energy effective theory
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Motivation and background

Quantum gravity as a UV completion?  Vafa, hep-th/0509212

0 Energy

Quantum Gravity
(String Theory)

[
»

Consistent with
Quantum Gravity

Not consistent with
Quantum Gravity

Theory space

No global symmetry conjecture

There exists no exact (continuous or discrete)

Ooguri & Vafa, NPB 766, 21 (2007)
Swampland conjectures

Refers to low-energy EFTs which are not
compatible with quantum gravity.

Swampland is in fact much larger than the
string theory landscape.

 No global symmetry conjecture

d Weak gravity conjecture

U Distance conjecture

Q..

- Global symmetries in low-
energy EFTs are broken by

global symmetry in quantum gravity theories. 1
Original motivation: Black-hole physics Las = Aqa Os+ -
“no-hair” theorems Hawking radiation Any observational effects
Rai & Senjanovic, PRD 49, 2729 (1994) that can constrain AQ(;?
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rotational velocity
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“" " 50000 100000
distance from center (light years)

Galaxy Rotation Curve Gravitational Lensing " “Bullét Cluster: “*

Z, symmetry ‘ DM stability

Cosmological domain walls
Originate from the spontaneous breaking of discrete symmetries.

*  The energy density of domain
walls soon dominates the total
fluctuations e oo . energy budget of the Universe.

Vilenkin & Shellard (Cambridge University Press, 2000)
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and background

: iy u

rotational velocity
m/s)

“" " 50000 100000
distance from center (light years)

Galaxy Rotation Curve ' £ gan

Cosmological domain walls

) = i V(g)
fluctuations Sov m )

Zeldovich et al., 1974, Kibble, 1976, Vilenkin, 1981, ...

Solution: metastable domain walls
Discrete symmetry is explicitly broken Gravitational waves can be produced

» Bias term » DWs annihilate during the evolution of domain walls.
Saikawa, Universe 3, 40 (2017)
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Motivation and background

The framework

Quantum gravity effects as the common origin
of DM and DW instabilities

Stable dark sectors:
Scalar singlet: ZZ(DW)

Scalar/Fermion: Z Z(DM)

PTA + other GW
telescopes

Indirect detections
of DM
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Motivation and background

The framework

Quantum gravity effects as the common origin
of DM and DW instability

AQG ~ Mp1 68 > Mp1

Planck scale
* Non perturbative
instanton effects

Stable dark sectors:
Scalar singlet: ZZ(DW)

Scalar/Fermion: Z Z(DM)

PTA + other GW
telescopes

Indirect detections
of DM
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A minimalistic model with two singlet scalars %@%@

NY
The model
Zy-conserving: V =u*H'H + A(H'H)* + HT H(Ans15F 4 Ans2S3) T“]I)(\)Nscalar?)M
—|—)\3125%S2 —|—,u252 _|_ 52 ):ll (Sl _U%)z $1:2775 821 Z;

2
. . 1
Z,-violating: A :—E: > S H? H?) —§ 7G5
2 g vV AQG et ale +a215 +05ng + AQG CJS S
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A minimalistic_ model with two singlet scalars %@%@

Y
The model
Zp-conserving: V =p2HH + \(H'H)* + HT H(\a§3 + A7) || WO Scalars
A S: 22V, §,: 79M
+ )\8125]2_52 + ,LL252 ‘l‘ S2 41 (Sl — ’U%)2 2 2
2
. . 1
Z,-violating: AV = — S5 & (0 SSH? +|aug; Sy H j gb—i
2 g AV =1 ;(ahsl + a2, SPH? +|ag;S AQG chs S5

SF, RR, GW, XW, MY, PRD 109 (2024) 2, 024057

Decay of Dark Matter (S3)

Electroweak symmetry breaking v
AV D 52H4/AQG ) sin 6 = h

(m% - m%M)AQG
Decay via the Higgs portal | sin2g
Decay width: T'py = 2 |M|?
Spira, Prog.Part.Nucl.Phys. 95, 98 (2017)
52 H . . Slatyer & Wu, PRD 95, 2,

_____ - Indirect detection 023010 (2017)

« CMB power spectrum: 7pwm 2 10% s

o « SKAradio telescope: T'py > 10730 571
S; = SMSM - ee,yy,vv Dutta et al., JCAP 09, 005 (2022) (0 6 tasted)

SM
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A minimalistic_ model with two singlet scalars %@%@

Y
The model
Z,-conserving: V =u’H'H + \(H'H)? + HT H(A o152 + AnsoS2) T“]’)(\)NscalariM
+ A125252 + u2S3 LA 52 11 (52— U%)z 511227 82125

2
73 o _ 1 5 372 4 J Qd—J
Zz VlOlatlng. AV = H Z ozlz-SZ- I OlgiSi H* + «a3;5;H AQG ZCJS S

SF, RR, GW, XW, MY, PRD 109 (2024) 2, 024057

Biased domain wall (S¢) L
, 1 v3v2  wput\  Surface energy density o= vy
Bias term: v, ~ —— (vf + LAy h) = ! 320
AQG 2 4 Typical curvature radius Ry ~ vt ~
True Pl
vacuum Peak frequency:
/ Volume pressure f 375 %x10° 9 Hy C~Y2 4~ 1/2A—1/2V1/2
force py ~ Vpias g o bias
Tension force Peak energy density:
-~ False A
br Rwall vacuum Q h2 ~ 53 x 10 20 €A4C§nn 4Vb;azs
py ~ pr gives the annihilation time SGWB spectrum: a=3b=c=1
Ao 6 =0/TeV? c
tnn:Cnn— - 2 12 (CL—l—b)
* " Viias Vbias = Vbias/MeV4 W 8qw = h QP (bx—a/c + axb/c)c
=6.58 x 10™* s Cann AT Vi1, NANOGrav, Astrophys.J.Lett. 951 (2023) 1, L11
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Combined constraints on quantum gravity scale

/\1 = 10_3
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& . _ ~signal \J)
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SF, RR, GW, XW, MY, PRD 109 (2024) 2, 024057
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The fermionic. dark matter case

Freeze-in or freeze-out?

Consider fermionic FIMP Dark Matter

“* DM never enters thermal equilibrium

%+ The initial abundance is negligible

% DM abundance slowly freeze-in

Bernal et al., Int. J. Mod. Phys. A 32 (2017) 1730023; T T SRS
Fatemeh et al., JHEP 03, 048 (2015) r=m/T

The model SF, RR, GW, XW, MY, JCAP 05 (2024) 071
One scalar + one fermion  S: associated with Z2W; y: associated with Z>M
1 1 1

@ Dimension 5 L= —YXSQ + —xxH TH el =
Ar1 Ar1 Aqc

S0, Hy
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The fermionic. dark matter case

Freeze-in or freeze-out?

Consider fermionic FIMP Dark Matter

“* DM never enters thermal equilibrium

%+ The initial abundance is negligible

% DM abundance slowly freeze-in

Bernal et al., Int. J. Mod. Phys. A 32 (2017) 1730023; Do
Fatemeh et al., JHEP 03, 048 (2015) r=m/T

The model SF, RR, GW, XW, MY, JCAP 05 (2024) 071
One scalar + one fermion  S: associated with Z2W; y: associated with Z>M
1 1 1 — -
@ Dimension 5 L=-—xxS?+-—xxH'H Lireak = —— Sl Hy
Agr Arr Aqa

Freeze-in scenario £, conserving

YOV~ 3 180 (TRHMP1> |
1.66 x (2m)7g5/g? \ A& Relic abundance
135 Mp, (FHXX ) r,HXX) - QOh? = 2.75 x 10° x ng\“ﬁ (VY + YiR)
1.66 x 87395/ g?

IR
Yo =

2
ms my
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The fermionic. dark matter case

Freeze-in or freeze-out?

Consider fermionic FIMP Dark Matter

“* DM never enters thermal equilibrium

%+ The initial abundance is negligible

% DM abundance slowly freeze-in

Bernal et al., Int. J. Mod. Phys. A 32 (2017) 1730023; Do
Fatemeh et al., JHEP 03, 048 (2015) r=m/T

The model SF, RR, GW, XW, MY, JCAP 05 (2024) 071
One scalar + one fermion  S: associated with Z2W; y: associated with Z>M

1 1 1 -
@ Dimension5 | £= —xxS*+ —xxH'H Lorenk = SO X
Arr AF1 Aqc
Active-sterile mixing and indirect detection 2, violating
0 ~ Z ( "D, ) _ ( 3UsUn ) ! Q X/y-ray O SKA
Siga\mes/ - \V2hqa/ Moy O CMB 0 0vBp
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The fermionic. dark matter case

Combined results SF, RR, GW, XW, MY, JCAP 05 (2024) 071
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PBH from quantum gravity effects

“Late annihilators’ collapse into PBH

Yann & Edoardo, PRD 109, 12 (2024) PBH mass Mppy [Me) Particle DM
. 107 10 10 10% 10" 10°"® 102 102 from PBH evap
i il il it il it Lty vap-
DW radius R Annihilation : | ) ;
1 phase g L J L/t=038 L\(I)Z( i 1‘7\4[)]\‘[ [GP\/ ]
1 late— T g L | ‘ f

b annihilators 1 R(®) a = L Microlensing | DMover- | "}
Rbaby G'/ <R, g - | bt 1016

RPBH = e Mo

ann S = Rays

o= — -~ IFa
> 7] {fopm <1 SO 10"
'P& 29 qo-1L em | T - —
</ <) Freheating) fepn 1071 | emB
Q‘@ Wormhole 5 [ (DW ann.)

\/‘ - rtBBNT) | L _ (Dark reheating) _L ____________ 1012
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E & Sl & 3

> Lol vund oo vonsd et Uil vl vl o ol consd oo ol 3o tosd o consd e il oS 1010
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LGV

~

tann tdom

Bias energy Vm .

Quantum Gravity origin of PBH

Dark Sector Biased
S: Z, Domain walls

“Late annihilator”
Reach Schwarzschild radius

YG, SF, RR, GW, XW, MY, 2407 XXXXX
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PBH from quantum gravity effects

A simple model with one singlet under Z, YG, SF, RR, GW, XW, MY,
) \ \ \ 2407 XXXXX
. L
Renormalizable: v — %HTH + f(HTH)2 + %HTHSQ +7 (8% = vd)?
. . 1
Dimension-5: AV = A—(a155 + pSPH? + a3 SH?)
QG
. " 5
M =|47Viias R? /3|40y R?|—[87°Go® R? w i (100 Mev)
o PBH = © 1/4
Volume Surface Gravitational R (tppy) = 2GM (tppn) bias
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Results B T R o G
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PBH from quantum gravity effects

A simple model with one singlet under Z, YG, SF, RR, GW, XW, MY,
) \ \ \ 2407 XXXXX

Renormalizable: v = %HTH + f(HTH)Q + %HTHW +55(8% = 02)?

. . 1
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Summary @%@@

5%

O Quantum gravity effects could be the common origin of dark matter,
gravitational waves and primordial black holes.

1 The quantum gravity scale considered here is the combination of Planck
scale and the suppression from non-perturbative instanton effects.

O Dark matter indirect detections and gravitational wave observations
can be used to test the quantum gravity scale. The recent observations
of a gravitational wave spectrum by PTA might be our first empirical
information about quantum gravity.

Thank you!
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Recent results reported by PTA projects @%@@

5%

NANOGrav, 2306.16213, EPTA, 2306.16214, Bayes: 3¢
PPTA, 2306.16215, CPTA, 2306.16216

Several PTA projects have reported positive
evidence of a stochastic gravitational wave

Frequentist: 3.5-40
LI I e B

YowB=13/3

background.
_ —1y. @
Nanograv (frey = 1yr—): é:%
SMBHBs: ygw = 13/3,Agw ~ 2.4x1071> = M|
L 2 " F fer = 1yr'=32nHz
- o, 1wl =321
QGW ~ 9.3X1O 9 /\b‘é :I/l}\‘rl 1 l(wlllvl L I I: I]I[ZI Ll 1 | I ] N
. - X 2.5 3.0 3.5 4.0
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YGWB
10? g | | | | | | | i | | 3
E ¥ ® ; E
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The scale of . quantum gravity

) Giddings & Strominger, NPB 306, 890 (1988)
Global Symmetry can be broken by non Blumenhagen et al., NPB 771, 113 (2007)

perturbative instanton effects. Florea et al., JHEP 05, 024 (2007)

Quantum gravity effect becomes N

relevant at Planck length Effective quantum gravity scale

Non-perturbative instanton effects / Aqc ~ MpreS > Mp,
Os/Aqa is suppressed by =%

In general, scale of a global symmetry breaking can be much higher than the
Planck scale. Kamionkowski et al., PLB 282, 137 (1992)
Holman et al., PLB 282, 132 (1992)

For the discrete Z, symmetry we are considering:
The size of the instanton action is S ~ O(M3,/A%,)
Weak gravity conjecture requires Ayy < Mp, =) S ~ O(10)

The range of the scale we are consideringis Aqgg ~ (10%°---10%°) GeV

Correspondingto S ~ (4---38)
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Different values of A,
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Freeze-in orfreeze-out?

 Severe problems with fermionic WIMP-type DM.
O An alternative is the feebly-interacting massive particle (FIMP).
% DM never enters thermal equilibrium with the SM bath
% The initial abundance is negligible
% DM abundance slowly freeze-in
1 Two types of freeze-in scenarios:
% IR freeze-in: renormalizable interaction between FIMP and SM bath

Fatemeh et al.,

% UV freeze-in: only non-renormalizable interaction JHEP 03, 048 (2015)
0.001 & \ ‘ . -
Y Yro

107 ¢ 1
. Yuv
1077 ¢ E
.
.
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Active-sterile-mixing

The DM can couple to the SM fields via active-sterile neutrino mixing

1 .
Lpreak = @Sﬁoff x ®m) Give rise to Dirac mass terms

The mixing angle is approximately given by

mp, 3vsvp, 1
0 ~ — | =
i:; 5 (mDM ) ( V2Aqa ) moM

Shrock, NPB 206, 359 (1982)

The two-body radiative decay y — vy Essig et al., JHEP 11, 193 (2013)
. —1 5 . —2
9agy sin’ 6 5 5 17 10MeV sin 0
Ty—svy ( 102474 Grmdm ~ 1.8 x10"" s —— T0-8

Indirect detection

U X/y-ray: Null detection of characteristic line can lead to a constraint
L CMB: Constraint from the observation of CMB power spectrum

L SKA: Detection of the radio signals

U Ovp: via the active-sterile mixing
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