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Higgs Discovery

€he New llork Eimes

Physicists Find Elusive Particle Seen
as Key to Universe

'% Share full article ~> m :' 122

Scientists in Geneva on Wednesday applauded the discovery of a subatomic particle
that looks like the Higgs boson. Pool photo by Denis Balibouse
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Blscovery of GW by LIGO-VIRGO Col. Recent results reported by PTA projects
Hanford, Washington (H1) Livingston, Louisiana (L1) -
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Cosmological origin/combination of Both.



The Early LUNLVErSE

Big Bang Tewp

2 Uf Luibsiyy

Cosmologtical Puzzles

nflation

park Matter
Matter-Antimatter as ymmetry
Scale of Quantum Gravity
PBH

O > PFE

Tools

We can only see

1. Gravitational Waves SRR BF i

2. C/DSVWLO Mi«crowa\/e Ba th YDM.V\/d PRESENT cloud where llght

2. Neutrinos 13.7 Billion Years was last scattered
, after the Big Bang

4. Collider sSearches

The cosmic microwave background Radiation’s
“surface of last scatter” is analogous to the
light coming through the clouds to our

eye on a cloudy day.



Dark Matter, a cosmic glue

Detecting particle nature of PM:

: E;lll]?;isqjlnalvelﬁl':ilv G ; ._ ik i ﬁtg(;’ls E:(rél:
) : Matter DOWN NOT TO CH Y A LOT

24%

. 50000 100000
distance from center (light yeats)

TODAY

Evidence of PM : Galaxy Rotation Curve

what we kwnow :
O =elic dewsltg

what we don't know :

L Particle Nature
O Massive

O stable object

O interaction

O How Massive

O Noor very weak, Lnteractlon O Production Mechanism

How massive? How to probe?



SOa Le O‘F @/La l/\,tl/(,l/M, qra\/i,ta Vafa, hep-th/0509212

Ooguri & Vafa, NPB 766, 21 (2007)

U For decades BFT has played a vital role in Particle physics
O However, it has Limitations: The situation becomes different once we include gravity and demand that the 8FT
in question is valid at all energies in suitable R4 theory

String Theory

| i ’
g <} swampland Swampland Conjectures
)
i Refers to low-energy EFTs which are d No global symmetry
Quantum Field Theories not ODVW‘PatLbLC with qua ntum @Yﬂ\/i’tg. coy\(j ecture
Q weak gravity conjecture
O pistance conjecture

Swam\pland No global symmetry conjecture

N Landscape There exists no exact (continuous or discrete) Global symmetries in Low-
. global symmetry in quantum gravity energy EFTs are broken by
theories. Ra!

Awny observational effects that can constrain Agg?






Gravitational waves:

Ripples in the fabric of spacetime



Gravitational waves: Theory

Einstein's Equation: Space-time determines the trajectories of all object

1
—3 9uwR = 8nGT,,

Massive objcot curve spaoc*timc

Cownstdering a small perturbation around the metric tensor:

v z@@, |hu| <<1

Flat space-time  swmall deviation
in flat space-time

Propagation of qW in vacuum :
(87 — 82)hy, = 167GT),

(n the far-field regime, the amplitude can be approximated as,

2G - _—» Need a Quadrupole Moment
hig - sz (tRet)\>

Derivative suggests that the sowrce cannot be static

\ Decreases with the distance

Power Emitted: PGW G Z< ng sz>

Timeline of significant events in the history of gravitational waves
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Possible sources of QW n the early Universe

* QW propagates freely once generated
*  carry unique information about the processes that produced them

Possible Sources:

nflation

Phase Transition
Topological Defects
Primordial Black Holes

U

These sources might also be the origin of some of the Cosmological Puzzles:

1. Dark Matter
2. Matter-Antimatter asymmetry
2. Primordial Black Holes



GW Detections
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https://arxiv.org/abs/2401.04388

DPomain wall: Fact-sSheet
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Spontaneous breaking of Z,

Enexrgy Density

Surface Tension

[l - B

Energy Density

Scale factor
PDW X a L (pilutes much slower than radiation and matter)



Possible Solutions

1. tf formed before inflation, they cawn be inflated away
+

2. symmetry restoration at some temperature
3. Metastable Domain walls

V(o)

-V +v
Saikawa, §/niverse 3, 40 (2017) ‘
pv ~ Vbias, DT ~ 0— = +

t
Vbias mmm) DY/ > PT = False vacuum shrinks



Ggravitational waves from Domain walls

JCAP 05 (2024) 071
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f/Hz
Scale factor
1 dpaw(t) BrokRen power Law
W spectrume: Q t,f) =
AW sp aw(t, /) pe(t) dinf
The peak amplituole appears whew t ~ tyny nghz X f3 for f < fp
O h? ~ 5.3 x 10720 2A*C2 54V, 2
: Qawh? o< £~L for f > f
The corvesponding peak frequency GW p
f, =~ 3.75 x 107° Hz C Y2 A~ /25- 12,12




Applications: qw from PW

Stable Dark Sector

Quantum Gravity
Sy : 25PW) » Aqe

5, 2PM) 25 o e,

2

Based on: PRD 109 (2024) 2, 02405F



(1922)

T-h e Soa Le of tha wtum q rav’bta qlddings § Strominger, NPB 206, 890

-~

cawn be broken ba
wow—per‘curbative

tnstanton effects.

o

Global symwmetry

~

)

Blumenhagen et al., NPB #7#1, 113 (2007)
Flovea et al., )JHEP 05, 024 (2007)

The quantum gm\/itg effect

becomes relevant at  Planck @ —

ectlve quantum oravity scale
length i 1 9 J

Aqa ~ Mpie® > Mp

Nown-perturbative instanton effects /

Os/Aqa s suppressed by =%

w general, the scale of a global symmetry breaking can be much higher thaw the Planck scale.

% U(1) Peccei-@uinn symmetry breaking: S > 190 mmmmm Aqc ~ 10100 GeV  Extremely large!

< Discrete Z, symmetry we are considering:g O(MB,/ A2 S~ O(10)

weak gravity conjecture requires Auyy < Mpy

More realistic!

The range of the scale we ave considering s Aqa ~ (1020 ---10%°) GeV = S ~ (4---38)



The setup

The renormalizable potential (Z;-conserving) 10-4} fo = 4.08x107°Hz
Q,h = 1.75%1077
6- b ;M |
107} { m \ -
V =p?H'H + NHH)? + H' H(A 5157 4 g2 S3) | A A | '/A ! “mm !
N A [l
+ AleS%SQ + ,UQSQ + 252 41 (Sl — U%)2 ]_0_8- “ l J
q =
Y 10—10
U \_/
Dlmension-five potential (Z,-breaking) 10-12
| ) 10—14-
AV = (02357 + 0 S H + a3 S HY) + ¢; 51807 : — — —_—
AQG; A Z : 1x107 2x10°  5x107 1x10® 2x10®  5x10°8
f/Hz
Vo = (o + 20k 4 1) PRD 109 (2024) 2, 024087
Ao 2 1



PM Déeca 5:

) Electroweak symmetry breaking , vy

AV D> S2H*/Aqe Mixing between S, and H: sinf) = — 2 A
(mj, — miy) QG
| sin20 ndirect detection of dark matter
I'pm = 167 m JUAPARSYISY: )
oM CME power spectrum SKA radio telescope
25

DM 210 S Ipym = 10790 71

SM 107 HEAO-1 10-24: L ——— ) | AR '
AL Fl — Tuax| x — SM; 5M;, excluding vz
EGRET 107250 Segl dSph, 100hrs SKA .
SZ H 10%°- 10_265 go==13u>éw28 em?®7!, y=0.7 ]

%\ 10728  detectable at 100 hrs SKA _
@2 E DM model independently ]
SM = 107 -
10°30L detectable at 100 hrs SKA -]
C depending on DM model a
1073L N
SZ — SMSM — eé VV vV 1032 not detectable at 100 hrs SKA N
) ) N ]
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DM mass (GeV)
Slatyer & Wu, PRD 95, 2, 023010 (2017) my (GeV)




QW from DW: Testing the scale of Quantum Gravity

'Ws overclose Universe
(fenn > tdom)

9S0[I9A0 SA (T

NANOGrav
% =
S S
S 5
\_é \é
& 0 —
— — E
g
<
o
@
e
O
i
2
I
=
a
E 1 1
20 25 30 35 30 35
log10(Aga/GeV) log10(Aqa/GeV)

PRD 109 (2024) 2, 024057



Fural Remarks

1. some high-scale tssues: DM, baryown asywmmetric Universe, the scale of R4.
2. How to test/probe these scales? qravitational waves?
3. qW can have cosmological origins: Phase transition, Topological defects, PBHS, etc.

4. The same sources might also produce particles responsible for all the cosmological puzzles discussed
above.

4. This suggests that primordial W cawn help us understand/test/probe these scales because they
might have a common origin.

5. gravitational wave cosmology is one of the most promising avenues for discovering physics beyond
the standard Model.
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