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Standard Model of Particle Physics and its Shortcomings

Standard Model of Elementary Particles
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Einstein’s General Relativity Theory and its Shortcomings

-Singularitg Problem

e Dark Matter
G
G#V+Agw: o 7;“, e Dark Cnergy
/ T /X «Classical Theorg
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Tensor CosmOlOglcal Tensor e Massive Gra\/ity
Constant

ePrecision Measurements: Fifth Force.



Dark Matter: Whﬂ do we need it?

Galactic Scale: Cluster Scale:
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https://en. wikipedia.org/wiki/Galaxy_rotation_curve https://www.esa.int/ESA_ Multimedia/Images/2007/07/The_Bullet_Cluster2
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Cosmological Scale: ‘ Cosmic Pie:

Dark Matter

Dark Energy

CMDB l\/\aP ot the Universe Fresent Energy clensitg O1C the

.httPS://en.Wikipedia.org/wiki/ Universe

Cosmic~microwave~bac|<grou nd https://sci.esa.int/web/ planck/-/51557-planck-new-cosmic-recipe
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Properties of Dark Matter
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Problems with WIMPs

-Strong Constraints from Direct Detections:
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Motivation for stuclging FDM: Axions, Iight gauge bosons

«Small Scale Structure Problems:

| L II 1 1 1 | | ll | 1 1 | | ll
Y021 —
. .O (o 0 .:.'f.? _
" ¢ é ° | o i -
| 6 ——=tn _6 A Ll
244
QL10-4 _
\10 - \"/ 5
Q - -
= sesscssssscascens NFW (< 110 km 5—1) -
[ e ———- ISO halos
o IC 2574 B DDO 154
[ O NGC 2366 ¥¥ DDO 53
v Ho | A M81dwB ~ .
10-5 — O Ho Il ,, T
-l | | ll | | | | 1 1 1 II | | | | | I .|
102 101 100

R/Ry.3
Astron J 141,193 (2011)




Astrophgsical observations to Probe ultralight Particles

«Orbital Periocl loss of f:)inarg systems

«Gravitational light ben&ing
~5hapiro time clelag

ePerihelion Precession of Planets



Indirect Detection of gravitatiomal Waves

Hulse -Taylor Binary b o 0
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eHulse and Taylor (1993) Orf:)ltal Perlocl loss of bmarg sgstem rst indirect e\/lcfence

of GW)
*GWI50914: Merger of two stellar mass black hole (first direct evidence of GW)

httl:) //hgperphgsxcs Phg LHSEr gsu edu/hbase/Astro/Pulsrel htm




Quadrupole formula for GW radiation

P o= (d3Ql] dSQlJ 1 &°Q; dejj)
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Peters and Mathews (1963)

The energy loss of a Keplerian orbit for arfjitrarg eccentricitg
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In goocl agreement with the GR Preclic:tion —» Indirect evidence of GW

However < 1% uncertaintg in the measurement



Gravitational |ight bencling Shapiro time clelay
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Perihelion Precession of Planets

Mercury at
perihelion

https: // www.astronomicalreturns.com /2020/05/ the~m95ter9~og~mercurg&—missi ng.html

Test of Einstein’s GR theorg -Uncertainty in the measurement : (1()_3)




AXion

A Saviour of the Strong CF Problem, Dark Matter,

and its Searches



Axion : Motivation

Strong CP Problem:

« Axion was introduced

-Stringent Probe of strong CP violation: neutron electric dipole moment

The Strong CP Problem @ @

10.110%/ Phys. Rev. D 92.09200%
|

ht’cPS: il energgwavetheorg.com ¥4 subatomieparticles /neutron/

Estimate: dy o ~ 10~%¢ .cm Estimate: d, ~ 107'% . cm

https: //www.alam y.com R 5toc|<~Pho‘co~water~molecu|e~11865066 html

Data: dy o ~ 0.5 X 10~% .cm Data: d, < 3 x 107*%¢ . cm
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QCD: The theorg of strong interaction
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0 term must be Present it none of the quark mass vanishes

eQQCD clepencls on @ through the combination of Parameters

0 =0+ arg(det(M))

e FOr a non Vanishing 0 the induced neutron electric cli]:)ole moment Is

i —16 S. Profumo, An introduction to
d ~5X%X10""0e.cm ,
Par’clcle Dark matter

o A general /natural 8 ~ O(1) bac”g violates current experimental constraints

d, < 3% 107%% .cm

10.1103/ Phgs. Rev. D 92.092005 —» 339 ten order of magnituclc small.

why nature choose such small value of 8: The strong (ol Problem




Peccei-Quinn Solution (1977)

dis a dgnamncal ﬁelcl driven tozero 93 its own classncal Potentnal

*Spontaneous f:)reaking of U(1) po quasi symmetry at a scale f,

-Explicit symmetry brc—:aldng at Apcp due to non Per‘curbative QCD effects

ePseudo Nam

bu golclstone boson appears which is called QCD axions

Potential Encrgy
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4| | T-Aec200MeV
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Today
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(6=a/f) Time
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Field evolution of axionic field

At the beginning of the universe, the axion field evolves with the Potential

The action
; — Jd“xﬁg Jd4x\/_ ( (0,0)(0"0) — V(H))
Jd4x\/_( (0,a)(0"a) — (]‘i))
The Potential V(%) = mgfgll i COS(%)]

EOM  d,+ 3Hd, +m a, =0
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Constraints on ultralight axions from compac‘c binarg sgstems

Subhendra Mohantg, Soumya Jana, and T5E
Phys.Rev.D 101 (2020) 8, 085007
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W > ——om <1 eV

Compact binary system I {(GeV) a

PSR J0348 + 0432 <1.66 x 10" =573 x |
PSR JO737 — 3039 <9.76 x 10'° <021 % 107~
PSR J1738 + 0333 <203 x 10" <859 %10 'Y
PSR B1913 + 16 <21 % 10/ <34 %10 *

Stronger bound from NS-WD binarg

if ALPs are FDM, theg do not couple with cluarks



Constraints on axionic Fuzzg dark matter from light bencling and
Shapiro time clebg 1 Ki B JCAP 09202104

Light f:)encling
The eHective Potential 18 presence of long range axion mediated Yukawa Potential
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Slﬁal:)iro time clelag
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Experiments axion decay constant (f,) o
Light bending < 1.58 x 1019 GeV <10 “
Shapiro time delay < 9.85 x 10° GeV =412 % 107
107 Bending of light
1077 - Shapiro time delay
- . if ALPs are FDM, they do not
o 10"
S couple with quarks
“ 10 P q
10°
107_
105_

102 102 102 10®  10® 10 102 10~
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e The NS-WD binaries Put stronger

Summarg

bound on axion clecag constant as

£, < 10MGeV, tor axion mass m, < 107V, which suggest it ALPs are FDM, theg
do not couple with quarks.

The Shapiro time clelag gjves the stronger bound onf, < 10’GeV for axions of r

m, < 107 1%V

1d55
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Light Gauge Boson
Long Range Morce, Dark Matter, and its Searches



Vector gauge boson radiation from Compac‘c binarg systems N a
gaugecl L, — L, scenario
Subhendra Mohantg, Soumga Jana, and T. K. P Phgs. Rev. D100 (2019) 12, 123025

L, ~L - longrange force
Muon content in NS

N ~ 1055 R. Garani, J. Heeck,
0 Phys. Rev. D 100, 035039 (2019)

L oegZlgyy et uytly ~vy'Ly)
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From fifth force constraint

Charge to mass asymn

8°0,0, <1
MZ/ S 10_196\/ 47Z'Gm1m2 i
Compact binary g (orbital period
system g (fifth force) decay)
PSR B1913 + 16 <4.99 x 10-17 <2.21 x 1018
PSR J0348 + 0432 o <9.02 x 1020

PSR J1738 + 0333 S <4.24 x 1020
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Ultralight vector dark matter



Constraints on long range force from Perihelion Precession of

Planets N a gaugecl L, — L scenatio

Su

Perihelion Precession of Planets

Ly—1,. = longrange force

bhendra Mohan’(y) Soumga Jana, and TK P Fur Phgs. J. C 81 (2021) 4, 286

Presence of electrons in \| | erciry a

'/ perihelion

the celestial objects

https: //www.astronomicalreturns.com/2020/05/ the~m95ter9~o1c~mercur95~missing.html

Test of Einstein’s GR theorg — Uncertainty in the measurement {0O(1073)
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£ ltralight gauge boson mass

I ~19
M, <—~ 0O(10"""eV)
d

Perihelion precession of planets in presence of long range L. — L. Yukawa potential
P I P Eralles b Loy =

2 ! N N M., ’N,N,EM , =

/ GR

Newtonian term i
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The Perihelion shitt
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—» Planet Mars gives the stronger bound



Summarg

-The racllatlon o1c ultrahg,ht vector gauge 'Dosons can contri

IOSS O‘F

signature can also

«The ultralight vector Particles can also contri

of Planets within the Permissi

oL; — L type of Particle Phgsics models can

,'Dmarg systems Wl'ﬂCI"l can

ancl compac‘c stars

be looked in GW waveforms

ble limits

bute to the orbital Pc—:riocl

be a goocl candidate of dark matter. Their

bute to the Perihelion Precession

be Probed bﬂ Planetarg motions



Thank You !

taﬂmag@igrl.res.in



mailto:tanmay@prl.res.in

