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= exchange any m = 0 particles — long-range forces & Gr
— graviton, photon
= what about v?

— has to be a pair

= 1930s: Bethe & Bacher, Gamow & Teller, ...
— exchange v pairs — long-range forces between nucleons
= 1960s: carefully computed by G. Feinberg and J. Sucher
= 1960s: Feynman Lectures, Feynman:"v-forces=gravity?"
= 1990s: Fischbach:“v-forces destroy neutron stars!”

— refuted by Kiers & Tytgat, Smirnov & Vissani, ...




= Why 1/75?

— dimensional analysis
= |f v — scalar or e= — scalar, V 1/r3

— also dimensional analysis
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Compare to gravity: 1/r° vs 1/r
= v-force > gravity if r < 1078 cm

= so either or ...

short-range probe (r < 1078 cm) long-range probe (r > 10~ cm)

= atomic and nuclear spectroscopy = precision test of gravity:
Y. V. Stadnik, PRL'17 -1/r% law

. o - weak equivalence principle
= atomic parity violation

Ghosh, Grossman, Tangarife, PRD'19




short-range probe (r < 10~8 cm)

— how?

= atomic and nuclear spectroscopy

ut V(r) < GZ/r® into
Y. V. Stadnik, PRL'17 P (r) v/

atomic parity violation e Vv?
. ic parity violati | iZo— |- sy
Ghosh, Grossman, Tangarife, PRD'19 ot 2m
However, ...

The problematic 1/

1
— z/1> d®r — divergent at /
T 0

f{s

= In QM, 1/r™ with n < 2 (> 2) known as regular (singular) potential

» Landau and Lifshitz's argument: Ej, ~ % with k~ 2 vs V oc — (1)"

— so n must be less than 2.



Regular vs singular potential

1/r™ with n < 2 (> 2) known as regular (singular) potential
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Why 1/7™ with n > 2 is problematic?

Landau and Lifshitz's argument (1960):

When the particle is approaching the center of the potential, the kinetic energy E =
k?/(2my) with k ~ r~! increases as 1/r? while V decreases as —1/r". Therefore,
the total energy would not be bounded from below and the particle would keep falling
to infinitely small r, corresponding to infinitely high energy.




Is 1/ always valid down to arbitrarily small r?

aT {1V > hep-ph > arxiv:2112.03060v1
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High Energy Physics - Phenomenology
On the short-range behavior of neutrino forces: from 1/7° to 1/74,1/r?, and 1/r

Xun-jie Xu, Bingrong Yu

The exchange of a pair of neutrinos between two objects, seperated by a distance r, leads to a long-range effective potential proportional to 1/r5, assuming
massless neutrinos and four-fermion contact interactions. In this paper, we investigate how this known form of neutrino-mediated potentials might be altered if the
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t-channel: 1/r < 1/r°

s-channel: 1/r? < 1/r* < 1/r°

Here is how it varies
from 1/r° to 1/r ...
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solving Schrodinger Eq.

short-range probe (r < 10~% cm) T srobaete 1

atomic and nuclear spectroscopy

1

Y. V. Stadnik, PRL'17
. o / Y ¥ ) d®r — divergent at /
atomic parity violation . r Jo

Ghosh, Grossman, Tangarife, PRD’'19 |

i Problem solved!

1/r> — 1/r or 1/r?

2y - [—Zi + V(@} v

|_> However, within 10~8 cm, we have

VCoulomb > ‘/neutrino

Recall that Bohr radius
=0.53 x 10~8 cm

How to observe the tiny effect of neutrino forces?

General idea: look for what is absent in electromag.
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Parity Violation (PV)

— first proposed by Ghosh, Grossman, Tangarife, PRD’19
= The SM Z-mediated PV effect already observed in atoms (APV)

_ 133(yg 2057] 208p}, 209B;
— probing the SM NC with 1 ~ 0.1% precision

= v forces = "long-range” PV effect, unlike “short-range” Z-mediated PV.
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point-like nucleus: Vz ~ Grd®(r)

finite-size nucleus: Vz; ~ Gpny




point-like nucleus: Vz ~

GF(S?’(I‘)

_

(UgVIT) = [ OV @) (r)d*r

(Us|Vz|¥;) ~ GrY3(0)¥,(0)

requiring the electron cloud density # 0 at r =0

Indeed, one of the most studied case, transition between 6S and 7S states in cesium, is in this case

v forces, however, do not require this!
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v forces Z forces
long-range short-range

(U4 |V, W) ~ G2 [ W% (r) 5 0y (r)d°r (Ws|Vz|¥i) ~ GpP3(0)¥;(0)

Only s wavefunctions # 0 at r = 0
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PHYSICAL REVIEW LETTERS 120, 223202 (2018)

Probing Long-Range Neutrino-Mediated Forces with Atomic and Nuclear Spectroscopy
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The exchange of a pair of low-mass neutrinos between electrons, protons, Macroscopic—scale experiments /
“long-range” 1/r° potential, which can be sought for in phenomena origing 2
subatomic length scales. We calculate the effects of neutrino-pair exchange of ____
energies in atoms and nuclei. In the case of atomic s-wave states, there is a If ':?5 Atomic and nuclear
induced energy shifts due to the lack of a centrifugal barrier and the highly singul P_E/ 1o spectroscopy experiments |
mediated potential. We derive limits on neutrino-mediated forces from measul K
binding energy and transition energies in positronium, muonium, hydrogen, aif N )l
isotope-shift measurements in calcium ions. Our limits improve on existing 1
mediated forces from experiments that search for new macroscopic forces by Standard—model neutrinos
Future spectroscopy experiments have the potential to probe long-range forces me -10 - - - - - -
pairs of standard-model neutrinos and other weakly charged particles. - - - mvfz 0 ’
L 10810(5)
. J

looks promising ... but ...
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8

long-range probe (r > 10~

cm)

= precision test of gravity:
- 1/7? law
- weak equivalence principle

exp / OV [ Varavity (r) Refs
Washington2007 3.2x 10716) ~ 6400 km  [45]
Washington1999 3.0x 1079 ~ 0.3 m [46]
Irvine1985 0.7x107%  2—-5cm  [42]
Irvinel985 2.7x107* 5—105cm [42]
Wuhan2012 1073 ~2mm  [47]
Wuhan2020 3x1072  ~0.1mm [44]
Washington2020 ~ 1 52 pm [43]

Future levitated optomechanics ~ 104 1 pm [48] 16




Is it possible to make 1/r> — 1/r at long ranges?

yes, if there is a backgound ... |

in vacuum in v background
X1 @ X1 &
v v
% bkg. v
X2 Gr X2 Gr

propagator in finite-T/D
1
k2 —m?2 + ie

S, (k) = (k+my) {

— 276 (k* —m2) [0 (k°) ny (k) + ...] }

i
]

=->extra term o number density

1 Feynman used basically the same trick to make neutrino forces gravity-like (1/7)



Finite-Temperature/Density correction

Zero-T QFT =
000
<" An Introduction to
Thermal Quantum
. antum
propagator: m Figld finite T WELRLEIY
Theory
Finite-T QFT Y
NPk
[ §
page 137-138 |

5 — (2m3d (p* —m?) [0 (1°) ns () + © (=p°) n—(p)] .~

propagator: —
P2 —m
extra term o< number density

Why can Finite T/D modify the propagator?

Answer: because of coherent scattering
very similar to the MSW effect of neutrinos
18



Finite-Temperature/Density correction

Sr(z —y) = O (@)d))0) =T Sp(z —y) = (bkg|v(z)¥(y)|bke)
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’ L
contraction 1

contraction 2

coherent scattering

with @ or @ or Q ..?

indistinguishable = coherency

e~ =~

propagator = ) (2m)5 (p*> = m?) [© (p°) nv-(p) + © (—p°) n_(p)]

extra term o ny (number density)
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Interesting example: the finite-T photon mass

finite-T QFT coherent scattering
Y Y Y
= 4
Y Y

Loop-level result in finite-T QFT = Tree-level result in zero-T QFT

interested in the deatils? see backup slides

thanks to Evgeny for discussions on photon coherent scattering ...



in vacuum in v background

= Vacuum v force: first calculated in 1960s

— Feinberg, Sucher, Phys.Rev. (1968). /’
v flux A
= including CvB: first calculated in 1993
— Horowitz, Pantaleone PLB (1993).

Ghosh, Grossman, Tangarife, 1 1 N
Xu, Yu, JHEP'23 =V ~ —ZG%®¢E, - {0032 (5) cos[(1 — cosa) E,r]
T r

+ sin® (%) cos [(1 + cos @) E,,r]} auerag®
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However ... smearing effect at finite « ...

= ... only able to integrate it analytically at « = 0 or 90°

v flux
— both — V o 1/r, exciting!

= for Va, ... difficult ..., but eventually

¢
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1 1
V =~ ——G%®¢E,- {C082 (g) cos[(1 — cosa) E,r]
m r 2

+ sin? (%) cos [(1 + cos @) Eu”'}}

— unfortunately smearing effect at finite !

— ... unless you design an exp with extremely suppressed «

condition to avoid smearing
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Conclusion

€ GF
Theory
. 1/r°
v v
— why? and what happens if » — 07
= very different in v bkg.
e . Gr

Experimental probes
= parity violation at large scales
= atomic spectroscopy

= torsion balance experiments (with v bkg.)

Can we detect neutrino forces? — No

... Futuref? Maybe ...

T atomic/muonic spectroscopy in v bkg.; laser interferometer; BSM v ... 27
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Recall that (J,

where j, = J, = fy.f

Lef'f = (Muu|j—)J>A AV
'non-relat. approx. — (J,,) ~ (ns) 0, 0, 0) S
ok v\ v ,:"'
U TP ()" + (J*)p")

2

e
(eQy) m;
) is just the electric current. So the ;1 = 0 component = the number density

D, J" =0 — V.J =dn/dt
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