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Standard Model is successful, but
iIncomplete

« Dark matter Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
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Directions to probe new 3
physics beyond the SM <«

Eﬂergy FfO/?z‘/
S~

Origin of Mass

» The topic | am going to talk about

Origin of Universe

today (quantum forces) provides a

Unification of Forces

New Physics
Beyond the Standard Model

powerful tool to probe the precision

frontier and the cosmic frontier

Proton Decay



Evolving concept of FORCE

QFT: interaction
carried by
gauge boson

Newtonian: Maxwell: field

cause of generated by
acceleration source
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From classical force to quantum force

» Diagrammatic description mass of mediator particle << mass of external particle
! ! ’ '
Pa 4 Pg Pa Py
k
Particle A Particle B
Q
l -k
A A p ,,
A B

Classical force Quantum force

only mediated by bosons mediated by either bosons or fermions



From classical force to quantum force

* Field theory description ¢: light mediator particle J: source term

LDoJ Gauss surface Gauss surface

( o2 + m2> o»=J classical force oc (@) s

LD % <

(82 +m*+J)p=0 (p); =0

only field fluctuation does not vanish

quantum force o< (¢?) Classical force Quantum force



Examples of quantum forces

Casimir effect

- a =
/T /T
A TN A TN
N || W N || W
N pN1%

VCasimir = 7T2hc/(720 a3)



Examples of quantum forces

Casimir-Polder force

Casimir & Polder, 1947
>

X1 >

«;: polarizability

Y Y
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Examples of quantum forces

Casimir-Polder force two-neutrino force
Casimir & Polder, 1947 Feinberg & Sucher, 1968
Y1 N R ) o, )
X1
«;: polarizability
Y Y
X2 > > X2 . .
12 G2
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Examples of quantum forces

Casimir-Polder force
Casimir & Polder, 1947

two-neutrino force

Feinberg & Sucher, 1968

X1 > > > >
X1
«;: polarizability
Y Y
X2 > > X2 " o
102 G2
)~ F

two-axion force
Ferrer & Nowakowski, 1998

X1

X2




Examples of quantum forces

Quantum forces are only sensitive to IR modes

Casimir-Polder force two-neutrino force two-axion force

Casimir & Polder 1947 Feinberg & Sucher, 1968 Ferrer & Nowakowski, 1998

X1 > > > >
X1 X1
«;: polarizability
Y Y
X2 > > X2 " o X2
109 G2
~ F




Why do we care about quantum forces?

» Theory: interesting QFT results distinct from classical forces

o intrinsically violate the superposition principle
o significantly enhanced in the background: short-range force — long-range force

o ...

» Phenomenology:

o In the SM (neutrino force): sensitive to fundamental parameters, affect the SM precision test,

astrophysical implications...

o In the dark sector: fifth-force detection, DM evolution, structure formation...

14
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The two-neutrino force

Original idea : Feynman

FEYNAMAN
LECTURES on

QRAVITATION

Ricnazp P, frrnnan

feraroo b AoRKO » Wiian G Waanee

1960s, Section 2.4

Feynman’s goal:

Explain the origin of gravity

from neutrino exchange

Sun

1

E = —G"® mymgmg 72

. 2.4.4
(r12 + ro3 + 713)T12723713 ( )

If one of the masses, say mass 3, is far away so that r;3 is much larger than
r19, we do get that the interaction between masses 1 and 2 is inversely
proportional to 712.

What is this mass mg? It evidently will be some effective average over
all other masses in the universe. The effect of faraway masses spherically

distributed about masses 1 and 2 would appear as an integral over an
average density; we would have

E=-

3 2 2
G mimaom /47l'p(R)R dR (2.4.5)

T12 2R3 ’

Resemble gravity by two-neutrino exchange
among many bodies
16



The two-neutrino force

The first correct neutrino force law  Feinberg & Sucher, 1968

G2 dispersion formalism

43S

VQV(T) =

The neutrino mass effect Grifols, Masso & Toldra, 1996

. G2 r>m;t G2 m 5/2 _
Dirac mass: Vi (r) = 15 3 K3(2my ) 8F ( u> =2, | | |
—r o force range ~ inverse of twice neutrino mass
. 2 -1 2 3 1/2
Majorana mass: VM (r) = Gk K2(2m r) Cr (1 e 2mer
v 273 r3 vr 4 \ mwor?

« Neutrino force versus gravity

Vou(r) — GZ/r° = 4
v;avznr) N GNI;{;/T ~ (GTZV) (é)

weaker than gravity when distance
is larger than a nanometer

Too weak to probe by usual long-range experiments
17



Why probe the neutrino force?

» Prediction of QFT and SM, the unique long-range quantum force in SM VQV(T) ~ —

« Sensitive to the nature of neutrino mass (Dirac or Majorana)

» Relevant to the precision test of the SM at low energies

1.0

0.8 [

Vy 06f

Vb 0.4+

0.2

0.0 e
0.001 0.010 0.100 1 10 100 1000

Lm,
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How to probe the neutrino force?

* Microscopic probe:  chosh, Grossman, sieng & BY, [2410.19059), [2512.07938]

Fundamentally, neutrino interaction violates parity symmetry

Looking at parity-violating atomic transition = Distinguish neutrino force effect from leading QED effect

. Macroscopic probe: Ghosh, Grossman, Tangarife, Xu & BY, [2209.07082], [2405.16801]

Coherent enhancement from a neutrino background

Putting the target into a strong neutrino background = Change the scaling behavior from 1/r° to 1/r

19



G Atomic Parity Violation

as a probe of neutrino force

Based on Ghosh, Grossman, Sieng & BY, [2410.19059]



The Nobel Prize in Physics
1957

The basic idea

She designed and conducted the experiment
that overturned a fundamental law of
physics. Two men won the Nobel Prize for it.

4
« Look for something absent in EM: Parity Violation o

» The physical observable: Parity-violating transitions in atom (such as the electric-dipole transition)

A’de‘A><A|VPV‘B>
Ep — FA

EPV = (44 B) =3 !
A

+ (A < B)

Neutrino force contributes to the PV matrix elements, but QED effect cannot!

==

« What do we observe: optical rotation angle of the incident light

L
O — ”7 Re (nr(A\) — ni.(\)) oc Im EXY

ng,1.: refractive index of polorized photon

21



» The leading APV effect comes from the
tree-level Z-exchange force

Measurement of Parity science, 1997
€ > > e Nonconservation and an Anapole
Moment in Cesium

Z C. S. Wood, S. C. Bennett, D. Cho,* B. P. Masterson, ¥
J. L. Roberts, C. E. Tanner,f C. E. Wieman§

N T - The amplitude of the parity-nonconserving transition between the 6S and 7S states of
j\/ > > J.\ cesium was precisely measured with the use of a spin-polarized atomic beam. This
measurement gives Im(E1___)/B = —1.5935(56) millivolts per centimeter and provides an
improved test of thtm'l_{'l_wwememy, including a value for the S parameter
of =1.3(3)xp (1 Dineory- The Nuclear spin-dependent contribution was 0.077(11) millivolts
. . per centimeter; this contribution is a manifestation of parity violation in atomic nuclei and

Already measured for s-wave states in Cesium is a measurement of the long-sought anapole moment.

experimental error: 0.35%

* Neutrino force is the loop correction, but with a much longer range!

22



Why particle physics cares about APV

« APV measurement = weak charge Q,, = weak mixing angle sin?6,, = precision test of SM at atomic scale

« Currently, there exists a 20 slight tension between the APV measured value and the SM predicted value

0.245

RGE Running T ||||q T T 1117

e Particle Threshold
Measurements
0.240 :_ SLAC 5158
F 5 ~
3 :— APV weak \\
‘D 0.235 F N
= X eDIS
i - Taken from PDG (2024)
- LEPI
. - Tevatron FLHC
0.230 | N SLC
0.225 L~ R AR ETTT B AR RTITT B S W T B AR ETTT BTSRRI
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Why particle physics cares about APV

« APV measurement = weak charge Q,, = weak mixing angle sin?6,, = precision test of SM at atomic scale

« Currently, there exists a 20 slight tension between the APV measured value and the SM predicted value

0.245 New Physics? Or
a missed SM
effect?
0.240
3
‘D 0.235 N
.E eDIS
o Taken from PDG (2024)
- Tevatron LEP FLHC
0.230 Loc

0225 Ll lLLL Ll L LLl
10_4 10_3 10_2 10_1 1 101 102 103 10° 5
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Neutrino force versus Z force

Z forces m,* ~ 10716 cm v forces my, ~0.1eV m;!'~107* cm
short-range long-range

‘ VZ ~ GF53(7“) VQV ~ GQF/T5

1
5

<\ij’VZ|\IJZ> ~ GF\IJ;(O)\ILL«)) <\I/f‘V2V‘\IJi> ~ G%/d?’r \IJ}(I') \IJZ(I')

much longer range, but singular at small distances
25



Neutrino force versus Z force

1 forces - However, 1/r° potential is divergent near r = 0 for s-wave states
long-range
* Indicate the failure of 4-Fermi approximation at short distances

1/r" with n > 2 is known as singular potential

Landau and Lifshitz's argument (1960):

When the particle is approaching the center of the potential, the kinetic energy F; =
k%/(2m,) with k ~ r~1 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.

1
— V. (r
7o Z< ) » To correctly calculate the neutrino APV effects, it is necessary to

know the short-range behavior of the neutrino force

(Vo |0,) ~ G2 / dr ()

26



Neutrino force beyond 4-Fermi

Xl > >
GQ
vV _ F
A V2V (7“) 47-‘-37a5
Feinberg & Sucher, 1968
14
X2 < <

4-Fermi theory: r > 1/m,

breaks down whenr < 1/m,

) Self-energy Diagram

X1 — T AANAAN
X2 —A‘ X2 — I AAAAN

(c) Penguin Diagram (PG2)

What does the force look like at UV?

X1
v
v
A
X2

b) Penguin Diagram (PG1)

w

w

—

S

(d) Box Diagram

full electroweak theory

valid at all distances

27



The full-range neutrino force

Ghosh, Grossman, Sieng & BY, [2410.19059], [2512.07938]

4
g 1 ; - ; X1 X1
VOE(p) = e 2+z2)Ei(—z)+e*(2—z)Ei(z)+2
$20) = (1) ggrer [ @ +2)Bi(-a) + % (2= 2)Ei(0) + ] 3 N7
z=mgr, Ei(z)=- /oo dt t~te™? v
—z g A
Xz X2
9 9 2 9 (a) Self-energy Diagram (b) Penguin Diagram (PG1)
PG\ _ ' 0 _Virt (ZmW + 3t) — 2 (mW + t) log (1 + t/mW) A AN
‘/E) (7") - 3.2 dte 5 5 X1 W
204873cg,r Jo t2 (t —m%) z
% I A I
Vobox(r) o g4 /OO " e_\/frm%/Vt (t + 2m%/[/) + (t2 _ 2m%{/) (t 4+ m%}[/) ].Og (1 + t/m%/v) (c) Penguin Diagram (PG2) (d) Box Diagram
- 3 2
512mor 0 2 (t+2m%/V)
This full expression is lacking in literature
Renormalizable neutrino force, valid at all distances for more than 50 years
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Asymptotic behaviors

* Long-range limitr > 1/m,:

SE 94 G%
Vo (r) = _5127r3m§l,v7‘5 ~ 167315
4 G2
‘/ObOX(,r,) — _ g - - _ F
12873 my;, 1o 437D

« Short-range limit r < 1/m:

4 1
VOSE<7“) ~ g 08 (er)

- 30727730%‘/ r
VPG (1) ~ gt log® (mwr)
0 512m3cd, r

g* log2 (mwT)

box ~
W (r) ~ =563 r

4 G2
VbPG (,r) _ g _ F
2567r3c%,vm2zm%vr5 8m3rd

All reduce to the 1/r° form at long distances

All scale as 1/r at short distances

But penguin and box are enhanced by log?(my1)

29



Comparison of three

x10~7 x10-8
— V5 4 — o
o 2
£
~
=
X0
-2
2 4 6 8 3 4 5 6 7 8
r/mg1 r/my '
(a) Self-energy diagram (b) Penguin diagram
xi"
0 [ V&)ox
-1
N —2
£
=
<3
S
—4
-5
2 3 4 5 6 7 8
r/my!

(c) Box diagram

UV diagrams

-2 1r — %
7 | ] — e
i i i — Vbox
104} | L ’
! ! A: Attractive
i i i R: Repulsive
N 107 i i ]
£ i
=17 | |
> i i '
10710} i i .
1012} | ]
1014}
ARA ; RRA IRAA! AAA
102 101 EETIL T
-1
r/mz

Self-energy (penguin) changes sign twice (once) around 1/m,

Box does not change sign the whole range

30
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Neutrino force contribution to APV

« Parity-violating neutrino forces in muonium and positronium:

V;\_'L;(’r‘) _ [2 (Uﬁ— O'e) * Pe + (Uﬁ Xma'e) . V:| [3 (1 _ 48%4/) VOSE(’)") _ (2 _ 43%}[/) VOPG(’]")]
e ¢ All the V, have

2(0z x0e)-V been computed

VES(r) = [3 (1 — 43%‘/) VOSE(T) — (2 — 48%4/) VOPG(T) + Vobox('r)]

Me

« What we compute: neutrino force contribution relative to the Z force

v J
= @ C’j — <B|VPV|A> The parity-violating
iB AB Ejp— Ep matrix elements

31



o f .
« /=0 (S-Wave) state 0, = neutrino force co-ntrﬂ.outlon
) /Z force contribution

2 Numerically:
SE—_ 9
v 3271'2@%[/ ) S%V _ 023863
PG g? (1 — 23%[,) 2 9 \2 0 ) 1 SE 0.9%
T :967r2(1—432) 2m (1+CW) _3(7+4cw)+6(3+2cw)log 2 n" ~ —0.2%,
- W PG 4W
2\2, 9 1 5 \2 CI2/V n, = %70,
—6(1+cy) log* (1+ 5 ) —12(1+cy) Li |
s ( C%V) 1 aw) 2(1+C?y) oo & 12% .

box __ g2 (4 + 3712)
T = oner2 (1— 4s2))
T (1 43W)

The loopltree ratio is accidentally
enhanced by (1 —4sj,)  ~ 20

muonium: n* = nSF 4 nPG ~ 4%

v 2
agree with naive estimate loop 9

Vieee 167 (1= 4s2,) ~ P70

positronium: n¢ = pSF + pP'G 4 pbox ~ 16% additionally enhanced by the box diagram

32



neutrino force contribution

» Higher-? states Ny = Z forces

/ force contribution
short-range

Tree-level contribution is highly suppressed for higher-? states
VZ ~ GF(S3 (7“)

Neutrino force contribution is dominated

Yet, observing APV for ¢ + 0 states is still unrealistic in experiments

33



« Heavy atom systems

U In heavy atoms, both tree and loop are coupled to neutrons: no accidental enhancement

O We assume the many-body effects and relativistic corrections are roughly canceled in the ratio

(which is valid for s-wave state)

2
: g
muonium /hydrogen : ~ ~ 5% ,
[hydrogen =y ~ 305 — 452y ~ O
2
h t : ~ ~ 0.3% .
eavy atoms : 1) ~ 1o %

comparable to the current APV experimental
error (0.35%) in Cesium

34



Neutrino effects on extracting sin?0,

0.245

RGE Running
e Particle Threshold
Measurements

0.240 F 1 SLAC 5158
= S
3 :_ APV Quweak I \\
‘D 0235 F b
£ : eDIS
n o
X LEPI
C Tevatron ILHC
0.230 | Lo
:' Taken from PDG (2024)
0.225 E
1074 1073 1072 1071 1 101 102 103

U [GeV]

10°
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Neutrino effects on extracting sin?0,

0.245 RGE Running
Part’ -
Can it be explained
- by the neutrino
0.240 F force?
3 :

‘D 0.235 | :
c [ ]
= 3 :

. LEPI ]
[ Tevatron FLHC .
0.230 | N SLC -
Taken from PDG (2024) -
0.225 L
1 101 102 103 10°

1074 10-3 1072 101

u [GeV]
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Neutrino effects on extracting sin?0,

 Neglecting the neutrino force will affect the extracted value of sin?8,, from APV

sy = (sin® Oy, — sin® Oy ) / sin” Oy

R~ N Z_ng [3/\/' + (4N — 32) (1 _ 48%4/)] 1, has been calculated above
Oy : true value including neutrino force effect Z: number of protons
01, extracted value without neutrino force N: number of neutrons
(—0.2% muonium
‘ 58%/ S —0.7% positronium Neglecting the neutrino effect
—0.3% Cesium = measured value < true value
\

(current experimental error ~ 0.8%, current atomic theory error ~ 0.5%)
37



Neutrino effects on extracting sin?0,

0245 lllI'I I'I
Neutrino force
helps alleviate the
X tension
0.240 F €
3 —0.2% muonium
<v B 2 ~ . .
(Sé 0.235 F dsyy ~ ¢ —0.7% positronium
g - —0.3% Cesium
C Tevatron
0.230 — N
0.225 E ol vl i il el sl
1074 1073 1072 1071 1 10! 102 103 10¢

H [GeV]

38



Neutrino effects on extracting sin?0,

0.245

Neutrino force SCienceNeWS

helps alleviate the

INDEPENDENT JOURNALISM SINCE 1921

0.240 E tension
; PARTICLE PHYSICS
g - ¢ < Y
B oz | A strange ‘neutrino force
“ Ok helped heal a crack in particle
C - Teva °
0.230 £ thS]_CS Science News, April 2026
- Neutrinos and other particles can produce a subtle force, relevant for precise
- measurements
0225 vl il il il ol
10~4 1073 102 1071 1 10* 10¢ 10° 10

u [GeV]
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Quick Summary

* We derived an exact formula for the neutrino-mediated quantum force that is
applicable at all length scales

« Neutrino force has sizable effects in atoms, with an important implication for
precision measurement of the Weinberg angle at low energy scales

40



e Neutrino forces in neutrino backgrounds

probing neutrino force via fifth force experiments

Based on Ghosh, Grossman, Tangarife, Xu & BY, [2209.07082]



Coherent enhancement from neutrino background

in vacuum in v background
X1 > > X1
2 1
Vo(r) ~ Gx x 5 bkg. V.
V=Vy+ kag
X2 > > X2

— 278 (k% —m?2) [0 (K°) ny (k) + O (—k°) n_ (k)] }

extra term «< number density
42



Propagator in finite temperature/density

S, (k) = (k + m) {  oms (R —m2) [0 (k) ny (K) + © (—K) n_ ()] }

k2 —m?2 + ie

extra term < number density

= SO
> 09

* This formula can be derived using the (real-time formalism) of finite-T QFT Ahiodickas Thermal Quantum
Field finite T LGCRILG
Theory —
@.‘i‘.,” vvvvvvvv
' 137-138 |
 Butwhydoe the result x number density? page 137-138 |
A more intuitive derivation without relying on thermal equilibrium: coherent scattering

43



Cosmic neutrino background

in v background

Vau (1) = Vo(r) + Voig(r) ———Gr——
* relativistic limit (m,, < T)
v
G* bkg. v
Vo(r) = 47731;’5
v (T)__SG% T4 —1/r forr<T
kel = 713 r(1 4 4r27T?2)2 —1/r°> forr>T X2—)—GF—)—
* non-relativistic limit (m, > T) Vo(r) ~ e 2™ (for r > m; 1)
nature of neutrino r<< T1 r>T1 o .
303) 2 =5 " 5 " Dirac is Ia:ger than Majorana due to more
: my my mass insertions
kag Dirac 473 GF r 6473 GF T r5
Majorana — 3OC§5) G% o — S%G% 1 7 L7 Vpkg dominates over V, at long distances
T mymT v my r
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neutrino beam with flux ®, and energy E,,

Monochromatic directional backgrounds

e.g., solar, reactor, supernova neutrino flux

AN

AN S e N

a=0
020 e T a = 30°
l .......... o= 600
~0.25 1 .
i — a=90
~0.30 i
0 20 40 60 80
r/E;!

Ghosh, Grossman, Tangarife, Xu & BY, [2209.07082]

100

—* s
04
(87
v Hux a\ >
'd
,/
o >

T

Vikg (7, @) = — @OEV; {C082 <%) cos[(1 — cosar) E,r]

+ sin? (%) cos [(1 + cos ) Eﬂ’]}

small angle limit:

_Gh

1
Vikg & x ®oE, x = x [1+ O(a?)]
r

We get the 1/r potential !
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Fifth-force search of background neutrino force

° Assuming small angle limit: Rector flux: E, = 2MeV, ®y=5%x10'3cm™2?s™1 (10 meters away)
) ) Solar flux: E,= 0.3 MeV, ®y= 6x101 cm 251
Supernova: E,= 10MeV, &,=1x10'2cm™2s7?!

kag(’r) ~ —7F X Po Ly, X - background potential
G- 1 i a = 2
Vo(r) = 4—F3 X —  vacuum potential l§ lg 2 3
™ r 10-2 E T 1< Bl
VA 5 = |2 |2]¢
Forr = 1 meter and @ 10 meters away from the reactor bke 1022 E N L
Vo 1075 = &
4
> © s
21078} = S
exp 4] V/ Vgravity <T> Refs ?o " CO%
Washington2007 3.2 X 10_16 ~ 6400 km [48] i\ 1011 L _reactor v (1m) Eo
Washington1999 30x107°  ~03m  [49] S IEPE— E
Irvine1985 0.7x107% 2—-5cm  [45] ok . Supernova (10 kpe) _ __ _ | =
Irvine1985 2.7x107% 5—-105cm [45] :
Wuhan2012 1073 ~2mm  [50] 10-17 Dl
WUhan2020 3 X 10_2 ~ (0.1 mm [47] solar v, X1% due to 67,4
1 ~ —20 1 1 1 1 1 1
Wz%shmgtonQOZO . 14 52 pm [46] 107205 5 e o e G T
Future levitated optomechanics ~ 10 1 pm [51] ]
Table 4. Sensitivities of long-range force search experiments. Ghosh, Grossman, Tangarife, Xu & BY, [2209.07082]
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—0.20 A

—0.25

—0.30

However...

 Decoherence effect from finite size

o — -

There is oscillation for finite angle

i

e
————— a = 30°
.......... a = 60°
— a=90°

20

100

G¥ 1 ’E,
kag(a<<1)%——F><<I>0E,,><—xcos(a 5 T)
™ r

Coherent length of the neutrino beam: L ~ 1/E,,

Sum over finite size of target and energy spread of flux
would smear out the leading 1/r potential

condition to avoid smearing

for A(E,r) =keV-cm = o <1074

This condition is difficult to satisfy in current experiments
47



Quick Summary

* Neutrino force is largely enhanced in a directional background

G%/r® =  G%/r x energy flux

* Sensitivity of Vi Is primarily limited by the intensity of existing neutrino sources

and the short coherent length of background neutrinos

48
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Quantum forces in the dark sector

» Going beyond the SM, quantum force effects could be more significant, due to possibly
larger occupation number and longer coherent length of mediator particles in

cosmological/astrophysical environments

| will discuss two topics:
(i) Perturbative aspect: a quantum force mediated by axions in an axion background;

(i) Non-perturbative aspect: the Sommerfeld enhancement induced by quantum forces

and its effect on DM evolution/detection and structure formation

50



o Axion forces in axion backgrounds

Based on Grossman, BY & Zhou, [2504.00104]



Axion as pseudo Nambu-Goldstone boson

« Well motivated in particle physics to solve strong CP problem

* Good candidate for dark matter
 Naturally light due to the protection of shift symmetry
V(a) = pg[1 —cos(a/fa)] = ma=p3/fa

A long-range fifth-force mediated by axion?

52



(1 > . > (1
Axion force at tree level a
(05 p>2 E p>’ ()
» Tree-level axion force is always spin dependent
fa e

1 e—ma'r

f2 (0‘1 V) (0‘2 V)

Va(r) ~

Moody & Wilczek, PRD (1984)
4r

« Cannot lead to observable effects between unpolarized objects

(0_1 . v) (0_2 v) spin average Tr (O_i R O'j) 8183 — 0

How to get a spin-independent force? At least at one-loop level
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Axion force at one-loop level

« Shift-invariant interaction

Y1

1/}1 /¢1 wl
0,a - ) )
LD ==y
a ¢2 wQ ¢2
Voo (1) ~ 1/(f;17“5) Grifols & Tortosa, PLB (1994)
¥ Y1 i : / v
Order 1/73 is cancelled due to shift symmetry . ) P
& LE ~ Y2 2

* Include shift-symmetry-breaking interaction

5 %WW +E a2y

L
fa

Shift symmetry breaking enhances the two-axion force:

1/r° - 1/13

for r < mgli Vou(r) ~ M2/ (f§T3>

for r > m 1l Vou(r) ~ e 2ma”

Ferrer & Nowakowski, PRD (1999)
Bauer & Rostagni, PRL (2024)

V2

U1

U1
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Axion force at one-loop level

« Shift-invariant interaction

Is it possible to get a 1/r axion force?

Yes, adding the axion background!

Y1

1/}1 /¢1 wl
0,a - ) )
LD ==y
a wZ ¢2 ¢2
Voo (1) ~ 1/(f;17“5) Grifols & Tortosa, PLB (1994)
¥ Y1 i : / v
Order 1/73 is cancelled due to shift symmetry . ) P
V2 V2 Y = Y2 2

* Include shift-symmetry-breaking interaction

5 %WW +E a2y

L
fa

Shift symmetry breaking enhances the two-axion force:

1/r° - 1/13

for r < mglz Vaa(r) ~ M2/ (fcézlrg)

for r > m 1l Vou(r) ~ e 2ma”

Ferrer & Nowakowski, PRD (1999)
Bauer & Rostagni, PRL (2024)

V2

U1

U1
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Coherent enhancement from axion background

in vacuum in axion background
> >
(03] (5] ,@\
« \
\
= \
N a
bkg a |- : Grossman, BY & Zhou, [2504.00104]
| v
L I
I
\ I
\ /
2 2 > /
v v @
: - L+ oms (K2 — m2) f(K)
2 2 2 2 a
k mg k me

extra term «< number density
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Background-induced force

Generic form:

V 1 -~ 9 r << ADB “coherent limit”
bkg (r) ~ + X |

57



Background-induced force

Generic form:
eneric fo . n¢ n, T<<)\DB
V;)kg (T) ~ 7 X
n¢ r 9 r >> )‘DB “decoherence effect”

v B
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Background-induced force

Generic form: n¢ . T << )‘DB

Vi)kg (T) ~ X Apg \ "
n¢ r ’ r >> }‘DB “decoherence effect”

/ power index n depends on specific distribution

No Yukawa
suppression at
large r !!
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Why NO Yukawa suppression for V,?

1 —1 Fourier transform €
vacuum : ———— =

qY 2 —m2 2+ m2 r

exponential suppression
corresponds to “off-shellness”

propagator in vacuum is off-shell

|k
1 —1 Fourier transform €Z| r

k+ q+ background : =

(k+q)?—-m*> q*>+2k-q r

y propagator in background is “nearly on-shell” no expon.ential
Tk suppression
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: : 7

Background-induced axion force N
bkg a E :
\ 4
. 2 d3k '
Vbll{)éﬁ( ) = _47T/j“f4 (2n ) f( ) [COS(|k| r—k-r)+cos(|k|r+k-r) X\\ ;

a ¢2 N ’

decoherence factor @

« Coherent limit r « 1/k, cosine terms — 1, we get a 1/r potential LD %@ZW’W% + %aQ
2 _ a
_ M ng 1 __ [ Pk f(k)
Viie(r) = A7 f4 8 Ma, 8 r ta _/(27r)3 Eyx/mq

effective number density

« Decoherence region r > 1/k ~ A4g, oscillation kills the leading 1/r term

Vg (1) = —

qu % N v 1 v ()\dB ) " index n depends on specific axion background
r

Am f2 my r

(n = 2 for axion dark matter in galaxy)
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Vacuum vs. background axion force

>\dB m
103 10' 1071 [ ] 1073 10°

1031

— r=1mm
1026 | r = IOOum
—— r = 10um

r=1lum

r=0.1uym

Viakg/‘/Za =1

Assume axion is dark matter

10_9 T T T T T
10~8 10— 104 1072 10° 102

me [eV]

In vacuum

in axion background

(I g ,@\ g

'l ‘\ IA( ‘\
[ |
:la ‘I, bkg a E ;{
“‘ l: L\ l:
P2 ‘@/ V2 ;‘@j .
peoomg
Voo (r) = ~ 30,371 2 Ki1(2mgr)
a
2
[ Pa 1
Vos(r) = =g X e X3
a a
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Probe axion force via fifth-force experiments

V(r) = Vgav(r) + Vau(r) + Vokg(r) = Virav(r) + 0V (r)

Experiments OV [ Vrav (r)
MICROSCOPE 3.8 x 1071~ 7100km
Washington2007 1.8 x 1071 ~ 6400km
Washington1999 3.0 x 1079 ~ 0.3m

Irvinel1985 7x107°  2—b5cm
HUST2012 1073 ~ 2mm
Eot-Wash2006 2x 1073 ~ 0.5mm
HUST2020 3x1073 ~ 0.3mm
Washington2020 ~1 52pum
Future levitated optomechanics ~ 104 1pm
IUPUI2014 2.7 x 107 560nm

Assume axion is dark matter, and satisfies boosted

Maxwell-Boltzmann distribution in the local galaxy
L) — 9 3/2 -3 —|k—mg,va|?®/(2K3)
femB(k) = ng (2m)7 " Ko7 e

momentum dispersion: kg ~ mgv, with v, ~ 1073

coherent length: \gg ~ 1/kg ~ 10%/m,

The coherent length can reach macroscopic scale

= areal 1/r potential!

63



Probe axion force via fifth-force experiments

V(r) = Vgav(r) + Vau(r) + Vokg(r) = Virav(r) + 0V (7)

Experiments OV [ Vrav (r)
MICROSCOPE 3.8 x 1071  ~ 7100km
Washington2007 1.8 x 1071 ~ 6400km
Washington1999 3.0 x 1079 ~ 0.3m

Irvinel1985 7x107°  2—b5cm
HUST2012 1073 ~ 2mm
Eot-Wash2006 2x 1073 ~ 0.5mm
HUST2020 3x1073 ~ 0.3mm
Washington2020 ~1 52pum
Future levitated optomechanics ~ 104 1pm
IUPUI2014 2.7 x 107 560nm

102 -

10—1 -

10—4 4

Grossman, BY & Zhou, [2504.00104]

1017 1014 101t 108

102 1071 1074

P
.
.
.
.
.
.
.
.
.
ae”
.
.
.
.
.
-
.
.
L=

g R ———— 1 Lt
7/ N, ~

I owiroslz _ _ 4

—— MICROSCOPE (~ 10*km)
—— Washington1999 (~ 10cm)
E6t-Wash2006 (~ mm)

—— 1UPUI2014 (~ pm)

10721 10L18 10L15 10L12

1079 10— 1073 10°

mg [eV]
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Axion force — quick summary

« Axion-mediated quantum force is enhanced in a cold axion background

1/r3 = 1/r xng/mg

* This enhancement is very significant thanks to the large occupation number
and macroscopic coherent length of background axions

 This effect can be probed by fifth-force search experiments

65



e Sommerfeld enhancement from
quantum forces for dark matter

Based on Ferrante, Perelstein & BY, [2507.12522]




Sommerfeld enhancement (SE)

Diagrammatic Interpretation: (within the SM)

Lepage et al (1994)

e £
e FAY I
Y Y
Long-range, Nonperturbative (QM/resum) Short-range, Perturbative (QFT)
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SE from classical forces

Vy

ukawa SM

DM

Hisano et al (2003-2007)
0212022, 0412403,
0511118, 0610249

and many other works...

DM SM

This effect is generic for non-relativistic dark matter in the presence of long-range forces
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SE from quantum forces (& background effects)

Vb Vi)kg'

DM SM DM

_|_

DM SM DM SM

SM

Start by choosing a 1 — 9
generic set of OS = A XXCb

quadratic operators
L
Or = S XXYY

OF = 5 XV X9

Ferrante, Perelstein & BY, [2507.12522]
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Novel structures for SE from quantum forces

ek
(e}
IS

flm
)
w

Sommerfeld Factor S

v=10"1
v=10"2

Maxwell-Boltzmann
nr =T/A =0.5

103 104

10°

Sommerfeld Factor S

quasi-bound state

Ar |
J

7
\
—_— p=10"1
— p=10"2 \J
— v=10"3 UU
v=>5x10"" nr =T/A=0.5 UU
— g=10 Maxwell-Boltzmann
10 10t 102 10% 10 10° 106 107
My = My /A
4 2
—T* 1-12r°T

VE ~
bke  Afr (144r277)°
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Sommerfeld Factor S

Sommerfeld suppression from repulsive quantum force

107! 10 {— o
£ | -
1074 5
§ 102
' W
10 WKB e
p 4
10-10 E
o
¥ 10-6
1013 Numerical
WKB
1072 : . , 107 : : - : -
10° 102 104 106 10° 10 102 100 10t 10° 10° 107
= M/A

DM Mass (nm)

V() Btk sy 2
O X . X A4 fr3 ,r5
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Y(S#1)/Y(S=1)

Effects on thermal freeze-out

1.06 1

1.04 1

1.021

1.001

0.98 1

0.96 1

0.94 -

0.921

0.90

A=10 TeV
m, = 100 TeV
\ No KD —— Os
\ — O
\ .
\\ Immediate KD ----- —_ Op
\
\
\\
\\
102 10° 104 10° 106
z=m, /T

typical effects of order 1% to 10%

limited by not so small velocity

of dark matter at freeze-out
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fem o (cm3/s)

Effects on CMB spectral distortion  reashitz~10° —10°

1071

10—14 J

10—15 J

10—16 J

10—17_

10—18 4

10—19

10—20 J

— S=1
we =107 attractive quantum force

- Upc = 1072

— we=10° (Sommerfeld enhance

A=1TeV

Y

” -------

10—21

104 10° 106 107 108
my (GeV)

fem o (cm?/s)

1027
102
1015

10°

108
1073
1079

10—15

10—21 . . . ' '
10* 10° 106 107 108
m, (GeV)

change several orders of magnitude in both directions

significant due to small velocity of dark matter
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Effects on dark matter indirect detection

106

e=0.5, A =100 TeV

.101

10718

10-17 1010
my (eV)

,100

10—15 10—14

e=0.7, A =100 TeV

106

10°1

102

1015

either enhance or suppress DM annihilation cross section by

2-3 orders of magnitude (non-thermal background effect)

1014

'IL102

_100

_10—2

_10—4

106

1078
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m, [GeV]

Dark matter self-interaction

Ferrante, Perelstein, Sieng & BY, to appear soon

0.1< (o) /m, <10 cm?/g band — selected (a, o)
* * Repulsive: 0.1 < {o7)/m, <10 cm®/g band — selected (a,,a,)

m, [GeV]

10" T T
vg=10km/s ' ' EE (ay, @)= (0.1, 0.1) ' ' L (ay, @) = (0.1, 0.01) 10 : - : : -
= (ay, a)=(0.1,0) - (ay, a)=(0.1,0) vy =10km/s = (ay, ay)=(0.1,0.1) B (ay, ay) = (0.1, 0.01)
i (0, ay)=(0.1,0) (0, ay)=(0.1,0)
S
-1 [
o N i
=
g
1
1 1 1 1
10* T T T T T T 4
(o, ap) = (0.01, 0.01) (. ay) = (0.01, 0.001) 10 T T T T T T
 (ay, ay) = (0.01, 0.01) m (ay, ay) = (0.01, 0.001)
- (ay, ay) = (0.0, 0) (o, ay) = (0.01, 0)
= (o, a,)=(0.01,0) . (ay, ay)=(0.01,0)
N r T 10° | . r 7
T 10? B
=
[
T O w0 -
=
g
T 10° 4
- 1071 1
—2 1 1 1 1
10! 1050 101 100 1071 100 10!
my [GeV] my [GeV] m, [GeV]

attractive quantum forces repulsive quantum forces
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* Introduction of quantum forces

A sketch Of * Neutrino-mediated quantum force

today’s talk

 Quantum forces in the dark sector

« Summary




Summary

» Quantum forces provide a unified framework to describe/probe feebly coupled light degrees of

freedom in precision frontier and in cosmology

 In the SM, the neutrino-mediated quantum force has a sizable effect in atomic systems,

relevant for precision test of the SM at low energies

 Quantum forces in the dark sector are relevant for axion searches and the cosmic evolution

of dark matter
Thank you for your attention!
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Outlook

» More precise calculation of the neutrino force in heavy atoms and laboratory neutrino beams
-> experimental verification of the neutrino force

* Quantum forces in the non-perturbative regime (e.g., in dense astrophysical environments)

-> identify new scaling behavior beyond Born, relevant for neutrinos in astro environments

* Neutrino - DM interactions beyond the Standard Model

-> neutrino force may affect DM self-interaction and DM (in)direct detection
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Backup slides



Dispersion technique for quantum forces

* Amplitude from QFT = extract the imaginary part = effective potential

B 1
- 872p

Vet (7)

o0
/ dt DiSC [’I:ANR (t)] e_ﬁr Feinberg, Sucher & Au, 1989
0

Disc [t ANr(t)] = tANR(E + t€) — tANR(E — t€) = —2Im [Angr(f)] (With € — 0+)

The discontinuity part is always finite according to the optical theorem
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Electric-dipole forbidden transition

|A) and |B): eigenstates with same parity

|A): eigenstate with opposite parity

electric-dipole transition is forbidden by selection rule: (A|d.|B) =0

[A) = |A) = |A) + Canld),  Cyp = EYevld)

Parity-violating potential perturbs the eigenstates:

B) — |B') = |B) + Cpald),  Cpa =G0

_ 3 AL AV B) |

(A'|d|B")
|de| Fr — Fn

+ (A < B)
A



Radiative corrections to APV

* The 1-loop radiative correction up to O(aGr) was computed long ago

Radiative corrections to atomic parity violation Parity violation in atoms induced by radiative corrections

W. J. Marciano

Department of Physics, Brookhaven National Laboratory, Upton, Long Island, New York 11973 W? J. Marciano and A. L. Sanda
o Department of Physics, The Rockefeller University, New York, New York 10021
A. Sirlin ' (Received 26 January 1978)

Department of Physics, New York University, New York, New York 10003
(Received 16 July 1982)

« The 0(G2) neutrino contribution was neglected previously Therefore, terms of order Gya(m*/M,’) are re-
garded as being of order G,* and are neglected in

our analysis.']

G+ ~Gpq®/mz — 0

The amplitude of neutrino loop vanishes when g% — 0 The neutrino force has a range much

larger than Z force, so the §-function
But this is only correct for §-function approximation (m% — ) approximation is no longer applicable!
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How does long-range interaction contribute?

When there exists long-range PV interaction, the correct way is:

1) Perform Fourier transform of the amplitude to get the effective potential

(instead of taking g% — 0 at the amplitude level)
q

2) Convolve the parity-violating potential with the atomic wave functions

Lesson: The zero-momentum transfer limit (g*> — 0) cannot capture the

long-range contribution to the APV matrix elements
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Neutrino effects on extracting sin?0y,

_92 —mzgr _g2 e—mzfr ") NG
= loop contributions =Z(1—4sin“0 - N
64 cos? 0y, Cw T 647 cos? Oy, Qw T +loop contribution Qw ( W)

Z: number of protons

Oy : true value
N number of neutrons

01, extracted value assuming only Z force

* Oy, and 8',, are connected by:

. (BIVl4)
cos? Oy cos? 0w ., g? e~ ™Mz’ C‘J‘lB - E 4 EVE B
Q CaB = 0 Cip x 647r<B| . |A) 7
v w Cap = C45(1+n)

sin? 0], — sin” Oy n . 9
—> g S sz BNV (AN =32) (1 s’ 0w)]
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Photon penguin diagrams

X1 X1
Z g
X X
X X
y A
X2 X2
g
(a) Self-energy (ySE1) (b) Self-energy (ySE2) =
X1 X1 =
X X1 v
X2
gl X2
X2 < X2
(c) Penguin (vPG1) (d) Penguin (yPG2)
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Sr(z —y) = 0T (x)p)|0) =T Sp(z —y) = (bkg| Ty ()Y (y)|bke)

Y

/“'[ap"‘+bI>"'] [aL---+bk-~} D,2.,.3---)
< |

contraction 1

©.2.0 |

p

contraction 2

coherent scattering

with @O or @ or Q ..7

indistinguishable = coherency

¥ Y

propagator = Zﬂ__7n2-—(2ﬂ)5(p2—-nfﬂ © (p°) ny(p) + O (—p°) n—(p)]

extra term o ny (number density) 86



Interesting example: the finite-T photon mass

m

Q?nf
s

2
7—47roz

e e e e e e e e e e e e e

finite-T QFT

o i ———————— T —— T ———————————————————————— -y



Recall Feynman'’s trick to get 1/r potential

* To mimic the 1/r gravity from neutrino force,
Sun Feynman: 1/r* - 1/r
Our background force: 1/r°> - 1/r

1  Why 1/r : Background puts one of the neutrino
E = —(;"3 m1m2m3 7r2 . (2.44) y / g p . . .

(12 + 723 + T13)T127T23713 propagators on-shell, so this force is essentially
If one of the masses, say mass 3, is far away so that r;3 is much larger than a classical effect

r19, we do get that the interaction between masses 1 and 2 is inversely
proportional to r12.

What is this mass m3? It ewdgntly will be some effective average over Anisotropic backgrounds could significa ntly
all other masses in the universe. The effect of faraway masses spherically ]
distributed about masses 1 and 2 would appear as an integral over an change the scaling behavior of long-range forces
13 2 2 . . .
E = _GPmymam / 47rp(f}){§2 dR, (2.4.5) This fact is crucial for the DM search
T12
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Y

RS

_ _ i >
Background axion force: generic form LA
! ] . bkg a ai
Vikg (1) ~ . X 4; X } i 2 X backgriun T calo x decoherence factor \ "'

\
Y

(P - ‘@'

Why 1/r : one propagator is on-shell (classical effect)

How to break shift symmetry?

Why o« number density: coherent effect
> my, #0

Why need shift symmetry breaking: nonzero classical field value > Explicit breaking a2y

» Background effect k > m,

Decoherence region: more suppressed than 1/ratr > 1/k ~ A4

89



Strategy for calculating SE from quantum forces

e Calculate Potential:
V="Vo( ) +Vy (0
J— & 4 Cl“#
O\, ! %) bkg\s = %)

e Substitute into Schrodinger equation ard calculate Sommerfeld factor:

2

W+ Vi = =4
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Sommerfeld Enhancement of Vacuum Forces

e VO for scalar, fermion, vector-coupled fermion
S X X —Mmy K4 (2m¢r) r < 1/A —1
V. O¢ Bt ™~ 3
0 X X A2 r2 r
o x —my K,(2mgr) T<1/A —1
Vi )~ a3
0 (x X A4 rs r
s 2
VF(x Olf x) N Tmy, Ky+myrK; r<fV1/A +1
0 \v x A4 3 (e
e Singular, need to regulate!
e Impose a cutoffat » ~ 1/A
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Sommerfeld Enhancement of Vacuum Forces

e VO for scalar, fermion, vectol

G

e Singular, need to regulate!

Vy (arbitrary units)

1010 -
10°
1010 4
1029 1
1030 4

_10—30 J
_10—20 §

I
ot
o

|

—

o

-10°
-101°

{ — VG (r)

— VE(r)

r=1/A

r=1/mg

102 100 10%

Impose a cutoffat » ~ 1/A
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Sommerfeld Enhancement from %kg (setting my = 0)
o V;)kg for a Maxwell-Boltzmann background:

_ 2 —1/r r << T
VS -~ 1 T AU / ] y
bkg Az’l" 47°2T2 +1 —]_/’r y T > T-1

VE ~
bke  Atr (1+4r277)°

-7t 11207 —1/r , r<T!
—|—1/7°5, r>T!

e No need to regulate!
e Temperature acts as regulator
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SE from fermionic background force

VF (arbitrary units)

-10{ |
-151 |

-20 4 E

— Maxwell-Boltzmann
—— Fermi-Dirac
00 05 10 15 20 25 30 35

VE ~

bkg

Sommerfeld Factor S

_ 4

1—-127277

Ay (1—|—47°2T2)3

DM Mass (ny)

{ —— Numerical n;=0.5
— WKB Maxwel ’BC‘“Z'TI ann
10° 10! 102 10° 10°® 105 10° 107
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Comparison between V, and V. for SE (scalar mediator)

v =10T4
nr = 0.p
I/m - O

-
(=)
N

102_

nr

|
= |3
|
—
Ot

101_

ek
-
—

Sommerfeld Factor S

e

100_
=== Vacuum Thermal (MB)

—
)
=}

Combined

v =10T4

nr = 0.0
Nm =0

101_

T]T:%:O.l

Sommerfeld Factor S
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Coherent freeze-out

“WIMP Meets ALP”

10721 S T
1944
107"

S i

NI 1078 ;

—— Standard Freeze-Out i

10—10_ K= 10_3 i

K = 10_4 :

— e 02 :

12 :

07— k=100 | |

k=107 :: é

—-14 . . _ 8 !

10 1071 10° 10! 102 103
z =m,/T

104

1 _ ¢?
['eff D KXX?

Ferrante, Perelstein & BY, [2511.16731]
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