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e Quantum forces are the leading order effect for most axion 5th-force experiments!

Brax et al (2017) 1710.00850 , Fichet (2018) 1705.10331
e Computed Casimir forces between nucleons arising from dark quantum forces

e |ooked at a very generic set of operators
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Quantum Forces in Background
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Sommerfeld Enhancement

Sommerfeld (1931) Annalen der Physik Vol 403, 3, 257-330
e Simple QM cross section ... gg ~~ f |Vv|2 ds)
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Sommerfeld Enhancement

Sommerfeld (1931) Annalen der Physik Vol 403, 3, 257-330

e Simple QM cross section ... gg ~~ f|V|2dQ
e Enhanced cross section .. g = Sqg
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Sommerfeld (1931) Annalen der Physik Vol 403, 3, 257-330

e Simple QM cross section ... gg ~~ f|V|2dQ
e Enhanced cross section .. g = Sqg
e Analytic expression for Coulomb! § ~ a/’v
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Sommerfeld Enhancement

Sommerfeld (1931) Annalen der Physik Vol 403, 3, 257-330

e Simple QM cross section ... gg ~~ f|V|2dQ
e Enhanced cross section .. g = Sgy
e Analytic expression for Coulomb! § ~ a/’v

Diagrammatic Interpretation:
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Sommerfeld Enhancement

Sommerfeld (1931) Annalen der Physik Vol 403, 3, 257-330

e Simple QM cross section ... gg ~~ f|V|2dQ

e Enhanced cross section .. g = Sqg

e Analytic expression for Coulomb! § ~ a/’v
Hisano et al (2002-2007) 0212022, 0412403, 0511118, 0610249

e Considered Neutralino dark matter, mediator ¢
e DM annihilation gets corrections from Sommerfeld:

X SM

NSO'()
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Sommerfeld Enhancement

Sommerfeld (1931) Annalen der Physik Vol 403, 3, 257-330

e Simple QM cross section ... gg ~~ f|V|2dQ
e Enhanced cross section .. g = Sgy
e Analytic expression for Coulomb! § ~ a/’v

Hisano et al (2003-2007)

Considered Neutralino dark matter, mediator ¢

DM annihilation gets corrections from Sommerfeld:

Cross sections may be enhanced by several orders of magnitude !!
Affects freeze-out, indirect detection, CMB Distortion, etc...
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Our Motivation: Sommerfeld for Quantum Forces!
(& Background Effects!)
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Effective Operators for DM Annihilation

Ogs = +xx9°
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Sommerfeld Enhancement of Quantum Forces

Plan:
e Calculate Potential:

V= Vo( 1) + Vi 20)
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Sommerfeld Enhancement of Quantum Forces

Plan:
e Calculate Potential:

V=VW 2 | V{)kg “

X . X
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e Substitute into Schrodinger equation ard calculate Sommerfeld factor:
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Sommerfeld Enhancement of Vacuum Forces

VO for scalar, fermion, vector-coupled fermion:
g x —my Ki(2myr)
0 xI% A r

2
F(— —my, K2(2m¢r)
V(o

N
%

VE(D) ~ L St
. x




Sommerfeld Enhancement of Vacuum Forces

e VO for scalar, fermion, vector-coupled fermion
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Sommerfeld Enhancement of Vacuum Forces
e VO for scalar, fermion, vector-coupled fermion
G . —my K1(2m¢'r) r<<1/A __1
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e Singular, need to regulate!
e Impose a cutoffat r ~ 1/A, crudely modeling the UV




Sommerfeld Enhancement from Vacuum Forces

e VO for scalar, fermion, vecto
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e Singular, need to regulate!
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Sommerfeld Enhancement of Scalar Vacuum Force
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Sommerfeld (Suppression) of Fermion™ Vacuum Force

wn
—
O
+
&)
©
(8
=
v
[N —
-
O
=
pe
e
N

104
DM Mass (nNm)




Analytic Understanding of Vacuum Sommerfeld effect

Numerics Analytic
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Analytic Understanding of Vacuum Sommerfeld effect

Numerics Analytic (Box Approximation)
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Analytic Understanding of Vacuum Sommerfeld effect

Numerics Analytic (Box Approximation)
10*
— v=10"1 Enhancement!
N NN\
G 103{|—
® === = A
w —
T 102
(0]
5 ™ N
E 10! N\
o
(V)]
10°
10° 10! 102 103 104 105 10S
DM Mass (nu)
&, 10
2 10
o
.
-7
% 10 nm=10
OE) e —_ v=10""
£ — v=10"2
(_?) 107134 y=10-2
—_— v=5x10"1%
=16 -
107 6o 102 10° 10°
DM Mass (Nu) 9



Analytic Understanding of Vacuum Sommerfeld effect

Numerics Analytic (Bound State Approximation)
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Analytic Understanding of Vacuum Sommerfeld effect

Numerics Analytic (Bound State Approximation)
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Analytic Understanding of Vacuum Sommerfeld effect

Numerics Analytic
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Analytic Understanding of Vacuum Sommerfeld effect

Sommerfeld Factor S

Sommerfeld Factor S

Numerics
104
— v=10"1
103
102
10!
100
10° 10 102 103 10* 10° 106
DM Mass (nu)
10!
10~4
-7
10 nm=10
10~ — v=10"1
e v=10"2
10~ — v=10"3
—_ v=5x10"%
-16 -
107 6o 102 104 108

DM Mass (nm)

Box / Bound
State Approx

>

(gets within
factor of 2)

Analytic

Numeric | Box Approx | Bound State Approx

Scalar
103 103 (bs=0.41) 10° (bs = 22.447)

5.5 x 103 9.0 x 10° 4.0 x 10°

1.4 x 10* 2.5 x 104 9.1 x 108
Fermion

1.3x 102 [ 1.3 x 10% (bp = 0.86) | 1.3 x 10% (bp = 26.58693)

1.06 x 103 1.2 x 103 5.2 x 102

2.45 x 103 3.2 x 103 1.2 x 103

10—20 4
10-304

—10-30 1
-10720+
-10710 4
—-10°
—1010

Vy (arbitrary units)
o

1010.

10T e o e e o
56 L\ \ N\
| =— VE(r)

—_ V§(r)

0 r=1/A
—_ V{(r)

1073

100 10! 10° 10° 104

A

107!

10-2




Analytic Understanding of Vacuum Sommerfeld effect

Sommerfeld Factor S

Sommerfeld Factor S
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Sommerfeld Enhancement for Vbkg (setting my = 0)

e \bkg for a generic isotropic background:
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Sommerfeld Enhancement for Vbkg (setting my = 0)

e \bkg for a Maxwell-Boltzmann background:

ys o —L_T
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Sommerfeld Enhancement for Vbkg (setting my = 0)

Vbkg for a Maxwell-Boltzmann background:

ys ~ —L_T°
ke AZp 42T 41

VE ~T* 1-127277
bkg A*r (14-4r2T77%)°

No need to regulate!
Temperature acts as regulator
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Sommerfeld Enhancement of Scalar Background Force

Maxwell-Boltzmann
T =500 GeV
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Sommerfeld Enhancement of Fermion Background Force
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Sommerfeld Factor S

Analytic Understanding of Background Sommerfeld Effect

Numerics Analytic
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Analytic Understanding of Background Sommerfeld Effect
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Sommerfeld Enhancement for Vtotal (for scalar)
e Add VO and Vbkg, re-solve Schrodinger equation ...
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Applications -- Thermal Freeze-out

e Freeze-out of quadratically-coupled DM is affected by Sommerfeld

e Thermally avg’d cross section: <O"U> — <SO'O ’U>

e Since § ~ v2, can approximate .. ~ S(T_J)'I_JO'O
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Applications -- Thermal Freeze-out

Freeze-out of quadratically-coupled DM is affected by Sommerfeld

Thermally avg’d cross section: <O"U> — <SO'O ’U>

Since S ~ ,U—2 , Can approximate ... ~ S(T_J)'I_JO'O

Plug into Boltzmann Eq

During freeze-out, p goes from 0.98 » 0.2 as DM cools ... no large S expected
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Applications -- Thermal Freeze-out

Freeze-
Therma
Since S
Plug int;
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Applications -- CMB Distortions
e BSM injections into CMB plasma
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Applications -- CMB Distortions

BSM injections into CMB plasma are thermalized in the early universe:
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Applications -- CMB Distortions

e BSM injections into CMB plasma are thermalized in the early universe:

Ce—eY

e Eventually these processes freeze-out, CMB plasma develops v > O
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Applications -- CMB Distortions

BSM injections into CMB plasma are thermalized in the early universe:

So, Ce—eY

e Eventually these processes freeze-out, CMB plasma develops v > O
® [l can be calculated and related to Ap (energy injected) ...
Ap

S(z)
o~ T N00f1+zdz
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Applications -- CMB Distortions

BSM injections into CMB plasma are thermalized in the early universe:

So, Ce—eY

e Eventually these processes freeze-out, CMB plasma develops v > O
® [l can be calculated and related to Ap (energy injected) ...

A
lj,f\J _,0 NO'OfS(Z)dZ <9><]_O_5

P 1+z
( COBE, FIRAS )
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Applications -- CMB Distortions

e BSM injections into CMB plasma are thermalized in the early universe:

So, Ce—eY

e Eventually these processes freeze-out, CMB plasma develops v > O
® [l can be calculated and related to Ap (energy injected) ...
Ap S(z)
U~ — NO'()fH_ dz <9x107°
A

P
COBE, FIRAS
e Can be translated into a bound on O ! ( )

e CMB temperature too small for background effect
e Vacuum effect is significant! 14




Applications -- CMB Distortions for Scalar




Applications -- CMB Distortions for Fermion




n

Applications -- CMB Distortions for Fermion




Summary

e Sommerfeld enhancement for Quantum Forces is significant
e Givesrise to novel features in the S-Mass plot for Background force

e (Can have effects for DM observables -- Freeze-out & CMB Distortion

Outlook

e Non-thermal case can affect freeze-out more significantly ... (( coming soon!))

e Direct detection, Self-Interactions, other follow-ups are exciting ...
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Quantum Forces in Background
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Quantum Forces in Background

FT
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Applications -- CMB Distortions
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Applications -- CMB Distortions
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Applications -- CMB Distortions
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Applications -- CMB Distortions
e After tDC (and before tc) .. Injected energy contributes to 4:

Ap

nN, ———

p
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Applications -- CMB Distortions

e After tDC (and before tC) .. Injected energy contributes to 4:

Ap
MY  —
g S(z)
ZDC 2
—C e 142 dz
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Applications -- CMB Distortions
e After tDC (and before tC) .. Injected energy contributes to 4:

Ap

g S(z)
_ ZDC 2 -5
—czC 1+chz<9><10

e Can be translated into a bound on 0y !
e CMB temperature too small for background effect
e Vacuum effect is significant!
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Sommerfeld Enhancement -- BSM

Hisano et al (2003-2007)

e Consider Neutralino dark matter X', mediator ¢
e DM annihilation gets corrections from Sommerfeld:

Sommerfeld Enhancement for a Yukawa potential

1000 2000 5000 1x10* 2x10* 5%10* 1x10°

e Cross sections may be enhanced by several orders of magnitude !!

Why are there peaks? 1) "Resonance Scattering"

N\
N\

2306.16217, 230616213, 2306.16219
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Sommerfeld Enhancement -- BSM

Hisano et al (2003-2007)

e Consider Neutralino dark matter X', mediator ¢
e DM annihilation gets corrections from Sommerfeld:

Sommerfeld Enhancement for a Yukawa potential

1000 2000 5000 1x10* 2x10* 5%10* 1x10°

e Cross sections may be enhanced by several orders of magnitude !!

Why are there peaks? 1) "Resonance Scattering"

N\
N\

2306.16217, 230616213, 2306.16219
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Sommerfeld Enhancement -- BSM

Hisano et al (2003-2007)

e Consider Neutralino dark matter X', mediator ¢
e DM annihilation gets corrections from Sommerfeld:

Sommerfeld Enhancement for a Yukawa potential

1000 2000 5000 1x10* 2x10* 5%10* 1x10°

e Cross sections may be enhanced by several orders of magnitude !!

Why are there peaks? 1) "Resonance Scattering"

¢~ No enhancement ...

N\
N\

2306.16217, 230616213, 2306.16219

71




Sommerfeld Enhancement -- BSM

Hisano et al (2003-2007)

e Consider Neutralino dark matter X', mediator ¢
e DM annihilation gets corrections from Sommerfeld:

Sommerfeld Enhancement for a Yukawa potential

1000 2000 5000 1x10* 2x10* 5%10* 1x10°

e Cross sections may be enhanced by several orders of magnitude !!

Why are there peaks? 1) "Resonance Scattering"

NSNS\ Enhancement!

N\
N\

2306.16217, 230616213, 2306.16219
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Sommerfeld Enhancement for a Yukawa potential

Sommerfeld Enhancement -- BSM

Hisano et al (2003-2007)

e Consider Neutralino dark matter X', mediator ¢
e DM annihilation gets corrections from Sommerfeld: ST
e Cross sections may be enhanced by several orders of magnitude !!

Why are there peaks? 2 ) "Bound State Approximation" (z = rp)
—1 1 1 _—mz/(Mv
—" — Le /( )¢ = +Ev

2306.16217, 230616213, 2306.16219 73




Sommerfeld Enhancement for a Yukawa potential

Sommerfeld Enhancement -- BSM

Hisano et al (2003-2007)

e Consider Neutralino dark matter X', mediator ¢
e DM annihilation gets corrections from Sommerfeld: ST
e Cross sections may be enhanced by several orders of magnitude !!

Why are there peaks? 2 ) "Bound State Approximation" (z = rp)

¥ — (L= p) v =+Ey

2306.16217, 230616213, 2306.16219 74




Sommerfeld Enhancement for a Yukawa potential

Sommerfeld Enhancement -- BSM

Hisano et al (2003-2007)

e Consider Neutralino dark matter X', mediator ¢
e DM annihilation gets corrections from Sommerfeld: ST
e Cross sections may be enhanced by several orders of magnitude !!

Why are there peaks? 2 ) "Bound State Approximation" (z = rp)

= — Iy~ — Ly

2306.16217, 230616213, 2306.16219 75




Sommerfeld Enhancement for a Yukawa potential

Sommerfeld Enhancement -- BSM

Hisano et al (2003-2007)

e Consider Neutralino dark matter X', mediator ¢
e DM annihilation gets corrections from Sommerfeld: ST
e Cross sections may be enhanced by several orders of magnitude !!

Why are there peaks? 2 ) "Bound State Approximation" (z = rp)

= — Iy~ — Ly

e Bound states correspond reasonably well with resonances:

M, ~ n?
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Sommerfeld Enhancement of Quantum Forces

Modified Propagator Formalism
e Propagator:

(0lp(z)d(y)|0) ~



Sommerfeld Enhancement of Quantum Forces
Modified Propagator Formalism

3(p — q) — af
e Propagator: 0 (p q) aa

(0/¢(2)d(y)[0) ~ [ dpdg e~ 7=+ (0]aal|0)




Sommerfeld Enhancement of Quantum Forces

Modified Propagator Formalism , )
¥ (p—q) - 9

e Propagator: A

( \

(0|¢(z)$(y)|0) ~ [dp dg e P> (0|aa |0)




Sommerfeld Enhancement of Quantum Forces

N:od::ircca)c; :gr:tza::gator Formalism 53 (p— %)\ B 9/{1
(0lp(z)¢(y)|0) ~ [dp dg e ***%(0]aal|0)
S



Sommerfeld Enhancement of Quantum Forces

Modified Propagator Formalism
e Background Propagator:

bkg) = [w(p)aj|0)

g
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Sommerfeld Enhancement of Quantum Forces

Modified Propagator Formalism

_ata
e Background Propagator: 6°(p — q) @

(bkg|p(z)p(y)|bke) ~ [ dp dge P*+'%¥ (bkg|aa \bkg}
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Sommerfeld Enhancement of Quantum Forces

Modified Propagator Formalism

_ata
e Background Propagator: 6°(p — Q) @

(bkg|¢(z)¢(y)|bkg) ~ [ dp dge P*+'% (bkg|aa' [big)

~ e+ ngd(p? —m?)
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Sommerfeld Enhancement of Quantum Forces

Modified Propagator Formalism 5
’(p—q)—a'a

e Background Propagator: A

A\

(bkg|p(z)¢(y)|bkg) ~ [ dp dge***'% (bkg|aa’ |bkg)
~ | n¢5(p2 — mz)

e Matrix element in background:
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Sommerfeld Enhancement of Quantum Forces

Modified Propagator Formalism .y .
0°(p—q) —a'a
A

(bkg|é(z)(y)|bkg) ~ [ dp dGe P* ™% (bkg|aa' |bkg)
~ d | n¢5(p2 — mz)

p2 —1m2

e Background Propagator:

e Matrix element in background:

KA
M = X-jf:-fff"".-."y = fd4qukg(Q)Dbkg(P‘|‘ q)

| — MO + Mbkg
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Sommerfeld Enhancement of Quantum Forces

Modified Propagator Formalism -3 .
°(p—q) —a'a
A

(bkg|é(z)(y)|bkg) ~ [ dp dGe P* ™% (bkg|aa' |bkg)
N 1 | n¢5(p2 _ mZ)

p-—m
e Matrix element in background:

M — M() + Mbkg

e Background Propagator:
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Sommerfeld Enhancement of Quantum Forces

Modified Propagator Formalism . i )
A9 [ on v \ ~ |
o"\p—q)—a'a

e Background Propagator:
(bkg|o(z)(y)|bkg) ~ [ dp dge P**'% (bkg|aa' [bkg)
~ oy ngd(p? —m?)

p-—m
e Matrix element in background:

M — M() _|_ Mbkg
e Potential in background: Jp—
V= [dje " M
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Sommerfeld Enhancement of Quantum Forces

Modified Propagator Formalism oy i
0°(p—q) —a'a

e Background Propagator: A

(bkg|d(z)d(y)|bkg) ~ [ dp dGe P*+'% (bkg|aa' |bkg)
~ oy ngd(p? —m?)

p-—m
e Matrix element in background:

M — M() + Mbkg

e Potential in background:

V=V + Vi
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Approximations for attractive potentials

Bound-State Approximation

e Approximate potential as Coulomb + Constant: V| b/A ~ —% -+ C
r=
e Use Hydrogen spectrum to approximate the peak locations
20 92
87

e Predicts masses within factor of 2! ( outperforms Box for scalar, not for fermion ... )

Numeric | Box Approx |  Bound State Approx
Scalar
103 103 (bs=0.41) 10° (bg = 22.447)
5.5 x 103 9.0 x 103 4.0 x 103
1.4 x 10* 2.5 x 104 9.1 x 103
Fermion
1.3 x 102 [ 1.3 x 102 (bp = 0.86) | 1.3 x 10% (bF = 26.58693)
1.06 x 10° 1.2 x 108 5.2 x 102
2.45 x 103 3.2 x 103 1.2 x 103 89




Approximations for repulsive potentials

N
WKB Approximation \]\:
e The repulsive case is like a tunneling problem: 0

e WKB transmission probability:

T Y 6_2 fd’I’p(T‘)

e Matches Sommerfeld suppression !
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Background Forces -- SM  V(r) = Vo(r) + Vi (7)

Generic form: g n, : T << 1/T
V;)kg (T) ~ — X 1 4

mwil =] , r>1/T
Horowitz et al (1993)

e Neutrino forces in a thermal bath
e Strong effect for large 7 ... Vi, > Vo

Ghosh, Grossman, BY, et al (2024)
e Neutrino forces in a non-thermal bath
o Vi ~ 1/r forlarge 7, parallel beam

2306.16217, 2306.16213, 2306.16219 o1
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Background Forces -- SM  V(r) = Vo(r) + Vi (7)

Generic form: g n, : T << 1/T
V;)kg (T) ~ — X 1 4

mwil =] , r>1/T
Horowitz et al (1993)

e Neutrino forces in a thermal bath
e Strong effect for large 7 ... Vi, > Vo

Ghosh, Grossman, BY, et al (2024)
e Neutrino forces in a non-thermal bath
o Vi ~ 1/r forlarge 7, parallel beam
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Background Forces -- SM  V(r) = Vo(r) + Vi (7)

Generic form: G2 - n, . ] T << ]./T
Vi (1) ~ —== X
bkg( ) n, (’I"LT) , T > l/T

Horowitz et al (1993)
Neutrino forces in a thermal bath
Small 7" ... no background ... Vi, < Vo

Large 7" ... strong effect ... I/Lkg > V!
Could use to probe CuB, but too small

2306.16217, 2306.16213, 2306.16219
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Background Forces -- SM  V(r) = Vo(r) + Vi (7)

‘;eneric form: G%El/ nl/ )\ . y T << ]./El/
T ? v

Horowitz et al (1993)

e Neutrino forces in a thermal bath

e Small 7 ...no background ... Vi, < Wy

e Large T .. strong effect .. Vikg > Vo! 2/, ol —- Q#
e Could use to probe CB, but too small J " o ‘7,
Ghosh, Grossman, BY, et al (2024) & y ’\5 P

e Neutrino forces in a non-thermal bath i

o Vi ~ 1/r forlarge 7, parallel beam _ e 7'.71

e Large effect from reactor / solar neutrinos! Q,L & " & 2[L




