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Coherent elastic neutrino-nucleus scattering

» Neutrino detection through coherent scattering
s First observation — a hand-held neutrino detector!

s Can we do even better (macroscopic coherence)?

(Hint: the answer is mostly negative, though one interesting possibility still exists)

Based on arXiv:1806:10962, in collaboration with Giorgio Arcadi, Manfred Lindner and Stefan Vogl|




NC — mediated neutrino-nucleus scattering:
v+ A—v+ A
Incoherent scattering — Probabilities of scattering on individual nucleons add:
{ o x (# of scatterers)

Coherent scattering on nucleus as a whole — Amplitudes of scattering on
individual nucleons add

O o o (# of scatterers)?

Significant increase of the cross sections (but requires small momentum
transfer, ¢ < R™1)

(D.Z. Freedman, 1974)




Neutrino energies: E, ~ 16 — 53 MeV. Nuclear recoil energy: keV - scale.
# of events expected (SM): 173 4+ 48

# of events detected: 134 4 22

“We report a 6.7 sigma significance for an excess of events, that agrees with
the standard model prediction to within 1 sigma”
~ 2 x 10?3 POT; o ~ 1073% cm?.

D. Akimov et al., Science 10.1126/science.aao0990 (2017).




A hand-held neutrino detector

14.6 kg low-background Csl[Na] detector
deployed to a basement location of the
SNS in the summer of 2015

~ 2x10%3 POT delivered and recorded
since Csl began taking data

—— Beam Delivered

Neutron Scatter Camera (BG Neutrons)
—— LS in Csl Shield (NINs)
= Cs| (CEVNS)
—— SciBath (BG Neutrons)
—— Pb Nube (NINs)
== NalvE (CC)
wes CENNS-10 (CEVNS)
—— Fe Nube (NINs)
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NC-induced neutrino-nucleus scattering: flavour blind.

F_1Z(4sin* Oy — 1) + NJ*E? (1 4 cos0)|F(q?)|?

da,,A] G2
oh

% [ ds) = 1672

F(q?) is nuclear formfactor:
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Forg< R! = F(G?) =1, [daVA/dQ] ~ N2.

coh

R~12fmAY3, A~130 = R™'~30MeV.

Recoil energy of the nucleus:

. q° pmas _ __2E7 2F2
rec — ) rec
2M 5 Ma +2FE M 4




¢ Coherent neutrino scattering on atoms:

# Advantages — larger number of particles (larger o)

» (CC scattering on electrons contributes — sensitivity to neutrino
oscillations!

# Disadvantage: smaller q required = much smaller recoil energies.

For A ~ 100:

7| < (afewap) ™' ~1keV =

E..~ -1 _ < 10%ev

~ 8 orders of magnitude below currently achieved semsitivity.

¢ Can one have (at least in principle) macroscopic coherence?




{ Forget first about problems with detection. What could one gain due to
coherence?
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Simple estimate: consider a target of linear size ~ 1 cm and mass ~ 1 g. For
coherent scattering one needs || < qo ~ (1 cm)™t ~ 107° eV. Gain: large
number of particles in the coherent volume N o 1/¢;.
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coherent scattering one needs || < qo ~ (1 cm)™t ~ 107° eV. Gain: large
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{ Forget first about problems with detection. What could one gain due to
coherence?

Simple estimate: consider a target of linear size ~ 1 cm and mass ~ 1 g. For
coherent scattering one needs || < qo ~ (1 cm)™t ~ 107° eV. Gain: large
number of particles in the coherent volume N o 1/¢;.

For &, > gy ~ 10=° eV small ¢ = nearly forward v scattering:
G =2E>(1 — cosb)

= by limiting g% < ¢5 we constrain the solid angle;

2 2
~ GFE2 N GF 2
og ~ — L7 5 540
s 27T

Net enhancement factor o< 1/qy o« N'/3 =
Otot X N4/3, not N2.

Still for N ~ N4 ~ 6 x 10*° a significant enhancement!
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The problem: detection.

Momentum transfers |7| < go ~ 107° eV to achieve a (1 cm)? - scale
coherence would mean, for a 1 g target,

C]g 43
Eree = ~ 1074 eV !
2Mt0t ¢

Leaving aside other problems, measuring such small F,... would require
energy resolution J E at least of the same order.
But: By time-energy uncertainty relation this would require the measurement
time

6t ~ (OE)™' ~ 10%7 sec

— 10 orders of maginutude larger than ¢y !

= New ideas are necessary.




One problem: what is detected are typically scintillations and ionization caused
by the recoiling target particles that are « E,....

q—*2

2‘Z\ftot

Erec — < |§|

Can one make use of the recoil momentum |7| rather than E,...?

An attempt — Experiments of J. Weber in the 1980s: torsion balance expts.;
sapfire crystal. Sources: solar neutrinos; reactor neutrinos; radioactive source.

Combined 2 interesting ideas:

# Force = momentum transfer per unit time =- force impinged by
neutrinos on the crystal is directly related to ¢ rather than to E.....

o For small enough FE,.. MOssbauer-type scattering is possible.




—2

The idea: if the expected recoil energy of individual target atoms Er ~ 5L—is

small compared to Tpenye ~ 10 keV, the recoll is given to the crystal as a whole
(like in MGssbauer experiments).

ER 3 7T2T2
f—exp{‘ﬁ(f T2 )}

is close to 1 for “would-be” recoil energies Er < Tp — easily satisfied even for
qg ~ FE, as large as a fewx (10 MeV).

Recoil-free fraction

Individual atoms (or nuclei) do not experience any recoil and so are not
tagged. Coherence may occur at macroscopic level!

Positive results claimed, in agreement with the proposed theoretical model.
Force exerted on the crystal: ~ 10™° dyn.




Criticised from several viewpoints

» Ho, 1986: Approach excluded by expts. on neutron scattering on crystals

# Bertsch & Austin, 1986: Excluded by expts. on ~-ray scattering on
crystals

# Franson & Jacobs, 1992; McHugh & Keyser, 1993: more sensitive torsion
balance experiments with neutrinos — no signal observed

» Criticisms of Weber’s theoretical model:

o

o

o

o

o

o

Casella, 1986

Butler, 1987

Smith, 1987

Lipkin, 1987 r

Trammell & Hannon, 1987

Aharonov, Avignone, Casher & Nussinov, 1987

— (Cross section oversestimated by ~ 24 orders of magnitude
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Absence of recoil of the individual nuclei is necessary for macroscopic
coherence, but not sufficient: It is also necessary that the neutrino waves
scattered from different nuclei be in phase with each other.
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[N.B.: If one writes the density of scatterers as p(Z) = >, §°(# — @), factor F
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Absence of recoil of the individual nuclei is necessary for macroscopic
coherence, but not sufficient: It is also necessary that the neutrino waves
scattered from different nuclei be in phase with each other.

For scattering on many centers A  structure factor F'(q),

Ao FiE—F) = Y R oo |F(E— k")
[N.B.: If one writes the density of scatterers as p(Z) = >, §°(# — @), factor F
takes the familiar form F(q) = fd3:13p (%)e'7].
Now,

Cj) |2 Z ezq(m 7"3)

In general, for g max{|i; — 7|} ~ ¢L < 1 one has |F(¢)|* ~ > 1 = N?%inthe
1,J
opposite case ¢L > 1 only diagonal terms in the sum contribute, |F ()| = N.




For Weber’s expts. the condition || < L~ ~ 10~° eV was violated (only much
weaker cond. |7| < (2maTp)"/? ~ 50 MeV was met).

Crystals are a special case. || need not be very small! For

—) —

q(7; — 75) = 2mn
— constructive interference, do o« N2. < Bragg condition:
2d sin @ = n\

(d is interplanar distance, A = 27 /k).

But: Bragg maxima lead to do o< N2 only in very narrow cones with
AQ x N—2/3 and for energy intervals AE « N—1/3. When integrated over Q
and F, lead to the usual ¢ o« N dependence.

Need a different idea.




Radiative neutrino scattering
v+ A—-v+ Aty

Photon energy w., can be as large as the neutrino momentum transfer (not
FE,.. of the target particle, which can even be zero)! No need to detect tiny
recoils.
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Photon energy w., can be as large as the neutrino momentum transfer (not
FE,.. of the target particle, which can even be zero)! No need to detect tiny
recoils.

An example: radiative v N scattering (v + N — v + N + ~). Discussed in
particular in connection with low-energy MiniBooNE events (and much earlier
also in connection with some unexplained events in Gargamelle data) — but
not as macroscopically coherent process.




Radiative neutrino scattering
v+ A—=-v+A+y

Photon energy w., can be as large as the neutrino momentum transfer (not
FE,.. of the target particle, which can even be zero)! No need to detect tiny
recoils.

An example: radiative v N scattering (v + N — v + N + ~). Discussed in
particular in connection with low-energy MiniBooNE events (and much earlier
also in connection with some unexplained events in Gargamelle data) — but
not as macroscopically coherent process.

Another possibility — bremsstrahlung on free electrons, v +e¢ — v+ e+ 7.
First considered by Lee and Sirlin (1964) and then by many other people. In all
but two papers — also not in connection with macroscopic coherence.

An exception: implications for detection of relic neutrinos.
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Can cosmic neutrinos be detected by bremsstrahlung from a metal?
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We examine the proposal of Loeb and Starkman to detect cosmic-background neutrinos by
coherent bremsstrahlung from electrons in a neutral metal. We show that the positive ions in the
metal exert a restoring force which suppresses the radiation by ~ 1072,

I. INTRODUCTION

Loeb and Starkman have recently proposed a method
for detecting cosmic-background neutrinos.! The
method relies on the coherent interaction of neutrinos
with bulk matter to get an enhanced cross section for
neutrinosbeuneisg off a slab of metal. The neutrinasmvaang

~ralorate condiicrtinn alecrtrane whirh thenh radiate 1AW

many particles acting as a lump. In the soft-photon limit,
the probability distribution for radiation is obtained by
multiplying the classical radiation distribution (2.1) by
the probability that the neutrino will scatter.

The probability for a neutrino to scatter off an extend-
ed object, a slab in this case, is found by summing the
scattering amplitudes off indinidhugInehasgesdtimes theap-

nronriate nhace chift for each <catterer:



Neutrino scattering pushes free electrons inside the metal target. For electron
displacement Az: surface charge density of positive ions o, ~ Azn.e =
restoring force per unit mass w2Az (w, = [4mn.e*/m.]*/? ~ 10 eV is plasma
frequency). Coherent scattering gets strongly suppressed:

o — [E,Jwy|*c ~ 0o x 107
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> Reason: photon radiation is due to ¢-dependent dipole (and higher
multipole) moments induced by v scattering on target electrons
— suppressed when w < wy (wy — char. frequency of the system).




Neutrino scattering pushes free electrons inside the metal target. For electron
displacement Az: surface charge density of positive ions o, ~ Azn.e =
restoring force per unit mass w2Az (w, = [4mn.e*/m.]*/? ~ 10 eV is plasma
frequency). Coherent scattering gets strongly suppressed:

o — [B,Jwy|*c ~ o x 107

> Reason: photon radiation is due to ¢-dependent dipole (and higher
multipole) moments induced by v scattering on target electrons
— suppressed when w < wy (wy — char. frequency of the system).

A well-known example: Rayleigh scattering (photon scatt. on bound atomic
electrons) vs Thomson scattering (scatt. on free electrons).

on)~ [gZg] o

For w>wy = ogr=o7; for w<wy = or suppressedas (w/wpy)*.
 EvgenyAkmedoy  GdAMeefng  Stasbourg November5-6,2018 —p.18




Energy-momentum conservation:

p+k=p +E+k,




Energy-momentum conservation:
V+A-—>V+A+y

p+k=p +k +Ek,

The structure factor:
F(E— IZ’) _ Zei(E—E')ﬁ N Zei(zz—z?—la)ﬁ;
¢ Coherence at macroscopic scales requires |k — & — k. |L < 1,
(not |k — k'|L < 1) = all scattered waves in phase w/ each other.




Energy-momentum conservation:
V+A-—>V+A+y

p+k=p +k +Ek,

The structure factor:
F(E— IZ’) _ Zei(E—E')m N Zez’(lg—l?—l%)ﬁ;
{ Coherence at macroscopic scales requires |k — k' — k. |L < 1,

(not |k — k'|L < 1) = all scattered waves in phase w/ each other.
From momentum conservation: recoil momentum

p=(k—k')—k,

= verysmall k — k' — k., also means very small |p’| —exactly what is

needed for the process to be coherent!
Evgeny Akhmedov GdRMeetng Strasbourg November5-6,2018 —p.19
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Advantages:

» The energy of detected photons w, can in principle be as large as
momentum transfer to electrons from neutrinos |k — k’|.

» Neither |k —k’| nor w., need be small to ensure macroscopic coherence
— only their difference needs. For w. ~ w > wy: NO w* suppression.
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» Neither |k — k’| nor w., need be small to ensure macroscopic coherence
— only their difference needs. For w. ~ w > wy: NO w* suppression.

The price to pay:
» Phase-space volume gets severely constrained: /., nearly equals % — i/,

7| = |k—k —ky| < po SL7L

(N.B.: For |p’| much smaller than what is allowed by kinematics the photon
and scattered neutrino are emitted in nearly forward direction).




Advantages:

# The energy of detected photons w. can in principle be as large as
momentum transfer to electrons from neutrinos |k — k’|.

» Neither |k — k’| nor w., need be small to ensure macroscopic coherence
— only their difference needs. For w. ~ w > wy: NO w* suppression.

The price to pay:
» Phase-space volume gets severely constrained: /., nearly equals % — i/,

P = |k—K — k| < po SL7L

Y

(N.B.: For |p’| much smaller than what is allowed by kinematics the photon
and scattered neutrino are emitted in nearly forward direction).

Can the increase due to macroscopic coherence compensate for the
suppression of the elementary cross section o ?




The process:

— o g

k:(w7E)7 p:(m,O), k/:(wlak/)a p/:(Ep’7ﬁ/)7 k’Y:(w’Wk’Y)
The amplitude for radiative scattering on a “spinless electron”:

G . "
My = —z—ngeeu(kfy)Q“ Jou -

V2

Ja = ﬂ(k/)'ya(l — 5 )u(k)

v (k) v (k)

Z,v(q) (k)




gro — () koK) BB K]

2]9, ) kfy 2]? . k,y

QH“ satisfies the gauge invariance conditions

@' = Q" (k= k)a =0

{ 2sin” Oy + 3, v=r, (NC + CC)
gv =

2sin” Oy — 2, v=v,, v, (NC)




|. Without constraining |p”|:

doy _ Gpgye® 1 8(w—w,)’
dw, (273 m2 9 w,

{(w—wy)’+w + 2w,2y}.

Integrating over w,:
G%gie? 1 16 A
(2m)3  m? 9"

41
Ow(wy > wp) [ln(w/wo) } :
24
wo = w~min 1S @n IR cutoff. Natural choice — from conditions w, > wys (for
scattering on electrons in atoms) or > w, (for scattering on free electrons in

conductors) to avoid ~ w; suppression.




|. Without constraining |p”|:

dwy (27r) m2 9 w77 U men) et 2}

Integrating over w,:

Ow(wy > wp)

Grgie® 116 41
2r)? m2 9" [ln(w/“()) 24}

wo = w~min 1S @n IR cutoff. Natural choice — from conditions w, > wys (for

scattering on electrons in atoms) or > w, (for scattering on free electrons in
conductors) to avoid ~ w; suppression.

Il. Imposing |p’| < po. Modified kinematics. In particular, for a given w,

2
9 _
0<1-—cosf, < P+ 2po(w — wy) :
2Ww-~




To leading order in py:

doy, G%g‘2/62 pf)l w2 + (w — w7)2

dw,  (2m)3 4m?2 W2

Integrated cross section:

G2g2e2 pl 3
Ow (W~ > wp) (1;7:)/3 27732 { In(w/wp) — Z} .

Cross sections scale as pg; a factor p? from the phase space with the electron
recoil momentum constrained by [p”| < py, another py from the squared
modulus of the transition amplitude.

Problem: Coherent volume scales as 1/pg!




Process mediated by photon exchange between neutrino and electron:

v(k) v(k')

Z,v(q) (k)

Energy-momentum conservation gives

— /9

- o p
k.=k—k' —p’ Wo 2w —w — ——.
v P 7 2M.,

—

In the kinematic regime p’ = 0: the 4-momenta satisfy
kb~ (k=K = q".

Final-state photon is on mass shell, k2 =0 = ¢° = 0.

Kinematic enhancement due to propagator of intermediate photon.
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The amplitude of the process:

Without constraining |p’|:

2, 2,4 )2
d“o _ My € . (w w’Y) (3 . COS2 97) 7
dwdcos,  (2m)3 4m? Wy
dom — piet 1 4 (w— w- )?
dw,  (2m)3m2 3  w,
2 4
et 14 3
Tm Wy > wp) 2 mE 3w {ln(w/wo) — 5} .




For |p’| < po, to leading order in pg

dom  pZet 1 1 (w—wy)p]

dw,  (2m)3m2 6 ww?

poet 1 1py  pye? 1 1pg

Tm (W > wo) = (2m)3 m2 6wy T m2 3wy

Kinematic enhancement is relatively mild: do,,/dw. and o, scale as p}
rather than pg.

In general, neutrinos may have both the magnetic and electric dipole moments
(matrices in flavor space): replace in the amplitude 1, — fiag = (1w + i€ )ap
In the expressions for the cross sections — replace

Mz — Z |ﬁoz5|2'
B




Radiative inverse Primakoff effect:

a(k) +e(p) = e(p’) + (k1) +y(kz).




Radiative inverse Primakoff effect:

a(k) +e(p) = e(p’) + (k1) +y(kz).

The a~~ interaction Lagrangian:

1 _
L= 1 Garyal,, FHY

| | X | X
Maz—262gaw{q2 €, (k1)Q""(p, k; P/, k17k2)]2a+_6 (k2)Q"*(p, ks ', k27k1)]1a}
1 a3

5i,oz = 5pﬁaozkip€*5(ki)qa 7 g =k — ks,
~ EvgeryAkhmedov  GdRMeeting Stasbourg November5-6,2018 -p.28




|. Without constraining |p”|:

4 2

2
Jaryr € W {I 41}
0 n — — 0.
Ta = 0m)E gmz \NW/wo) = 51

Il. With [p”’| constrained from above by small pq:

2 4
do-a L gafyfye

_ Py Wi wow
dwy  (2m)3 48m2w? \w — wy w1

and
2 4
g e
Oq = avry

(2m)3 2417322w [ln(w/w) a 1]°

Cross sections oc p3 — the sitation similar to radiative neutrino scattering
caused by u,.




For scattering on atomic electrons in dielectrics the effects of atomic binding
should in general be taken into account.

But: in the kinematic regime of interest (w > w,;) the atomic effects can be
neglected. Full analogy with elastic scattering of photons on atoms: when
w > w,s = o essentially coincides with that for scattering on free electrons.

If in addition |p’| < L™, radiative neutrino scattering on all the electrons of
the target is coherent.




The mechanism would not work for non-relativistic projectiles:
Macroscopic coherence requires tiny net recoil momenta p’ of target electrons.

For non-relativistic projectiles p” = 0 is excluded by energy-momentum
conservation (would lead to unphysical cos 6., > 1).

Small non-zero j” allowed, but only for w, < |p’| = astrong ~ w;
suppression.

= The mechanism cannot work for the conventionally discussed DM
particles.

But: It may work for relativistic particles that may exist in the dark sector.




To take possible macroscopic coherence effects into account: multiply the
elementary amplitude by the relevant structure factor F'(p”) (target
dependent). To get simple estimates of of macroscopic coherence effects:




To take possible macroscopic coherence effects into account: multiply the
elementary amplitude by the relevant structure factor F'(p”) (target
dependent). To get simple estimates of of macroscopic coherence effects:

# Assume all the scatterers in a volume of a linear size L, within the target
contribute coherently; this requires the net recoil momentum of the
scatterer |p'| < po ~ 2wL; "

[The coherent volume L3 can range from just the volume per one scatterer (no coherence)
to the total volume of the target L3 (complete coherence)].
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# Assume all the scatterers in a volume of a linear size Ly within the target
contribute coherently; this requires the net recoil momentum of the
scatterer |p'| < po ~ 2wL; "

[The coherent volume L3 can range from just the volume per one scatterer (no coherence)

to the total volume of the target L3 (complete coherence)].

» Calculate the elementary cross section of the process with the constraint
1P| < po imposed and F(p”) replaced by unity.




Coherent effects and the cross sections

To take possible macroscopic coherence effects into account: multiply the
elementary amplitude by the relevant structure factor F'(p”) (target
dependent). To get simple estimates of of macroscopic coherence effects:

# Assume all the scatterers in a volume of a linear size Ly within the target
contribute coherently; this requires the net recoil momentum of the
scatterer |5'| < po ~ 2wL; "

[The coherent volume Lg can range from just the volume per one scatterer (no coherence)

to the total volume of the target L3 (complete coherence)].

# Calculate the elementary cross section of the process with the constraint
1P| < po imposed and F(p”) replaced by unity.

# To find the cross section per target particle & multiply the constrained
elementary cross section by the number of scatterers in the coherent
volume L ~ (27/pg)°>.




Coherent effects and the cross sections

To take possible macroscopic coherence effects into account: multiply the
elementary amplitude by the relevant structure factor F'(p”) (target
dependent). To get simple estimates of of macroscopic coherence effects:

# Assume all the scatterers in a volume of a linear size Ly within the target
contribute coherently; this requires the net recoil momentum of the
scatterer |5'| < po ~ 2wL; "

[The coherent volume Lg can range from just the volume per one scatterer (no coherence)

to the total volume of the target L3 (complete coherence)].

# Calculate the elementary cross section of the process with the constraint
1P| < po imposed and F(p”) replaced by unity.

# To find the cross section per target particle & multiply the constrained
elementary cross section by the number of scatterers in the coherent
volume L ~ (27/pg)°>.

# Optimize the choice of py by maximizing the resulting cross section.
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N.B.: One should not forget the issue of observability. A process may be fully coherent but
completely unobservable. Example: for elastic v scattering the optimization requires to choose for
the maximum recoil momentum qg there the smallest possible value ¢o ~ L~1, but the scattering
will then be unobservable due to the vanishingly small recoil energy of the target particles. No

such problems arise for radiative processes.

|. Radiative ve scattering mediated by weak CC and NC interactions.

3
27
—~ ~Y 3 ~
Ow = Oow X Ne(), N()e ~ neL >~ TNe (p ,
0

4
Oow X Po

= 0w X pg — Maximized for maximal possible value of py which corresponds
to the absence of macrosopic coherence.

Macroscopic coherence can be achieved, but the resulting cross sections are
much smaller than those in the incoherent case.




Il. 1, (ore,)— mediated radiative neutrino scattering.

For small p” — an enhancement due to the virtual photon propagator being
close to its mass-shell pole: (do,,/dw., c,,) < p; rather than o pg.

Upon multiplication by N.q ~ n.(27/po)? the factors p? cancel out:

Aoy, pZet (w—wy) ne

2 2
dw-~ 6 wws Mg

22
— 2 4 Ne _§7T2My04

1
Oml W~y > Wo) = < U, € = Ne .
m(wr ) 6" m2wyg 3 miwy

= To leading order in small p, the cross sections per target electron are
po — independent.

(This is correct when pqg satisfies L=! < py < {w, w~, w — w~ }, Which we always assume).




The simplified approach for evaluating effects of macrosc. coherence
(introduce cutoff py ~ 27 /Ly on |p’|, replace the structure factors

F(k — k' — k) = F(§") within the coherence volume L3 by unity and multiply
the obtained o by the number electrons in the coherent volume), gives a fairly
good accuracy.

An alternative (more accurate) approach: replace the summation in the
expression for the structure factor F' by integration. =
F(k—k —k,) ~ %(2@353(/&' — K - k)
(N. = n.V isthe total # of electrons in the target).
— |F(k -k —ky)|? =~ Nene(2n)38%(k — k' — k)
For the u,, — induced process this gives

Aoy,  piet (w—wy) ne

2 2
dw~ AT wwy  mg

just smaller than the simple estimate by a factor of 3/27 ~ 0.5.
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The best lab limits on neutrino magnetic moments — from reactor experiments
on elastic ve scattering:

dott u,2/62(1 1) o

T w T

dT 47

(T is the kinetic energy of the recoil electron). To be compared with do,, /dw- .
In convenient units:

Ne = A7\7A,0(g/(:m3)Ye cm S~ (1.33 keV)3 p(g/cm3) =

(1.33 keV)?

2,2
mzws

15
D9m o 4ra? Ty
dw-

p(g/cm?®).




Need to compare

5 o (1.33 keV)? 3 it
Aoy, o p(g/cm’) < T

For w, ~10eV and p~1g/cm’ — d&,,/dw, exceeds do¢ /dT only for
T > 100 keV.

An advantage: the rad. process could in principle allow detection of very low
energy neutrinos.

An example: for w ~ 100 eV in elastic ve scattering T < 2w? /m. ~ 0.04 eV
— too small to be measured. But: photons of energy ~ 100 eV produced in
coherent radiative ve scattering can be easlily detected.




In many respects similar to the neutrino magnetic moment induced radiative ve
scattering.

2 g2 al 2 1.33 keV)3
0a2§772gw o 2 of eV)

3
—r 3 p(g/cm?).

2
ms w

To be compared with axion-photon conversion in an external magnetic field
(used in searches for axions from the sun with helioscopes): For axion
traveling through a transverse magnetic field B over a length L the
conversion probability

B

2 2
L
P~ 2.4 %1072 (ggyy x 100 GeV)’ (T) (E) (1)

= Macroscopically coherent radiative axion conversion on electrons is not
competitive with the coherent conversion in a magnetic field.




Summary

An attempt at extending coherent neutrino detection to macroscopic scales.
Radiative neutrino scattering on electrons — appears to be an attractive
possibility. Advantages:

# Produced photon is easier to detect than (tiny) recoil of target particles

o The photon energy need not be small to ensure macroscopic coherence

The problem: Requires severe restriction of the phase space.

o For weak CC and NC induced processes — enhancement due to
macroscopic coherence cannot overcome suppression due to the
reduced phase space. Net effect is decrease rather than increase of 7.

# For u,-induced radiative ve scattering: Macroscopic coherence gives
advantage over the elastic scattering only for 7" = 100 keV.

But: it may allow detection of very low-E neutrinos (~ 10 eV — 10 keV).
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# Similar mechanism for detection of relativistic axions (coherent radiative
axion-photon conversion) is not competitive with axion-photon conversion
in external magnetic fields

# The mechanism cannot work for non-relativistic projectiles (e.g. for
conventional DM candidates). It still may work for relativistic particles in
the dark sector (“boosted” DM, etc.).

No enhancement of neutrino detection by huge factors.

We need a different ideal







Let the # of scatterers within one coherent volume L be Ny and the # of
coherent volumes in the target be k. The total number of scatterers in the
targetis N = kNy.

If oo is the elementary cross section of the process, the cross section
corresponding to scattering on all the target particles contained within one
coherent volume is oo N3. The total cross section is oo Ng x k = ogNgN.

The cross section per one target particle is then oo Ny. In the fully coherent
case (Ny = N) and completely incoherent case (/Ng = 1) the total cross
sections are oo N? and oV, respectively, and the corresponding cross
sections per target particle are oo /N and oy.




For scattering on atomic electrons in dielectrics the effects of atomic binding
should in general be taken into account. But: in the kinematic regime of
interest to us (w > wat, |p'| < L™1) the atomic effects can be neglected.

1. For radiative scattering on free electrons the contribution of the first two
terms in Q¢ is small — main contribution comes from the third term.

For small p” the terms in Q#* proportional to o p’#p® and p*p’~ nearly cancel each other, and
the terms o« (k — £/)“ are subleading for non-relativistic electrons and weak NC and CC mediated
ve scattering (they vanish exactly for neutrino magnetic moment mediated ve scattering and for

axion-photon conversion). The terms o k%' do not contribute by gauge invariance.

Also true when atomic effects are taken into account: the analogues of the first
two terms in Q** are small, and the main contribution comes form the
analogue of the third term, which turns out to be largely insensitive to the
effects of atomic structure.




Full analogy with elastic scattering of photons on atoms: when w; > w.; =
o essentially coincides with that for scattering on free electrons. To leading
order, in the Coulomb gauge

AO(_E E, — E; —w,; —ic + E, — E; +w; — ie

n

1 > { (ile~ ®sTBEF In) (n|e™TBE ) (i€ TBE n) (e~ TBER]i) }

@ @) e B E)

(B = —iV and we have taken into account that for elastic scattering on a heavy system wg = |Ef|
coincides with w; = |k;|.)

For w; < w,; all three terms are of the same order and nearly cancel each
other, leading to the ~ w suppression of o. But: for w; > w,; the first two
terms are small compared to the third term and can be neglected. Also, for
spherically symmetric atomic states |¢) they tend to cancel each other.




Using the closure property of the atomic states and commuting the factors ei’;ﬁ, e~ R £ 7 with the
momentum operator: for the sum of the first two terms we get in this regime
—(1/mwi)e}le§ei(’3z‘—Ef)F(ﬂkgps + k5p'li), which vanishes for spherically symmetric states ).
For coherent scattering on a group of atoms |i) is the ground state of the system = The
cancellation happens also when |:) is spherically symmetric (has zero total angular momentum)

even if the ground states of the individual atoms are not.

The remaining term (& e})(i\ei(’zi—’gf)ﬂi) in general depends on the electron
charge distribution in the state |i). For |k; — k¢| < R itis actually
independent of the atomic structure = for photon scattering on a single
atom reduces to Z(€; - €;) This corresponds to coherent elastic photon-atom
scattering.

If the |k; — Ef| < L~ the scattering on all electrons in the target of linear size
L is coherent. Otherwise, one would need to take into account structure
factors which depend on the electron distribution in the target.




Similar arguments apply to radiative neutrino scattering on atoms. Need to
replace

ki — k—K, w; = w—w, Ef—>l%',y, Wi — Wy,
& —J and P& —p-]

with p# = i9* the 4-momentum operator and j# = (5, j‘) the relevant matrix
element of the neutrino current. The condition |k; — k| < R, is replaced by
[k — k' —k,| = |p'| < R;}, — satisfied with a large margin when

macroscopically coherent effects are considered.

With minor modifications (due to the presence of two photons in the final state)
the same argument applies also to radiative axion-photon conversion on
atoms.




In convenient units:

d - 10 : 100 eV \
— "~ 2 10~°6 - s ?/eV .
dor 06 x 10 (10_12,“3) p(g/cm?) ( o, ) cm” /e

Here up = e/2m, is the electron Bohr magneton.




In many respects similar to the neutrino magnetic moment induced radiative ve
scattering.

2 g . a? 2 1.33 keV)?
G, ~ 7T29'w neﬁ—giwa272( eV)

“ 3

2
msi w

Compare with axion-photon conversion in an external magnetic field (used in
searches for axions from the sun with helioscopes). For axion traveling through
a transverse magnetic field B over a length L the conversion probability

—21 10 2 B 2 L 2
P =24x%x10"%" (gayy x 10" GeV) T - F., 2)
Form factor
2
2 sin( %)
F = 2 ~ 1
( i ) o

accounts for the loss of coherence as a function of the momentum transfer g.
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The photon production rate: I'y, = j, - P - Aeg (o 1S the axion flux and A.g is
the effective area of the detector).
For axion helioscopes (such as CAST): B~ 10T, L ~10m, Aeg ~1lcm? =

', ~24x%x 107 ¢m? (Garry X 10'° GeV)?j, .

The photon production rate due to the coherent radiative axion-photon
conversion mechanism:

Ty = juoaneV =~ 74(1.33keV)?p(g/cm®)V i, ,

Take w ~ 3 keV (characteristic energy of axions produced in the sun) and
p~1 g/cm3, =- the photon production rate due to coherent radiative inverse

Primakoff effect is by far small compared to that due to the axion-photon
conversion.

Macroscopically coherent radiative axion conversion on electrons is not
competitive with the coherent conversion in a magnetic field.




Consider
X (k) +e(p) = X(K) +e@) +v(ky),

(X is a projectile particle of mass M).

k= (waE)a P = (m676)7 k= (w/Jg/)’ p/ - (Ep/’ﬁ/)’ k7 - (wV’kV)’

w=\/k2+M2, w’=\/k’2+M2, Ey =p2+m2, w,=|k].

Energy and momentum conservation:

Assume recoil electron to be non-relativistic (neglect its kinetic energy) =
w = w' + w,. Substituting here &’ from mom. conservation:

F-F =P =R —owJR2r M2 4w =




5’2 — 2|p”| R cos O k_iry — 2|l¥|u}7 cos 0, = —2w7\/l§2 + M?2.

= |k—k,| = \/E2 + w2 — 2w k| cos ., .

For M # 0 the quantity |p’| cannot be arbitrarily small: for p" — 0 we get
cosf., = V2 + M?/|k| >1 — unphysical.

Next, let |p”| be non-zero but small (so that 5% term can be neglected).
Requiring cosf., < 1:

1+ = wy|

Wry

\/k’2 + M? — |k| < | cos b 5 (%)

For non-relativistic projectiles
k] -
o, - |p’ |COSQ_»,(k i < k|,

= the two terms on the |.h.s. side should nearly cancel.
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This requires
w N@|ﬁ’|cosﬁq s << P
T M P (k—Fk') '
To achieve macroscopic coherence we need [p’| < 107° eV = the
requirement w., 2 wq: (Or wy 2w, for scattering on free electrons in a

conductor) is badly violated for non-relativistic projectiles. Similarly for
moderately relativistic projectiles.

In the ultra-relativistic regime |l§| > M — an upper bound on M from eq. (*):

2 w - wf)/ —/
M+ < 2w o, D |cos:95,(,3_,;,).

For w, nottoo close to w and cost, iz ~ 11 M? < 2wlp”|.

For |p’| ~107° eV and w ~ 1 keV this gives M < 0.14 eV — readily satisfied
when the projectiles are neutrinos or axions.
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