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Expected signals in relic neutrino detectors
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Here we estimate the magnitude of the signals expected for realistic cosmic neutrino backgrounds in detec-
tors attempting to measure the mechanical forces exerted on macroscopic targets by the elastic scattering of
relic neutrinos. We study effects proportional to the weak coupling con§&anand to GE for Dirac and
Majorana neutrinos, either relativistic or nonrelativistic, both gravitationally bound or not.
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[. INTRODUCTION bang nucleosynthesi@BBN), the anisotropy of the micro-
wave background radiation and data on the large scale struc-
Along side the well measured background of cosmic photure of the Universe limig; to be much lower than 12. Kang
tons, the big bang model predicts the existence of an elusivend Steigman in 199fB] obtained
background of cosmic neutrinos. This neutrino background
may be revealed in the near future by measurements of the ~0.06<¢,<11, |£,,]<6.9. )
microwave background radiation anisotropy and the large- ’
Sczli—lﬁarsgryvztl:;ic?;str:jeerut?:ﬁgsnz _standing question of the deMore recent studies yield bounds that depend on the pres-
tectability of the neutrino background in a laboratory experi- ence of a cosr_n_ologlcal (.:OnStdm'th energy_densn)QA in .
ment, a recurrent subject in the literature for the past thirt nits of the critical density If the cosmological constant IS
years[1-6]. We estimate how far macroscopic accelerationg€"° 0" small2,<0.1, the value;=5, namelyn,, /n =4
due to realistic neutrino backgrounds are from the smalleds favored[9,10]. For Q,=0.5, one obtains, /n <4 and
measurable acceleration at present, which is about'210 for Q,>0.7, the lepton asymmetry must be very small, so
cm/seé [7]. The new elements we consider in our estimateshe neutrino density goes back to the standard value,
are the possibility of a very large lepton asymmetry in then,, /n ,=0.14[9,11]. Notice that in models with large neu-

cosmic neutrino background, and the study of Majorana agino asymmetrles the standard BBN mechanism is altered,
well as Dirac neutrinos. allowing for the existence of many more neutrinos than in

With no lepton number asymmetry the number densjty  the standard case. BBN and recent cosmic microwave back-
of the neutrinos of each species in the background is equal tground anisotropy data provide constraints on neutrino
the number of antineutrinos of each species. The big bangsymmetries which depend strongly on cosmological param-
model predicts this number density to g=(3/22)n,  eters[12]. In what follows We will take an upper bound
=0.1361,, wheren,, is the density of the microwave back- n,/n,<4,ie,n,<1700 cm 3, when considering the case
ground radlatlon photons Sinae, =412 cnm’ 3 therefore  of Iarge lepton asymmetrles

n, =56 cm 3.1t is, however, p055|ble for neutrlnos to have  The decoupling temperature of neutrifiig,, which with
very large lepton asymmetries. While charge neutrality reno lepton asymmetry is a few MeV, increases with the lepton
guires the asymmetry in charged leptons to be the same asymmetry. However, only fo£&=12 would T4, become
that in protons, for whichrfg—ng)/n,=0O(10" 1% no such Iarger than 2n,, i.e., neutrinos would decouple before
requirement limits the asymmetry in neutrinos. With a largex ™ u annlhllatlon In this case, not only woulel" e~ an-
asymmetry between neutrinos and antineutrinos only the exaihilations increase the number of photons relative to that of
cess of eithew; or »; remains after annihilation ceases with Neutrinos due to entropy conservation, futx ™~ annihila-

a density tions would as well, leading to a lower neutrino temperature
relative to the photon temperature. R 12 the tempera-
n, =n,0.0252 &2+ & (1)  ture of »; is now the usual one‘[vi=(4/11)1’3 T,=0.71T,.
I
With T, =2.728 K, this mean$, =1.95 K=1.68x 10 4 eV.
where§i=|,u,,i|/TVi and,uVi is the chemical potential of the Therefore, ifmyi is smaller than 1.2 10 * eV background

given neutrino species. The ratip is constant after neutri- neutrinos are relativistic at present while for larger masses

nos decouple. they are non-relativistic. Moreover neutrinos may be Dirac
Thus, for example, witl§;=5 [8—10], one obtains a neu- or Majorana particles, a distinction that is important only for

trino density ofn,=4n,=1700 cm 3. Equation(1) is valid non-relativistic neutrinos.

for £,<12[8] (for which the decoupling temperatufg,. is Relativistic neutrinos are only in left-handed chirality

smaller than 2n,; see below. Bounds coming from big states (and anti-neutrinos only in right-handed chirality
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states. These are the only states produced by weak interadse gravitationally bound to large clusters at present. Fermi
tions. For relativistic neutrinos chirality and helicity coincide degenerate neutrinos may have even larger average velocities
(up to mixing terms of ordem, /E,~m, /T,). Bounds depending on their chemical potenté /T, (constant af-
from structure formation in the Universe imply that stable (€7 neutrinos decouplgbut the conclusions remain the same.
neutrino masses are at most of the order of a few[8].  For &1 (|B,|)= V6T, /5m=£1.68 10 * eV/m (namely
This means that neutrinos were relativistic at decouplin@|5v|):\/g 12300 km/s form=0.1 eV) and both expres-
[Tge=0 (MeV)], even if they may be non-relativistic at sions coincide fog=2.5. In all cases the amount of neutri-
present. nos in the tail of the velocity distribution with velocities
We will call left (right) chirality eigenstates, (vg) and smaller that 600 km/s which would be gravitationally bound

left (right) helicity eigenstates,(v,). At decoupling, neutri- 10 galaxies is much smaller.

nosv, were only in left-handed helicity states and antineutri- _ !N the following we will give our results for both clustered
nos »<, (or vg in the case of Majorana neutrinom right- (C-NR) and nonclusteredNC-NR) nonrelativistic back-

handed ones. Helicity is an eigenstate of propagation anground neutrinos as well as for relativistiR) background

therefore it does not change while neutrinos propagate freelyp,eumnos'

even if they become non-relativistic. For Majorana neutrinos With zero lepton asymmetry the background consists of
o y ' JO p .~ equal numbers of neutrinos and anti-neutrinos. Thus we have
chirality acts as lepton number, so we are calling “neutrinos

; D equal numbers of left and right either chirality or helicity
those particles produced af>Tye. @s v and “anti-  giates in all cases, relativistic or non-relativistic, Dirac or

neutrinos” those produced ag. Thus, neglecting interven- \jaiorana neutrinos. In the case of a large lepton asymmetry
ing interactions, non-relativistic background neutrinos are inyhich favors, say, neutrinos so that there are anlyat the
left-handed he||C|ty eigenstatéﬁ/hich consist of equal ad- moment neutrinos decoup|éeft and nght are to be ex-
mixtures of left- and right-handed chiralitiesand anti-  changed in the following argument for an asymmetry favor-
neutrinos are in right-handed helicity eigenstdteBich also  ing anti-neutrinos the background consists of left chirality
consist of equal admixtures of left- and right-handed chirali-particles in the case of R or NC-NR neutrinos, and it consists
ties). If the non-relativistic neutrinos are Dirac particles, only of totally mixed helicity states for C-NR neutrinos
the left-handed chirality statégght for anti-neutrinosinter- These properties of the different possible neutrino back-
act, since the other chirality state is sterile, while if the neu-grounds are relevant to the effect linear in the weak coupling
trinos are Majorana, both chirality states interébie right-  constantGg, first studied by Stodolskj1].
handed “neutrino” state is the right-handed anti-neutyino
Slow enough non-relativistic neutrinos eventually fall into
gravitational potential wells, become bound and, after a char- Il. THE Gg EFFECT
Sl o e, e el become el e U, TS e was proosed by Stoadsy i 15%eore
. . o Weak neutral currents were proven to exist, so he did not
tationally bound background neutrinos have well mixed he-

licities. Most back q ) h . include them. It is the energy split of the two spin states of
icities. Most background neutrinos however are not gravitay,,_re|ativistic electrons in the cosmic neutrino bath. This
tionally bound at present because they are too light.

o energy split is proportional to the difference between the
The present upper bound from structure formation in thjensities of neutrinos and antineutrinos in the neutrino back-
Universe for neutrinos without a lepton asymmetry, for g q.nd for Dirac neutrinos, and proportional to the net helic-

i ~ 73 i : - : .
which n,=100 cm °, is of a few eV[13]. Neutrinos carry- jy of the background for Majorana neutrinos, as we will now
ing a large lepton asymmetry must necessarily be lighter. Thggg

upper bound on the mass of degenerate neutrinos with a large e Hamiltonian density of the-e interaction is
asymmetry should be lower, since their number density is

larger, at most of the order of 0.1 eV. The Tremaine-Gunn

kinematical constrairftl4] gives the scale at which neutrinos G

gravitationally cluster. Light neutrinos with masses<eV H(X)z—FEy"(gV—gAyg,)e;y (1— ys) . (3
would be gravitationally bound only to the largest structures, V2 a

large clusters of galaxies. We can see this using simple ve-

locity arguments. Only cosmic neutrinos with velocities

smaller than the escape velocity of a given structure can bBor v=v,, ga=1/2 and g,=1/2+2 sirfé, while for v
bound to it. The escape velocity from a large galaxy like ours= v, or v= v, with which electrons only have neutral weak
is about 600 km/s and from a large cluster of galaxies ignteractionsg,= —1/2 andg, = — 1/2+ 2 sirf4.

about 2000 km/s. Considering that the average velocity

modulus of non-relativistic neutrinos of mass and tem-

perature T, is (using a Maxwell-Bolztman distribution A. Dirac neutrinos

(|1B,])=V8KT,/mm=\4.3x10 " eV/m (namely (|v,|) We compute first the energy shift of a single electron of
=6200 km/s form=1 eV, and{(|v,|)=19600 km/s form  momentump and spins in the neutrino background\E,
=0.1 eV) it is obvious that only about a third of 1 eV mass =(p,s|H|p,s). Let us callp andk the momenta of the and
neutrinos and a very small fraction of lighter neutrinos couldr respectively, ands (s’) the incoming(outgoing spins.
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Working in momentum space and using the second quantizavhereu andv are the usual spinors for particles and antipar-

tion form for the neutrino fields, we obtain, for the case ofticles andb, d (b', d") are the respective annihilatidare-

Dirac neutrinos, ation) operators, for neutrinos and antineutrinos respectively,

G of momentunk. In the rest frame of the electrop€0) the

F Me " / iagonal matrix element of the weak currentjjsr, . In thi

—= | 2 UelPS)(9v—gars)Ue(P,S) diagonal matrix element of the weak currengjr - In this

V2 BV oo frame the neutrino current i3, = — Bgan(N,—Nye), since
the non-zero average velocity Beann Of the neutrinos is

x[ f dsk(@)z bT(k,s’)b(k,s)[Uv(k,s’)yﬂ due to the motion of the earth relative to the neutrino bath

(HP) =

vl ss' (with velocity Beanh). Dotting the two together yieldAE
X (1—ys)u,(K,S)] == (GF/\/E)QA(O'e' Beart) (N, —Nye).
v We would like to present however a more careful, system-
o0 [ Mye ) atic, and first principle derivation. Using the decomposition
SEL £, 2 dksNdks) U(p.8) = (Eet me)/2me (xg [ (e P)/(Ect mo)]x) for

the electron spinors and the Gordon decomposition and simi-

_ lar relations containingys for the neutrino vertices, one ob-
X[v,(K,8) 7, (1= vs)v,(K,S")] (4)  tains
|
- - 2 > -
G [Eetmg 20¢p 20¢p
Dy_ ~© ~-er _ ~Te V
(H™) 2| E. [g" Y ETm) |72 E T my
. 206 P 206 P 1f3 o 1 —
ZUe( 2gvm QA{]-"' B m, ]Xv[ d kg b'(k,s )b(k,S)E—V[UV(k,S )(K,—2W, )u,(k,s)]
1
+f d3k> dT(k,s’)d(k,s)E [vV(k,s)(kM—ZWM)vV(k,s’)]}. (5)
s,s’ »C

Here the comma in the first key bracket separates the zero and spatial components of the electron ampliide and
=io, K ys= —%ewgpa“”k” is the Pauli-Lubansky pseudo-vect@ne uses hereso,,=(i/2)€,,,,0°"). In terms of the
four dimensional “spin operator”

S o 0 ©
o &
the Pauli-Lubansky pseudovector is given by
2k Bl s
W=\ 5k =52+ 5ys(kx2) ], (7)

so that for particles at resE% 0) it is proportional to the spin operatwy, = (0, —mV§/2) and for relativistic particles it is
proportional to the helicith=23. - k, i.e. WM|k>=(h/2)kM|k>. AIthoughW is the spin operator in the rest frame an#'w,,

=—m?s(s+1) is a Casimir operator of the PoinCakyebra, in generaﬁl is not the spin operator: it is easy to see that the
W; do not have the S(2) commutation relations required for angular momentum components, We.W;|#i €;j W

However, one can writsV in terms of the true spin operatfit5]

1(a Wok | ®

= m, W= E,+m,

Considering non-relativistic electrons with velocjBs= p/E, [thus Ee+me)/E.=2], using 3,=k/E,, and writingW in
terms ofS, we obtain, to first order irﬁ’e,
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Gk
(HP)y=—= \/— (9v—0n2Se Be)s 2Se( —ga+Gy2Se- ﬁe)} [fd3k2 b'(k,s")b(k,s)

— ’ 2 2 > 2 V" VIBV
X Uy(k,s )(1_2'ﬁv1 _Bv+ E S+ E +m E ﬁv) V(k7s)

+f d3k>, df(k,s")d(k,s)

] . 9

In the neutrino “rest-frame” the term of the forsy- S in Eq. (9) vanishes for the following simple reason. We have calculated

our interaction between a “sea” of neutrinos and a single electron. fguégives the projection of the individual neutrino

spin along the single electron’s spin axis. But we expect the neutrinos to be distributed isotropically, and thus there is equal
probability for the neutrino spin projected along this axis to be positive or negative. Hence when the sum over spins and the
integration over the isotropic neutrino distribution are performed, these terms becomes zero. However, in the electron rest-
frame the neutrino distribution is no longer isotropic and this term does not vanish. Using the basis of neutrinos of definite

helicity, we can take the spin to lie completelty parallel or anti-parallel to the direction of motioré:i:.eh/Z)ﬁ whereh is

the helicity. Thus the term in Eq9) containing the neutrino spin will be proportional (t(rnV/EV)B>.
Instead of utilizing the spin basis, we now work in the helicity basis so that all spin dependent terms involve the helicity

operatori-,f%. We can use now the completeness relations for the spinarslv,

_ . 2m 3 .
X vV(k,s)(l—Eﬂy, —B,+ E. S+E _”f” 2~/3V)v,,(k,s’)

Uv(kih’)uv(kih)zﬁhh’v U—V(k1h,)vv(k1h):_5hh" (10)

Furthermore, in the helicity basis we have

Uv(kvh’)iv'évuv(kvh):h|[§v|5hh’1 (11)
v, (N2, By, (k)= —hl B, (12

whereh=2s. 3 is the helicity. Thus we obtain

(HP)= \/— v (Gv—0a2Se Be), 2Se( —ga+ Gy2Se- ,Be)}

xfd3k > bf(k,h)b(k,h)|[1—h,—5,+ E.n 15,15 +ﬂhﬁf
D : ' © PvTE m, PHPe T g TP
E,h
E,+m,

-2 dT(k,h)d(k,h)(l—h,—Eﬁ |BV|/§V+%hBV)]. (13

The number density of neutrinos and antineutrinos are 1 . R
respectively VJ d3k§h: b'(k,h)b(k,h)B,=(B,)n,, (16)

1 and similarly for antineutrinos, where ) denotes average

:_f d3k>, bf(k,h)b(k,h), (14)  values. . N

\4 h Recall that we denote left- and right-handed helicity states
with lower case indicesy, and v, . In general the neutrino

and the anti-neutrino are admixtures of states of left and right

1 . -
ne= Vf d3k2 df(k,h)d(k,h), (15) helicity. Thus we write
" N,=N,+n,, Ne=netne a7
and obviously With this notation the terms itHP) linear ins, areHSDe,
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HP =(Ge/\2){ —ga 2S¢ Bel(n,—N,0)+(|B,))

<BV>(nV_nVC)

X (nV| + nvf_ nVr_ nV::)] + gAZSe'

(e +(2:2)
HlgamAlsl )+ g8

| "

X(nv|+nvf_nvr_nvf)

PHYSICAL REVIEW B4 122001
From Egs.(18) to (22) we have that in the rest frame of

the electron, the frame in which experiments are performed,
to first order inBearth,

Ge I
HsDe: - EgAzse' Bearth

X[(n,=n,0)+(x(|B,1) 1+ y(IB.I))

X(ny, 40y, =] 23

wherey=1 andx=0 for relativistic neutrinos ang=2/3

In the rest frame of the-bath due to isotropy the average of 4nqx=16/37=1.7 for non-relativistic neutrinoghese num-

all vectors proportional to neutrino velocitiegéy)zo,
(B,)=0, ((E,/E,+m,)B,|B,|)=0 and((m,/E,) B,)=0,

bers are the prefactors in Eq4.9), (21), and (22) abovd.
While in the rest frame of the neutrino bath, wheie,)

thus only the first term in Eq18) remains. In the rest frame  — g and3.= 3., we find
of the electron, the frame in which experiments are per-

formed,,éezo and only the second term in E{.8) remains.
In this frame the non-zero value ¢8,) is due to the motion
of the earth relative to the neutrino bath3,)= — Bearth,

which is approximately 10°. One can compute the averages

in Eq. (18) explicitly in the relativistic (R) and non-

relativistic (NR) limits, using a Gaussian distribution for the

neutrinos in the latter case. Up to first order,@@a,th we
have

E, . - L N
<E +m BV|BV|> =_<|:8v|>ﬂearth=_:8eartha (19)
14 14 R
m, ~ :éearth
=B, =—-—2, 20
(B, -2 0
E, . - 2 .
E,,"'m,, :31/|:81z| NR_ - §<|Bv|>:8earth+ O(IBearth)’
(21)
m, ~ 16 ,éearth =3
— =2 o8, (22
E5),, B (g e (22

Ge - -
HsDe: - EQAZSe' Bearth

X[(nv_nvc)+<|évl>(nvl+nvlc_nvr_nvf)]'
(24)
For relativistic neutrinos, for which chirality and helicity
coincide, we find in both reference frames thif =Hg is

H g =— \/EGFgA2§e' ,éearth(nvl__ n,,;)

= \/EGFgAzge' ,éearth(nu_ Nye),

and for non-relativistic gravitationally boun@-NR) Dirac
neutrinos (with well mixed helicitie$ we find to order

Bearth, @gain in both reference frames, thel) = HE g i

(25

=

Ge . -
Hg—NR: - EgAzse’ Bearth(nv_ nvc): EHR ) (26)

which is smaller than the effect in Eq5) for relativistic
neutrinos by a factor of two.
For most of the non-relativistic relic neutrinos, those non-

where(|3,|) is always the average of the velocity modulus clustered, in the presence lepton asymmetry, we find that in

in the neutrino rest frame. We see in E¢E9) and(21) that

the rest frame of the electron the dominant contribution to

((E,/E,+m,)B,|B,]) is either of the same order of magni- H2 =HR . \x is

tude or smaller thanéea,th. The remaining average,
((m,/E,) B,) is negligible for relativistic neutrinos wity
>1, but is larger thalﬁeanh for non-relativistic neutrinos,
for which (|3,|)<1 [see Eq.(22)]. The factor (L

—nvr—nvf), which multiplies both these averages in Eg.

(18), becomes zero for C-NR neutringsince the helicities
are well mixed but could be large for NC-NR neu-
trinos in the case of a large lepton asymmetry.

this case —((m,/E,),)=1.7m/£1.7x10 * eV Bearn

In

D Ge 2.3 3 \—1
HNeng™— EQAZSe' Beartnl - K| B.|)

><(nv|+n,,|c—n,,r— (27)

nl/c)y
r

with
<|:év|>_l: \/m/§1.7>< 10_4 ev ,éearthg (8-2/\/E)Bearth-

It is obvious that the effect is non-zero only in the pres-

<(14K¢) Bea,th (considering that the mass of neutrinos with ence of a lepton asymmetry, wheng#n,c. The effect is
a very large lepton asymmetry is at most of the order of 0.Jmaximum if the relic bath consists only of neutrin@s only
eV) and this term is dominant. of antineutrinog so thatn,#0 andn,.=0 (or vice versa

122001-5
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which is possible with a large lepton asymmeté&z~2). In " .. R E, . .
this case, Eq(25) becomes He = V2Grga| — 2S¢ Bel| B.]) + 25 mﬂy|l3y|
- o m, .
Hg:_\/EGFgAZSe'Bearthnw (28) +<E_ Bv>)}(nv|_nyr)- (31)
and Eq.(27) becomes In the rest frame of the electron, the frame relevant for ex-

periments, this is

. ! HY =~ V2Gr 025 Beard X(|A.)) 2+ (| B.))]
HRC—NR:O-SS\/:Hgﬁ—Hg, (29 Se FYA%Se’ Pearth
£1.7x10°"% eV VE

xX(n,—n,) (32)

sincem,=<0.1 eV, in the presence of a large lepton asymmeWhere, as beforex=0 and y=1 for relativistic andXx
try. =16/37 andy=2/3 for nonrelativistic neutrinos. For relativ-
istic Majorana neutrinos, for which helicity coincides with
chirality »,=v»_ and v,=vg, this term coincides with the
result for relativistic Dirac neutrinos in E€R5), as it should

In comparison to Dirac neutrinos, Majorana neutrinos satbe since Dirac and Majorana neutrinos cannot be distin-
isfy an additional constrainty=v°. We write the Majorana guished when relativistic. In the absence of interactions the
field asqu:(qf5+(\p5)C)/\/§_ Therefore, using the ordi- helicity is conserved, even when as the temperature of the
nary decomposition for Dirac neutrino® one arrives at universe decreases neutrinos become non-relativistic. In the

case of a large lepton asymmetry favoring, say, neutrinos, so

B. Majorana neutrinos

" d®k (m,\12 b(k,s)+d(k,s) that only v =v, are present at the moment of decoupling
P(Xx,t)= f (2—)3/2 = E T (when neutrinos are relativisjia net left helicity remains in
a v S

the bath of Majorana neutrinos, while not gravitationally
xu(k,s)e” K bound. In this case, without gravitational binding, Majorana
neutrinos would have a net left helicitlyvl=nVL¢0, n,

= n,,;=0. As in the case of Dirac neutrinos the term propor-

+(b(k,s)+d(k,s) | 0

V2

;
) v(k,s)ekx

tional to (|3,|)~* dominates for non relativistic neutrinos.
This is important only for unclusteredNC-NR) neutrinos.

. ~ As already mentioned, gravitationally bound non-relativistic
Defining a new operatob(k,s) = (b(k,s) +d(k,s))/ 2 the (C-NR) neutrinos lose their net helicity. After a characteristic

general wave expansion for a Majorana field is given ingrpital time, helicities become maximally mixed thiuandr
terms of only one creation and one annihilation operdior, helicities become equally abundant, smvle nyr)zo, and
andb. Note that the factor 42 is included in the definition  the Stodolsky effect vanishes.

of b andb’, instead of keeping it as an overall factor. The Thus, to summarize, in general

overall normalization of a Majorana field is trickier than that

of a Dirac field. Our Dirac fields are normalized such that Hr =HR (33
[d3xWPPTwP=N —N;. However, in the case of Majorana

: B MiqM : i HY \g=0 (34)
fields, fd°xW¥, "W )'=0, and obviously such a condition C-NR

cannot be used to determine an overall r)ormallzgtmn. HOWémd for neutrinos with a large lepton asymmetry, so that say
ever, one can check the anti-commutation relations of the ~n

creation and annihilation operatdssandb’. One finds that " "’

{b(k,s),bT(k,s')} =6, 6°(k—Kk'), which is the correct re- m 14
lation and proves that the definitionsiofandb’ are correct HNcng=1.7 WHBS —HR. (39

and that no further normalization &' is needed. Vé
_Since the general wave expansipn of the Majoran'a'fie!d iT’n this last equation-lg is that given in Eq(28).
written in terms of only one creation and one annihilation
operators, one can recover the result for Majorana neutrinos
directly from the calculation for Dirac neutrinos by taking
b=d in Eq. (9). Effectively the vertexy,(1—ys) in Eq.(3) The Stodolsky effect consists of a difference in energy
becomes a pure axial,ys vertex. This amounts to the ab- between the two helicity states of the electron interacting
sence of thek,, terms in Eq.(5) and thus the terms propor- with the neutrino bath in the rest frame of the Earth in which
tional to (n,—n,c) in Eq. (18) are absent. Therefore, the experiments are performdahich we take to coincide with
effect depends on having a net helicity in the Majorana-the rest frame of the electrong his energy differencAE is

neutrino bath. The terms linear & in H are now obtained in each case by replacisg Bearth bY | Beart| i

C. Accelerations
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the respective expressions for th€ andHM given in the Ny AE  y

previous sections. Therefore, the Stodolsky effect vanishes ag. = N rgr) (40
except in the presence of a lepton asymmetry which in the

case of Majorana neutrinos persists in the neutrino bath as an

asymmetry in helicity as long as neutrinos are not gravitawhere theGg subindex indicates the mechanism we have
tionally bound. In the case of relativistic, light neutrinos of described.

densityn,, with a very large lepton asymmetry favoring,  Using the expression in Eq(36) for AE with n,

say, neutrinos , so thatn, =n, =n,, from Egs.(25 and  =f 100 cm ® we then find
(33) one has
(AE)R=(AE)R =2V2G¢gal Bearln, . (30) . 21027f.(1 100) (em) [ feann) CM
o 10/ AJI R/ 1078 ) seé

In the case of non-relativistic, unclustered neutrinos, we see
from Egs.(29) and(35) that

where f accounts for a possible local enhancement of the

(AE)Ncnr=2(AE)NcnR standard background neutrino number density. This accelera-
tion could be at most one order of magnitude larger for non-
~1.7+ / m, (AE)R relativistic (NC-NR). These accelerations are rather weak.
£1.7x10°% eV R As mentioned above the present upper bound from struc-

ture formation in the Universe for neutrinos without a lepton
14 o asymmetry, for whichn, =100 cm 3, is of a few eV. The
\/_E(AE)R : (37 upper bound on the mass of degenerate neutrinos with a large

asymmetry should be lower, since their number density is
larger. Light neutrinos with masses,<eV would be either
unbound or gravitationally bound to very large structures and
thus local enhancement to the neutrino density due to gravi-
tational clustering would be very small.

Throughout we have usel v~ 103, which is the ve-

=

In the case of gravitationally boun@-NR) neutrinos(so
that there is no net helicity in the batbf densityn,,, if there
is a very large lepton asymmetry favoring neutrings for
Dirac neutrinosnvgzo, and for Majorana neutrinosyI

=n,, and the effect vanishes. Thus, locity of the Earth with respect to the Galaxy; however, if
neutrinos are gravitationally clustered on much larger scales,

(AE)2 yr= V2Gr0al BeartnlN, (380  one must consider the relative motion of the Earth with re-
spect to the rest frame of these larger objects. At such scales
(AE) ’\CA-NR:O' (39) the neutrino bath rest frame can be taken to coincide with the

cosmic microwave backgroun@MB) rest frame. The Sun’s
tamotion with respect to the CMB is believed to be responsible
for the largest anisotropy in the Cosmic Background Ex-
From now on, we will use the energy differenA€ in plorer (COBE) Diffgrential Microwave Radiomete@MR) .
Eq. (36) to compute the maximal possible strength of theMaPS: the 3 mK dipole, and thus has been determined with
Stodolski effect, recalling that the effect could be at most ondf€at accuracy. From the COBE datasun=36793.0t2.5
order of magnitude larger for non-clustered non-relativistick™/Sec which corresponds a.n=1.231<10"° [16].
(NC-NR) neutrinos(most of the relic neutrinos if they are | nerefore, even if background neutrinos are bound to such
non-relativistio. large obJe(Et35 as super-clusters, we are justified in using still
The difference in energAE between the two helicity Beartn=10 °.

states of an electron in the direction of the bulk velocity of ~1hus with very little gravitationally clustering locally, a
. > > L neutrino density enhancement could only be due to the asym-
the neutrino backgroun¢3,)= — Beartn implies a torque of

magnitudeAE/ 7 applied on the spin of the electron. Since ?1<et2rg)/ I(tr?ei ir;g\éhg:rrr}g;iseas explained in the Introductipn
the spin is “frozen” in a magnetized macroscopic piece of it . ) .

material withN polarized electrons, the total torque applied = HOWeVer, itis amu75|ng}g note that if there is a local cloud
to the piece has a magnitude=NAE/w. Given a linear ©f Ve Of density=10"" cm* as required for a rather auda-
dimensionR and mas3dV of the macroscopic object, its mo- ¢/0US ex_pllgnanon of the tritium end point anom@ly] then
ment of inertia is parametrized 4s-MR?/y, wherey is a  ac.~10 cm/se¢, and the effect would be observable.
geometrical factor. In the typical case of one polarized elec-
tron per atom in a material of atomic numb&rthe number

N above isN=(M/gr)Na, /A (using cgs units whereN,,

is Avogadro’s number. Thus, the effect we are considering The first calculation of this orde® effect was done by
would produce an angular acceleration of order 7/l anda  Stodolsky in 19741]. In our notation, he found the energy
linear accelerations of orderGF= Rea in the magnet, given difference between the two spin states of an electron moving

by with velocity Be in the rest frame of the neutrino bath to be

Equivalent results would be obtained with an asymmetry
voring antineutrinos.

D. Comparisons with past results
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The fluxes of infalling neutrinos ardgz=n,c and ®yr
(n,—n,e). (42) =n,v, for relativistic and non-relativistic neutrinos respec-
= ,35 tively. To find the resulting accelerations we compute the
force exerted on one gram of detector material containing
Stodolsky performed his calculation before the discovery ofA/=N,y/A nuclei (A,2). The force is given by the momen-
neutral currents and thus did not include thérance he took tum imparted per second: the latter is the microscaypcof
0a to be 1. He considered only relativistic neutrinos. Stod- Eq. (44) timesN® ,o,_ A, the number of collisions per sec-
olsky’s result coincides with ours in Eq36) with B,  ond inside one gram:
=|Beartn (@nd y1—Be~1).
Langacker, Leveille, and Sheiman also explored this ef- E:a:q) MU (Ap) (45)
fect [4]. Although the majority of their paper deals with ex- VA VA '
posing the flaws in several relic neutrino detection schemes,

Be

AE=22G,

they conclude that the only legitimate effect of ord&¢ is The neutrino-nucleus cross sectioms_, are extremely
that proposed by Stodolsky. They studied only Dirac neutrismall even if we mcludg a nuclear cohgrence enhancement
nos and found factor (A—Z)2=A? relative to the neutrino-nucleonr,_y
cross sections, which are of the order
AE=2\/§G,:,8eN;°‘Ei (n,,i—nvic)giiK(p,mi), (43) GEZmZ/ m=10"%(m,ey))? cn?  for (NR)
TvNT| G2EY m=5X 10" (T 1.9 )2 CMP  for (R),
WhereNtaOt is the total number of electrons in the sample, and (46)

K is a function ofg, andm,, which reduces to 1 im,=0 or

1/2 if k,<m,. Their calculation is performed in the rest where{ } indicates the units of the mentioned quantities.
frame of the “neutrino sea.” Their result agrees exactly with ~ Collecting all terms in Eq(45) above we find

Egs.(36) and(38) in which we give theAE for Dirac neu-

. . 3
trinos in the rest frame of the electron. N ) (4T,)"Beartn  for (R),
Ferreras and Wasserm@h| recently tackled the subject — AV F A2 m24T,B for (NC-NR)
o . . a n, A v L vPearth v (47)
of the detectability of relic neutrinos, and also concluded that A ™ 3 2

there are no ordeGg effects without lepton asymmetry. m,v;,  for (C-NR).

However, they point out that density fluctuations in the . , .
v (»°) background could give rise to non-steady forces of We will take the Earth's velocity carn and the clustered

order G . Such forces would give rise to displacements inggﬁg;noosnd\gﬁloigyttoi?j agTa((::ﬁg”\é/lilri;\ll It\?eI'(‘?)I(J:Iirtliaels; l\/(\)/e use
massive objects proportional t&? rather thart? as in con- b 9 yp 9 '

— 3 ;
stant acceleration. They caution that although such accelerQ—V_]cloo e = Hence we find
tions may be more readily detectable, they could also act as

o : ; A cm
an additional source of noise. Here we have not considered ar=3X 10" % 1_00(TV{1-9° ) —, (48)
neutrino density fluctuations. sed
. THE GZ EFFECT a7 A 5 cm
) . . anc-nr= 0.6X10 fl—oo(mp{eV}) Tore © —-
Nucleons are continuously bombarded by the relic neutri- seé
nos and a momentumﬁz 5V is imparted in each collision. (49

The momentum of the neutrings, is p,=E,/c~4T,/c for
relativistic neutrinos(R) and also for non-clustered, non-
relativistic neutrinoSNC-NR) due to momentum red-shift,
and ism,v ,=m,v,iriai fOr non-relativistic clustered neutri-
nos(C-NR).

If the Earth was at rest with respect to the relic neutrino
“rest frame,” i.e. the frame in which the neutrinos are iso-
tropically distributed, then the average momentum transfer
(Ap) would vanish. However the motion of the earth with ~ Heref contains also a clustering enhancement factor. Val-
velocCity CBearth="Ueartnh iNduces a “dipole” distortion of ues off up to 10 have been mentioned in the literatusee
O(Beartr) In the velocity distribution of the relic neutrinos. for example[6]). If neutrinos were sufficiently massive to

In the laboratory framéthe Earth’s rest framethis makes  cluster in our Galaxy and make up the local dark matter halo
(m,=20 eV), only then would we havef=p ca/m,

Here the density enhancement fadtonay only be due to
a large lepton asymmetry arfd<20 (see Sec.)l Finally for
clustered non-relativistic neutrinos we have

a =10‘46fi(m )3 m (50)
C-NR 100 v{eV} Se(? .

(ApP)r=Beartn(E,/C), =0.4% 107/m,,{ev}. This possibility is already rejected by
structure formation arguments. With sub-eV neutrino masses
(Ap)neNr=Bearth(4T,/c)=(Ap)g, the enhacemeritdue to clustering could only be of order 1.
All of the above accelerations are extremely small and
(Ap)c.nrR= BearthiCM, . (44 beyond the reach of any known experimental measurement
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EXPECTED SIGNALS IN RELIC NEUTRINO DETECTORS

technology. However, it has been notéay Zeldovich and
Khlopov [18] as well as Smith and Lewif2]) that coherent

scattering of neutrinos from domains of the size of the

de Broglie neutrino wavelength,=2=#%/p, dramatically

PHYSICAL REVIEW b4 122001

Solar neutrinos and WIMPS

Solar neutrinos provide a directional fairly well known
source of relativistic neutrinos, and it is interesting to esti-
mate their contribution to the accelerations we have calcu-

increases the scattering cross section. The extra factor due l9e4 The acceleration due to solar neutrinos is

coherence is the number of nuclei in this dom@mce the
nuclear coherence factor is already incluged

NAV
NCZTP{grcm’3}()\V{cm})3- (51

NAV EV
a=Dgojar , A PO-AT (58)
For a gallium detector, for example, we tak®,
~10" cm 2sec !, E,~0.3 MeV, ando, gajiym=10"** cn?.

For relativistic and for unclustered non-relativistic relic Thus for solar pp neutrinos in gallium we find

neutrinos with\ , =277 /4T ,=0.2 cm this enhancement fac-
tor is

5x 104
(52

c 3 P{grem 3y -

A Tyie k

For clustered non-relativistic neutrinos with,=muv,
=10"3m, e\ €V the wavelength is\,~(0.12, (ey;) cM
so that the coherence enhancement factor is

10°
Ne= 3 P{grem 3y - (53

A m, {eV}

Thus the largest acceleration values with Meenhance-
ment factors are

cm

se@’ 4

ar=2X10"**f pgr om-3

cm

se@’
(55

ancnr=3X 1072 (M, (o) (T o100 1) 2Pigrom 3)

and finally, for clustered, nonrelativistic neutrinos

cm

ol (56)

ac.ng=10"%"f Pigrem 3}

The above discussion applies only to Dirac Nnon-fing for A=100 andoy_,=10

relativistic neutrinos as only these have coherent vect#fial
couplings in the static limit

AL Yryu=nRyt . (57)

In the Majorana case we still have coher%tyswA(z%) cou-
plings. The latter are, however, suppressedsy the ratio
of “small” and “large” components of the spinor. Recall that

a=10"%" cm/seé. (59
This exceeds most previously calculated accelerations, but it
is still too small to be detectable at present.

Our main focus here is on neutrino induced forces. How-
ever, it is believed that much of the cosmological and most
of the halo dark matter is made of massive weakly interact-
ing particles(WIMPs).

Let us first estimate the effect of WIMPs if they had the
cross section of Dirac neutrinos with masseag=0(100
GeV). Then the nuclear cross section with=100 targets
would be large

G¢
Oy A= 7(mx)2A22 10" Fmy (geyA? cm?  (60)

and the recoil energiesmxﬂ>2</220 (30 keV) (using my
=100 GeV), detectable. Indeed such WIMPs have been ex-
cluded by direct searches in underground detectors. Realistic
WIMP candidates at the “threshold of detectability” have
smaller cross sections by a factor 0 Using the analogue

of Eq. (45),

B Nav
awimp= ‘I’WH\AP_A O (x—A)MxU x

NAV

:nxmxTU(x—A)Ui- (61

and a WIMP densitynyMy= pgan(iocal=10">* glcm?, we
307& Cr.n2

2A cm
100 g’

~ Bx
awmp=10 (17+A)( —

1073 (62

Clearly ayyp dominates over a very large range of cross
sectiongwith A< 10, using Eq(39) or Eq. (54)] the corre-
sponding accelerations due to the scattering of light, locally
unclustered neutrinos.

for non-relativistic spinors the lower components are

“smaller” than the upper components by a factorfWith-

IV. CONCLUSIONS

out the ys these terms are dwarfed by the leading order

terms; however with the , ys vertex in the static limit these
terms are the leading order texrnThus the analog of Egs.

(55) and (56) for non-relativistic Majorana neutrinos is sup-

pressed by an extra factor ysﬁ: 1076,

We have calculated the magnitude of the signals expected
for realistic cosmic neutrino backgrounds in detectors at-
tempting to measure the mechanical forces exerted on mac-
roscopic targets by the elastic scattering of relic neutrinos.
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We examined effects proportional ®- and GZ for both  order of fx10 34 cm/sed. The accelerations of non-
Dirac and Majorana neutrinos either relativistic or non-relativistic Dirac neutrinos were calculated to be of the order
relativistic. We also estimated the contributions to macroof fx102%(m,/eV)? cm/seé in Eq. (55) for non-clustered
scopic accelerations due to solar neutrinos and WIMPS in thgeutrinos andf x 10~27 cm/se@ in Eq. (56) for clustered
galactic halo. neutrinos, while the accelerations of non-relativistic Majo-
The effect linearly proportional to the weak coupling con- ;ana neutrinos are down by a factef=10"°. All accelera-

stantGg vanishes in the case of no lepton asymmetry. With &jons are well beyond the smallest measureable acceleration,
lepton asymmetry, macroscopic accelerations for relativistig -12 s m/se. mentioned above.

Dirac and Majorana neutrinos and clustered non-relativistic - aqgitional calculations for the accelerations due to solar

Diracinze;utrinos were found in E¢41) to be of the order of  o,trinos and WIMPS in the galactic halo raise concerns that
fx10"%" cm/seé, wheref is a density enhancement factor signals in a detector due to relic neutrinos may well be

which can be at most about 1®ith a large lepton asymme- \yashed out by solar neutrino or WIMP events unless direc-
try), and at most one order of magnitude largere. tionality can be used to reject them.
fx 10 26 cm/sed) for non-clustered Dirac or Majorana neu-

trinos (which are most of the relic neutrinos if they are non-
relativistic at present These accelerations are at most thir-
teen orders of magnitude smaller that the smallest
measureable acceleration of T8 cm/seé. The acceleration We thank Peter Smith, Leo Stodolsky and Joel Primack
of non-relativistic, gravitationally bound Majorana neutrinosfor clarifying discussions. S.N. thanks the Israeli National
vanishes. Science Foundation Grant No. 561/99 for support and UCLA

For the effect proportional tG2 accelerations of relativ- for hospitality. G.D. and G.G. were supported in part by the
istic Dirac and Majorana neutrinos, taking advantage of coU.S. Department of Energy Grant No. DE-FGO0S-
herent scattering effects, were found in E84) to be of the 91ER40662, Task C.
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