PHYSICAL REVIEW D VOLUME 57, NUMBER 3 1 FEBRUARY 1998

Contact interactions involving right-handed neutrinos and SN 1987A
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We consider lepton-quark contact interactions in models with right-handed neutrinos, and find that obser-
vational data from SN 1987A restricts the scale of such interactions to be at Aaf0 TeV.
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Nonstandard lepton-quark contact interactions may arisetrictions. For example, if such interactions come from ex-
at low energies as a consequence of a common quark armthanges of heavy bosons, and there are bosons with electric
lepton substructure or of heavy boson exchanges, when inteharge, one expects charged contact interacfidhg\nother
grated out. There has recently been renewed int¢fgsn aspect that has been worked out is the fact that gauge invari-
contact interactions due to the fact that they are one of thance implies the presence of other operators with the same
potential explanations of the excess of events reported by Hdtrengths[6]. Also, the implications of universality have
[2] and ZEUS[3], the DESY ep collider at HERA, when been studied7].
measuring deep-inelastie*p scattering at higl®? and Although HERA directly probes electron-quark contact
comparing with standard model predictions. interactions, it is clear that lepton-quark interactions need not

The four-fermion operators that could contribute to thebe restricted to charged leptofesg., electronsonly. In the
HERA excess involve the electron and theandd quarks. present paper we will consider lepton-quark contact interac-
The corresponding Lagrangian is written as an effectivetions in models where a right-handed neutrino is present. The

electron-quark interaction right-handed neutrineg appears quite generally in any ex-
tension of the standard mod@M). It is natural that neutri-
4w _ nos participate in the contact lepton-quark interactions that
Eeqzl JZL - e X >€17"€037,0;- (1) would have then a structure similar to H@):
g (A

~ . . q Ao _
The factorsy can be+1 or —1, allowing for constructive or L,q= My g1 Y Va7 2
destructive interferences. In E(}l) the various high-energy LR (Ay)

scalesA could be quite different, so that one allows for the

possibility that only a subset of terms iy is relevant. It is {\/e will focus our attention on the electronic so that both

clear that if one of the scal_es is much_lower than the rest o agrangians Eqg1) and(2) refer to the fermions in the first
the scales, the corresponding term will be dominant at low : : .

: > . eneration. However, for the ease of notation we will not
energies. Of course, it may very well be that the dominant;.

scales are two or more because they are of the same ordercéll‘gplaly Fhe supscrlp& when writingv. We assume th.atR n

) ) _ g. (2) is a singlet of SW2), and, together with its left-
magnitude. Also it could happen that some energy sc&les handed partner constitutes the four-component electron neu-
are equal but with a combination ef factors such that there trino with (Dirac) massm, <10—15 eV [4].
are cancellations among them. Such cancellations, in order to 5 priori, one expects ethat the dominant scalein the
be natural, should occur because of underlying symmetriesygtring sector is of the same order of magnitude as the

Restrictions on the terms in EQL) have been elaborated dominant scalé\ in the electron sector. Should this be the

in the past[4] and now reexaminefil] at the light of the : NN , .
HERA ?esu[lts]. The constraints comgl;rom high-genergy accel®35€: then atomic parity violatidthPV) experiments impose

erators and from precision experiments. If the HERAseve_re I,'.m'ts on the scald. Indeed, APVin ce5|um[8]_
anomaly is going to persist and the explanation comes inded@duiresA>10 TeV and, hence)>10 TeV for the domi-
from nonstandard contact interactions, it follows from thoseghant interaction in Eq(2). To elude this boundand, hence,
studies that some particular combinations of chiralities in Eqto comply with the HERA requirement ~3—4 TeV) one
(1) are preferred over others, and also that some cancell@lemands that the Lagrangian E{) is parity conserving
tions should occur in order not to be in conflict with preci- (i.e., left and right couplings are eqiialn case B below we
sion experiments as atomic parity violation observatidjs  consider a kind of scenario for our effective Lagrangian Eq.
The scale that fits the HERA data and is compatible with(2) where we assume that the underlying theory is vectorlike.
other experimental constraints turns out to be on the ranggowever, the requiremert~ A can be obviously relaxed in
A~3—4 TeV. a general phenomenological analysis, and this we do in case
It is worth to study all implications of contact interactions. A below where no extra relationships arising from underly-
With additional hypotheses, one is able to find further re-ing left-right symmetries are being imposed. Note that this
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procedure does not conflict APV results since the interactiotions in the nucleon number density, which remains constant

in Eg. (2) does not participate in APV effects. to a good approximatiof®]. The total energy carried off by
The Lagrangian(2) allows for emission of the right- neutrinos per unit time and volume is calculated[iD].

handed electron neutringand left-handed antineutrinbby ~ These authors describe the nucleon interaction using the one

the dense nuclear medium in the core of a collapsing star gson exchangéOPE approximation and perform the calcu-

long as these neutrinos are light,<T, whereT=50 MeV lation in two different extreme cases for the nuclear medium:

is the core temperature. The purpose of the present paper i®ndegenerated nucleoi$D’s) and extremely degenerated

to show that contact interactions involving right-handed neunucleons D). To adapt their results to our case we only have

trinos have potential effects in a supernova and to use th® make the replacement

supernova 1987A observational data to restrict the such hy-

pothetical interactions. It has become a standard procedure to N A

use observational data to limit exotic effects affecting stellar \/ECAGF_’ F ®)

energy losse$9]. These contact-interaction mediated pro-

cesses constitute a new channel of energy drain in the ngith CY the axial vector coupling between nucleons and or-

scent neutron star and therefore may alter its standard eveinary neutrinos ands; the Fermi constant. We have de-
lution. If a large amount of the gravitational energy releasedijneq

in the collapse escaped the star as a flux of right-handed

neutrinos, the duration of the ordinary neutrino burst would 4 q q

L . . m RL 7RR
be significantly affected. The observation of a neutrino burst — =27 = R T 2 (6)
in terrestrial underground detectors coming from SN 1987A A (ArD®  (Agp)

in the large magellanic cloud sets constraints on the flux of

vg produced in its core, and allows us to obtain bounds OIi/vhere we consider the dominant quark contribution and drop
R ’ . . . . .
the coupling constants in E¢). he upperindexg. In this fashion we obtaiineglecting the

The part in Eq.(2) involving the right-handed neutrino pion mas
can be written as

16384 a2 1 T\
= Wl TR
ML MRR | —, — v 385732 mf A my
Lg= 2 2m a2 g 2] PRYVRAYA
q=u.d (ArD® (Agg 3
o° 3287° ,1 ®
 _ a?—p.T8,
T [ )V_y“vq_)/ 75 AT e
T T g o R R 54-
q=u.d (ARD?  (ARR? a

a,~30 being the strong coupling constant for the vertex
(3 npm, my=939 MeV the nucleon mass,, andn, the neu-
) tron and proton number densities, respectiv@lythe core
It is natural to suppose that the two scaleg andArr  temperature, angy the Fermi momentum of the nucleons.

are roughly similar. However, the signg;, and ngrg can . — L .
introduce cancellations arising from underlying symmetriesThe total energy_carrled off by and », per un|t_t|me IS
QvvVe, whereV., is the core volume of the collapsing star. It

of the theory. In order to obtain a bound on the energy scale o
y 9 annot exceed PBerg/s, the gravitational power released by

A one has to distinguish two possible cases. For the firs&\‘ ; . ;
case, that we call A, we suppose there are no cancellations & 1987A in the form of standard neutrinos. This observa-

that the vectorial and the axial coupling of quarks to right-1onal constraint renders the following bounds &n
handed neutrinos are both present, with roughly the same ~
strength. In the second case, that we call B, we accept the A>170 TeV  ND nucleons, ©

following relationship to be true: A>250 TeV D nucleons. (10)

7RL _ MRR i 4) We have used the standard supernova parameters/
(A% (A%? x10% cm~3, np:3><_1038_ cm™3, T=50 MeV, and R
=10 km. In the real situation the nuclear medium is neither
hence, only the vectorial coupling to quarks is present. Let ugsondegenerate nor degenerate but in between. The true
examine each case separately. bound onA falls then between these two limiting cages.
Case A When the vectorial and axial couplings of quarks Case B Now the dominant axial vector coupling to nucle-
to neutrinos are both present in the Lagrangian with similaons is absent, since the relati¢t) holds. Only the vectorial
weight, i.e., similar coupling constant, the problem is analocoupling is left. As discussed above, one expects that neu-
gous to that of emission of ordinary neutrinos, which interactrino bremsstrahlung by nucleons is small. In the absence of
with the nuclear medium by means of the effective Fermithe axial vecotr coupling another process should be consid-
Lagrangian. The main production process is bremsstrahlungred: emission of neutrino pairs by the virtual pions ex-
of neutrino pairs by the interacting nucleons of the medium.
It can be shown that the axial coupling dominates over the—
vectorial ong10]. In the axial case the source of neutrinos is it is interesting to point out that, at least for axion bremsstrah-
the time fluctuating nucleon spin density, while in the vecto-lung, the nondegenerate calculation seems to be a better approxi-
rial case the source of neutrinos would be the time fluctuamation when compared with numerical calculati¢hg].
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changed by the nucleons. This sort of process has never been 42 4 dp,
considered previously in the literature, and although one ex- g(w)= 3”(477)4 I1 —'3
pects an emission rate smaller than that found in case A; it is =1 2my(2m)

now interesting to study its contribution to the energy drain.

The Lagrangian3) induces the following structure: X F1f2(1=f5)(1=14) 8°(P1+ p2—P3—Pa)
2, 02_n2_2 6
477_M o %8 P1 p; P3 p4_w ZP — (19
<7T|£R|7T>:q;dPVR'Y ve(mlqy,almy, (11 My (pe+my)

with 55 51— 53 andf; the equilibrium Fermi-Dirac distribu-
tions for the nucleons.
For the nondegenerate case, in order to solve these phase
_ (12) space integrals one follows the steps described, for example,
in [9]. The key point is the change of the Fermi-Dirac distri-
butions by Maxwell-Boltzmann distributions. Neglecting the
Using Lorentz invariance one can write the matrix element ipion mass we obtain the following expression:
Eqg. (11 as

where now

477_

am_ 77gL " W%R
A2

"l(Ag? (A2

(7(p")[ay,alm(p))=A(p.p")(p+p')* 10012 M2 AL
+B(p,p)(p—p")*. (13

65536 a2 1 T |32
ND. np(—) TS. (20)
my

One should consider instead ofy the effective nucleon

. T .
When contracted with the neutrino current the term pro-{‘;?‘si '”t"’? dense"mec(ijlum,\, [9].dﬂt]e E[er:ror made n((ajglectl_ng
portional toB is negligible form,<T. The functionA is, to IS Tact 1S small and opposed 1o the error made using a
lowest order, 1, -1, Oquarku) and -1, 1, O(quarkd) for the vanishing pion mass, so that the two errors nearly compen-

pions7 ", 7, 7%, respectively. Therefore, the only process sate each other. .
that has to be considered is In the extreme degenerate case we follow the technique

described if10]; only the contributions of nucleon momenta
near the Fermi momentump; are considered in the phase

N(PP(P2)—N(Pa) P(PX@ (@), (14 oo e inteqrals in Eq19). We find
Using the OPE approximation, the squared amplitude 3175 10
- . . . D m 51 T
summed over spins can be written, in the appropriate nonrel- Q.= o— F(pel2m,) —, (21
ativistic limit for the nucleons, as 2970 m,
L 1 with
> [M(np—nprv)|2= —MINY, (15
spin A ) 2 11 u 26 u
u)=—| arctanu— — —
where ™ S ul+1 15(u?+1)2
4 8 u 22
Mil=4a?— " pip), (16 15 (w2t 1))

"(pPmo)
B S B For pe~480 MeV andm,=140 MeV, F(u)~0.71.
NY=8[qg'9"'+q'q’"'+(qq’) "], a7 The observational constrai@t,;V.<10° erg/s gives the
following bounds:
beingﬁ the three momentum exchanged by the nucleons and

m_, the charged pion mass. This factorization is reminiscent A>90 TeV  ND nucleons, (23
of the factorization in a nuclear form factor and an emission
term that appears when studying bremsstrahlung of neutrinos A>150 TeV D nucleons. (24)

or axions by nucleong9]. However, it is crucial to realize
that the mentioned nuclear form factor does not coincid

: “ i e hese two values.
with the present “nuclear form factorM", since now we

have an additional pion propagator stemming from the neu,Eh We have esttltmatedc}h.at Igr scalesbof the orﬁefl Tev .
trino emission by the virtual pion. In the nonrelativistic limit € vg are not trapped In e core by rescattering or pair
one can write absorption due to the contact interactions in E). Since

they do not participate in ordinary weak interactions, once
. they are produced they leave the star and do not contribute to
Q= L i do w®q(w), (18 the energy transport inside thg core. . '
207* A%Jo To sum up, we have considered contact interactions be-
tween quarks and right-handed neutrinos. We expect the
where scaleA of such interactions to be of the same order of mag-

s mentioned before the actual bound Anfalls between
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nitude as the electron-quark interactions, reconsidered rder degenerate nucleons. We conclude that in models with
cently at the light of HERA data. We have shown that theyright-handed(Dirac) neutrinos the scale of contact interac-
may lead to potential effects in a supernova. We have retions should at least b&>90 TeV.

stricted the scale of the contact interaction to\oe 170 TeV i i

for nondegenerated nucleons and-250 TeV for degener- We thank the Theoretical Astroparticle Network for sup-
ated nucleons, when quarks have both axial and vector colOrt under the EEC Contract No. CHRX-CT93-01Ztrec-
plings. In the case that quarks have only vector couplingsion Generale 12 COMA This work was partially supported
we have evaluated the production mechanism consisting iRY the CICYT Research Project Nos. AEN95-0815 and
neutrino emission from virtual pions and found the boundAEN95-0882. R.T. acknowledges the financial support of the
A>90 TeV for nondegenerate nucleons athd-150 TeV  Ministerio de Educacio y Ciencia(Spain.
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