Orissa Journal of Physics  © Orissa Physical Society Vol. 32, No.2

ISSN 0974-8202 August 2025
pp- 179-188

MSW effect with quark matter: Neutron Star as a case study
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Abstract: Recent astrophysical observations and ab initio studies increasingly hint at the possible
existence of strange quark matter and baryonic resonances such as A”, Z°, Z, and Q in the dense cores
of neutron stars. Motivated by these developments, we investigate the Mikheyev—Smirnov—Wolfenstein
(MSW) effect in quark matter and explore its role in quark flavor conversion under extreme conditions.
In particular, we study resonant oscillations between down and strange quarks in a dense medium. We
find that the resonance condition for complete conversion of down quarks into strange quarks requires
extremely large matter densities, of the order p, =~ 10° fm~*, Although such densities are unattainable
in ordinary environments, neutron stars naturally provide conditions where quark flavor conversion can
become statistically significant, with densities comparable to those expected from charge neutrality
constraints in dense matter. Within the Standard Model of particle physics, there exist three generations
of quarks and leptons. In the leptonic sector, neutrinos are known to undergo flavor oscillations as they
propagate through space-time, a phenomenon that is strongly modified in the presence of matter and played
a crucial role in resolving the long-standing solar neutrino puzzle. This matter-induced enhancement of
flavor conversion, known as the MSW eftect, has been experimentally verified and provides a compelling
motivation to explore analogous phenomena in the quark sector. Extending this idea, we propose a novel
mechanism of quark flavor oscillation driven by medium effects in dense quark matter. Since neutron
stars are composed primarily of neutrons and therefore fundamentally consist of up and down quarks,
and given growing evidence for the presence of strange quarks in their interiors, resonant down-strange
quark oscillations offer a natural pathway for enhanced strange quark production. Such a mechanism may
have important implications for resolving the hyperon puzzle and for understanding the equation of state
of dense baryonic matter in neutron stars.
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1 Introduction

The paramount discovery of neutrino oscillation confirming that the neutrinos have non-zero mass and
they do change identities while propagating brought the important difference to view of the universe [1,2]
and the physics beyond the Standard Model (SM) of particle physics. With times, Mikheyev, Smirnov
and Wolfenstein (MSW) [3-6] mechanism is found to be very popular due to its potential to explain the
flavor conversion of solar neutrinos during their propagation in solar matter even with the small vaccum
mixing angle. The basic idea of MSW effect is that neutrino while propagating in matter are subjected to
a potential arising from the coherent elastic scattering with the particles (protons, neutrons and electrons)
through charged current interaction. Even with small vaccum mixing angle, the matter potential which
acts as an index of refraction modifies the in-medium mixing angle and can play an important role in
flavor conversion of neutrinos. It is well know that for solar neutrinos with energy around MeV, the
estimated mean free path of the neutrinos in normal matter (p ~ 10~'° fm~?) is about 10" km which at
higher density (p ~ 0.001 fm~) can be as small as about 1 km [7]. One can achieve such extreme high
matter densities in neutron stars and supernovae cores which has diameters of a few km.

Here, we investigate, for the first time, the MSW effect in dense quark matter with possible conversion
of down-quarks to strange quarks through flavor oscillation. Our motivation to explore such a proposal is
driven by the recent observation of possibility of strange quark matter [8] considering various astrophysical
calculations or possible existence of hyperons in the core of neutron star [9]. Indeed, it is revealed that the
interior core of the neutron star indicates characteristics of deconfined phase which can be interpreted as
evidence of strange quark matter cores [10] and (or) existence of strange baryons in neutron star [11, 12].

Our focus in this letter is to put forward the MSW mechanism in quark matter. The main theme of
the proposal is the oscillation of quark flavor including medium effects and explore the possibility of
resonance oscillations of quark flavors in dense quark matter.

‘We consider quark flavor oscillation for two generations using down (d) and strange s quarks. Within
Standard Model (SM) of particle physics, the usual quarks are classified in three generations where the
left-handed ones are structured as isospin doublets

(Z)L (Z)L (;)L (L.1)

while right-handed ones as isospin singlet fields. In general, the down-quark mixes with strange and
bottom quarks within three generation picture. As we are limiting our discussion to two generations, the
Cabibbo proposal [ 13] of mixing among quarks is given as,

'\ u
d'] ~ \dcosbc + ssinflc)

where ¢ is Cabibbo mixing angle in vacuum. Here prime-indices denote the weak eigenstate and the
unprime quantity correspond to the mass eigenstate. The basic idea of quark flavor oscillation is that
quarks are produced as flavor eigenstates. Since flavor states can not propagate, they are expressed in mass
basis using a unitary transformation. The vaccum eftect can be understood by relating mass eigenstates
(d, s) by their weak eigenstates (d’, s”) as

(d:) _ ( cos fc  sin Hc) (d) 12)
K —sinflc cosfc/ \s
where 8¢ is the quark mixing angle (Cabibbo angle) and d’, s’ are the flavour (weak) eigenstates.

The evolution of d and s mass eigenstates with masses m 4 and m is governed by Schrodinger equation
given as,

. d _ | d
i () = (), |¢<t>>f[s] (1.3)
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Here, (1)) is denoted for two-component down-type quark state vector as down-quark and strange-quark
mass eigenstates. In the limit of relativistic energy approximation E; = p + m?/2p ~ E + m?/2E, we

have
E 0 1 (m% 0
+—
0 E 2E\ 0 m?
The term proportional to identity has no effect to d-s quark oscillation and hence, can be dropped from
the analysis. The final mass eigen states are related to corresponding flavor eigenstates by another unitary

mixing matrix. The propagation and time evolution of down-quarks (part of SU(2) doublets in weak
eigenstates) can be expressed in terms of weak eigenstates d’, s* involving Cabibbo mixing angle as,

0
'c‘)t

d
N

d
s

(1.4)

0| d d’
Ig 9, :H\mc ¢’ (]5)
with vaccum part of effective Hamiltonian as,
Hooo = 1 mfl cos? ¢ +m?2 sin ¢ —cos fc sin BCAmfls
e oop —cosfc sinfcAm?,  m? sin’ O¢ + m?2 cos? ¢

Am? (— cos26¢c  sin26¢ ) ] (1.6)

4E sin26¢c  cos26¢

with Am(zh_ =m? - mi is the mass square difference between strange and down quark and is a positive
definite quantity.

For relativistic down-type quarks (d,s) with p = E > mi with k = d,s and r = L, a typical distance
travelled by the quark mass eigenstates, the transition probability for conversion of down-quark flavor to
strange-quark flavor is given by Sarkar:2008xir

Am? L
PY€ (d — 5) = sin? (20¢) sin? [ —42
4E
The oscillation among quark flavor is possible in vaccum provided two of the following conditions are
satisfied:

 The mixing angle (6¢) in vaccum is not be equal to 0, nx or £, The oscillation amplitude is

determined by the Cabibbo mixing angle 6.

* The mass square difference A’"fm = mf. = ’”31 # 0. The frequency of the quark flavor oscillation is
controlled by this parameter and is large for large value of A’”fm-

Let us have an estimate of conversion probability in vaccum. With Ami,s ~ 10* MeV?, E ~ 100 MeV
lead t0 Lose/2 =~ 47 fermi to have P¥ (d — s) = sin’(26¢) =~ 0.184. This implies that after travelling a
distance of

(2m)E

5
Amy

Lose/2 =

of 47 fermi, the probability of finding the quark flavor in the strange quark flavor state s is maximal while
after traversing the full length L, the system is back to its initial state. Thus, e.g., for down quark
energy of the order of 100 MeV, probability of the getting it converted to strange quark can be as large as
18 percent after travelling a distance of few tens of fermi even in vaccum which can be understood from
the Fig.1.

Let us consider the medium effects. A quark flavor while passing through the medium of quark
matter or hadronic matter, can interact through weak charge current interaction with the medium quarks.
This leads to change of mass eigenstates of down and strange quarks resulting eventually in conversion
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Figure |: Schematic illustration of quark oscillation in vacuum for conversion probability of down quark
to strange quark. We consider typical vaccum mixing angle as the Cabibbo angle 8¢ = 0.22, energy of
down quark flavor is around 100 MeV and distance travelled in terms of fermi. The key point is that a
down quark requires to travel a distance of few fermi to convert its flavor to strange quark.

of down quark to strange quarks. The form of charge current effective Hamiltonian in terms of up and
down quarks is given by

B = G—\/glcfy,,(l ] [B#D =], (1.7)

with G ¢ as the Fermi constant. To separate the up and down quark contributions, one can apply a Fiertz
transformation Giunti:2007ry to rewrite the charge current effective hamiltonian as

Hep = G—\/g[_cfy,,(l = ys)d] [iy* (1 = ys)u], (1.8)

The average of the effective Hamiltonian in the background of up quarks in the rest frame of the medium
is given by

Gr

Heyg = -y (dyu(1 = ys)d) (ay* (1 —ys)u)
= G—Vg(cfml—ys)d)ﬁ“"pu (1.9)

where, p, = (uTu) is the up quark density in the medium. The spatial components of the up quark
current, being proportional to the three momentum, will vanish while integrating over the momenta of
the up quarks.

A comment regarding high density phase of quark matter in connection with the up quark density
as above may be of relevance here. At small temperatures and high baryon densities, the deconfined
quark matter is expected to be in a color superconducting state [14]. In a color superconducting state,
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the density of e.g. the up quarks gets modified from the number density that is obtained by taking the
derivative of the Pauli pressure with respect to the quark chemical potential. Such a modification due to

diquark paring can be easily estimated at weak coupling. The correction to the pressure is given by (%}2
per each gapped quark quasi particle. This leads to the up quark number density as

] AZ
B = %(1 +2}?) (1.10)

in the weak coupling limit [15]. Thus, the correction to the number densitydue to color superconductivity
gets parametrically supressed by (A/u)? ~ 1072 for typical magnitude of the superconducting gap for
chemical potential relevevant for neutron stars. This is due to the fact that Cooper paring affects only
those quark states that are close to the Fermi surface. In contrast the whole Fermisphere contributes to
the Pauli pressure and thus to the number density. In what follows, in our estmation of number densities,

we shall neglect the correction to the same due to color superconducting phase of quark matter.
In the presence of the medium, the evolution equation for the down and strange quarks becomes
similar to eq.(5) as,

La [d d
Ié? (s,):Hmnn(s,)s ([«]])
where, the effective Hamiltonian in medium is given by

Vi, 0
Hpa = Hyac 2
= (T
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Figure 2: Resonant amplification of quark mixing as a result of medium effects with the variation of
number density of up-quark p,, taken in terms of fm=>.
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Figure 3: Energy eigenvalues for quarks including medium effects and its variation with respect to change

of number density of up-quark p,,.

Let us introduce a notation characterising the matter effects as,
A =2V2Gpp,E.
Using eq.(1.12), the modified Hamiltonian is read as,

1 (A- Amfiv cos 20¢ Amf” sin 260 ¢
Hmall == . i

AE Amf[s sin26¢ —A+ Ami,_\ cos26c)”

The resulting energy eigenvalues of H . are as follows

EM

| 2
e AT \/(—A +Am?_cos20c)® + (Amf” sin?_BC) ]

With the medium effects, the Cabibbo mixing angle 6~ will be modified as follows,

P
Am, sin26¢

tan ZHCM =,
—A + Am, cos26¢

After all these simplifications, the expression for the probability for Py, becomes

AML
Pmﬂt (d_) _5-) = Siﬂz 292“4 Sinz (:—:E‘)

(1.12)

(1.13)

(1.14)

(1.15)

(1.16)

Here using the fact that Eg — Eq = (m? — m%)/2E, we obtain the modified mass squared difference in

the presence of matter as

AM = ‘/(—A + Ami,s cos26¢)? + (AmffS sin26¢)2.

ds
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It is noted that vaccum oscillation in d-s quarks is not sensitive to sign of Ami,_‘ and octant of 6¢c. However
matter effects is sensitive to both of them. The resonance condition in presence of medium effects is
derived to be

Am? cos20c = A =2V2GrpuE
E
=2.65x 1074 L2 | {— | MeV2.
X (fnr“ Mev

where p,, is the number density of up-quark background with which both down quark is propagating
leading to significant medium effects. The resonance condition for amplification of mixing angle sin® 26 4
due to medium effects is displayed in Fig.2. The variation of mass eigenstates with eigenvalues E 34 ~
demonstrating the conversion of down quark to strange quark is presented in Fig.3. The conversion
probability is presented in Fig.4 for illustration of medium effects in quark matter oscillation. In the limit
sinfc — 0, the off-diagonal terms can be neglected in comparison to diagonal terms in the effective
Hamiltonian in presence of matter. This implies that the resulting energy eigenvalues E C’,” , E i” and
the corresponding eigenstates (d’, s”) are same as their mass eigenstates (d,s). However, due to large
medium effects i.e, oy, >> 0, the eigenvalue of down quark E! can become larger than EM causing
conversion of down quark flavor to strange quark flavor. This cross-over occurs at critical density of
u-quarks as,
Am?_cos 26¢

ds

T (1.18)
o 2V2G pE

0.8
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Figure 4: Conversion probability of down-quarks converted to strange quark in matter (solid line) and
vaccum (dashed line) with variation of energy of quark flavor. The input parameters considered for
medium effects are Amfﬁ ~ 8.6 x 10° MeV? is the mass-square difference between down and strange
quark, p,, = 10° fm~? and distance as 0.1 fermi. For vaccum, we used the same mass-squared difference
parameter but with different distance of 12 fermi for fixing the first oscillation maximum peak at 100
MeV energy of quark flavor.

We next examine here the effect of quark flavor oscillation in neutron star. The key parameters relevant
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Figure 5: Resonance amplification of mixing angle sin>( 2¢9}(‘?r ) in presence of high density matter in terms
Y quantifying up-quark number density in terms of nuclear matter density. Here, we take X = 0.1,0.3, 1.0
which is defined as how much down quark can have energy in terms of its fermi momentum.

for d — s quark oscillation using matter effects inside neutron star are

2

Amdd, ‘-QC: Ed.-f)u .
Out of these four parameters, the mass-square difference between strange and down quark (Ami;) and the
Cabibbo mixing angle €¢ are precisely known while the other two parameters £, and p,, is to estimated
3

for the neutron star medium.
The number density of up quarks inside neutron star is written as p,, = ¥ pp where pp = 0.16 x fm~

is the saturation density of nuclear matter and Y is the parameter defining up-quark density in terms of
nuclear matter number density. Let us note that up-quark number density p, = p is the number density
at the core of neutron star as there is one up-quark per neutron. We can take p = 5 pp = p,, so that Y is

of the order of 5.
The energy of down-quark (E ;) can be taken as a fraction of its fermi momentum kg as,

- 3
Eg :ng ) X(3H2p[1)1/3 s X(iﬂ_l‘o)l/f“

The modified expression for parameter A is written in terms of X and ¥ instead of p,, and E; as
(1.19)

3
A = (2\5) Gr (iﬂz )Wi XY4/3;)3“

The new contribution of matter potential can be inserted in medium effect mixing angle sinZ(ZHg’ )
and is displayed in Fig.5. For a representative values, X ~ 0.5, ¥ =~ 5 and L = 10 km as the typical

radius of the neutron star, the estimated value of conversion probability to have strange quark flavor is

PM(d—s) = é sin? 26‘%’1 = (.02. Here we have use the fact that L is much much greater than typical
M
2(=4==) ~ 1/2. This means that about

oscillation length, the frequency part of the probability i.e, sin
2 percent of down quarks are converted to strange quark inside the neutron star i.e., pg = 0.2p, while
travelling a distance from core to the surface of the star. Such a result however depends upon adiabatic
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approximations i.e, of uniform density throughout the star. Non-adiabatic approximation may change this
results. We further mention here that the present analysis presumes the star to be quark star or a neutron
star with a quark matter core having a radius which is a fraction of the neutron star radius.

Let us next compare strange quark number density arising from beta equilibrium condition for the
neutron star matter. In terms of Fermi momentum and number density, the charge neutrality gives

Rp+ =Ne-  OLKp p+ = kp e .

In the other hand, chemical equilibrium yields u, = pp+ + pe. Since the chemical potential is related

to the number densities as p; = yk3. ,/(6a%) with kp; = [u? —m? withi = d, s and y is the degeneracy
factor related to color and spin. Using these basic relations, the number densities of down- and strange
quark are related to each other inside neutron star as,

3 3/2

pa _ Kra _ WG-my)” L 3Am (1.20)
=r3 32~ 2 '

ps kg (uk-md)Y 2wy

Using the values of current quark masses, mg = 5 MeV, my =~ 95 MeV and ,ué ~ 500 MeVZ, we get

P4~ 1+0.05

Ps
Thus, the beta equilibrium condition leads to existence of five percent of strange quark number density
compare to down-quark number density.
To summarise we have presented here quark oscillations in vaccum for two generations of quarks similar
to neutrino oscillation. For typical density of neutron star (e.g, p =~ 5pp) the fermion energy can be
approximatelt estimated to be around few hundreds of MeV. Taking a typical value for down quark energy
as about 100 MeV (a fraction of the Fermi energy), the oscillation length turns out to be of few fermis.
However, in vaccum such oscillation is not observable as the strong interaction become dominant. On
the other hand, it is possible to have such flavor oscillation in dense matter. Indeed, following MSW
mechanism, it turns out that the resonance oscillation to take place for a very large density of up quark
background of the order of p,, = 10° fm™* which is much too large a density for any known astrophysical
compact objects.

We finally estimated the conversion probability of down quark to strange quark within typical set of
parameters for neutron star and found that about 2 percent of down quark can be converted to strange
quark inside the core of the neutron star. This is of the same order as one can expect from the condition
of beta equilibrium inside the neutron star. Such an extra possible source of strange quark from flavor
oscillation can have interesting consequences regarding equation of state at high densities relevant for
neutron star phenomenology. Such an alternate source of strange quarks could possibly lead to higher
densities of strange baryons inside neutron star. It can have consequences regarding "Hyperon puzzle"
in the context of observation of high mass (~ 2 M) neutron star [9].
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