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MoTIivATION

@ Previous study found that the neutrino mean free path (NMFP) of
neutrino scattering (neutral current) is larger than that of the neutrino
absorption (charged current) !

@ Also they found that the propagation of neutrino in neutron matter is
longer in medium than in vacuum.

o A few attempts were made to calculate neutrino differential cross section
(DCRS) by consider weak magnetism (tensor part) and form factors in
order to describe more realistic situation 2. However they used free
(vacuum) form factors of the nucleon

@ From experimental side, such in-medium modification are strongly
implied by several experiments 3

1
2
3& Strauch [E93-049 Collaboration], et al., EPJA 19 (2004) and reference therein
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FORMALISM OF MATTER MODEL

To describe the constituents interaction in matter, here we use effective
relativistic mean field (E-RMF) model. The effective Lagrangian density of
E-RMF 45 is defined as

Le-pF = I+ L (1)

where for nucleons, the Lagrangian density is taken up to order v = 3, is
defined by

n

W (17O + 1030+ igyBy + 195 Vi) + 947"y — M+ goor| 1

£, ,10b,, M
by o
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FORMALISM OF MATTER MODEL

where

<
I

(ﬁ) 7=~ (£l0,6+ €081 = o)

3, _é (gtaug _ gaugT) = al, where ¢ =exp (i7(x)/fr)

1. _ L
T(x) = 57 7(x) by, =Dub, — Dyby, +ig, [by, by ]

1
D, = Ou+ity, Vuw=090,V,—0,V, o= > [, 7]

v o= d+ g +b 3)
where v is the power of fields and their derivatives, d, n and b are respectively
the number of derivatives, the number of the nucleon fileds and the number of

the Goldstone boson fields in the interaction.
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FORMALISM OF MATTER MODEL

For the meson Lagrangian is defined as

1, R R A 1
Lu = SRTr {8“U6“UT} v P2Tr [UUT - 2] + 5 0u00"0
Ut (B ] — L1/, v 2l T (B 7"
- Er[uu }—wa —errrm*% T [by "]
1 go0 M2 920'2 2 1 2 2
+ E [1 +771W+E ;\7/72 meuV'LL‘FaC()gM (VNV'LL)
2 2
900 o i 2 2 K3950 K4 950
+ |:1 + anmp:| Tr [buﬂ} —m,o l1 + av + ? ;\7/12 ]
4)
where U = 2 and 0, = 0,0 — Oy +1 [0y, 1] = —i [8,,8,].
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PARAMETER SET USED IN THE E-RMF MODEL

In this calculation we used the GWM parameter set 6. By taking 71, 12, Co, 1)
and f, equal to zero, we obtain the same EOM as in standard RMF models.

Parameters GWM

my/My 0.554
(9o/ms)?  9.148 fm?
(9w/myu)?  4.820 fm?
(9p/m,)? 4.791 fm?
K3 0

R4
Co
™
T2
Tp

=N eleleNel

6
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EOS preDpICTION OF THE E-RMF MODEL

Pressure, Eg = 16.30MeV, Effective mass M* /M = 0.77, saturation density
po = 0.15 fm?, compression modulus K = 219 MeV which has an excellent
agreement with the experimental data K = 210 + 30 7and symmetry
coefficient = 36.8 MeV

—_ —_
(=} (=)

T T )
T

—_
(=]
7 e

P (MeV fm™)

(S}

O I O I PO
1.01.52.02.53.03.54.04.55.0

P! Po
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FRACTION OF MATTER

Here we show the fraction of matter with/without neutrino trapping

Glenldenning n n
i ] g
[ e ]
0.1 ¢ 3 P, E
S E

< i ]
ﬁ' 0.01 ¢ 3 Neutrino trapping 5
N g 1 with Y}, = 0.3 ]
0.001 ¢ Neutrino free ¢ 1) 3

0.0001 1 1 1 1 1 1 1 1 1 1 1 1 1

0051152253354 005115 2253354
Pr/Pa Pr/Pa

This result is similar as obtained in Ref. [6].
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NEUTRINO INTERACTION WITH MATTER

The interaction neutrino with matter can be described by the Lagrangian
density, that is 8

Li = f’;’;(ﬂ v) (B2290) + T (o) (050)
where
= M1 =9
= fu" + gty - (fw + fgzﬂs) 2Pf:§
o= F?jVu—GA7u75+in'/Vja%,\7
S FEMLy M g\;’

8
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ELEcTROMAGNETIC FORM FACTOR NEUTRINOS

The electromagnetic properties of Dirac Neutrinos are described in terms of
four form factors fy,,, g1,, f2,, and go,, (Dirac, anapole, magnetic and electric

form factors, respectively :

pH
2me

= f1mzz7u + 911/}’”75 - (f2V + ig21/'}/5)

where m,, and m, are the neutrino and electron masses, respectively.

my

fo, = f1y+( )fzy [~

e

NOTE : In this work, we calculate the general formulation for neutrino
interaction in matter by considering the neutrino form factors.
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ELECTROMAGNETIC FORM FACTOR NEUTRINOS

In the static limit, the reduced Dirac form factor, f;,, and the neutrino anapole
form factor g4, are related to the vector and axial charge radii (r\2,) and (rﬁ) :

1

1
fi.(g?) = é(r6>q2 g1y(q2>=5<r,§)q2 9)

where the neutrino charges radius is defined as
o= () + () (10)

In the limit of g — 0, f», and g»,, define respectively the neutrino magnetic
moment and the Charge Parity (CP) violating electric dipole moment:

fo,(O)ug  and  p5, = g2, (0) s
) + s (11)

1)
1
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TARGET PARTICLES WEAK ForM FAacTOR IN VACUUM

Weak form factors in the limit of g> — 0. Here we use
sinfw = 0.231,94 = 1.260, 11p = 1.793 and p, = —1.913°

Reaction FV Ga F¥
-0.5 -9a/2 - (pp — pn)2 - 2 sin® Oy pup
05-2sin0w  ga/2  (up — pn)/2 -2 sin? Oy pp
Vg€ — Vg€ 0.5+ 2sin® 6y 12 0
Uyl = Uyl 0.5 +2sin Oy 172 0
Vire = vyre 05+2sin?0y <172 0
Vyrt — Vyrpt 0.5 +2 sin?0y  -1/2 0

For anti-neutrinos, we replace G, — —G),
In Medium modification, G4 — Gy, Fopn — F5, , and FY — F;.

9
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Electromagnetic Form Factor in the limit g2 — 0 1©

Target FEM FFM

n 0 Ln
P 1 Hp
e 1 0
I 1 0

10p, Vogel and J. Engel, PRD39, 3378 (1989) «O>» «F>» «E»>» <« QR
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v
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TARGET PARTICLES FORM FACTOR IN THE MEDIUM

In medium modifications, Ga — G, Fopn — F3, , and F3 — Fj. This
results are calculated using the Quark-Meson Coupling (QMC) model !,
[ ]

12 F
1
0.8 T A
L — G:‘((!)/(;A(O)
0.6 + - 1-‘51)(0)/1-:_2,,(0) i
: F3, (0)/Fap, (0)
[ == EFW(0)/F)Y (0)
04 Ll
0 0.5 1 15 2 2.5 3
PB/pPo
This in-medium modified nucleon form factors will be used as an to
.. . ” ‘

11
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DIFFERENTIAL CROSS SECTION OF NEUTRINOS

Using the Lagrangian density, the differential cross section is obtained as
1_do 1 E, (%)
Vd2QdE, ] 16w E, \\2
(4wa>2
2
8Grm«
12
=z ] (12)

where the weak coupling, Gr = 1.023 x 107°/M?, where M is the nucleon
mass.

+
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WEeaAK, EM AND INT CONTRIBUTION

The neutrino tensors for the weak contribution is given by

LW g [2k#k” — (K"q” + KG") + 9" (k.q) — i€ Kok y
(13)
LEVEM = a(f2 ) + gr)[2KMKY — (K'Y + K g") + g™ (k.q)]
— 8ifmg1,€" (kaky)
f221/+g§zz w v WV MV o~V
T(k-q)wk k” —2(k"q” +q"k”) +9"q"]
e
(14)
and for the interference contribution:
LGN = Afm, + gr)[2KMK” — (KMK + K"qM) + g™ (k.q)
R G N (15)
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THE PoLARIZATION TENSORS

The polarization tensors [N*" for the weak (W) , electromagnetic (EM) and
interference (INT) terms, which define the target particles, can be written as

HZWV(W)/ _ (W12 G/2)|-|Vl

+ (G/E+ 1VWF2Wj> I'IAng,,
_ o(FWg +E,_-WJG;' nv—A
1 A M 2 A uy
F ¢ ¢
v (P @R — aua) — T (16)
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The polarization tensors " for the electromagnetic (EM) can be written as
mimeEm Fﬂmnm
+ @ FEM EEMIrp
omm 12 v
,_-éz'Mj2 ) 2 ) 2
+ W (m* + Z)(q Guv — q,uqu)

" v
_ gnw

17)
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THE POLARIZATION TENSORS

The polarization tensors for the interference contribution can be written as

2
j WiceMj . 9 W cEMj\Vj
nlrr:/(lNT)/ — (F1 /F1 Uy 4M2F /F ’)I'I}‘ffl,

Wj —EMj Wj —EMj | ~Wj —EM;

Fp Fy 9> (Fy Fy 7 +Fy Fy)

+

1+

aM? am2 4mM

) m - . Y
X (nguv - qMQV)nA/ + (MFEMJGJA - F1EMJGJA) HKV A

(18)

where j = n, p (nucleons), M is equal to M* and M is the nucleon mass, while

forj = e7, u~ (leptons), m is the lepton mass.

Parapa Hutauruk (APCTP) NEUTRINO INTERACTION IN DENSE MATTER TsukuBa, 13-17/11/2018



THE POLARIZATION TENSORS

Due to the current conversations and translational invariance, the vector
polarization I'IZ’,’/V of every contribution consists of two independent
components which we choose to be in the frame of g* = (qo, | G |, 0, 0). The
explicit forms of Iy, My, My and N4 for nucleons '2are

Ny = Y A i 7 25
4r | q | 4192 2
doq? 2 2 q° 3 3
E E* ——(ER — E*
+ 2|C7|2(F )+3|q|2(F )]

(19)

This result is similar as obtained in Ref.[12].

12

Parapa Hutauruk (APCTP) NEUTRINO INTERACTION IN DENSE MATTER TsukuBa, 13-17/11/2018 26/41



THE POLARIZATION TENSORS

For the Longitudinal and vector-axial and axial polarization tensors:

M,

Mya

Ma

q2 1 .2 do, o *2 1 3 *3
727r|c7]3 Z(EF—E)Q +E(EF_E )+§(EF_E )

in2

Iq * *
W[(EE—EZ)H?O(EF—E)

i * *
27r’a’M2(EF—E) (20)

This result is similar as obtained in Ref.[12].
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THE CONTRACTION POLARIZATION AND NEUTRINO TENSORS

The contraction of every polarization and neutrino tensors couple L**T1,,,,
are 13

Lnm™ = —8g® > (AT + ) + B,
J=n,p,e=,u~
+ B{zwnlA + CIWI-IIVA]

F Y (o)

(Lﬁ”nﬂ;) W

j=np.e~ u~
+ BI;EMI-I/T'*'BIZEMnj]
()™ = a2 Y WA (M)
j=n.p.e~ u~
+ B/;INTI_II.T"'BI.ZINTI_I:{\"'C]I‘NTHI‘VA] 21

13
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THE CONTRACTION POLARIZATION AND NEUTRINO TENSORS

For weak contribution, the function in front of every polarization terms in
Eq. (21) are given by

A <ZE(E—QO)+;C12> [ Wz, o2 FW/ZQZ]
w = = A

g |2 4M5,
B - W/2 2 ,_-W/2q2
1w A 4M2
. . . . FVV]2q2
B - _|g? WigW _ 2
2w AT omMy ' 2 4M2 (1 R )
Cly = —2(2E — qo) [FK”G/'Q” 4 A'/’,:VF,",”I'GQ} , (22)
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THE CONTRACTION POLARIZATION AND NEUTRINO TENSORS

For EM contribution, the function in front of every polarization terms in
Eq. (21) are given by

. 2E (E — qo) + +9° 1
A, = =2 <bq2—a)+bq2)
M ( g |? 2
EMj2 FEMquz
x| Fj — 5
4My
EMj2 o
i 1 2 emz Fo o q
B/”:_M=—§(bq +a) F, _W
1 o P _EmEm Fy 2P 9
Bhew = (bo? +a) [ZmMNﬁ iyl ARE=3 | S
15,495,

where a = 4(f2, + g5,), b = 2232 and ¢ = f,,, + g1,

e
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THE CONTRACTION POLARIZATION AND NEUTRINO TENSORS

For INT contribution, the function in front of every polarization terms in
Eq. (21) are given by

- 2E (E — 1q? R 2
At =¢ : ﬂqoz) 2t FUFE + 2 P Fy
|G| 4M2
B ol pWiEEm 9 wiEw
1UNT = 1Mt a2 2 2
N
i i Wj —EMj Wj —EMj
T - AU W G it ai)
antT = —C4 4M/%/ A2 2
: mooe .
Clyr = ¢ (2E — qo) [WFE’V’/ G, —FM G’A} (24)

h _4f2 2 b_ f22u+g§u d =
where a = (ul/+g1y)v —Tgan C = ,LLV+g1I/
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The g1 = 2.5 MeV, E,, = 5 MeV in neutrino-less matter for pg = 0.5 pg.
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The g1 = 2.5 MeV, E,, = 5 MeV in neutrino-less matter for pg = 1.0 pg.

IE 60 T T T T T T T T T
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The g1 = 2.5 MeV, E,, = 5 MeV in neutrino-less matter for pg = 1.5 pg.
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The g1 = 2.5 MeV, E,, = 5 MeV in neutrino-less matter for pg = 2.0 pg.
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The g1 = 2.5 MeV, E,, = 5 MeV in neutrino-less matter for pg = 2.5 pyg.

Ao /(Vd*Qdqo)[107°MeV ~tem ™1
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The g1 = 2.5 MeV, E,, = 5 MeV in neutrino-less matter for pg = 3.0 pg.
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NEUTRINO MEAN FREE PATH

We consider only neutrino mean free path (NMFP) of the neutrino scattering,
but not the NMFP of absorption. This is because the NMFP of neutrino
scattering is larger than the NMFP of the neutrino absorption. The inverse
mean free path of the neutrino is straightforwardly obtained by integrating the
differential cross section over the energy transfer go and the three-momentum
transfer | G |. The final expression for the NMFP as a function of the initial
energy at a fixed baryon density can be written as,

1 2E,—qo 2E, ‘ q ‘ 1 d3
= d d 27— , 25
E /q 1G] [ daoge e 25)

where E,,, E!, = E + qq are the initial and final neutrino energy, respectively.
More detailed explanations for the determination of the lower and upper
integral limits 4.

14
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The g1 = 2.5 MeV, E,, = 5 MeV in neutrino-less matter.
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CONCLUSION AND OUTLOOK

@ We have studied the impact of in-medium modification of the weak and
EM form factor of the nucleon on the neutrino scattering

@ The in-medium nucleon form factors are estimated by the quark-meson
coupling (QMC) model that in based on the quark degrees of freedom
nucleon

@ The DCRS of the neutrino scattering with the constituents of cold matter
were found slowly decrease with increasing baryon density, which results
in the increase of the NMFP. This feature is sensitive to the in-medium
modifications of the nucleon weak and electromagnetic form factors (in
particular, that of the axial-vector form factor)

@ We found that the effects of medium modification of the nucleon weak
and EM form factors on the cross section are more pronounced at higher
densities
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CONCLUSION AND OUTLOOK

@ The impact of the in-medium modified of the nucleon form factors is
more clear on the neutrino mean free path

@ With increasing baryon density, this would be interesting to include more
matter constituent such as A and Z or other baryons with medium
modification form factors of baryons.
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