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Goals of the internship

@ Implement a neutrino-electron elastic scattering cross section
calculation;

@ Introduce different calculations of radiative corrections to permit
studies of new physics effects;

@ Study the sensibility of these studies in the context of the SNO+
neutrino experiment
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Neutrino history

Short chronology of neutrino physics:

1930

1956

1968
1987

1998

2002

2015

W. Pauli postulates the existence of the neutrino to explain
the energy spectrum of electrons in 5 decays;

first direct detection of the neutrino by F. Reines & C.
Cowan (Nobel Prize for Reines in 1995);

First detection of solar neutrinos at Homestake Experiment

First detection of SuperNova neutrinos at KamiokaNDE-2
(and others)

First detection of neutrino oscillations with atmospheric
neutrinos at Super-KamiokaNDE

Nobel Prize for Koshiba and Davis for the discovery of
cosmic neutrinos;

Nobel prize for McDonald and Kajita for the detection os
neutrino oscillations (Super-K and SNO experiments)
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The origin of the neutrino: the 5 decay

The beta decays are a fundamental part of neutrino's history. So let's
introduce alpha and beta decays to understand what made the latter so
relevant.

éX —>’§:g Y +‘2‘ He

AX A Y+ ey &,

In the alpha decay there is only one ejected particle so energy conservation
imposes a very sharp energy spectrum for the alpha particle. In contrast the
beta decay produces two particles, so the spectrum for each isolated one
can be continuous.
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The origin of the neutrino: the S decay

Number of electrons
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spectrum of electran
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Neutrinos in the Standard Model

What we know about neutrinos:

three generations of matter

@ are charge and colour neutral, ermions)

thus only interact via weak force .. oo cmen

charge | % A

and gravity; e (W) (G
@ interact very weakly and there- up—J charl}
fore are very hard to detect; @ (@
. dovD strange
o extremely light (thought to be e
massless for a long time until . © I @
the discovery of neutrino oscilla- [ stectron J{_muen
tions); e |I'e
@ come in three leptonic flavors (g | i,
(e, 1, 7).
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Where do neutrinos come from
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How do neutrinos scatter

The simplest neutrino interac-

tion are neutrino-lepton scat- v. e v v
tering. At tree level there are
only three ways neutrinos and
leptons interact, and these can
be splitted into two kinds.

W 4 V4

e Neutral current (NC) -
corresponding to the
exchange of a Z° boson, Feynman diagrams for tree level v, e elastic
image (b); scattering

@ Charged current (CC)
corresponding to image

(a)-

(a) (b)
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Kinematics

Lets consider an inverse decay of the form vy+e — ¢+ v, where £ = e, u, T.

In the lab reference frame (target electron rest frame) the 4-momentum of
the particles are:

k = (EV,E)  pe= (me,6> :
ke =(EB), K= (E;,/?’) .

Energy momentum conservation allows us to construct scalars (Lorentz in-
variants):

s=(k+ pe)2 Mandelstam variable s, or centre of mass energy
y = Z::Z = E“E;VEZ Inelasticity parameter

Q?>=—¢* = (k — k,)2 Transfered 4-momentum
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Kinematical constraints

From the conservation of the 0-th component of the 4-momentum comes:
E,=E,—E +my.
The invariant transferred momentum is:
Q% = (K — k)* = —2E,E, + 2 k| |K'| cos 6,

=(pe — kg)2 = mg + m% —2mekEy.
Now neglecting the neutrino mass p2 ~ 0 =— E) ~ |k")| we obtain the
following equation for the neutrino scattering angle 6,

2E,E! (cos, —1) = m> + m? — 2m.E;

Rearranging the above equation the limits for the outgoing neutrino energy
follow as

meE, mg — mf 2 2

<E < —
me+2E, 2(me+2E) 2me.
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Kinematical constraints

Neutrinos are very hard to detect so E/, is not a very useful variable from
an experimental point of view. The useful quantity is the scattered lepton
energy. Using E; = E, — E/ + my in the previous equation yields
2 2 2 2 2
my — myg 2E7 my — myg
me+ ——< < E, <meg+
T om. — T me+2E, T 2(m+2E)

When ¢ = e and using only the kinetic energy T = E. — m, which will be
the interest from here on out this simplifies to

m,2—m§<7_< 2E2 m? — m?
2me — T me+2E, 2(m+2E)
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Scattering angle

A similar reasoning to the one used to express the neutrino scattering angle
can be used to determine the charged lepton scattering angle, 6, corre-
sponding to the angle between the outgoing charged lepton direction and
the incoming neutrino beam. From the conservation of 4-momentum:

(k - ke)2 = (Pe - k/)z
E, |ke| cos 0. = E E. — mcE], .

Rearranging yields

me+ E, [Ee— me
E, E.+me’

cosf. =

0 < cosfe < 1 = the electron is always scattered in the forward
direction.
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Scattering angle

Considering the small angle approximation and assuming that the outgoing
electron’s energy is much larger than its mass we get

E6% =2m.y .

Since 0 < y < 1 we obtain an important experimental constraint Eeﬁg <
2me. This means the outgoing electron is projected in extremely forward
directions, which is used experimentally to subtract background events, with
a much broader distribution for T.62.
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Scattering angle
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Experimental data from solar neutrinos in SNO-. The vertical axis corresponds
to the number of detected electrons while the horizontal axis corresponds to the
angle between the reconstructed electron trajectory and the direction of the
incident neutrinos.
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The differential cross section for two body collisions between a neutrino and
a stationary electron is given by:

do 1 M)
dg? 167 (S— (me+my)2> (S— (me — ml,)2> .

Here M are the matrix elements for the interaction, derived from the S
matrix. Neutrino masses can be neglected to a very good approximation.
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Differential cross section

The leading order contribution for the differential cross section for neutrino-
lepton elastic scattering is given by:

d"% e my 0\ ? 2 ¢ L
R

Here the ¢’s come from the interaction Lagrangian and the I's are kinemat-
ical factors.

1
WZ = 2\fGF (sm 0w — = + 54@/) CR = 2\@(}1:‘ sin? Ow

E’? o my E)
IL=1, Ir ZR E, (1 Ey)
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Total cross section

When considering neutrino electron scattering the cross section is much
larger when the scattering occurs with electron neutrinos, due to the pos-
sibility of interaction via the charged channel, so other contributions will
be neglected. The differential cross section for this scattering is obtained
noticing that dE), = dT so the only difference is on the kinematical factors:

E,—T)?
IR:( E2 ) ) Ilﬁ:mf

;
=
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Total cross section

The outgoing electron’s energy is restricted by the kinematics of the collision
to by:

m me + .
e-Te-E me + 2E,
So the limits of the integral are:
— — max R 2EV

Performing the integral:

4G2m. [ (., 1\? 2E2 1
_7F e O + = v
i OWES ) et 2E, T 3E2

. 1 2m.E? }
+ (sin?0y + = | ——2—
( W 2) (me + 2E1/)2

J. P. Novo

£3 meE, 3
3 —=
me + 2E,
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Total cross section - units

Recalling the total cross section:

4G2m, 1\?2 2F2 1
g = 2FMe {(sin2 9W+> Y

T 2) me+2E, 3E?

1 2meE?
+ (sin?0, + ) ‘—‘V}
( v 2 (me +2E1/)2

g (_meEs \’
v me + 2E,

It is clear to see that in the limit of high energy neutrinos when compared
to the electron’s mass, E, > m, the cross section is linear with the inci-
dent neutrino energy. Here the cross section is in units of MeV ~2(hc)? =
0.3894 x 10°mb.
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Plot

Plotting this cross section as a function of the neutrino energy yields:
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The total cross section for e + ve — e + Ve scattering

This is a very small cross section 1mb = 10727 cm?, for comparison pp
cross sections at LHC are of in the range 40 — 60 mb
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This is just the beginning
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@ Neutrinos with magnetic moment
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Neutrino magnetic dipole moment

If neutrinos are Dirac particles they will have, albeit tiny, magnetic dipole
moments (and even smaller electric dipole moments). In terms of electron
Bohr magnetons, e/2me, one finds the SM prediction
Ky = i/{Vig
Me
3 GFmem,,

A v

Since m,, are expected to be < 0.005e€V, neutrino dipole moments appear to
be unobservable in the SM. However, in some left-right symmetric models or
extended Higgs models, it is possible to have much larger dipole moments.
It is, therefore, of interest to ask what direct experimental bounds can
be placed on neutrino dipole moments (magnetic, electric, or transition),
independent of theory.

Ky ~3x107(m,,/eV) .
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Neutrino magnetic dipole moment

The existence of any neutrino dipole moment (magnetic, electric or transi-
tion) of magnitude xe/2m, will increase ve cross-sections by

do ma? (1
A" — k|2 ~—1).
dy I m2 <y )

Therefore a larger than expected cross-section, particularly one exhibiting
the 1/y behavior could be taken as evidence for a non-vanishing x. Inte-
grating the equation with the appropriate limits yields a total correction:

2
8o =270 (i (202 < )
mg Ymin
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Cross section with magnetic m

Correction due to the neutrino magnetic moment

5.4 x 103 r

5.2 x103

5x 103

4.8x103

Aogm/|K|? (mb)

4.6 x 103

4.4 %103

0.0 2.5 5.0 7.5 10.0 125 150 17.5 20.0
E, (MeV)

Electron-neutrino cross sections September 10, 2020 29 /33



ntial cross section with magnetic mo
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What's next?

@ Study the sensibility of these studies in the context of the SNO+
neutrino experiment.
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The end
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