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Introduction to neutrino scattering What
Why
How

What is neutrino scattering?

v+ X — ---+ (observable final states)

e X = e, proton, neutron, nucleus (e.g. Ge, Xe, O, ....).

@ Intensive neutrino sources and large detectors.
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Introduction to neutrino scattering What
Why
How

Why do we study neutrino scattering?

@ neutrinos: portal of new physics

o v Osc. = my ~ 0(1072)eV = BSM model building = new
interactions

@ in Vv scattering: very weak SM int. + new int.
in collider: stronger SM int. + new int.

e very low SM background = very clean for BSM physics
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Introduction to neutrino scattering What
Why
How

How to detect?

Elastic

v+ X —=v+X

e.g. X =-e", "®Ge. Only recoil observable. CHARM I, TEXONO

Quasi-elastic

V+X =S4+ Y

e.g. Ve+p— e +n (1BD, reactor), vy +180 — p~ +18F (ccQE, T2K)

Deep inelastic

v+ X — ---(dirty final states!!)

e.g. IceCube. using u track to identify v,,.
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Elastic scattering

| will focus on elastic scattering:

v+ X—=v+X

@ X = e, elastic v-electron scattering.

e CHARM II, TEXNON, LSND...
e contributes to EW precision test

o eg. sin26, =0.23240.0083 (CHARM I, 1994)

e X = nucleus, Coherent v-nucleus scattering.

o recently observed by COHERENT (6.70, Aug. 2017),
CONUS is running, results coming soon.



Coherent v-nucleus scattering

What is “Coherent” neutrino-nucleus scattering?

Without Coherency: neutrino wavelength < nucleus radius

Sum over cross sections

Gtot:Gp+Gp+"'+6n+Gn+"’

v

With Coherency: neutrino wavelength > nucleus radius

Sum over amplitude, then square

il = iMy+ iyt iMoo+ i+
Ot = |illy+ iMp+ -+ idly+idly+--|?

\




Coherent v-nucleus scattering

Cross section

dﬁ . GI?' [N_ (1 —45%)2]2 Mnucleus 1— T
dT 4m T max

T: recoil energy, N&Z: neutron&proton numbers

o Large cross section for large N

o because 1 —4s2, ~0, Z—? o N3,
o Although large, difficult to detect, T too low,

o Tmax determined by kinetics, 1 MeV neutrino = Tax ~0.1 keV
@ Modern tech: ultra-low threshold detection

e thanks to dark matter experiments
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Concept

Coherent v-nucleus scattering Constraints on NSI and SPVAT

new interactions

@ If the mediator is heavy, integrated out

o new gauge bosons (e.g. Z’) = NSI (in this talk)
e any kinds of mediators = SPVAT (in this talk)

o If the mediator is light (WARNING: astrophysical constraints!)

e interesting case: mediator = photon

@ neutrino magnetic moment [y (cf. 1510.01684, 1706.02555...)

e or other light mediator

@ cf. 1612.06350, 1711.04531, 1703.00054, 1710.10889...
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Concept
Constraints on NSI and SPVAT

Coherent v-nucleus scattering

new interactions

If mediated by a new gauge boson (e.g. Z’), integrated out = NSI

NSI (Non-Standard Interaction)

G = = q q
2375 B Y =P ar e e

e Lepton Flavor Violation (LFV)
o Still V-A in Vo y*(1—7°)vg , because only left-handed v
o the only change in do/dT, Q°:Q2,; — Q3

dﬁ o G[%QQMnucleus 1— T
dT 4r Trnax
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Concept
Constraints on NSI and SPVAT

Coherent v-nucleus scattering

new interactions

If mediated by any kinds of forces, integrated out = SPVAT

SPVAT (Scalar, Pseudo-S, Vector, Axial-V, Tensor)

LD — vIav [Wl3(C, + D,iy° )yl
ﬁa:S,.‘;\’/,AT [ ]

r = (1,7, P P, o = ST

o Scalar (Pseudo-S) mediator = 1 (i7°)
o Charged scalar (Pseudo-S) mediator = 1 (iy°)+c*Y
@ Vector (Axial-V) mediator = y*, yHvy®

@ contains all possible Lorentz-invariant interactions
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NSI signal

4
NSI

w
o
—

gge:gge:0.0L Sgezggezo

events/ 10°
N
S

=
o

—
|

0 I . . . I . . . I . . L i h i h L . |
0.0 0.2 0.4 0.6 0.8 1.0
recoil energy T/keV




Constraint on NSI



Concept
Constraints on NSI and SPVAT

Coherent v-nucleus scattering

SM cross section:

do _GRQM (/T
dT  4nm Tinax

SPVAT cross section:

do  GF2Q*M
= (-

= distortion of the recoil spectrum

NN

l]] ax
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Spectrum distortion by SPVAT
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63 =7=z(C3+D3), 83 = % (C2+D2), &y =% (Cv —Da). éa= %&(Ca—Dv)



Constraint on SPVAT

62 =7=z(C3+D3), 63 = £ (C3+D3),év = §(Cv—Da), éa= (Ca—Dv)



Distinguish Dirac/Majorana in v scattering
Experimental constraints

Dirac/Majorana neutrinos with new interactions

A long standing problem....
Are neutrinos Dirac or Majorana particles?

A better way to ask:
Are their masses Dirac or Majorana?

_ 1 _
o =myvv, Ly = 5mvvcv

my = 0(1072) eV measured by oscillation
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Distinguish Dirac/Majorana in v scattering
Experimental constraints

Dirac/Majorana neutrinos with new interactions

Dirac or Majorana?

Most promising approach

neutrinoless double beta decay (0v3)

Alternative

Could be solved by neutrino scattering, if new interactions exist.
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The difference between D & M

difference suppressed by mass

D — M < My
e.g.
OVB o [Mee|
also applies to any process other (v scattering, Z decay)
Because:
lim =SM
m,—0

with new interactions:

difference not suppressed

D — M o new int.




An early (1982) work by Rosen

VoLUME 48, NUMBER 13 PHYSICAL REVIEW LETTERS 29 MarcH 1982
Analog of the Michel Parameter for Eﬂeutrino-Electron Scattering:} A Test forMajorana Neutrinos
S. P. Rosen

Fhysics Depavitment, Puvdue Univevsily, West Lafayette, Indiana 47907, and Physies Division,
National Science Foundation, Washington, D, C, 20550'%
(Received 23 December 1981)

@ Assume most general 4-fermion interactions (SPVAT)
@ Proposed Rosen’s ratio R,

o Define:

forward cro. sec.
Ry

backward cro. sec.

e in SM

o with new int.

0 < R, <2 (Majorana)
0 < R, < 4 (Dirac)



Dirac neutrinos have larger parameter space

Most general interactions (SPVAT)

ZLo>— Y VPV[Ir(C+ Daiy)]
V2 a=S,P,V. AT

2= {1 v, ™y, o = 5r.v"]}

Dirac neutrinos
2 x5 =10 coupling constants: C,, D,, (a=S, P, V, A, T)

Majorana neutrinos

10 — 4 = 6 coupling constants:

Cy=Dy=Cr=D1=0




LD Gr Z vl [(T*(Cy + D,iv°)!]
V2 a=S,P,V,A,T

T T\*
A+2B(1—-— 1— —
T: Recoil energy, (A, B, C) = functions of (Cy, D,).

[Rosen’s ratio: J [Rp = M}

do GLM
ﬁ(l/ =F Z) = ”

A+C

‘ Cy = Dy = Cp = Dr = 0 (Majorana)

0 < R, < 4(Dirac),
0 < R, < 2(Majorana).




"

A4C

Any other ratios?

J/

ERP _ 2(A+2B+C) |

,A/B Yes

(4, B, O)
=functions of 10 parameters in L.

Cy = Dy = Cpr = Dy = 0 (Majorana)

Points in the plot: Dirac/ Majorana



{ZD Projection ]

¥
3+ — =l _
’ x=8 y=4-C
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Lo vtiy—xpP=1

3X?24+Y%<1
Proof:see 1702.05721

{Majorana bound ]

2X?2 (Y £X)? <1

and X <0
Proof:see 1702.05721

Points in the plot: Dirac/ Majorana



E D/M? How to Distinguish? }

( 7

Step 1: neutrino scattering

~ v

v+e —v+e

( 7

Step 2: measure ABC

~ v
do GEM T T\2
T = —o A”BO*ET)*C(“E_,,)

{Step 3: look at this ball }




Current experiments
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Future, % uncertainties
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Can coherent be used?

GriM T
A+2B(1—— cCl1l-—
2w - ( E,,) * (
GriM T
C+2B(1—— All-—
2 - ( E,,) * (

MT

MT

Conclusion: No




Distinguish Dirac/Majorana in v scattering

. . . . . . Experimental constraints
Dirac/Majorana neutrinos with new interactions P

Summary

@ Coherent v-nucleus scattering would be very powerful in
searching for BSM physics

o NSI, SPVAT, ...

e Dirac/Maojarana could be solved by neutrino scattering (if
new interactions exist).
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