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Neutrino Scattering Experiment

Underground Fermilab

Deep Underground =
Neutrino Experiment BT e
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Neutrino scattering experiments on nucleus

What we obsere in detector

Neutrino flux

®

Neutrino-nucleon cross sections

X

Nuclear effects

X

Detector properties and effects



Challenges: Neutrino Scattering Experiment

% Neutrino beam energy
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Challenges: Neutrino Scattering Experiment

* Particle configuration and kinematics of interaction within
the nucleus are unknown

* Rely on Monte Carlo event generator to produce probability
weighted maps to connect detector observation with true
kinematics

* Initially produced hadronic shower propagates thorough nucleus

Y Final state interaction

Charge Exchange ®

Elastic
Scattering

Nucleon-nucleon interactions

Pion-nucleon interactions

Absdrption

Pion Production



Challenges: Neutrino Scattering Experiment

* Absence of widely accepted and universal nuclear models

Data from MiniBooNE & MINERvVA

T2K Analysis , PRD 93, 072010 (2016)
Best-fit parameter values for the fits to all datasets simultaneously.

Fit type x?/Npor M, (GeV/c?) 2p2h norm (%)
RFG + rel RPA + 2p2h 97.8/228 1.15 +0.03 27+ 12
RFG + nonrel RPA + 2p2h 117.9/228 1.07 £ 0.03 34 +£12

SF 4 2p2h 97.5/228 1.33 £0.02 0 (at limait)
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PRD 96, 072003 (2017)
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* For neutrino-nucleon CCQE scattering, often mentioned and
assumed axial mass M_A (in the dipole formula) as the

only unknown parameter
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Neutrino Scattering Experiment

From experiment o
(with many complexities) @

- Neutrino-nucleus scattering
cross sections

Isolate nuclear effects using nuclear models

Neutrino interaction
with quarks through
Z-boson (neutral current interaction)
W-boson (charged current interaction)

Fundamental
interaction
at play

Nuclear models are still very important

~One goal : Lattice QCD calculation of neutrino-nucleon |
 scattering cross section without depending on nuclear models |




Lattice QCD Efforts for Neutrino-Nucleon Scattering

Y Lattice QCD calculation of valence and sea u,d,s quarks
contribution to nucleon electromagnetic form factors

% Phenomenological calculation of (anti)neutrino-nucleon
neutral current scattering differential cross sections

* Lattice calculation of nucleon axial form factor at
170 MeV pion mass

% Phenomenological constraint on s(z) — 5(z) distribution

% First lattice QCD calculation of charm quark
electromagnetic form factors



Lattice QCD Efforts




Advertisement : Hadron Structure Using Current-Current Correlations
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v Many current combinations are possible

* Which one to pick? — clue is in neutrino-nucleon scattering
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Neutrino-Nucleon Neutral Current Scattering

Y We are interested in neutral current scattering

Matrix element in V-A structure ot leptonic current

M = QLﬂaFg@mu; 75)1(q1) (N (p2) T4 N (p1))

leptonic curre

\

hadronic current

+ F(Q*)7*vs)u(p1)




(Anti)Neutrino-Nucleon Neutral Current Scattering

* Differential cross section:

do Glz,:Q2
— A += BW + CW?
dQ? 27TE,2,( )
Q2
W=4E, /M, —7) T =
( / p T) 4M%)

A=H(GHP( + 1) = [(F7 — 7(F§P1(1 = 1) + 47 F{ 3}

1
B = —iGi(FfZ + F%) C = g G2 + (PP + (P
Neutral weak Dirac & Neutral weak axial FF

Pauli FFs



(Anti)Neutrino-Nucleon Neutral Current Scattering

* Neutral current matrix elements

1 1
7, +— (FP — F") — 2 sin® V9w F¥ — 3 sN - (1=1,2; N =p,n)

Strange quark Dirac and Pauli form factors
not constrained from e-p parity-violating scattering (PVLES)

GIN(QY) =+, Gi(QY) ~ 5 GV @) (i= AP N =p,n)

Neutral weak axial FF Iso-vector axial FF
unknown radiative not constrained from

correction in PVES CCQE scattering

Strange quark axial FF

()2 behavior - not constrained




Lattice QCD Calculation of Nucleon FF's

u AV4 u
] IO ] .
uud uu udu uud dd udu u 8
[ N 1L L = |

—'_| u
g dd udu X
— 1 . 3 . pud ddudu .3><<.

uud uuudu

e et =
uuduuaudu E——
| q g I

.~ Self contracted sea-quark loop
correlated with valence quarks
~In the nucleon propagator by
fluctuating background gauge fields




Lattice QCD Calculation of Nucleon FFs

Y Obtain matrix element from suitable ratio of
S-point to 2-point functions

<. P

<>

Y Perform a two-states fit,

R(t). 1) = Co + Ce oM7) 4 Cye=omn

* *With better statistics, one can perform multiple states fit*
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Lattice QCD Calculation of Nucleon FFs

Example two-states fit

W t=
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Itg

Ratio

- Summed Ratio



Towards Lattice QCD Calculation of Neutral Weak FF's
Overlap fermion on RBC/UKQCD DWF

L>XxT a(fm) m(MeV) ms (MeV) Neontig

24° x 64 0.1105(3) 120 330 203
32% x 64 0.0828(3) 110 300 309
48% x 96 0.1141(2)  94.9 139 81
32° x 64 0.1431(7)  89.4 171 200
Gs ,Z—EXP QQ 2 :akz
Perform z-expansion to perform Q2 fit 5
. : \/tcut + Q Y/ tcut
Richard Hill, et. al 2010 — =
\/tcut =+ Q =+ V tcut
m,. =0.330 GeV, 321 m,. =0.330 GeV, 321
0.00 0.020 . . . . . .
I Ggght—sea
—0.02 0.015[- I gsirenge .
S _o.0ah S o010} .
= &
G G
—0.06 f W Glightsea (2 ) — 0.005 | -
| $ G@)
_008 ] ] ] ] ] ] ] 0000 ] ] ] ] ] ]
00 02 04 06 08 1.0 12 14 0.0 02 04 06 08 1.0 12 14

Q* (GeV?) 0? (GeV? )



m,. =0.135 GeV, 48I m_. =0.135 GeV, 481
—0.01F T T T T T T 0.035 | T T T

- ™ —
—0.04 - 0.030 |- [} Ggght-sea _
~0.07 T 5 0.025} & Gy . £

= —0.10F] | —~

e = 0.020 | |

< -013 I Y | < 1 i

O -0.16f T | | & 0015 |
—0.19 L W Glghtsea a2y 0.010 | i
-0.22} - $ GQ) A 0.005 |- 1 |
—-0.25 4 L L L L L ' 0.000 M Ll Ii: T}

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.00 005 010 015 020 025 030
Q* (GeV*) 0? (GeV? )

FF at each Q? obtained through z-expansion and using 24 data points in a simnultaneous
chiral, continuum, and infinite volume extrapolation

| | | | | | OOOO | | | | | |
0001 - —~0.002
= a0 _—0.004
5 —0.04 g —0.006
»n=—0.006 I GISVI (0) |physical' Xz /d.0.f.~0.6 E—l —0.008 |- i (I‘g )E |physica1' X2 /d.o.f. ~0.5 7
~0.08} & 241, Gy, (Q” =0, m,) | 4 —0.010 | & 241 (2 )y (m.) |
: iB ¥ 32L Gy (Q* =0, m ) =~ ¥ 321 <r§ )g (M)
—0.10} 32ID, G (" =0, m,) - —O012r 321D, (77 )5 (m,) ]
481, G}, (Q* =0, m ) _ B |
—0.12L— | i - i ! babtlas) - . |48 (15 )y (m) .
0.15 0.20 0.25 0.30 0.35 0.40 015 020 025 030 035 040
m (GeV) m_(GeV)
S 2 . _ 2
GM(O)]phySical — —0.064(14)(04)(()6)(06) (7“8>E]physmal — —0.0043(16)(02)(08)(07) fm



Strange quark FF Nucleon-sea u, d quark FF
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0.006 i i i i I 0.010 7 ; I I . .
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Charge factors included




Neutral Weak FF's

n 1 . n n
,p( )(Q2) T [(1—4811&2 QW)(l‘FRI\)/( ))GE?A%>(Q2)

Y Lattice QCD input for strange FF

(14 RGP (@) — (14 RO) Gy (Q2)]

* Phenomenological input
for nucleon EMFF
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e PRD 96, 033007 (2017) e



Why Neutral Current FFs are Challenging to Measure in PVES
Experiment

Zel’dovich (58)
Kaplan, Manohar (88) MG =
McKeown, Beck (89) /ﬁv
Gp
Mz = 2\/_(9le + QAZME))(JZ + JZ5) . M5C =

¢’ — 0 as scattering angle — 0

Makes forward scattering

experiment less useful
(1 —4sin® Oy ) << 1

Suppresses tree-level value
Higher order corrections (unknown)

Gi’e‘f‘f (O) — —0.59 +-0.34 must be considered

h [gGgGg +17G1G% — (1 — 4sin” Oy)e’G,G? |
’ &(G))? + 7(G),)?

Lattice QCD to play the major role to obtain tree-level value and

iIsolate higher order corrections




GE(Q?) (CI+DI)

P (Q%) (CI+DI)

Lattice QCD Calculation of Proton EMFF

1.25
—— Expimental Data Fit
® m,=0.251 GeV
1.00 - $ m;=0.278 GeV
$ m;=0.315 GeV
m,=0.341 GeV
0.75 7 # my=0.382 GeV
0.50 -
0.25 -
.
0.00 I I I | |
0.00 0.25 050 0.75 1.00 1.25 1.50
Q4(GeV?)
30 I I I I I I I
—— Expimental Data Fit
2.5 & m, lC;0.2e5lace\e; : B
$ m_=0.278 GeV
2.0 $ m_=0.315 GeV N
m._ =0.341 GeV
1.5F e % m_=0.382 GeV B
1.0}
0.5}
OO | | | | | | |

0.0

0.2

0.4

0o 0.8 1.0 1.2 1.4
Q? (GeV*?)

Overlap fermion
on
241 RBC/UKQCD DWF

I3 x T = 243 x 64
a=0.11 fm

my; = 330 MeV

Two-states fit



Lattice QCD Calculation of Neutron EMFF

(@*) (CI+DI)

n
E

(@*) (CI+DI)

Gy

0.04

0.02

0.00

—0.02

—0.04 |-

i}[ L O

—— Expimental Data Fit
® m,_=0.251 GeV

§ m, =0.278 GeV
$ m_=0.315 GeV
m, =0.341 GeV

& m_=0.382 GeV =

0.6 0.8 1.0 1.2
Q? (GeV*)

0.0

—0.5}

—1.0

—— Expimental Data Fit
® m, =0.251 GeV

$ m, =0.278 GeV
3 m, =0.315 GeV

m, =0.341 GeV
& m, =0.382 GeV

06 08 1.0 12 14
Q’ (GeV*)

I3 x T =243 x 64

For calculation on 48I DWF
See Lattice 2018 talks

by
Izubuchi & Syritsyn



Lattice QCD Calculation of Proton EMFF

Proton Sachs Electric FF, 321

1.25 A

1.00
S 0.75 7
aw 0.50 -
Q)

0.25 -

0.00 -

—— Expimental Data
® m;=0.261 GeV (Lattice Data)

@ m;=0.294 GeV (Lattice Data)
$ m;=0.314 GeV

m;=0.350 GeV
¢ mp;=0.404 GeV

[ s
= 2 f}t

0.00

| | |
0.75 1.00 1.25

Q%(GeV?)
Proton Sachs Magnetic FF, 321

| |
0.25 0.50 1.50

3.0
2.5

1.5F
1.0}
0.5

0.0

—— Expimental Data
¢ m,_=0.261 GeV
¢ m_=0.294 GeV
¢ m,=0.314 GeV -

= m. =0.350 GeV

s

$ m,=0.404GeV

0.0

Not a fit yet
average value
from plateau region
of the matrix element
error*1.5

Sea-quarks contribution
to be added yet




Current Status of Axial Form Factor

2.5

- World Data
< I MiniBooNE
=
o [ 4
= i
L;: 3.: : ;I 2: ‘I i
0.2 1 - Tt 3
0.0 | | |
0.0 0.5 1.0 1.5 2.0
Q4(GeV?)
S MG ~1.29 GeV-
120 §e, ]
; {ﬂ Dipole form
10 1} :
FA(-Q?) osf { ; f
Ty ; .
ot My = 2240 085 Gev .
4(0) *
02 ‘ A
0.0 0.2 04 Q2 0.6 0.8 1.0

MiniBooNE data.
Bhattacharya, Hill, Paz
PRD 2011

pheno: 1.026(21) GeV == a09m220 -
dipole: 1.35(4) GeV —  a09m130 +—+ -
z-exp: 1.42(25) GeV —— a09m130W =+ |
al5m310 ~v= a06m310 ~4- ]

Y N al2m310 =~ a06m310W w2 |
0.8 | "o & al2m220L &+ a06m220 ~o- A
0 O al2m220 ~@- a06m220W o |
2 a09m310 4 ]
< 06 A
©)
04t N X
0.2 T BN

IC
e

| T T T T |
A M N,=4 z expansion i

1 | m, =1.014(14) dipole
C\T\
Q
=
LL 0.5

0

Fit to deuterium target data
Meyer, et. al. PRD 2016



Lattice QCD Calculation of Axial Form Factor

Axial FF, 32ID

_ b
S 0.50 ~ World Data comp11at1on ¥ ]
) $ m;=0.147 GeV ‘
0254 & m;=0.174 GeV
$ m;=0.262 GeV
0.00 I I . I
0.0 0.1 0.2 0.3 0.4 0.5

Q%(GeV?)
* Analysis of axial form factor for 4 other pion masses not shown

Yy Analysis of nucleon EMFF on 32

Yy Producing axial FF data on 241, 24

- almost done

C and 321 lattices

First-principles calculation of (anti)neutrino-nucleon neutral current
scattering differential cross sections - to appear in few months

In the meantime, | will proceed with a phenomenological determination of

neutral current weak axial form factor GZa(Q?2)



Phenomenology: Neutral Current (Anti)Neutrino-Nucleon Scattering

* Lattice QCD input for strange FF

* Lattice QCD input for strange quark axial charge

* Nucleon electromagnetic form factor from z-expansion fit

to experimental data from NERlleilelom [l RN (ZN:=F-l) k)

* To obtain QR dependence of GZA(QR) in a limited region,

use MiniBooNN!

B data (0.25 < Q% <0.7 GeV?)

® Reason l: Continuum limit lattice GSg,m uncertainty
becomes very large for Q2> 0.7 GeV?

® Reason 2: Pauli Blocking effect seen to be large for
MiniBooNE data at low Q2 < 0.20 GeV?



@® Reason 3: Avoid unknown uncertainty associated with
detector efficiency correction

. :_ ------ vp on Hydrogen
- vp on Carbon
1.6 —
- - miem vnh on Carbon
o 14| -
o - - ! L.a
8 - S s P
t 12 _— nnni IIIIIII [ ] : =il
o) - o
O 1 = ALY AR L G I TR TP
>N 0 3 ST
O E oo T
o 0.8 ==~ -!
O = :
E 0.6 —
L n
04 —
0.2 —
O : 1 I | 1 1 I 1 | 1 I 1 | 1 I 1 1 | l 1 1 | I | 1 1 I | 1 1 I 1
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

QZ. (GeV?)

**CAUTION: NO ADDITIONAL NUCLEAR EFFECTS CONSIDERED IN THIS ANALYSIS**
RELY ON MiniBooNE DATA IN THIS REGION

VALIDITY TEST REQUIRED



Determination of Neutral Current Weak Axial F'F

—0.2 - 102 From MiniBooNE
& Fp
; e }From Experiment
S —0.4 - 'y
O 9+ G4 (vN Scattering)

S, From Lattice QCD
- G4 (DN Scattering) ’

—0.6 - z-expansion
z-expansion with As = -0.035(6)(7)
g== Dipole fit with As = -0.035(6)(7)
—0.8 | | | |
0.0 0.2 0.4 0.6 0.8 1.0

Q?(GeV?)

G4 (0) = % < — GSC(0) + G;(0)> = —0.654(3)(5)

NO huclear model adependence and experimental systematics

on this value of GZA(0)



Determination of Neutral Current Weak Axial F'F

* Without Lattice input of strange quark axial charge
G4(0) = —0.687(89)(40)

z-exp fit Fit parameters G4(0)
2-terms a1 = 1.286(96) -0.726(30
3-terms | a; — 0.881(426), as — 0.787(716) |-0.673(65)
4-terms |a; = 0.972(524), as = 0.409(879), [-0.687(89
as = 0.537(1.542)

* Dipole fit result with lattice QCD constraint of strange
axial charge

/i G4 (0) S
G%(Q?) = 5 or reference
02 Not used in analysis
1+ p?

MG =1.057(14) GeV




Impact of Lattice QCD Inputs

Y Possibility: Since strange quark contribution is small set

S S
v =0 [
—0.1 —
- g
0.2 - o— | Jiscrepancy !!
_ e
~~~ ® _i_l
o —0.3 - 1 T
= et
< _04 - — 35—
=
—0.5 - [®1 G7 (vN Scattering)|c: ,,@» =0
# G{ (VN Scattering)|cs ., =0
—0.6 | | | | |
0.2 0.3 0.4 0.5 0.6 0.7 0.8

Q?(GeV?)
wa =0



Reconstruction of MiniBooNE Differential Cross Sections

Lattice QCD

Unambiguous estimate
of nuclear effects
momentum transfer ~ 0

x 1073%(cm/GeV)?

do
dQ?

x 1073%(cm/GeV)?

do
dQ?

1.0

D |As = -0.035(6)(7) (Lattice QCD)|
g=== This Calculation (vN Scattering)
G + This Calculation (N Scattering)
44 MiniBooNE (vN Scattering)
3 - o HH MiniBooNE (7N Scattering)
2 -
~ HemH _
1 & — = - —
0 _ ] — == ]
| | | |
0.0 0.2 0.4 0.0 0.8
Q*(GeV?)
5 -
g=== This Calculation (vN Scattering)
4 4 fie This Calculation (7N Scattering)
4 MiniBooNE (vN Scattering)
HH MiniBooNE (7N Scattering)
3 -
o
188
-0—
0 -
| | | |
0.0 0.2 0.4 0.0 0.8

Q%(GeV?)

1.0



x 1073%(cm/GeV)?

do
dQ?

x 1073?(cm/GeV)?2

do
dQ?

D As = -0.035(6)(7) (Lattice QCD)
g=== This Calculation (vN Scattering)
4 - & This Calculation (zN Scattering)
4 BNL E734 (vN Scattering)
3 - 4 BNL E734 (vN Scattering)
2 -
1 -
0 -
T T
0.0 0.4 0.0 0.8 1.0
D
4 -
3 -
2 -
1 -
0 -

0.0

Prediction of BNL E734 Experimental Differential Cross Sections

BNL E734
da,ta, Wa,s
not used

ol the
a,na,ly51s

Neutral weak




Charm Electric Form Factor

1(@Q7)

1(Q%)

(First Calculation - To Appear Soon)

0.00125

0.00100

0.00075

0.00050

0.00025

0.00000

0.0005

0.0004

0.0003

0.0002

0.0001

0.0000

¢ Fi(Q?) (m,;=313 MeV)
B [ J
IR b K:
_T | | | | |
0.00 0.25 050 0.75 1.00 1.25 1.50
Q2

¢ FH(Q?) (m,=140 MeV)
] [
] O
__T ; | | |
0.0 0.1 0.2 0.3

I3 x T =32 x 64
a = 0.083 fm

Notice the lowest
and largest
momentum transfer
accessible on these
Lattices

I3 x T = 483 x 96
a=0.11 fm



More Applications: Strange Electric FF

% Strange-quark sea in nucleon has extrinsic (g — $5)
and intrinsic components

Y Equal no. of S and s required by their non-valence
nature in nucleon

(s — ) = /01 dxls(x) — 5(x)] = O

% Nothing prohibits different s(x)and s(z) distribution

Y Assuming strange-antistrange a,symmetry is the only
source to solve NuTeV anomaly ( sin’ 8y = 0.2276)

(S_)y=(x(s—3)) = /0 dx x|s(x) — 5(z)| = 0.005 required



More Applications: Strange Electric FF

Signal, Thomas

* Nonzero strange electric form factor PLB 191, 205 (1987)

0006 | | | | | |
0.005 | -
0.004 |- 3
~ 0.003 |
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Constraints on strange-antistrange asymmetry
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* Nonzero strange electric form factor can be connected
to strange-antistrange asymmetry in the nucleon’s
wave function

Y One Goal: Constrain unknown normalization of model
calculations using Lattice QCD




Constraints on strange-antistrange asymmetry

* Light-front holographic QCD : A semiclassical approach to
relativistic bound state equations followed from the
holographic embedding of light-front dynamics in a higher
dimensional gravity theory

* EM form factors for a bound state hadron of twist 7

F.(t) = NLB(T —1,1— a(t))

T

1t  AM?
at) = =+ — —

2 4\ 4\

* Write beta function in a reparametrization invariant form
1
B(u,v) = / drw'(2) w(z)* 1 (1 — w(z)’!
0

w(0) =0, w(l)=1, w'(x)>0

’UJ(IIZ) _ xl—aze—a(l—x)Q



Constraints on strange-antistrange asymmetry

Y Re-write form factor

Fo(t) = - [ dow@uta) 21— ()] e B el)

Y Quark distribution
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¢ A complete first-principles calculation of neutrino-nucleon
scattering cross section is in progress

* Lattice QCD inputs for neutrino-nucleon scattering can help
experimentalists and many-body nuclear theorists to understand
nuclear effects better, especially in low momentum transfer
region

* The interplay of first-principles lattice QCD calculations and
experimental results can unveil nucleon properties to higher
precision and accuracy than either theory or experiment alone
can attain

* Precise values of various matrix elements obtained from
lattice QCD calculation can constrain different model calculations
and can provide better understanding of the experimental data







Dvys +vsD = DysD
A solution of this equation has been found in the form of an overlap operator

Dov =1 +7v5sign(H), H=vys5D

where D is some suitable kernel Dirac operator that is ys-hermitian, ysDy5; = DT. Since H
is hermitian, the matrix sign function is well-defined through the spectral theorem, therefore

the overlap fermion is also ys-hermitian. Then

DovD{, = (1 + s sign(H))(1 + sign(H)ys)
= 1+ vys5sign(H) + sign(H)vys + 1 4+ vs5 sign(H) sign(H)ys
=14 vys5sign(H) + sign(H)ys + 1
= Doy + D},

D(m, p) = pDer(p) +m (1~ 2%

=p+ %1 + (p— %1) Y5 sign(H)

Dov(p)>
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<plA™n> = plvFavs+ %L Fpys|n.

(a) pion vertex correction

A
A ~ [n—p+m7|x[m—propagator] X [x — | + v],
| | | i - )|
T0 5 (]2 — m% \/i sy
pion-nucleon coupling
<plA™ln> = p {7 Fp— 2t GoJx } 57

7

M g? — m2

Although the axial current is not conserved, it may be approximately conserved in m, — 0

limit (partial conservation of axial current), lim 9,A" = 0.

m,—0

gofr = 2MZ*F,4

g()fw 2M2
e = F
ST o R




MiniBooNE cross section model

39%

16%

25%

4%

4%

8%
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charged current quasi-elastic (CCQE), v, +p — pu= + n;

neutral current elastic (NCE), v, + p(n) — v, + p(n);

charged current one 7" production (CCln™"), v, +p(n) — = + 7" + p(n);
charged current one 7° production (CC17°), v, +n — u~ + 7° + p;

neutral current one 7= production (NCl7=), v, + p(n) — uF + 7% + n(p);

neutral current one 7° production (NC17°), v, + p(n) — p~ + 7° + p(n);

others, multi pion production (multim), deep inelastic scattering (DIS), etc.



1) For low values of s we observe resonances, for instance in N — 7 scattering the A and
higher resonances. This means that there are poles in the variable s at the resonance masses.
The amplitude T'(s,t) behaves near the resonance as

A

_ e
S mp

T(s,t) ~

For unstable resonances mg has an imaginary part.

2) For high values of s we have Regge behaviour, that is in that limit the amplitude behaves
like
T(s,t) ~ s,

the function «(t) is called a Regge trajectory.

This gives a good description of high energy scattering, that is for large values of s and for
negative values of t. For positive values of ¢, which can occur in annihilation, a resonance
pole with total angular momentum .J occurs at those values of ¢, where «(t) is a nonnegative
integer J. It turned out that linear trajectories, that is

alt)=ap+a -t (1.1)

give a good description of the data. «g is called the intercept and o' the slope of the
trajectory. The concept of duality was developed as an attempt to unify these two seemingly
very different features.

An important model for scattering amplitudes which shows this dual behaviour is the
Veneziano model V (s,t) [8]. It consists of a sum of expressions like

['(1—a(s)I'(1 — aft)) _ (1 —ag—a's)l'(1 —ag — a't)
['(2 — a(s) —al(t)) ['(2—ay—a's—ay— a't)

T(s,t) = (1.2)



['(1—a(s))I'(1 — al(t)) _ ['(1—ay—ds)I'(1 —ay— a't)
['(2—a(s) —a(t)) ['(2—ay—a's—ay— a't)

with the linear trajectory a(x) = ag + o’x. I'(z) is the Euler Gamma function which for
integer values is the factorial, I'(z + 1) = z!. From the properties of the I' function follows:
for large values of s and negative values of ¢ the amplitude T'(s,t) shows Regge behaviour,
and it has resonance poles for for integer values of a(s) or a(t). These poles lie on straight
lines, the lowest one is called the Regge trajectory, the ones above it are called daughter
trajectories, see Fig. 1.2.

T(s,t) = (1.2)

It was soon realized, that the Veneziano model corresponds to a string theory, where the
rotation of the string gives the resonances along the Regge trajectories and the vibrational
modes yield the daughter trajectories, see figure 1.3.

In this approach the hadrons are not point-like objects nor composed of point-like objects
(elementary quantum fields), but they are inherently extended objects: strings.

417 —1

Holo) = (-2 + 5,5+ U(0)) 6(0) = Mo(c)
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Ami-t

. k % . J

P, v, (t) = kg . UaUpkUajUg; exp | —i T
\J

Neutrino oscillations are independent of Majorana phases which are
always factorized in a diagonal matrix on the right of the mixing matrix
CP and T violation in neutrino oscillation depends on the Dirac phases

CP _ _

T

CPT _ _



N(A,Z) > N(A,Z+2)+2e +20, (203,
NAZ) - N(A, Z —2)+2et + 20, (265-)
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Fic. 14.8. Illustration of the two rea- Fi1G. 14.9. Illustration of the parti-
sons why 20,, decay processes are cle—antiparticle and helicity matching
forbidden in the SM: ¥, # v, and the conditions for 23;, decay.
helicity mismatch.

The particle—antiparticle mismatch. A 7, emitted in the upper leptonic ver-
tex cannot be absorbed in the lower leptonic vertex, which is capable only of

absorbing a v,.
The helicity mismatch. The helicity of the neutral lepton emitted in the upper
leptonic vertex is positive and the lower leptonic vertex can absorb only a neutral

lepton with negative helicity.



Particle—antiparticle matching: v, = v.. The electron neutrino must be a
Majorana particle. In this case, the total lepton number is not conserved (see
section 6.2.4).

Helicity matching: m, +# 0. In this case, the upper leptonic vertex can emit
a neutrino with negative helicity with relative amplitude m,_ /F,  (see
eqn (6.106)), which is absorbed by the lower leptonic vertex with relative
amplitude equal to unity.



