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Lecture 20 Review
* Weak interaction is of form Vector — Axial-vector (V-A)

_ P P3
€ U Y,

Tt e Ty, (P = PP ue
_igwl AP w V - A
7 ST (1=7)

% Consequently only left-handed chiral particle states and right-handed
chiral anti-particle states participate in the weak interaction

mm) |MAXIMAL PARITY VIOLATION

% Weak interaction also violates Charge Conjugation symmetry

* At low q2 weak interaction is only weak because of the large W-boson mass

G 2 Intrinsic strength of
F = g“,/) weak interaction is
\/i Sm‘W similar to that of QED




The Birth: Beta Decay

Neutron not discovered yet
A— B+e”

(Z,N) - (Z+1,N —1)+e”

particle
@ m, =939.5656 MeV (electron)

@ m, =938.2723 MeV

@ m =0510999 MeV
0.7823 MeV=Q for n—>p+e

The conservation of Energy and momentum
requires the electron have a single value of energy.



Number of electrons

Beta Decay

1914, Chadwick

Observed Expected
spectrum of electron
energies energy
n — pe
Ener
o Endpoint of

spectrum



What is Wrong?

Something to loose

or

Something to add



Neil Bohr

e ready to abandon the law of conservation of ene

* propose a statistical version of the conservation 1929
laws of energy, momentum, angular momentum

1924, Borh, Kramers, Slater, “328YIE FIE1L":
%‘E%%H‘E\ﬂ%ﬁiﬁ\ﬁiﬂﬁﬁ_ﬁ AR AKTIE,
MAREFEEEFRITEX ESFE,

19255, BT - FEETIIE 7 MBS 1T 42
HRESIE TE.




Neutrino

Wolfgang Pauli 1930

Letter to the physical Institute of the Federal
Institute of Technology. Zurich

The Desperate Remedy

4 December 1930
Gloriastr.
Zuirich
Physical Institute of the
Federal Institute of Technology (ETH)
Zurich
Dear radioactive ladies and gentlemen,

to save the “exchange theorem”” of statistics and the energy
theorem. Namely [there is] the possibility that there could
exist in the nuclei electrically neutral particles that I
wish to call neutrons, which have spin 1/2 and obey the
exclusion principle, and additionally differ from light quan-




Neutrino

In 1932 Chadwick discovered a neutral
nuclear constituent. By studying the
properties of the neutral radiation n emitted
INn the process

Be + o —> “C +n
He found out that n was a deeply penetrating |
neutral particle slightly heavier than the
proton, quite distinct from gamma-rays.

Pauli %85 “neutron” #Fermiggpk “little
neutral one” , ALK EHE “Neutrino”



Neutrino

Solvay 1933 Physics Conference (Brussels. Belgium)

Pauli #z & T ftt By R i Fix 18

%’

De . Leitner
Broglie




Gr ¢ My =Gp VY Yy | (e 1y
Gp ~107° (GeV) ™

Loosely like QED, but zero range and non-diagonal

The interaction behind beta decay remains
unknown in Fermi’s time.

It took some 20 years of work to figure out a
detailed model fitting the observation.



Parity Violation

Parity conservation had been assumed, almost without question

0 —71 puzzle (19507s) Lee, Yang (1956)
+..0
O — 7w,
P=+1

+. .0

T — JU T TU

P=—1
Two particles with same mass,
charge, spin, lifetime,
but different decay modes and
parity

Need a pseudo-scalar to measure the parity violation effects.

- =

o-p




V-A Theory

(maximal violation of parity and charge conjugation)

Gr
H=—JJ" J,= J. + J°
* \/5 7 H M M,
leptonic hadronic
T S _
T ¥ v T =€ % (1 =) ve+ v (1 —7°) v
=2 [éL7uVeL + ﬁL'YuVuL]

_ _ 1—° -
e Yy = Pryp = =1 (vector - axial)

e Gr ~ 1.17 X 1075 GeV 2 (Fermi constant)
e Can extend third family, neutrino masses

e Will display hadronic current later



V-A Theory

Feynman & Gell-man; Sudarshan, Marshak (1958)
Theory of the Fermi Interaction

R. P. FEynMAN AND M. GELL-MANN
California Institute of Technology, Pasadena, California

(Received September 16, 1957)

The representation of Fermi particles by two-component Pauli spinors satisfying a second order differential
equation and the suggestion that in 8 decay these spinors act without gradient couplings leads to an essen-
tially unique weak four-fermion coupling. It is equivalent to equal amounts of vector and axial vector coup-
ling with two-component neutrinos and conservation of leptons. (The relative sign is not determined
theoretically.) It is taken to be ‘“universal”; the lifetime of the u agrees to within the experimental errors of
29,. The vector part of the coupling is, by analogy with electric charge, assumed to be not renormalized by
virtual mesons. This requires, for example, that pions are also ‘‘charged” in the sense that there is a direct in-
teraction in which, say, a #° goes to 7~ and an electron goes to a neutrino. The weak decays of strange par-
ticles will result qualitatively if the universality is extended to include a coupling involving a A or Z fermion.
Parity is then not conserved even for those decays like K—2= or 37 which involve no neutrinos. The theory
is at variance with the measured angular correlation of electron and neutrino in He®, and with the fact that
fewer than 10~ pion decay into electron and neutrino.

5 A universal V, 4 interaction has also been proposed by E. C. G.
Sudarshan and R. E, Marshak (to be published).

The authors have profited by conversations with
F. Boehm, A. H. Wapstra, and B. Stech. One of us

(M. G. M.) would like to thank R. E. Marshak and
E. C. G. Sudarshan for valuable discussions.




V-A Theory

HEP 3 records found Search took 0.13 seconds.
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. Group U(6) x U(6) generated by current components
R.P. Feynman, Murray Gell-Mann, G. Zweig (Caltech, Kellogg Lab). 1964.
Published in Phys.Rev.Lett. 13 (1964) 678-680
DOI: 10.1103/PhysRevLett.13.678
References | BibTeX | LaTeX(US) | LaTeX(EU) | Harvmac | EndNote
ADS Abstract Service; Phys. Rev. Lett. Server; Link to Fulltext

Detailed record - Cited by 71 records

2. Theory of Fermi interaction
R.P. Feynman, Murray Gell-Mann (Caltech). 1958.
Published in Phys.Rev. 109 (1958) 193-198
DOI: 10.1103/PhysRev.109.193

References | BibTeX | LaTeX(US) | LaTeX(EU) | Harvmac | EndNote
Phys.Rev. Server; Link to Fulltext

Detailed record - Cited by 1283 records

3. Strange particles and weak interactions
J.R. Oppenheimer (chairman) (Princeton, Inst. Advanced Study) et al.. 1957. 51 pp.
Conference: C57-04-15, p.IX.1-52 Proceedings

References | BibTeX | LaTeX(US) | LaTeX(EU) | Harvmac | EndNote
Link to Fulltext

Detailed record




Chirality Invariance and the Universal
Fermi Interaction™
V-A Theory

E. C. G. SupArsHAN, Harvard University,
Cambridge, M assachusetts

12. Chirality invariance and the universal Fermi interz . AND
E.C.G. Sudarshan (Harvard U.), R.e. Marshak (Rochester U.). Ja| R. E. MArRsHAK, University of Rochester, Rochester, New York
DO 10.1103/PAYSROVI0S 1860 (Recelved January 10, 1958)
References | BibTeX | LaTeX(US) | LaTeX(EU) | Harvmac . .. .
Phys.Rev. Sle,.ver | !l | | E have shown! that the imposition of the require-
Detailed record - Cited by 457 records ment of chirality invariance® on each covariant

in the four-fermion interaction Hamiltonian leads to
the essentially unique expression?:

* Supported in part by the U. S. Atomic Energy Commission. 1 o
1 E. C. G. Sudarshan and R. E. Marshak, Proceedings of Padua- G{LAv (47 BILOv(1+y5) D+ Hoe ) (D

Venice Conference on Mesons and Newly Discovered Particles, (¢ is the coupling constant and 4, B, C, D are

September, 1937 [Suppl: Nuovo cimento (to be p ublished) ], |~ irac particle fields. In the standard terminology

of parity-conserving interactions, (I) represents the

R. P. Feynman and M. Gell-Mann [Phys. Rev. 109, 193 |V — 4 (V is vector, 4 is axial vector). We
(1958) ] have independently arrived at this expression on the basis| (I) holds between any two of the pairs?
of a two-component spinor theory for all spin § particles and no |-, (i.e., the particles are taken to be the
gradients in the interaction Hamiltonian; however, this theory - : -
requires the two-component wave function to satisfy a second
order equation which raises certain difficulties of principle (quan-
tization according to the usual rules, effect of strong interactions,
etc.). More recently, J. J. Sakurai has obtained expression (I) by
requiring the invariance of the four-fermion Hamiltonian under
separate reversal of the sign of the mass in the Dirac equation
for each fermion; this condition is completely equivalent to the
condition of chirality invariance. We are indebted to the authors
for sending us preprints of their papers.
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What we learned ...
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What we know today : Neutrino Flavours

% 2015 Nobel Prize == neutrinos have mass (albeit very small)

% The textbook neutrino states, V,, Vu, Vg, are not the fundamental particles;

theseare V|, Vr, V3
% Concepts like “electron number” conservation are now known not to hold.

* So whatare V,, V;, Vr ?
% Never directly observe neutrinos — can only detect them by their weak interactions.

Hence by definition V, is the neutrino state produced along with an electron.
Similarly, charged current weak interactions of the state V, produce an electron

= | Ve, Vu, V¢ = weak eigenstates

................. v — VA

% Unless dealing with very large distances: the neutrino produced with a positron
will interact to produce an electron. For the discussion of the weak interaction

continue to use V,, v,, V; as if they were the fundamental particle states.
18



Muon Decay and Lepton Universality

% The leptonic charged current (W?*) interaction vertices are:
Ve Vi Ve

14
% Consider muon decay:

It is straight-forward to write down the matrix element

g&:)gw) 5 v 5
Mg = 8’—7[1_‘(173)7'“(] =Y )u(pr)]guv[u(p2)y" (1 =7")v(ps)]

n ‘w

Note: for lepton decay q2 <4 m;")v so propagator is a constant | / m%v
i.e. in limit of Fermi theory

Its evaluation and subsequent treatment of a three-body decay is rather tricky

(and not particularly interesting). Here will simply quote the result
19



°The muon to electron rate

_ FYFu . — Sw
Tl = ev) =g m T with GF = 2o,
GyGy m
Similarly for tau to electron ['(17 — evvV F
( )= 1927t*
*However, the tau can decay to a number of final states:
VT V‘[ VT

Vv Vv _ T

T ¢ T u T U

e u d

Br(t — evv) =0.1784(5) Br(t— uvv)=0.1736(5)
*Recall total width (total transition rate) is the sum of the partial widths

=) Ii=-

It can relate partial decay width to total decay width and therefore lifetime:
['(t—evv)=I:Br(t —evv)=Br(t—evv)/1;

Therefore predict 19273 1927r
Ty = = Tr = Br(r — evV)

20



All these quantities are precisely measured:

my = 0.1056583692(94)GeV T, =2.19703(4) x 107°

my = 1.77699(28) GeV 7 = 0.2906(10) x 1025
Br(t — evv) =0.1784(5)

G_; ’n Tp

: T
Gg miTe

Br(t — evv) = 1.0024 +-0.0033

Similarly by comparing Br(T — evVv) and Br(T — Uvv)

G = 1.000 £ 0.004

F

% Demonstrates the weak charged current is the same for all leptonic vertices

- 8w _ 8w _ 4%
e u T

W 1'% %1%

==) |Charged Current Lepton Universality

21



Neutrino Scattering

* We have considered electron-proton Deep Inelastic Scattering where
a virtual photon is used to probe nucleon structure

e Can also consider the weak interaction equivalent: Neutrino Deep Inelastic
Scattering where a virtual W-boson probes the structure of nucleons

=) additional information about parton structure functions
+ provides a good example of calculations of weak interaction cross sections.

% Neutrino Beams:
Smash high energy protons into a fixed target =% hadrons
Focus positive pions/kaons
Allow them to decay 17 — ;,DLV“ + K" — utv, (BR=~64%)
Gives a beam of “collimated” V|
Focus negative pions/kaons to give beam of V#

b4

Magnetic _ Absorber = rock
focussing T
v
‘ B ——— e
> P NEPPPRHELELLL ELERL L Vv eu rinO
Proton beam — T Decay tunnel ’ beam

target "V
e nt—utvy,

22



Neutrino-Quark Scattering
% For V, -proton Deep Inelastic Scattering the underlying process is Vpd — U Uu

% In the limit q2 < m:ﬁ)v the W-boson propagator is ~ iguv/m‘zv

The Feynman rules give:

—iMyi = [—i%ﬁ(m)}""%(‘ —Y)“(Pl)] ig‘év [—i%ﬁ(l74)

miy,

P (= Pulp)

DI -

Myi = 2% guv (AP 5(1=7)u(p) | [@(pa) 37" (1= 7 )u(p2)

Evaluate the matrix element in the extreme relativistic limit where the

muon and quark masses can be neglected
23



In this limit the helicity states are equivalent to the chiral states and
I
sA=Pur(p)=0  F(1=7)u(p1) =u(p1)

m) M;=0 for uj(pi) and uy(p2)

Since the weak interaction “conserves the helicity”, the only helicity combination
where the matrix element is non-zero is
2
8w

Mji = 5 81V @, (p3)7*u;(p1)] [ (Pa)7Y u(p2)]

NOTE: we could have written this down straight away as in the ultra-relativistic
limit only LH helicity particle states participate in the weak interaction.

% Consider the scattering in the C.0.M frame

~
- 0"

Vu x

—
/
u

u

24



Evaluation of Neutrino-Quark Scattering ME

* Go through the calculation in gory detail (fortunately only one helicity combination)
In the Vyd CMS frame, neglecting particle masses:

Pi 0" — _
" » ] p2 = (E, 0,0,—E) |
/ P2 p3 = (E,Esin8",0,Ecos0")
U pa ps=(E,—Esin0*,0,—Ecos0")
Dealing with LH helicity particle spinors. For a massless particle traveling in direction (9,¢)):
)
i
u =vVE [ c=cosd; s=sind
—ce™?

Here (9|s¢|) - (0,0); (92'(1}2) - (7[30); (93= ¢3) - (6*’0); (9434)4) - (ﬂ:_ 9*,7l')
giving:

0 —1 —s —c
u (pr)=VE ( 0 ) : u(p2) =VE ( | ) ; uy(p3)=VE ( y ) ; uy(ps) =VE (_(:")
—{ 0 — s




To calculate )

My = %guv (@, (p3) 7" uy (p1)] [@(pa)y u; (p2)]

need to evaluate two terms of form
U0 = vYY0=vioi+ o+ v+ yios
Ur'e = vYY0=vios+ o+ i+ v
VYo = VY0 =—i(vios— w03+ vior— vior)
Ure = v Y0 =yi0—v0s+ i — i
Using

0 —1 -5 —c
u(p1) = VE ( (l) ) : u,(p) = VE ( (l) ) ; uy(p3)=VE ( y ) ; uy(ps) =VE (_(’)
- 0 —C s

- | L(P3)Vu (1) =2E(c,s, —is,c)
u|(pa)yu(p2) =2E(c,—s,—is,—c)

g giws - 2
m—) M= 4B (P45t 57+ cF) = 20 §=(2E)

2mw miy s



% Note the Matrix Element is isotropic

u
' m%v Vi - d

—)
we could have anticipated this since the /
helicity combination (spins anti-parallel) 7]

has §, =( = no preferred polar angle

% As before need to sum over all possible spin states and average over
all possible initial state spin states. Here only one possible spin combination
(LL—LL) and only 2 possible initial state combinations (the neutrino is always
produced in a LH helicity state)

2 2 The factor of a half arises because
2 I 8w half of the time the quark will be in
<|Mfi| > — 5 | T2 a RH states and won’t participate in
My the charged current Weak interaction

% In the extreme relativistic limit, the cross section for any 2—2 body
scattering process is

do |
dQ* 64712§

27



do L gy = ] 2,8\’ g% )
p— i b— ~ - p— S
dQ’ 64n2s " 6ams 2 \ md, 8v27m?,
g5 2
using —r — “; . do _ &S‘
2 Bmy dO* 472

G2§
- GV(/ — ol sl _(1)

cross section is a Lorentz invariant quantity so this is valid in any frame

28



Antineutrino-Quark Scattering

VP! u pP3 ut In the ultra-relativistic limit, the charged-current
interaction matrix element is:

W<l g Mj; = g 2uy [v (p1)¥*3(1 - v(p3)] [Tl(m)YV%(l —Ys)u(ﬁz)]

21 "w
\/
u P2 P4 d

% In the extreme relativistic limit only LH Helicity particles and RH Helicity anti-

particles participate in the charged current weak interaction:
2

- M= ;ngvguv Vi)Y vi(p3)] [ (pa)? u (p2)]

% In terms of the particle spins it can be seen that the interaction occurs in a
total angular momentum 1 state J—1

/ * 9*

_ =

—
e

29



% In a similar manner to the neutrino-quark scattering calculation obtain:

doy doy, 1
= Y _(]1+4cosB*)>

dQ*  dQ* 4 / 7=l
The factor %(l +c0s6*)? can be understood : Z 6> J=1
in terms of the overlap of the initial and final /

angular momentum wave-functions

% Similarly to the neutrino-quark scattering calculation obtain:
dO'Vq B Gl2:

10 = ]6n2(1+cose*)2s“

* Integrating over solid angle: .7

/(I +c0s0*)%dQ" = /(I +co.s'9‘)2d(cosf):)d¢ = Zn/.Tl(I +c0s0*)d(cos 0*) = I()Tn
- oy, = G—%S
3n
% This is a factor three smaller than the neutrino quark cross-section
GVq ]
oy, 3




(Anti)neutrino-(Anti)quark Scattering

Non-zero anti-quark component to the nucleon => also consider scattering from g

Cross-sections can be obtained immediately by comparing with quark scattering
and remembering to only include LH particles and RH anti-particles

VPl P3 =i vl L I p3 ut
1% l q
d—3 pu o u—pT v S=d
- Vu'_ ‘//{Vp'-i-
0* 0"
! P =—d = =
- -
u 5 a'A
S; — S\'.' - +l
dovq G%‘ - . dO-Vq Glz': *\2 A
aQr _ an2’ a0~ Ten2 L TeosO)
GL§ Gg$
Ovg = —— . Oy 3T
T LY/

Vi P! I P3 _ =i vl ! I p3 ut
W< q W<la
W p U opid A7 Vo
v st
p— 9*_ — —) 9*—
v,,/ —u vy / - d
— ' el
u
S: — _l SZ -
doy, G> PO doy;  Gp
To ](mz(l+c056 ) s o 47r35
G&$ G#$
Ovg = —— Oyg = ——
3n T

31



Differential Cross Section do/dy

% Derived differential neutrino scattering cross sections in C.0.M frame, can convert

to Lorentz invariant form
P3 . As for DIS use Lorentz invariant y = P2-9

u - DP2-pi
In relativistic limit y can be expressed in terms
of the C.o.M. scattering angle

Vi Pl

= %(l —cos0")
d P2 ps U In lab. frame E;
y=1-= £,
do do l
% Convert from o d using
do ,dcos@*, do dcosO* do do
— = | | = | 2 =4r
dy dy dcos6* dy dQ*  w=dQ*
do Gt
Alread Iculated (1 =
ready calculated (1) oY, 47:—3
do doy; G?
Hence: M=M= ZEp
dy dy /4

32



and

becomes

from

and hence

QED

dO'Vq

dQ*

dO'Vq
dy

doy;  Gi .
=30 = Ten2 (| Teos€)’s
doy; Gt
= d;q = 47’;(1 +cos0%)%§

=3(1—cos8*) — 1 —y=1(1+cos6")

DIFFERENCES:

WEAK

doy, doy; _ Gi Gt (1 25
= -y
dy dy T
% For comparison, the electro-magnetic eiq - eiq cross section is:
do +, 27ta
‘ [1 (1-y)2] s
dy \
v J
Interaction Helicity
+propagator Structure
A —A
doy, _doy; _ Gi Gi (125
-y
dy dy T

33



Parton Model For Neutrino Deep Inelastic Scattering

Vu
P X
P4
Scattering from a proton = |Scattering from a point-like
with structure functions quark within the proton

% Neutrino-proton scattering can occur via scattering from a down-quark or
from an anti-up quark

In the parton model, number of down quarks within the proton in the

momentum fraction range x — x + dx is d”(x)dx. Their contribution to
the neutrino scattering cross-section is obtained by multiplying by the

vpd — WL~ u cross-section derived previously

do"?  Gg
= —L§d" (x)dx

where § is the centre-of-mass energy of the Vud
34



Similarly for the u contribution

vp 2
d; =9ﬂu—)—wnw

% Summing the two contributions and using § = xs
d2O.Vp GZ
= —Eox [dP(x) + (1 — y)?u” (x
Sy = (@70 + (1) )

% The anti-neutrino proton differential cross section can be obtained in the
same manner:

d2 vp GZ .
d;;y = ZEox|(1- ) () +@" ()]

% For (anti)neutrino — neutron scattering:

dZO-Vn G2 ’ .
Iy z?sx[d’(x)+(l—y) u"(x )]
dZO.Vn G2

mw._EWQU—w%%@+Tuﬂ

35



As before, define neutron distributions functions in terms of those of the proton

u(x) = uP(x) = ci';(x), d(x) =dP(x) = u"(x)

ax) =P (x) =d (x);  dx)=d (x) =u"(x)

Po" G :
_ — — V) U (2)
ey - SX [d(x) +(1—y) u(x)]
d2O-Vp G2 B
iy ?st [(1—y)?u(x) +d(x)] (3)
dZO-Vn G‘?’: o=
= —Lox|u — (4)
Dy 5% [u(x) + (1 —y)°d(x)]
dZO.Vn G2
o= (-] @

% Because neutrino cross sections are very small, need massive detectors.
These are usually made of Iron, hence, experimentally measure a combination
of proton/neutron scattering cross sections

36



% For an isoscalar target (i.e. equal numbers of protons and neutrons), the mean
cross section per nucleon:

d20VN ] dzo_vp dZO.Vn
dxdy 5( dxdy " dxdy )
d2cVN G2 _ -
= dedy Z;Sx [(x) +d(x) + (1 - y)*(@(x) +d(x))]

Integrate over momentum fraction X
vN =
do _ G
dy 2r

where fq and fq are the total momentum fractions carried by the quarks and
by the anti-quarks within a nucleon

| l —
fu=fatfu= [ Xl +d@)ds f;= fr+fa= [ x[a0)+d00)]dx

Similarly

s[fy+(1=9)%f)] (6)

do"N _ Gi
dy 2r

s[(1=y)2fy+ f7)] (7)

37



e.g. CDHS Experiment (CERN 1976-1984)

CERN, Dortmund,
Heidelberg, Saclay
+ Warsaw

* 1250 tons
* Magnetized iron modules
» Separated by drift chambers

Study Neutrino Deep
Inelastic Scattering

38



Example Event:

X
Vv
" _

"""""" > %\#/

NS AN ?-om- ™0 Energy DepOSited )

Measure energy of X
Hadronic E
«—— shower (X) X
1
e MN-tomp e s Position

Measure muon momentum
from curvature in B-field

Ey

% For each event can determine neutrino energy and y !

Ey, = Ex +Ey

En=(1-yE — y= (1——)

39



Measured y Distribution

PR Vv . v +
CDHS measured y distribution H u g u
W 1%
vg  E.x90-200 Gev
d u u , o —~d
ovd - Tk (:i(gy{'f' = 81—y
y dQ*  4n T
; - _
H Vu ut
14

eyl (6261) LD 'sAyd'z “|e 3@ j0049 8ap ‘1

Shapes can be understood
in terms of (anti)neutrino —
(anti)quark scattering




Measured Total Cross Sections

% Integrating the expressions for ‘(’i—g (equations (6) and (7))

O'VN G [ v ‘7] O.VN G [ f([ fﬁ]

\% > @ P
(Ey,0,0,+Ey) (m,,0,0,0) s=(Ey +m,,) E" =2Eym, +m ~2Eym,

= | DIS cross section o< lab. frame neutrino energy

% Measure cross sections can be used to determine fraction of protons momentum
carried by quarks, fq , and fraction carried by anti-quarks, fﬁ

Find: f, ~0.41; f3~0.08 T ;
* ~50% of momentum carried by gluons N o.a%{ E
. yg = . . > 3
(which don’t interact with virtual W boson) f ;i 18 i %.@Mli §1- DR—
. . 0.6~ 3
* If no anti-quarks in nucleons expect { i | { :
3 vN 3
=3 ;M Adw . i |
= I
O'VN f»- §§ §§ﬁ Yumpasn a2 g
e :lg [ Pss $TT8 9 O MMICWER [l1] ¥ Cns -
* Including antl-quarks o e -
3 W o EI’;L":P.\ (:‘ v ;1:\7‘11’!7 O muu;:
0.0:1 2 1 1 1 o £ 8 - vr[l]t- P P -
N N 2 0 10 20 30 50 100 150 200 0 300 350
V , [GeV)
o o (e 41




Weak Neutral Current

% Neutrinos also interact via the Neutral Current. First observed in the Gargamelle
bubble chamber in 1973. Interaction of muon neutrinos produce a final state muon

Vy +N — VvV, +hadrons Vuyt+e™ - Vy+e”

8¢l (€261) g9v ‘1o 'sAud “|e 3o MaseH 4
LZL (€261) 99 "ne1 'sAyd “|e 1o JaseH 4

% Cannot be due to W exchange - first evidence for Z boson
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Summary

% Derived neutrino/anti-neutrino — quark/anti-quark weak charged current (CC)

interaction cross sections

% Neutrino — nucleon scattering yields extra information about parton
distributions functions: .
« v couplesto d and 77; V couplesto u and d

=) investigate flavour content of nucleon
e can measure anti-quark content of nucleon

Vg suppressed by factor (] — y)? compared with Vg
Vq suppressed by factor (] — y)2 compared with Vg

% Further aspects of neutrino deep-inelastic scattering (expressed in general
structure functions) are covered in Appendix Il

% Finally observe that neutrinos interact via weak neutral currents (NC)
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Appendix: Deep-Inelastic Neutrino Scattering

Two steps:

* First write down most general cross section in terms of structure functions
* Then evaluate expressions in the quark-parton model

QED Revisited

*In the limit § > M? the most general electro-magnetic deep-inelastic
cross section (from single photon exchange) can be written

d’c,+, 4na? P (x,0°
—= = —0— (1Y) 24,0 )+.\'2F|(«“,Q2)
dxdQ- o4
e For neutrino scattering typically measure the energy of the produced muon
Eu = EV(] — y) and differential cross-sections expressed in terms of dxdy

d’c ‘sz d’c d’c

* Using 2 _ —M2 o~ i - —
0" = (s —M)xy = sxy dedy | dy |dedQ? N dxdQ?
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¢ In the limit 5 > M? the general Electro-magnetic DIS cross section can be written

>0 7  4ma’s

dxdy % [(1=y) Fa(x, Q%) +y*xFi (x,0%)]

NOTE: This is the most general Lorentz Invariant parity conserving expression

% For neutrino DIS parity is violated and the general expression includes an additional
term to allow for parity violation. New structure function F3(x, Q2)

267 Gls

vup — U X -
up— K dxdy 27

[(1 —y) B (x,0%) 4+ y*xF"" (x,0 )+V( - %).rﬂv"(.,\‘, Qz)]

e For anti-neutrino scattering new structure function enters with opposite sign

Vv p— [J+X dQO'Vh _ G%s [(] _\) vp(‘ Q )+\ \Fvl)(l Q_) —y (1 ) \‘FV’)(\' QZ)]
H dxdy 27 2/73
 Similarly for neutrino-neutron scattering
— dQGVH st - , . . . y "
vyn — U X By = 2; .(l —y) B (x, QZ) +..\’2-’CF|V'(.r, Qz) +y (] — 5)"E3v’(~‘aQ2)]
- + d’c"  Gis < % Y\ o¥ns. 2
Vun = B X gy = 2 (1000 + xR (v, 0) -y (1-3) xF" (. 0%)]
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Neutrino Interaction Structure Functions

% In terms of the parton distribution functions we found_(2) :

d’c"? Gt

= —Egx + (1 —y)u(x

Ty = o [0+ (1))

Compare coefficients of y with the general Lorentz Invariant form and
assume Bjorken scaling, i.e. F(x,0%) — F(x)

d26VP - Glz:s [(1 _y)szp(x)+y2xFlVI’(x)+y(l — X) F;VI’( )]

dxdy 2« 2
Re-writing (2) d2gVP 2
d.Ziy = gﬂ | 2xd (x) + 2x1(x) — 4xyﬁ(x)+2xyzﬂ(x)]

and equating powers of y

2xd+2xu = b
—4dxu = —-Fk+xF3
2u = F—xF3/2 |

Fy? = 2xF"" = 2x[d(x) +u(x)]
xFy" = 2x[d(x) —u(x)]

gives:
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NOTE: again we get the Callan-Gross relation F> = 2xF]
No surprise, underlying process is scattering from point-like spin-1/2 quarks

% Substituting back in to expression for differential cross section:

d2 cV? G;":S ),2 v y »
dvdy 27 [('“Hj) F (~*)+.\"(|—5)AF3 (x)

* Experimentally measure /2 and F3 from y distributions at fixed x

» Different y dependencies (from different rest frame angular distributions)
allow contributions from the two structure functions to be measured

1t y(-3) 1]

A

1-y+ %

“Measurement”

x Thenuse FY? = 2x{d(x) +a(x)] and  F}” = 2{d(x) - ()
mm) Determine d(x)and u(x) separately



% Neutrino experiments require large detectors (often iron) i.e. isoscalar target
FYN =2xF'N = 1 (B + FY") = x[u(x) + d(x) +u(x) +d(x)]
xEYN = 3 (xFy 7+ xFY™) = x[u(x) +d(x) — u(x) — d(x)]

% For electron — nucleon scattering:
FyP = 2xF" = x[gu(x) + §d(x) + 3u(x)
F5" = 2xF" = x[%d (x) gu(x) + g-

For an isoscalar target

PN = (B4 FEY) = fiolute) + o) +000) + )

—

vN __ 18 peN
= |5 =355

Note that the factor 1_58 (q,, + qd) and by comparing neutrino to
electron scattering structure functions measure the sum of quark charges

Experiment: 0.29 = 0.02 5/18 = 0.278
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Measurements of F,(x) and F,(x)

CDHS Experiment v, +Fe — u= +X

F(x)
5] o 10 < Q2 <20 Gevc? -

FYN = x[u(x) +d(x) + u(x) + d(x)]
xFYN = x[u(x) +d(x) —u(x) — d(x)]

VN i} this experiment

= FYN —xFYN =2x[u+d|
10

* Difference in neutrino structure
functions measures anti-quark
(sea) parton distribution functions

05

8z (€861) 21D 'sAyd'z "|e 16 zoimoweaqy ‘H

w
: - \
Sea dominates so expect xF; Sea contribution goes to zero

to go to zero as q(x) = q(x)




Valence Contribution

% Separate parton density functions into sea and valence components
u(x) = uv(x) +ug(x) = uy (x) + S(x)
d(x) = dy(x) +ds(x) = dy(x) + S(x)
u(x) = us(x) = S(x)
d(x) = ds(x) = S(x)

= | FN = [u(x) +d(x) —u(x) — d(x)] = uy (x) + dy (x)

= [ EM@ar= [ (w00 +dy(x)dx =N +N}
JO
* Area under measured function F; N(x) gives a measurement of the total
number of valence quarks in a nucleon !
d
expect F3VN( )dx =3 |“Gross — Llewellyn-Smith sum rule”
0

Experiment: 3.0+0.2
Note: sz” v F"" = F2Vp FV” " FV" F3Vp and anti-neutrino
: structure functlons contaln same pdf mformatlon



