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Handout 10 : Leptonic Weak Interactions and
Neutrino Deep Inelastic Scattering
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Aside : Neutrino Flavours

* Recent experiments (see Handout 11) == neutrinos have mass (albeit very small)

* The textbook neutrino states, V., V,, V7, are not the fundamental particles;
these are Vi, V2, V3

* Concepts like “electron number” conservation are now known not to hold.
* So whatare V., Vy, 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, Vi, V= weak eigenstates

.................. o S

* 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;, V7 as if they were the fundamental particle states.
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Muon Decay and Lepton Universality

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

Ve Vi Vi
e T
14 %4
* Consider muon decay:
u

It is straight-forward to write down the matrix element
(e) (1)

8w 8w - _

Myi = ngzw [@(p3) 7" (1 =7 )u(p1)]guv[@(p2) v’ (1= 7 )v(p4)]
w

Note: for lepton decay q2 < m%V so propagator is a constant l/m%,
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
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-The muon to electron rate GGy mft 1 2

) 8w
(U —evv)= — with G =
(k )= o2 T 4/ 2mi,
G¢ ’L'mS
-Similarly for tau to electron [(7 — evy)= ——_F *
( ) 19273
*‘However, the tau can decay to a number of final states:
VT VT V,L-
v v _
T ‘ T H T u
e ‘,L_ d

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

1
Fr=YT=-
Lri=
-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 19273

T = Tr =
H et 5 T e T...5
GF GF my, GF piz

Br(t — evv)
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*All these quantities are precisely measured:
my = 0.1056583692(94)GeV 1, = 2.19703(4) x 107°s
m; = 1.77699(28) GeV 7; = 0.2906(10) x 10~ !25
Br(t — evv) =0.1784(5)
Gl’g mz Tu

G# ma Ty

=

Br(t — evv) = 1.0024 £ 0.0033

Similarly by comparing Br(T — evv) and Br(T — ,uvv)

—}j — 1.000 4+ 0.004
GF

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

_ 8w
e u T

W %4 %4
=) | Charged Current Lepton Universality
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Neutrino Scattering

*In handout 6 considered electron-proton Deep Inelastic Scattering where
a virtual photon is used to probe nucleon structure

«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 7+ — u*vy, + Kt — utv, (BR~64%)
Gives a beam of “collimated” V

*Focus negative pions/kaons to give beam of VU

Magnetic T Absorber = rock

. T
focussing
f' v
z R P U NUNNUUURERUPSSTTLILL > H
> | S L LA AL LT T TP PP PP » v Neutrino
— N u
Proton beam % e, Decay tunnel . beam
-

target
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Neutrino-Quark Scattering

*For Vy -proton Deep Inelastic Scattering the underlying process is Vud — U U

P2 P4

*In the limit q2 < m%y the W-boson propagator is ~ iguv/m%v
*The Feynman rules give:

—iM i = [—ig—\/vgﬁ(m)?’“%(l —Ys)u(m)] ’i‘év [—i%ﬁ(m)%ﬂl —75>u<pz>]

Mpi = gy [(p3) 7 4 (1 =¥ )u(p1) | [(pa) 17 (1= 7 )u(p)|

*Evaluate the matrix element in the extreme relativistic limit where the
muon and quark masses can be neglected
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*In this limit the helicity states are equivalent to the chiral states and
sA=Pur(p) =0  3(1=)uy(p1) =u (p1)

- Mfl-:O for MT(Pl) and MT(pz)

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

Mpi = 3 8wy [ (pa) P (p1)] 7 ()Y 0y ()]

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

~
9*
h d

Vu > <

—)
/
u

U
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Evaluation of Neutrino-Quark Scattering ME

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

D3 H p1 = (E,0,0,E),

D1 0 —
Vi » d p2=(E,0,0,—F)

(
/ D2 = (E,Esin0*,0,Ecos0")
1 P4 p4—(E —EsinB*,0,—Ecos0™)

*Dealing with LH helicity particle spinors. From handout 3 (p.80), for a

massless particle travelling in direction (8, ¢ ):
—s

ce'?
u =vE| c:cos%; s:sing
0
—cée
"Here  (61,¢1) =(0,0); (62,¢2) = (m,0); (63,¢3) =(6%,0); (64,04) =(7—06",7)
giving:
0 —1 —s —c
] —
u (pr)=vE| o | u(p2)=VE (1) s uy(p)=VE| § | w(pa)=VE| ¢
| 0 —c s
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*To calculate
M fi

g%

ZmW

need to evaluate two terms of form
o = Y0 =vioi+ v+ vios+ v
VYo = v =yioa o yioa i
VYo = ¥ =—i(yios— v+ yio— widn)
Vre = ¥YTO=vo -yt yion - vid

*Using
uy(p1) = VE

—)

2
S Mfi:g_W;4E2(cz+S2+S2+cz):8W

(

—1

0 —1 —S
(1)>§ ”l(Pz)\/E((l)); Ml(m)\/E(g

0

i (p3)ytu; (p1)
i) (pa)y¥u(p2)

2E(c,s,—is,c)
2E(c,—s,—is,—c)

2my;

= gy [0, (p3) P uy (p1)] [y (pa) ¥y (p2)]
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* Note the Matrix Element is isotropic

v S e’
/i m%, Vu = ’ d

—)
we could have anticipated this since the /
helicity combination (spins anti-parallel) u
has 5, =0 = 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 The factor of a half arises because
<‘M |2> . l . ‘ g_W§ half of the time the quark will be in
fi T 2 mz a RH states and won’t participate in
W the charged current Weak interaction

*From handout 1, in the extreme relativistic limit, the cross section for any
2—2 body scattering process is

do 1 )
o = eans\Msl%)

Dr. A. Mitov Particle Physics 325



AN 2
do L wpy = L (8E) (s )
dQ 6425\ T 6ams2 \ m2, 8v/27m3,
2
using ﬁ:g—v‘; - dG o G—%S‘\
V2 8my dQ*  4nx?
* Integrating this isotropic distribution over d{2*
G2§
=> 0wy = —- (1)

scross section is a Lorentz invariant quantity so this is valid in any frame
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Antineutrino-Quark Scattering

Vu P1 u P3 ,LL+ In the ultra-relativistic limit, the charged-current
interaction matrix element is:

2
Wb = B [0 -] [y

D=

(1= 7)u(p2)]

upzvp4d

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

particles participate in the charged current weak interaction:
2

- M= %guv T (p1) Y vi(p3)] (3 (pa) Y uy (p2))

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

J=1
ut
”~ *
B — /ﬁl %
> < — u

V“ /A~ >J:1

a< /
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*In a similar manner to the neutrino-quark scattering calculation obtain:

doy, doy, 1
= (1 4cos0%)?
dQ*  dQ* 4 J=1
-The factor %(1 4 cos 8*)? can be understood /4
in terms of the overlap of the initial and final ./, = J=1

angular momentum wave-functions
* Similarly to the neutrino-quark scattering calculation obtain:

2
C;g’f = 1§;2<1+cose*>2§ ..........................................................................
*Integrating over solid angle e 90 = dgsin6d6 - dpd(cos)
/(1 + cos 9*)2d£2* /(1 + cos 9*)2d(cos O*S‘d(p 27I/JI1 (14cos 9*)2d(cos ") = 167%
Gz
= oy, = v
* This is a factor three smaller than the neutrino quark cross-section
qu o 1
oy, 3
Particle Physics 328
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(Anti)neutrino-(Anti)quark Scattering

‘Non-zero anti-quark component to the nucleon = also consider scattering from ¢

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

v, DI Py - v, Pl p3 v, . Di Py ,- i v,_ Dl p3
u u m- i Vu u ut| H H Vi K ut
W<la W<la W<l a W<la
d=77 v ru u=57 v o=d | g7, vV oir~d A=, V o
e _ ................................................. + ................................................... _ ................................................... +
oM 2t oM sk
— 0" i e 0* — 0" _ i - 0" _
h / = d v“/ = 4| - 4 v“/ - d
> 7 — -
u - d d 7]
doy, G . doy, G2 ol dow G2 > doy, G2
a0 an? a0~ Tem2 1 TeosO)S| o = g (1008778 a0 4n?
Gz$ Gz Gz$ Gz$
oy = B o = E| 6y = £ o = E
T R¥[4 RY/% T
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Differential Cross Section do/dy

* Derived differential neutrino scattering cross sections in C.0.M frame, can convert
to Lorentz invariant form

2.
v D1 D3 _ * As for DIS use Lorentz invariant y = P24
H u H P2-P1
* In relativistic limit y can be expressed in terms
W< g of the C.o0.M. scattering angle
y=3(1—cos6*)
d v . E
D2 D4 U In lab. frame y=1- E_3
* Convert from d‘g* > ‘glcy’ using I
do ,dcos@* do dcos 6* do do
dy dy 'dcos6* dy dQ* dQ*
do  Gi,
Already calculated (1) o - a2
* Hence: . 2
doy, _ doyg _ Gk ¢
dy dy T
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and

becomes

from

and

* For comparison, the electro-magnetic eiq — eiq cross section is:
dGeiq 2o

hence

doy, doyg

G2

o~ o = iem (I teese)s
doy, doy; G>
d)‘:q — d)\//q 47r(1—|—0059*)
y=5(1—cos0*) — 1—y=7L(1+cosd*
doy, doy; _ Gi PRI
dy  dy T Y

2 27 A
QED 1 —e, |1+ (1—y)7]§

Y . QY N . ,

DIFFERENCES: Interaction Helicity
+propagator Structure
—r—
. 2
weak | 49y _ dovg _ Gg SF (1 - y)2s

dy dy

T
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Parton Model For Neutrino Deep Inelastic Scattering

Scattering from a proton
with structure functions

* Neutrino-proton scattering can occur via scattering from a down-quark or

from an anti-up quark

Scattering from a point-like
quark within the proton

*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

Vud — WU U cross-section derived previously

doV?P
dy

E3dP (x)dx

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

Dr. A. Mitov
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Similarly for the U contribution
doV? Gz

o ?S(l —y)?@P (x)dx

* Summing the two contributions and using § = xs
d’c"?  G;
- Iy = 7sx dP(x)+ (1 —y)zﬁp(x)}

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

d2 Vp G2 B
iy = (1 )+ d )
* For (anti)neutrino — neutron scattering:
dZGVn G2 i .
oy — 7SX [d (x)+ (1 —y)°n (x)]

2 ~Vn 2
f@yz%mw—w "(x) +d" ()

Dr. A. Mitov
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*As before, define neutron distributions functions in terms of those of the proton
u(x) =uP(x) =d"(x);  d(x) =dP(x) = u"(x)
_ _ —n —p -n
a(x) =wP(x)=d (x); dx)=d (x) =u"(x)

d;z;p _ %2sx () + (1 — y)27(00)] 2
d;ivyp = (fsx [(1=y)%u(x) +d(x)] (3)
dsz;n - (f sx [u(x) + (1 —y)%d(x)] (4)
o =G0y aw] @

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

d26VN B 1 d26Vp N dZGVn
dxdy 2\ dxdy = dxdy
d2GVN G2 B _
—> o — 271; SX [u(x) +d(x)+ (1 —y)*(a(x) —I—d(x))]
‘Integrate over momentum fraction X
dGVN G2
& =2t et (=37 f7) ®

where f; and fg are the total momentum fractions carried by the quarks and

by the anti-quarks within a nucleon
1

1 —
fu= St fu= [ <)+ AWl f=frtfo= [ x [ +d0)] as

*Similarly

d VN G2
& =22 (=0 Fy+£7) )

Dr. A. Mitov Particle Physics
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e.g. CDHS Experiment (CERN 1976-1984)

*1250 tons
‘Magnetized iron modules
-Separated by drift chambers

Study Neutrino Deep
Inelastic Scattering

Vi — s

Dr. A. Mitov Particle Physics 336



Example Event:

Hadronic

«— shower (X)

|

Energy Deposited

Y-PROJ MIN=-2000.0 MAX= 2000.0

Position

‘Measure energy of X

Ex

‘Measure muon momentum
from curvature in B-field

Ey

* For each event can determine neutrino energy and y !

Ey, =Ex+E,

Ey=(1-yE, — yz(

Dr. A. Mitov
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CDHS measured y distribution

o
[ ]

Ey=90-200 GeV

<l <

eyl (6261) LD 'sAyd-z “|e 1@ J00.u5) ap ‘p

» Shapes can be understood in
terms of (anti)neutrino -

(anti)quark scattering
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Measured Total Cross Sections

do

* Integrating the expressions for &y (equations (6) and (7))
G 5 G
GVN [ fq fﬁ] GVN [ fq fﬁ]
\% - @ P

(Ev,0,0,+Ey) (m),0,0,0)  s=(Ey+mp)*—Ey =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 fq

Find:  f; ~0.41; f;~0.08 B e Ao e et s ;

* ~50% of momentum carried by gluons

=]
[
[

' Ve s ' . = f
(which don’t interact with virtual W boson) ) %ﬂﬁ%@g ﬁ' S i

°If no anti-quarks in nucleons expect J; °‘6§
3k

—_— 3 :;OA-;— é ! E .

GVN i h% Wﬁ-w wino- _

*Including anti-quarks "ozt DR SRon 06 sy : = |

E [3] O CCFRR [8] A GGM-PS¥  [I3] & BNL-74t|]

3 5 @ comses (0] A skaT o ORI

GVN ~ 2 O'O_cl) I 110 I 210 I 3Iol o 100 150 200 250 300 I3I5_o

E, [GeV]

Dr. A. Mitov Particle Physics 339



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— u + hadrons

N

gel (€261) 99p Wo "shud “[e 3o JaseH 1

1ZL (€261) G9% ‘Wo1 "sAud “|e 30 JaseH 14

* 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: B _
« v couplesto d and &7 ; V couplesto U and d

=) investigate flavour content of nucleon
« can measure anti-quark content of nucleon
Vg suppressed by factor (1 — y)2 compared with Vg

Vq suppressed by factor (1 —y)* 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 |

For the adjoint spinors U = MTYO consider
s(1=Pu= [0 =P )™ =u’5(1-7) YOZMWO%(HVS):ﬁ%(HYS)
Py =0 = ah(1+7) -

Using the fact that }’5 and 7’“ anti-commute can rewrite ME:
2

Mfizzfn—walguv{ p3) s (1+7) WumHu( %Hf’?’um)}

m My;=0  for ET(PS) and ﬁT(PAr)
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Appendix Il: 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 s > M? the most general electro-magnetic deep-inelastic
cross section (from single photon exchange) can be written (Eq. 2 of handout 6)

d’c,+ Ao I (x, Q2
“p AR 1y BECD g, 02)
dxdQ 0 X
* For neutrino scattering typically measure the energy of the produced muon
E, = Ey(1 —y) and differential cross-sections expressed in terms of dxdy

d’c |dQ?| d’c d’c

* Usin 2 — (s—M? ~ — = —
g Q"= (s )Xy & sxy =—> ey I | do? X 0’
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¢ In the limit s > M? the general Electro-magnetic DIS cross section can be written

AP _ 4dma’s
dedy O
*‘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, Q%)

(1=y) P (x,0%) +y°xF (x,0%)]

vup — X | [ SO () b 02) 4 a0 3 (1- 1) a7 (1,0
a dxdy 27 2 W Lo )73
*For anti-neutrino scattering new structure function enters with opposite sign
2 ~Vp 2 _ _ _
v + d‘o GEs 2 2 2 Y 2
Vup = WX S = S [0 B0 0) 2R (.0~ (1- 3 ) 5B (. 07)]
-Similarly for neutrino-neutron scattering
- d>c"*  Gisr y
Van = X |1 = 0 [0 B 0%) 43R (6. 0%) oy (15 37 (6. 07)|
— n dZGVn GZS - _ _ y _
v‘un — l"l' X dxdy — 217:;. _(1 _y) szn(x7 Qz) +y2‘xFlvn(x7 Q2) _y (1 T §> XF3vn(‘x7 Q2)i|
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Neutrino Interaction Structure Functions

* |In terms of the parton distribution functions we found (2) :

d’c’? G2
F 2—
= —sx|d(x)+ (1 —y)ulx
gy = = @+ (1))
Compare coefficients of y with the general Lorentz Invariant form (p.321) and
assume Bjorken scaling, i.e. F(x,0%) — F(x)

d’cV?  Gzs y
dxdy ﬁ [(1 — ) B (x) +y°xFF (x) +y (1 _ 5) xF3"P(x)]

‘Re-writing (2) d20cY? G2
9O L0 _ O and(x) + 2x(x) — Axym(x) + 202 ()

dxdy 2T
and equating powers of y
2xd+2xu = F ‘
—4xu = —F+xF3 ¢
2u = F —XF3/2 )
gives: F,)’? = 2xF"" = 2x[d(x) + u(x)]

xFy P = 2x[d(x) — u(x)]
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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:

d’cY?  Gzs v\ y
_ l—y+ 2 P (1——) EVP
dedy 27 K y+2) 2 (@) +y(1=5 ) xF57()

* Experimentally measure [, and 3 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

1—y+% 11 y(-=3) 1]

“Measurement”

*Then use FZVP = 2x|d(x) +u(x)] and F3VP = 2[d(x) —u(x)]
mm) Determine d(x) and U(x) separately
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* Neutrino experiments require large detectors (often iron) i.e. isoscalar target
YN =2xFN = 3 (K" + EY") = x[u(x) +d(x) + u(x) +d(x)]
xFyN = 5 (xFy P +xFy™) = x{u(x) +d(x) —(x) — d(x)]

* For electron — nucleon scattering:
P = 2P = () + §a(3) + $70) +
F3" = 2xF{" = x[5d(x) + gu(x) + 5d (x) + 5u(x)]

*For an isoscalar target

FN = 3 (B + F") = 2xu(x) +d(x) + u(x) + d(x)]

- FVN 18 FeN

‘Note that the factor 158 (qu -+ qd) and by comparing neutrino to
electron scattering structure functions measure the sum of quark charges

Experiment: 0.29 +0.02
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Measurements of F,(x) and F;(x)

-CDHS Experiment vV, +Fe — u= +X

F(X)
| 5} 10 < Q2 <20 GeVvc? -

FyN = x{u(x) +d(x) +7(x) +d(x)]
xFYN = x[u(x) +d(x) —u(x) — d(x)]

------------
"""""""
e

VN {: } this ex_penment

= YN —xFN = 2x[u+d]

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

8z (€861) 21D 'sAyd'z "|e 19 zoimoweuqy ‘H

w
Sea dominates so expect xF
- 3 Sea contribution goes to zero

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

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

(x) = us(x) = S(x)

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

1 1
— /()F3"N(x)dx:/o (uy (x) +dy (x)) dx = Ny + Ny

* Area under measured function F;""(x) gives a measurement of the total
number of valence quarks in a nucleon !

1
expect /0 F3"N(x)dx — 13 | “Gross — Llewellyn-Smith sum rule”

Experiment: 3.0+0.2

‘Note: F,” =F)"; F;"=F,"; F, VP _ = FY"; Fy"=F," and anti-neutrino
: structure functions contain same pdf information
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