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Aside : Neutrino Flavours

@ Recent experiments (see Handout 11) imply neutrinos have mass (albeit very small).

@ The textbook neutrino states, ve, vy, V7, are not the fundamental particles; these are
Vi, V2, V3.

@ Concepts like ‘electron number’ conservation are now known not to hold.

@ So what are ve, vy, v ?

@ 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, vy, V- } = weak eignestates J

@ 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 ve, vy, 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 Y
e” M T
W w W
p3 Yk
o Consider muon decay: o p 5 i
H : P4
P2>e™

@ It is straight-forward to write down the matrix element

Migx)gl(/{/l)[—( )/,L(l_ 5 - ul_ 5
= g, L0(P2)Y 7 )u(py)lguv [a(p2)7" (1 = 77)v(pa)]-

o Note: for lepton decay g? < m?, so propagator is a constant (Fermi theory limit!).

o lts evaluation and subsequent treatment of a three-body decay is rather tricky (and
not particularly interesting). Here will simply quote the result (over page):
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@ The muon to electron rate is

GEGEFmM®, 1 g
Mup— =Lt F r_ - ith Gr= W
o) =Tgpm =5, W FT e,

GEGEm®

e Similarly for tau to electron ['(7 — evv) = 192 5 however, the tau can decay to a
T

number of final states:
Vzr Ve Ve

Ve o

I
N|

e H d
Br(t — evv) = 0.1784(5) Br(r — pvv) = 0.1736(5)

o Recall total width (total transition rate) is the sum of the partial widths
1
M= ==
zr
o Can relate partial decay width to total decay width and therefore lifetime:

M(r — evv) =T,Br(t — evv) = Br(t — evv) /7,

19273 19273

@ Therefore predict 7, = GETﬁmi Tr = @

Br(t — evv).

376 / 606



H10

m,. = 0.1056583692(94) GeV
m, = 1.77699(28) GeV

o All these quantities are precisely measured: 7, = 0.2906(10) x 1075 so
7, = 2.19703(4) x 10 °s
Br(t — evv) = 0.1784(5)
GE mfn‘u

?ﬁ = e Br(t — evv) = 1.0024 + 0.0033.

e Similarly by comparing Br(t — uvv) and Br(t — evv)

e

GZ = 1.000 4 0.004.
Ge

The above demonstrates the weak charged current is the same for all leptonic vertices.

This is referred to as ‘Charged Current Lepton Universality'.

Ve Vi '
_ 8w _ 8w _ 8w
e—>—-1; u—)—-ﬁ; r—>—-1;
W 1% %74
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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. This provides additional
information about parton structure functions.

@ provides a good example of calculations of weak interaction cross sections.

Neutrino beams are needed. To make them:
@ Smash high energy protons into a fixed target to make hadrons.
e Focus positive pions/kaons.
@ Allow them to decay 7t — ptv, + KT — ut v, (BR = 64%);
@ this gives a beam of “collimated” v,,.

@ Focus negative pions/kaons to give beam of v,,.

Magnetic X - Absorber = rock

focussing

Vu  Neutrino
beam

Proton beam D

target " Va

™ = —_ = = SaRema

378 /606




H10

Neutrino-Quark Scattering

@ For v,-proton Deep Inelastic Scattering the underlying process is v,d — " u

/Pf{H_ Vu P u Py
P1 A
Vi

w
\eW } | g
P X d
v u
P2 P4 p2 P4
o In the limit g> < m?, the W-boson propagator is ~ ig,. /m?,. so the Feynman rules
give:
: 8w _ wi Buv 5
—iMy; = {—l—u P35 (1 —~”)u(ps } [—l—u Ps 1—~ )u(pg)}
VG (p3)7" 3(1 = 7")u(pr) ol (p)37"(

so

My = %g [8(ps)y* 51 = 2")u(pn)] [a(p) 37" (1 = 2")u(p2) | |

o Evaluate the matrix element in the extreme relativistic limit where the muon and
quark masses can be neglected.

379 /606



H10

@ In this limit the helicity states are equivalent to the chiral states. Furthermore

F0 = )ur(p) =0 and (1 2")uy(pr) = wi(p)

so Mg = 0 for ur(p1) and up(p2).

@ Since the weak interaction ‘conserves the helicity’, the only helicity combination
where the matrix element is non-zero is

Mj = ;,—ng [G,(p3)7" s (p1)] [, (Pa)y" uy (p2)]

(We could have written this down straight away as in the ultra-relativistic limit only
LH helicity particle states participate in the weak interaction.)

@ We will next consider this scattering in the C.0.M frame:

z

u
6*

Vu 4 d

_ I
d -—
/
u
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Evaluation of Neutrino-Quark Scattering Matrix Element

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

p3 & b1 :(E707Oa E)»
P1 9* p2:(E70707_E)
vy > 4 d . *
/ 22 ps = (E,Esin6*,0, E cos0™)
u pa ps = (E,—Esin0",0,—E cos0")

o Dealing with LH helicity particle spinors. From Handout 2 (page 106), for a massless
particle travelling in direction 6, ¢:

—s
ce'® 0 .0
u =vVE s c=cosz; s=sing
—ce'?
o Here (601,¢1) = (0,0); (02,¢2) = (7,0); (03,¢3) = (07,0); (64, s) = (7w — 0", 7)
giving:
0 -1 -s -c
1 0 _
u(p) = vVE Nk uy(p2) = vE E uy(ps) = vE ;: poup(ps) = vE CS
-1 0 -C
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Neutrino-Quark scattering (cont.)

@ To calculate

Ms = o8 [0, p2 )" i (pO)] B (p1)1 s (p2)]

need twice to evaluate terms of the form
0% = v 0= Yl +Uien + vids + Ui,
e = Y= Yids+U3es + vide + Ui,
Py = T = —i(yida — 3 ds + Vido — Vi),
v’ = 0= Yids —Prea + vidy — i

@ Using
0 -1 -s -C
1 0 ¢ -s
u(p) =vVE o |+ wlp)= VE 1| wles)=VE o |0 wlpe) = VE
-1 0 -C s
iy (ps)y*u(p1) = 2E(c, s, —is, c)
MBS ay(p)y i (p2) = 2E(c, s, —is, —c)
gi gws
— | M; = zmwz 4B (P S+ + ) = miz where § = (2E)°.
w w
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no-Quark scattering (cont.)

Note that the Matrix Ele is isotropic:

i - =
M=, e
P 0
We could have anticipated this since the helicity Vu > < d

combination (spins anti-parallel) has S, = 0 so expect /
no preferred polar angle. u -~

@ 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 two
possible initial state combinations (the neutrino is always produced in a LH helicity

state).
) e
<|Mﬁ|2> =5 ‘ g‘;V 5
my,

The factor of a half arises because half of the time the quark will be in a RH states
and won't participate in 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 2
do = eans M)
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Neutrino-Quark scattering (conclusion).

o Therefore:

2
do  _ i<|M.|2>_ 1 1 (gt T _&w s
d ~ e4n2s " T eans2 \md, ) T \8v2rmi, )
@ Usin Gr _ iy the above simplifies to
do G? .
a4 (127)

and integrating this isotropic distribution over dQ* gives

G?s
Tug = TFS (128)

@ Since the cross section is a (longitudinally) Lorentz invariant, (128) is also the cross
section for scattering in the lab frame.
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Antineutrino-Quark Scattering

V“ P1 P3

u ut o
@ In the ultra-relativistic limit, the charged-current
interaction matrix element is:
W l 1 g2 5 5
Ms = 2% g, [0(p)r" 11 = 2")v(pa)] [a(pa)y" 3 (1 =+ )u(p
w
\%
U= ps 2 d

@ In the extreme relativistic limit only LH Helicity particles and RH Helicity
anti-particles participate in the charged current weak interaction:

Mi = 3G 171 (P71 (p2)] 121 (p)7 . (p2)]

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

J=1

wt
- Xe 0"
Vyu > < u J=1

=N
d -
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Antineutrino-Quark Scattering (cont.)

o Similarly to the neutrino-quark scattering calculation

obtain: d do 1
Opq Ovgq *12 A
= —(1+cosf™)°s

dQ dQ 4( )

o The factor 1(1 + cos#*)® can be understood in terms of
the overlap of the initial and final angular momentum
wave-functions.

@ Integrating over solid angle:

2 +1 2 167
/(1 +cos0") dQ" = 27r/ (14 cos0™) d(cosf*) = =5

-1

_ Gps
YT 3p
. . . Oiq 1
@ This is a factor three smaller than the neutrino quark cross-section: | — = 3l
Ouq
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(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

i P! L Py vl P 4 P3 ut Vi P! 1 p3_y VP! u P3 ut
W3la W<la W<la W<la
d=27 v Sru upr v d | G v d A Vo

ut T ut
Z y £ Z
- o - 0 — 0" i 0" _
— Vi > ‘/_'{' u | vu y C{'u Vu y ——4
] z Tl v
d d u
S.=0 S, = +1 S, =—1 S, =0
doy, Gﬁ R doy, G} n2.| dovg  GE 2 doy; _ Gg .
o i’ aa’ = Torr 1 T80 v = Tapz (1 e0sO)s Q- " an?
Gis Gg$ Gg$ Gis
Oy — K Oy, — —F° Ovs = F Oyy = F
q q 37 4 3 i T
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Differential Cross Section in form do/dy

@ We derived the differential neutrino scattering cross sections in C.0.M frame. Let us
convert them to Lorentz invariant form.

. . p2.q
_ @ As for DIS use Lorentz invariant y = ——.
v Pl n Py P2.p1
o In relativistic limit y can be expressed in terms of the
W<lq C.0.M. scattering angle: y = (1 — cos§*).
Es
o In the lab. frame y =1 — —.
v
o p2 pi Y b
do do .
o Convert from FIeE — d—y using
do | dcos¢” do_ |dcosf* o do Ar do
dy | dy |dcosf* | dy dQx T dQrT
do GE .

@ But we already found (in (127)) that:

a0 = ﬁs hence:
s

do,q  dos; G,

dy dy 7
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Similarly
dO'f,q o dO’ua _ GE—
dQ* — dQ* 1672

(1+ cos0*)’s

becomes )
dozq  doug Gr 12
= = 1
a0~ dar  Tem (LT eos0)s

from y = 2(1 — cos6*) —1—y = 1(1+ cos6*) and hence

dO',;q o dO'Vq o GE— 24
dy  dy (1-y)s|

m

For comparison, the electro-magnetic eiq — eiq cross section is:

do+g .
QED: dy [ } 5
dos doyg
Weak: 3= 4 =
ea &y dy (
(Differences are in (i) , and (ii) in 2

389 /606



H10

Parton Model For Neutrino Deep Inelastic Scattering

Scattering from a proton p—y 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
up-antiquark.

@ In the parton model, number of down quarks within the proton in the x — x + dx
momentum fraction range is d”(x) dx. Their contribution to the neutrino scattering
cross-section is obtained by multiplying by the v,d — p~ u cross-section derived
previously

do"? iﬁ

2P
d - 8dP(x) dx

where § is the centre-of-mass energy of the v,d.
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@ Similarly for the & contribution
do?P G2
o = Sy o

@ The neutrino-proton scattering cross section is obtained by summing the two

contributions and using § = xs to give:
2 _vp 2
Zx‘fdy _ %sx (000 + (1~ yP@(x)]

@ The anti-neutrino proton differential cross section can be obtained in the same

manner: ) . )
d*c”  GF . .
dxdy sx [(1 y)uP(x)+d (x)] .
@ For (anti)neutrino-neutron scattering:
dZO_un G.E' n 2-n
dedy = o [d (x)+ (1 —y)d (x)}
d20_17n GI% 2 .n on
dedy = 2 [(1—y) u"(x)+ d (x)] .
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@ As before, define neutron distributions functions in terms of those of the proton
u(x) = wP(x) = d"(x);  d(x) = d°(x) = u"(x)
U(x) =T°(x) = d" (x); d(x) = d°(x) = 7*(x)

ZI/?;; = %ﬁsx [d(x) +(1-y) “(X)] (129)
Ziacj; - %ESX [(1 —y)u(x) + J(X)] (130)
ij;; - %ﬁsx [“(X) +(1- Y)Qd(X)} (131)
Zig;; - %o [(1 —y)d(x) + H(X)] (132)

@ Because neutrino cross sections are very small, need massive detectors. These are
usually made of iron, hence, one experimentally measurea 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, N:

dZO,VN 1 (dZO,Vp d20_1/n)

dx dy -2 dxdy  dxdy
dZO_DN G‘E_ 0, _
= | Gdy = 205 (400 +d0) + (1 =y (@0 + d6)] |
@ Integrate over momentum fraction x:
do¥V G2 »
G = eS|t -] (133)

where f; and f5 are the total momentum fractions carried by the quarks and by the
anti-quarks within a nucleon:

fy = fd—&-fu:/olx[U(X)-i-d(X)] dx; fz= fa'f‘fﬁz/olx[ﬁ(x)"’&(x)] dx.

o Similarly

dO’ﬁN o GE— 2
o [(1 YV h+ fa)] . (134)
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CDHS Experiment (CERN 1976-1984)

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

Study Neutrino Deep
Inelastic Scattering

Vu

394 / 606



H10

CDHS (cont.)

@ Measure energy of X, and call it Ex,

¥ @ Measure muon momentum from curvature in
V, . .
o —
. 44—*/ B-field. and call it E,.
@ For each event can then determine neutrino

Energy Deposited energy and y:

[/::g;,oer:i&) E,=Ex+E,

g e e Position and then
EH = (1 - y)EV

implies
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Measured y Distribution

o CDHS measured y distribution Vi T ut

@ Shapes can be understood in terms of w w
(anti)neutrino — (anti)quark scattering . d
d 2 u : doy,  Gg 24

L dova _ Gg v = ZE(1—y)
oy E.=20-200 Gev Qa2 dQ T
Vu - -
H Vu ut
w

evl (6261) LD "sAud'Z “|e 1@ J00i9 ap
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Measured Total Cross Sections

o Integrating the expressions for d—" (equations (133) and (134)):

sn _ GEs
f,+ = f; W= 2B+ f |
+} o= S [ g

e In lab frame p*(v) = (E,, 0,0, +E,,) and p*(p) = (mp,0,0,0) so
s = (E, + mp)® — E2 = 2E,m, + m} ~ 2E, m, therefore the Neutrino DIS cross
section is approximately proportional to lab. frame neutrino energy!

2
O_ZIN _ GFS
27

@ Measure cross sections can be used to

determinefractionofprotons 1-;‘\ T \,HHHJH\.‘.\H,\H.H.\,\.HE

momentum carried by quarks, f, and E 3

. ) . o8y 3

fraction carried by anti-quarks, f3. g 2 o 5 E

H . . oy O.Sér I V%' §% ""? 7.Nlririé

e Find: f, = 0.41; f3~0.08. g % ]

g £ ]

. 2 E [Fn] E

@ ~ 50% of momentum carried by gluons g - [on] E

. b L Lo F. 5

(which don't interact with virtual £ %ﬁ Pupiin 52 A Lnln B :

W-boson). © oaf ey o MLE

. . E S Comw (9w (4 @ cwam]

@ If no anti-quarks in nucleons expect L, mecwss inaser l i

oVN 3 O 0 20 a0 B0 100 150 200 250 300 350
oPN T Ey [GeV]

. . vN
@ Including anti-quarks Zg = 2.

397 /606



H10

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.

17“+N—>17+hadr0ns 17+e’ — U, + e

N

L61) 99% 11 "sAud “|e3e paseH o

124 (€261) @9 "Wa "sAud “Ie e paseH 't
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Summary

@ Derived neutrino/anti-neutrino — quark/anti-quark weak charged current (CC)
interaction cross sections.

o Neutrino-nucleon scattering allows us to measure anti-quark content of protons nad
neutrons because:

e v couples to d and 7,

e U couples to u and d,

o 1§ scattering is suppressed by factor (1 — y)? compared with vq, and
o iq scattering is suppressed by factor (1 — y)? compared with 7.

o Further aspects of neutrino deep-inelastic scattering (expressed in general structure
functions) are covered in Appendix XVII.

e Finally observe that neutrinos interact via weak neutral currents (NC).
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