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Bookwork

The 7* is a spin-0 meson, si in its rest frame we have a equal and opposite muon
and neutrino momenta, and they must have equal and opposite helicities. The neutrino is
a a particle, and so is produced in a left handed (LH) chiral state by the W-boson. As an
effectively massless particle, the neutrino’s LH chiral state is co-incident with a LH
helicity state and therefore to conserve total spin the anti-muon must also be in a LH
helicity state:
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Unseen in this form, though similar to lectures

1
I = (pa)y'5(1 - Y I (pa) (1)

By aligning the z-axis with the neutrino direction, we can take 6 = 0 for the neutrino,
6 = r for the anti-muon, and ¢ = O for both. Accordingly:

0
vi(ps) = VE+m g
1
and
0
1
ul(p3) = \/I_) 0
-1
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in which p is the magnitude of the three momentum of either of the daughters of the pion
in its rest frame, m is the muon mass, E = \/m? + p?, and a = =2~

E+m”
Using the supplied gamma matrices, the students can compute that

1 0 -1 0
0O 1 0 -1
— 5 _
==1_10 1 o
0O -1 0 1
and hence
1 0 -1 O 0
O 1 0 -1 10
— 5 —
A=ymp)=NE+m| 2 o | o |l o )
0O -1 0 1 1
0
a—1
- VE+m ) (3)
—a+1
o« VE + m(1 — a). “4)
Therefore
J o NFVE +m(l - a). (5)
We therefore see that
JH o« \[p VE + m(1 — @) (6)
p
= VE 1—- —— 7
Vp VE + m( E+m) (7N
E+m-p
= E _ 8
VP VE +m=——— ®)
_\/I_J(E+m—p) ©)
VE +m

as required.

d

Unseen in this form, though similar to lectures
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From the previous result,

2
(7)) o % (10)
:p(E2+m2+p2+2Em—2Ep—2mp) (an
E+m
_ p(QE? + 2Em — 2Ep — 2mp) (12)
E+m
_ 2p(E = p)(E +m) 03
E+m

o p(E = p). (14)

Using the supplied two-body decay-rate together with the result just proved,
I'(x* > e've) _ (&) Pe(E. = pe) (15)

F(ﬂ'+ - /1+V;1) Pu pu(Eu - p/l)

which works out to be about 1.273 x 10~ using the data supplied in the question.

¢

Bookwork
Here it is expected that an answer will include a description of Madame Wu’s
experiment:

Parity Violation in -Decay

*The parity operator P corresponds to a discrete transformation x — —ux, efc.
* Under the parity transformation: p

F— —F
Vectors p :
change sign p— —p (px = 9‘9—1 etc.) NoteBisan
- P = B axial vector
Axial-Vectors { L - L (L=FAP) dB e J AFd3F
unchanged THRAT = 7
g i— i (Ho<L)
*1957: C.S.Wu et al. studied beta decay of polarized cobalt-60 nuclei:

0Co = Ni*+e~ +V,
*Observed electrons emitted preferentially in direction opposite to applied field
H f
(E.p)

A If parity were conserved:

i, B expect equal rate for

(E,—P) producing e in directions
along and opposite to the
nuclear spin.

B

[moree-in.” c.f. ~ |

* Conclude parity is violated in WEAK INTERACTION
— that the WEAK interaction vertex is NOT of the form . y* uy
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and will note that this experiment unambiguously determined that this process did not
respect parity as a symmetry of nature, since the experimental data observed (electrons
departing preferentially antiparallel to the spin direction) would not have been invariant
under a parity transformation on a virtual representation of the experiment..

An answer will go on to describe the forward backward asymmetry of the Z-boson

at LEP

* And the Matrix elements become

4 2
875 2
o WP reos0 et
Z A

* In the limit where initial and final state particle mass can be neglected:

[Mge|* =

do 1 M ‘2
o 2 1T age 31
* Giving: da 64m’s (pag )
dore 1 g5s N2 N2 ) H
=22 (k) (ch)?(14cos0)? P 2
dQ  64n% (s —m3)? +mil‘i(rR) (ci)*(1 +cos) [Mp[* + [Ml?
doyy 1 g5s N2 42 2 H
_ 22 () () (14 cos6)?
dQ  64n% (s—m3)* +myl (et ()" (1 eos6) i
doygr 1 g}s €2/ 2 2 2y 2
_ / 2201 —cos0)? H |Mpr|* + My
dQ 641 (s—m3)2+mil% (¢f)*(ck)*(1 —cosB)
dogr 1 gbs N2/ 02 ) 1 f >
et O .7 A—— 0 H)2(1 —cos0)? - cosd +1
W@ G o) ey ) (k) (1 —eosO) ! : }
2 2 o
* Because |My.|* + |Mgg|* # |Mir|* + [Mg.|?, the o /
differential cross section is asymmetric, i.e. parity _— (d .
violation (although not maximal as was the case / e |
fortheWboson).  ix L

Forward-Backward Asymmetry

* On page 495 we obtained the expression for the differential cross section:

(IM5il)? < [(c§)* + (cq)I[(ef) )+ (cie) )1+ cos” 8) +[(cf)* — (cf)?][(c} )* = (k)] cos
* The differential cross sections is therefore of the form:

— 2 e \2 Hy2 Hy2
3% — k- x [A(1 +cos? 0) + Beos 6] { A={(cp)*+ (cp)[(cr,)” + (cg)?]
2 . 2 2
B=[(cf)* — (cp)Il(c})* = (ck)’]

* Define the FORWARD and BACKWARD cross sections in terms of angle

incoming electron and out-going particle

'l do 0 do
= . = ——dcos 6
oF /0 dcos(-)dmse o8 /4 dcos6 cos

B F
E| e b
\_ e 9/\. * e-'1 g

" e e
4 n

cos0 1P . o

~

*The level of asymmetry about cos6=0 is expi

in terms of the F al Y y F

« Integrating equation (1): -1 cos@ +1
! ! 41
or = x/ [A(14cos®8) +Bcos 6]dcos 6 = K/ AL +2°) +Baldx = K (5A+EB)
Jo JO
1
2

0 0
UB:K/ [A(I+cos29)+Bcoss]dc0s9:K/ [/L‘x(l+)(2)+Bx]1L\':)c(ﬂ
1 -1

>
|

* Which gives:
_%r—0B _ B :é[(02)2*(6‘%)2]A[(Ci)zf((‘%)z]
ortop  (8/3)A 4| (cf)2+(cp)] [(cf)2+(cR)>
* This can be written as

3 ()’ —(cp)* __ 2cjch
Apg = —AA with A= — 2 4 @)
TP+ @ ()t

* Observe a non-zero asy y the plings of the Z to LH and RH
particles are different. Contrast with QED where the couplings to LH and RH
particles are the same (parity is conserved) and the interaction is FB symmetric

A
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Measured Forward-Backward Asymmetries

* Forward-backward asymmetries can only be measured for final states where
he charn he fe 'u can be determined,e.g. e"'¢” —Z — U "

ac
e CT8 (3007 567-651. Because sin?0,, = 0.25, the value of
A for leptons is almost zero

—~ 12

T T :
Il e‘e U OPAL
'.1"" 2 = For data above and below the peak
T os | of the Z resonance interference with
5 efe” —y—utu leadstoa

p 1

% 0.6 F ;/ larger asymmetry

T 04 w *LEP data combined:
02 <y ° 1 A(}'E =0.0145+0.0025

00 b = | 4% _ 0016900013

0.5 61 FB =
€00 A% =0.0188+0.0017

3
*To relate these measurements to the couplings uses Apg = ZAI‘AP
* In all cases asymmetries depend on A,
* To obtain A, could use A('L):[‘; = }Af (also see Appendix Il for A )

A first class answer should conclude by noting that, though the forward-backward
asymmetry of the Z is a consequence of the parity volation in the weak interation, the
forward backward asymmetry of the Z-boson does not, in itself, show that the Standard
Model violates parity. This is because a parity inversion on LEP would result in the
forward direction being mapped to the forward direction, and the backward direction
being mapped to the backward direction (since forward means y~ goes in same direction
that e~ was going, and both of these directions invert themselves under parity). The FB
asmmetry, therefore, would be invariant under a parity transofmration, and so provides

no direct evidence for parity violation.
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CP violation in the neutral Kaon system

eDescribe parity.

eDescribe charge conjugation.

e Assuming CPT, CP violation implies violation of T.

eIn SM two place where CP arises: PMNS matrix and CKM matrix.
oCKM and PMNS matrices are unitary.

eFor three generations can have a complex phase which gives CP violation
oCP violation not possible for two generations.

oCP violation observed in kaon system

eDescribe main features of CP violation in kaons CP eigenstates

oCP even decays to nr and CP odd decays to i CP states roughly correspond to
KS and KL

oAt long distance have pure KL beam
eBut KL observed to decay to nrr at level of 0.1
*CP violation enters in box diagrams because V;; # V};

oCP violation in SM not sufficient to explain baryon dominated universe

Experimental and theoretical aspects of neutrino oscillations

eTheoretical

—difference between mass v » 3 and flavour v, , . eigenstates of neutrinos
—neutrinos produced in states of definite flavour

—neutrinos propagate as states of definite mass

—unitary matrix to relate the two type of basis

—matrix has single parameter if there are only two flavours

—matrix (‘PMNS’ matrix) has four free parameters (three angles, one CP
violating phase) if there are three flavours

—Time evolution of mass states v (x, t) = e"7"v,(0, 0) is trivial, and can be
used to evolve flavour states in time, but first expressing the flavour states (via
the PMINS matrix) in a mass basis.

—Probability for seeing neutrino in given flavour at time of later observation is
then obtained by looking for the component of that flavour at the observation
time, by re-expressing back in terms of flavour basis.

—For Neutrino oscillations to occur, needs two things to be present:

*xNon-zero mass difference between different neutrino mass eigenstates sets
wavelength of oscillation A = 4L

Am?
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xdegree of mixing between flavours (i.e. PMNS matrix controlled numbers)
set amplitude of oscillation

eExperimental

—Task of experiments is to constrain (or over constrain) the PMNS (mixing)
matrices and the mass differences.

—In order to look at as many types of nutrino flavour as possible need many
different productioin processes (solar furnace, neutrino beam, cosmic ray,
nuclear reactor, etc).

—In order to see different parts of neutrino oscillations need different length
scales (e.g. from Chooz at 500m to the diameter of the earth at Super-K) or
different energies (beam-line vs reactor) to stretch or shink oscillation
wavelength.

—To see different flavours at point of detection, need spectrum of energies to
overcome fixed-target production thresholds (e.g. to see muons in
charge-current interation) and variety of detection technologies.

—Tau leptons are too heavy to allow tau-neutrino detection in most
circumstances, but can count neutral-current elastic scattering rates.

—Draw Feynman diagrams for the two main detection mechanisms (inverse beta
for charge-current and elastic scattering via Z-boson for neutral current).

—Current data favours one large mass difference and one small mass difference
—Mention some experiments and what distinguishes them:

CHOQOZ and KamlandFormer at short ~ 1 km lengthscales, other at longer ~ 200 km
lengthscales, see reactor (anti)neutrinos via v, + p — e* + n followed by
e*e” annihilation to two photons and delayed photon signal from netron
capture (on Gadolinium in CHOOZ, on deuteron in Kamland). signal
double coincidence detect annihilation photons + neutron CHOOZ
negative result sets limit on #,3. Example sheet question in course covered
recent Daya-Bay result on non-zero 6,3, but not covered in lectures.
KamlLand positive results compatible with solar neutrino. KamLand +
SNO gives precise measurement of Am?, ~ 8 eV and 6.

SuperKwater Cherenkov detection, can see e and u rings (fuzzy or sharp for PID)
at appropriate energies. Detectors solar v, disappearance relative to SSM,
detects atmospheric v, disappearance relative to atmosphetic v, (near
maximal mixing).

SNOIn many ways like SuperK, but with the added benefit of ability to see
neutral current interactions and thereby count rates for all three neutrino
flavoursat Solar Neutrino energies: CC rate proportional to v, rate only,
NC rate (Z-boson splitting a deuteron) proportional to all three flavours,
elastic scattering rate prop to v, + 0.15(v, + v;) due to special role of
electrons in matter. Sees total flux consistent with SSM.
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MINOSBeam line experiment, high enough energy to make and observe muon
neutrinos via CC interaction. See Am? ~ 2.5 x 1073eV?.

—scintillator detectors + brief description

Bookwork

P-
M ?\ b,

Phvg'=p = (+9’=p;
— M’ +q*+2py-q= M}
= M*+q* +2M(E, — E3) = M}
= ¢* +2Mv = My — M?

¢ Mi-M

— om VT T om

But in elastic collisions My = M and so we have

2

2 q
+2Mv=0 = — +v=0.
4 Y om

b

Unseen; similar calculations in lectures

To perform the integral:
2
q
o\v+ == |dE

one must first get the integrand to depend entirely on E, E5 and 6, in which E| is

(16)
(7)
(18)
(19)

(20)

21

(22)
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considered fixed.
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2 2
q _ A D)
fé(v+ 2M)dE3 = fd E,—E;+ —2M dE3 (23)
:fa El—153+0+0;A24‘m'1’93)51153 24)
_ f(s E - Es— E1E3(1M_ COSG))dE3 (25)
E (1 - -1
o 1 cos 6) 2 (26)
M (g )
-1
_(y4 2E,E;(1 — cos 9)) 27
2E3M (%M/:O)
2 \!
Y ) (28)
2EM ) 11m0)
v -1
—[1+— 2
+ E3) (29)
Es+ (E, - Ey)\ ™
_ (L3t (B~ B3) 0
E, ) (30)
E;
_ ks 1
i 31)

wherein E; must be the value of E5 that solves % +v =0given E;, M and 6.
zero at all values of E; except that for which the

do
dE3dQ

The 6-function makes
scattering is elastic.

C

Unseen, but simplification of what’s seen in lectures
In the supplied model, if pj is the initial proton momentum, then p, = 1 p/ is the
momentum of one u-quark, and similarly for the other quarks. Evidently

p2= é p% = éMZ and therefore m =

M

3

In the elastic scattering seen in lectures, only one ‘variable’ 6 (or, without loss of

generality, g*) was needed to parametrise events. This was because the scattering could
always be assumed to take place in the ¢ = 0 plane, and since E| and M could be
regarded as fixed, all other quantities could be derived from knowledge of 6 (or g?). In
the inelastic scattering seen in lectures, a second variable (e.g. x) was needed, in addition
to theta (or ¢*), to parametrise the additional degree of freedom generated by the
uncertain momentum fraction of the struck quark. In the inelastic scattering present in
this question, however, the struck quark has a 100% fixed momentum (of one third of the
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proton) so unlike lectures we will only need a single degree of freedom to characterise
these inelastic events. Without loss of generality we take that parameter to be 6.

We may therefore use the differential cross section supplied at the beginning of the
question (with M replaced by m = M/3) to represent the inner eleastic parton-parton

cross section contained within the inelastic proton scattering process. We must multiply

2 2
this cross section by a factor 2(%) + (—%) to account for the fact that the inelastic

scattering involves the projectile interacting with either of two charge % u-quarks or one
charge —% d-quark. This makes the differential cross section 21% for the inelastic

scattering:
do a’ E; 0 ¢ 50 2\’ 1\
_ — | — _—_ — 2 — +|——
a2 ~ 1 sm‘*g(El)[Cos 2 722 2|43 3

_ £3 V_ 4 ;2% 32
4Ef i g (E1 ) [cos 7" o sin 2] (32)

2
in which E5 must now be the value of E5 solving g—m + v = 0 for given 6, not solving

2
Zq_M + v = 0 as previously. Since v = E| — E3, this latter constraint can be removed, or
rather replaced, by a integral and a é-function:

do a’ E; 0 ¢ L0 (&
—=—— | (2 - L i Zls|L +v|aE 33
2~ 4Esin' ¢ L(El)[cos 2 2w 2|\ T 53)

or equivalently:
do a Ej 20 ¢ 0 q

= =3 - L2 Z|s| L+ 34
dQdE; ~ 4E sin' ¢ (El)[cos 2 2™ 2|2 Y >4
=——|2= — 4+ —sin’ 2|52 +v), 35
4Efsin4g(E1)[C°s 2 m 2] (2m V) 33)

the presence of the o-function allowing the final replacement. By comparing the form of
the differential cross section given above to that supplied in the question, we see that:

F , 2 2
R.q) _ 5(‘]— + v) and (36)
v 2m
2F 2 2
vg) _vsla 37)
M m \2m
or equivalently
2\ _ 2 20 qz
Fy(v,q") = zFi(v,q") =vo | 5— +v|. (38)
3 2m

[ Aside: The first equality in (23) is recognisable as the Callen-Gross relation F, = 2xF)
for a fixed value of x, namely % The second equality in (23) may be shown (though the
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question does not require or expect this!) to be equal to F(v, g%) = %6 (x - %), where

2 . . . .
X = —%, which is consistent with the form expected for the usual structure functions,

namely: F,(x) = xZ,-el.zu,-(x), where u; is the parton distribution function for the i-th
parton, and e; is the charge of the i-th parton (in units of e).]

d

Bookwork
Here it is anticipated that the students will reproduce some of the description of
the SLAC Linac Experiments described in the lectures in slides 169-172:
Higher Energy Electron-Proton Scattering

@ EXAMPLE: P —> €P at Eygoy= 529.5 MeV

+Electron beam energies chosen to give certain values of q:
-Cross sections measured to 2-3 %

*Use electron beam from SLAC LINAC: 5 < E,,,, <20 GeV

+Detect scattered electrons using the
“8 GeV Spectrometer”

e
bending magnets

L

| NOTE
Experimentally find
| Gulq?) =2.79G(g),
i.e. the electric and
and magnetic form
| factors have same

\ distribution

40/40 (en®/STERADIAN)

PROTON
CROSS.
07E  secTioNs.

Form Factor

E.B.Hughes et al., Phys. Rev. 139 (1965) B458

0 %0 @0 80
NCOENT ENERGY ey 5 = 5
P.N.Kirk et al., Phys Rev D8 (1973) 63 7 ¢ /Gev?

Measuring G(¢%) and G,(¢?)
*Express the Rosenbluth formula as:

do  (do\ (G}+1G}, s 58

— == E 2163, tan® —

i (dﬂ)” ( (i4p) +2OMtan 5

where ( dU) o? Es 56 i.e. the Mott cross-section including
2

0

— | = ——5——-—-cC0§ the proton recoil. It corresponds
dQ 4512 sin* 6/2E, to scattering from a spin-0 proton.

Atvery low ¢*: T=—¢*/4M*~0 -Athighg® 7> 1
do /(do 5 s do /(do) et &) 2. (2
© (E)“::Gﬁ(q ) o (dn>o~(l+_rlan 2 Gylq)

«In general we are sensitive to both structure

),

functions! These can be resolved from 3818
the angular dependence of the cross g

section at FIXED q2

do
@

slope =21G3,
— intercept = (%‘l)
tan’6/2
High g2 Results
* Form factor falls rapidly with llz
+Proton is not point-like

-Good fit to the data with “dipole form”:

G”( 3) ~ % ~ ;
)% 3397 (1+42/0.71Gev2)2

2 el * Taking FT find spatial charge and
;\ 1 magnetic moment distribution
N > N2 ] —
::g < (I +u710.-v-) 1 p(r) ~ poe™"/*
0 J
with a=~0.24 fm

-Corresponds to a rms charge radius
Frms ~ 0.8 fm

* Although suggestive, does not

e ey imply proton is composite !

e
*/GeV? * Note: so far have only considered
ELASTIC scattering; Inelastic scattering
is the subject of next handout

Y
O
.

R.C.Walker et al., Phys. Rev. D49 (1994) 5671
AFSill et al., Phys. Rev. D48 (1993) 29

and the HERA experiments described in slides 199-202:
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Scaling Violations

*In last 40 years, experiments have probed the / e
proton with virtual of ever i ing energy e-
*Non-point like nature of the scattering becomes q“\ Y

apparent when l.' ~ size of scattering centre

h
Ay = TI. ~ % fm
|41 [dl/Gev
*Scattering from point-like quarks Rutherford

gives rise to Bjorken scaling: no
¢* cross section dependence

«IF quarks were not point-like, at
high ¢ (when the wavelength of
the virtual photon ~ size of quark)
would observe rapid decrease in

Partons
cross section with increasing ¢

Resolved distance (fm)

«To search for quark sub-structure 10 HERA
want to go to highest ¢* p colider

e e e T B B
Year
HERA e p Collider : 1991-2007
* DESY (Deutsches Elektronen-Synchroton) Laboratory, Hamburg, Germany

* Two large experiments : H1 and ZEUS
* Probe proton at very high Q% and very low x

Example of a High Q2 Event in H1

Wi Run 122145 Event 69506 Date 19/08/1995

*Event kinematics determined
from electron angle and energy

[@* = 25030 Gev?, y =036, M =211 Gev|

*Also measure hadronic ]
system (although not as
precisely) — gives some
redundancy @

F,(x,Q?) Results

=
* No evidence of rapid decrease of 3 e
cross section at highest Q? L ¢
5
- £,
* For x> 0.05, only weak dependence 9
of F,on Q? : consistent with the 2o -
expectation from the quark-parton sl

model

* But observe clear scaling violations,
particularly at low x

B(x,0%) # B (x)

The comment on ‘the extent to which the results agreed with the theoretical
predictions’ part of the question should probably include some description of the most
naive parton model being endored by SLAC (Callen-Gross relations and Bjorjken
Scaling), but should go on to note that scaling violations (F(x) — F(x, ¢’) were clearly
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seen at low x at HERA, but are ultimately still believed to be consitent with
less-simplistic version of the parton-model (momentum sharing with gluons, etc). The
answer will probably include descirption of the quark content of the proton, sketches of
the PDFs for the valence quarks, sea quarks and gluons, a description of how the quark
PDFs were determined from the experimental data. A decription should be given of the
method by which the total momentum carried by quarks vs gluons has been determined,
and a note that it has been found to be roughly fifty-fifty shared between gluons and
quarks.

END OF PAPER

Draft: 22nd December 2014



