Parity Violation

¢ 1957: C.S.Wu et al studied beta decay of
polarised cobalt-60 nuclei:

%0Co (J=5) > ONi* (J=4) + e+ V,

60Co cooled to 0.01K inside solenoid
—> high proportion of ®°Co have spins aligned along B

¢ Found that e~ were emitted preferentially in
direction opposite to that of nuclear spin

But: under parity transformation:

J=5
S
> /
»

® X = —X

e/ Pp——P

L=rxp—>(r)X(—p)=L

J=D5

—> if parity conserved: would observe equal
# of e~along and opposite to nuclear spin

=) Direct observation of parity violation



How can P violation be accounted for ?

€ Recall QED: structure of matrix element is:
V1
e~ € Mg~ g, Wy'viyy'y
= gﬂvvlﬂvzv

Y

“current-current”
Interaction

““_ A ““_
V. H

l.e. scalar product of two 4-vector currents
Under parity: v 2> Oy
= T=yuy L) =v () =7
— vy'v > Y v =+ y
vy'v s wy vy v =—wy'y

| | | (k =1,2,3)
l.e. spatial components change sign:

Vo V) L5 (v° V)
just like (t,X) é (t,—X)
(E,p) ——> (E,—p)

4-vectors V* transforming in this way under P
are known as vector quantities



€ Hence, under parity:
M.~V V).V, V,)=VV,-V.V,
L5 VOV —(=V).(=V,)=VV-V.V,
l.e. My is left unchanged

—> QED conserves parity

(v =ir’y'r'y)
s
< Now consider ¥y“y’w: P =y

7YYy > WYY = -0y
vy vy —> wrrYrvy = +urry
l.e. time component changes sign:
(A% A) 2> (A%, A)
and such quantities are known as axial vectors

€ A scalar product of two axial vectors is still
iInvariant under parity, but a mixture of V and
A is not :

9. M;~g,V -ANV,-A))
=V, = ANV, = AD) = (V,—A).(V,-A,)
s WO+ AV + A= (=V,—A)).(-V,—A,)
which are not equal to each other




© In fact, it can be shown that the most general
parity violating weak current must be a linear
combination of 5 terms:

vy Scalar S (1)

wyw Pseudoscalar P (1)
wyty Vector V (4)

vyt yy Axial-vector A (4)
vty vy )y Tensor T (6)

(4x4=16)

€ The correct combination can only be deter-
mined by experiment

Answer: V-A

l.e. the weak charged current is proportional to
v =rr

€ The Feynman rule for the W= vertex is

_ 8w “11=
57 S1=7)

W= 9, = Weak coupling constant

(Z° vertex similar but more complicated: see later)



© A weak charged current of the V — A form
oy =7y
IS non-zero only for the left-handed chiral
components of both spinors :

oy (A= =97 1=V )y,

{ W, = %(1_ 75)9” (examples sheet)
where | 5
¢L = 2 (1 -7 )¢

only the left-handed chiral components of
particle or antiparticle spinors participate in
charged current weak interactions

€ Atvery high energy (E >> m), the left-handed
chiral components are helicity eigenstates :

<]1 —ve helicity

particle: ————

antiparticle: _,:D +ve helicity

only left-handed particles, or right-handed
antiparticles, participate in charged current
weak interactions (in the relativistic limit)




< In the Standard Model: (B =1 always )

neutrinos are exactly massless e
and interact only via the weak interactions

neutrinos are always left-handed
antineutrinos are always right-handed

—

or equivalently:
v always —ve helicity v always +ve helicity

(= =)

e — ———
A4 vV

(will return later to recent evidence for a
small but finite neutrino mass)

€ Note that helicity conservation applies ...

In the relativistic limit, W vertices preserve
particle helicity, just as in QED and QCD




€ For massive particles, at finite energies, the
other helicity states also participate:

Typically contributes a factor 1-f=1-v/c
to the non-invariant matrix element squared

eg. T DUV,

d W-

u

i Muon must also be right-
massless antineutrinois i handed to conserve overall
always right-handed angular momentum
: (pion is spin-zero)

V, < O » W~
— 22
T T g
m, +m,
1| g '
2 W 2
| == m_\l—

(examples sheet)

Note that matrix element vanishes as m, — 0
(ct 77 —ev,)



O For particles, the typical relative interaction
strengths are:

—

—_— 5 1+ ) ﬁ
while for antiparticles we find: dg“rf#na;'r’]'t)

€ Hence, other things being equal, when
produced in CC weak interactions:

t “Charged Current”, i.e. W=

Particles have —ve helicity on average.:

« </1>=—,B=—V/c

—

while antiparticles prefer +ve helicity:

—

_— (A)y=+f=+v/c




€ The different behaviour of the +ve and —ve
helicity states can easily be seen to violate

parity:

Under parity transformation, ordinary momenta
change sign but angular momenta don't :

= p =

— —

Hence helicity changes sign :

P
+ve helicity —> —ve helicity

¢ Therefore P invariance demands equal
interaction strengths for both helicities

(as in QED and QCD)



Evidence for V — A

¢ Animportant test of V — A theory was the
small branching ratio for ©-— e*v,

V+A: [z —ev,)

=1.3x10~*
Iz - u'v,)

(examples sheet)

S,P: (7" —>ev,) _

5.5 (Tripos 2000)
I(x™ - u'v,)

Experiment = 1.23 x 104

<> Muon decay : v,
- > e
W — e VeV, W-

(polarised or unpolarised) Ve
Measure electron energy and I
angular distributions relative to 6. ( 0o
muon spin direction : 41

dE.d6, /



€ In general, depends on ten free parameters

PandS —» ng{R ng{L giR gISL
VandA —» gl\{/R gl\{/L gIYR leL

T —> 81§L gITR

e.g. V-Apredicts g, =1 ,rest=0
V+A predicts gp, =1 ,rest=0 etc.

Data: |gh|<0.066  |gy[<0.033

gie|<0.125 gt |<0.060  |g/\|<0.036

¢S |<0.424 gu|<0.110  [gg |<0.122

g <0550 | [gr|>0.960

Some linear combinations of these parameters
can be measured very accurately :

e.g. the “Michel rho parameter”

B TWIST expt. (2004)
0 =0.75080%0.00105 (hep-ex/0409063)

<> Also neutron decay, kaon decays, etc....

no evidence of any S, P, T contributions

— to the weak charged current




€ Return to p-decay of #Co :

|~ Ay I/

GOCO . /. /l
favoured disfavoured
— )

'
by overlap of spin wavefunctions

—> electron prefers to be emitted
opposite to direction of nuclear
spin (as observed)

Electron intensity was found % o
to be consistent with V-A
prediction : 1(49): 1— Bcos® /

o-

Note that V+A would give left-handed
antineutrinos and electron would be emitted

along the nuclear spin = 1(g)=1+ Bcosd



Determination of v Helicity

(non-examinable)

€ Ingenious experiment by Goldhaber et al :

Studied electron capture in >2Eu ... (1958)

e~ + P2Eu(J=0) — 1°2Sm*(J=1) + v,
|—> 1528Sm (J=0) + vy

A 152

B| or B Magnetised
iron
v
ring of ring of
Sm,0; — Sm,0,

Nal counter

... and detected photons after resonant scattering
on ring of 1°2Sm ...

Y+ 1928m — 1525m* — 1925m + v



Step 1:

e~ capture from K-shell of 1°2Eu emits neutrino:

192

-
o

e

<
(O —

1528m>*<

—> 1925m* must recoil with same helicity as
neutrino

Step 2:

152Sm* decays to ground state 2Sm + vy :

1528m>*<

/
VW

'Y 1528 m

—> photons which happen to be emitted along
the same line of flight as the 192Sm* will
have the same helicity as the neutrino




Step 3:
Resonant scattering of y by more 52Sm:

Y+ 1928m — 1525m* — 1928m + vy

Only those 1y with just the right energy to
“hit” the resonance can scatter in this way

l.e. only those y with a bit of extra energy

‘I528m>*<

Y energy must be
960 keV slightly greater than
960 keV to allow for
1528 m recoil of 192Sm*

l.e. only those y which happened to be
emitted along the line of flight of the >2Sm*

152Sm*
(and the 52Sm* was
moving downwards)

152Sm

l.e. only those y with the same helicity as the
original neutrino




Step 4:
Measure the helicity of the emitted photons

Do this by comparing the photon counting rate
for both directions of the magnetic field B

Photon absorption in iron depends on photon
spin direction relative to magnetic field B

e.g. for left-handed photons:

<
B B “down”
= - e canabsorby ‘=
\N\NN~> o by spin-flip o
Y e e
A
e~ spins in iron tend to align
opposite to field B
\ 4
>
B B “up”
ANANANS> : e cannol A AAA~>
absorb y




—> if the photons are left-handed, will see
greater absorption with B down than B up

—> will see lower counting rate with B down
than B up

Measure counting rate with both field directions
— gives photon helicity
— infer neutrino helicity

Result:

neutrinos have negative helicity

(as expected for V-A weak charged current)



Neutrino Scattering

€ For v, v scattering on u,d quarks in nucleon,
leading order Feynman diagrams are:

Vi W et b
W+ W-
d u u d
v,d—pu V,u—putd
€ In centre of mass frame: (Handout 7.1, 7.2)
o 2"
< /\' o | = /\' o
VM ‘/; < — d VM ‘/; < — u
u S,=0 d S, =+1
do _ GF2 S do _ GF2 § (14 cos6*%)*
dQ 4rx dQ 16x
Isotropic extra factor i(1+cost9*)2

§= (p, + p2)2 = (Vg cms energY)2




O For scattering from antiguark in nucleon:

Vi Tt b
W+ W~
y ~3d  d—= y
v, U—pu-d v,d—ptu
€ In centre of mass frame: (Handout 7.3)

_ u-i-
V «»{/\tﬁfk \ »>f/\'9$ d
: <= . <=

a'/‘( S, = -1 “/, S,

, = u =
2 2
do = GF2 § (14 cos8%)* do = GF2 S
dQ 16rx dQ 4rx

. . 1
€ Interms of scaling variable y : y =~ (1=cos6"

do" do™ G . > do" do™ G;.
= =—5(1~-y) = =8
dy dy T dy dy T

(Lorentz invariant) (Handout 7.4)




Deep Inelastic v Scattering

e.g. VyN—-puX

Take the two (Lorentz invariant) independent
variables describing the scattering to be

. Q0 O _ P.q 0<x<l
2p,.q 2Mv D>-D) O<y<l

lab frame vg cms frame
E, -

Ev N/ﬁ_ /\;* d
VM PQ\ VM > <
\\4 X J /
E,-E, v

1
=—(1—-cos %
y 2( )




For electromagnetic DIS , ep — eX:

<) The most general Lorentz-invariant form for
the cross section was

d’c™ _ Arer’ I—y- M?*x*y? | F,(x) N y? 2xF (x)
dxdQ° 0’ 0’ X 2 X

(assumes single virtual photon exchange
and parity conservation)

¢ Can be converted from (x,@®) to (x,y) :
0* =(s—M?)xy

d'c (5 do
ddez_(S M)

d’c  |dQ’
dxdy | dy

d2 em 4 2 _M2 2 2
o oM MY e Y o ()
dxdy 0 s—M 2

At high energy (s>> M?):

d’c™  4xa’s 2
- O {(l—y)@(x)ﬂzzm(x)}

(Handout 7.5.1)



For neutrino DIS , vp — eX, uX, tX:

€)» Same form for cross section, except:

1)

4ma’/Qt — G 2n

2) need extra structure function ( F3;) to

d’c"™  Gis
dxdy 27«
d’c”™ Gis
dxdy 2x

allow for parity violation

2

(1= Y)F (x) + y? 2xF” (x)+ y(l - %j XF? (x)

| ) :

1=y F,"(x)+ y? 2xF” (x) - y(I — %j xF" (x)

plus similar expressions for vn, vn :

d’c™  Gis _(1— VE," (x) +y—22xFV“(x)+ (l—ijFm(X)_
dxdy 27 | 7 2 1 2™
d’c™  GZs| z Y I YY) e ()
= 1- V)" (x)+=—2xF" (x)— y| 1—= [xF," (x
e R T )
(Handout 7.5.2)
¢ Ingeneral:

F,, F,, F; depend on both x and y

Bjorken scaling —> functions of x only




€ Parton model for vp scattering:

s O O

v,d—pu v, u— u-d
d(x)dx = # of d quarks with u(x)dx = # of u with
momentum fraction x momentum fraction x
2
99 _ G 5 g(x)dx 40 _ % 50— y) () dx
dy 7« dy 7«
d’c G d’c G
= d = 1—v)
— dy 7 sxd(x) oy 7 Esx(1—y)" u(x)
§ = vqg (cms energy)? R
where: = §=sx
s = vp (cms energy)?
d’c”® G _
In total: =25 sxla+a- yya)]
dxdy ~«

O Similarly, for antineutrinos:

d°c””
dxdy

) (7;; sx|(1- »)2u(x) +d ()]




\% V
— v +
VM > > !"" Vu < < !.l
W+ W-
d—> >—u u—> >—d
2
do GF§ dO' (1 V)
dy 7« dy
v, —> >— W | V, —< <« H*
W+ W-
U —< < d d —< < T
2
dO' G; = y)? dO':GF§
dy dy 7«
giving sum:
vp
dot U




< Parton model

Cross sections on protons :

d’o”

dxdy
d 2 GVp

(j; sxld )+ (1= )2 )]

(P)

dxdy

Cj; SX [(1 — y)zu(x) + c?(x)]

< Similarly for neutrons :

d*oc™

dxdy

dZO_Vn

Cj; sxld™ (o) + (1= y)2a" ()]

dxdy

Cj; SX [(1— V) u" (x)+ d" (x)]

But p=(uud) n=(udd) so

u'(x)=d"(x)=
d"(x)=u’(x)=

d(x)
u(x)

1"(x)=d"(x)=d(x)
d"(x)=u"(x)=u(x)

and neutron cross sections become

d"c™ — Gy SX [u(x)+(1—y)267(x)]

dxdy ~« (n)
d’c™ G; > _

R sx|(1= y)2d () + (0]




CDHS Neutrino Experiment (CERN)




Example of DISv + Fe —» u=+ X event

hadronic
.~ Shower (X)

Y-PROJ MIN=-2000.p0 MAX= 200270

U-PROJ MIN=-2000.0 MAX= 2000.0 l

V-PROJ MIN=-2000.0 ‘HAX= 2000.0

A highly penetrating charged particle is the
characteristic signature of a muon

(muons don’t feel the strong interactions)
(electrons give electromagnetic showers)
(tau leptons decay very rapidly)



Measured y distributions

e.g. from CDHS experiment at CERN :
J. de Groot et al., Z.Phys. C1 (1979) 143

A
E,=90-200 GeV

" (low E.) : "*(high E, )

Scattering from iron target :

—> approximately an isoscalar target
(equal numbers of protons and neutrons)

2 N 25 4250 2 =
d"o :l d'o +dO' :&sx[(u+d)+(1—)’)2(ﬁ+d)]
dxdy 2\ dxdy dxdy ) 27

"ol dedy | dxdy | 27

d’c™ 1(d’c™ d°c™) G: ) _ =
= + =—sx|(1- u+d)+u+d
xdy 2( ] (-2 w+a)+@+a)]



€ Total v, ¥ cross sections from parton model :

w~_Gps| . 1 w_Ges|1
L I A

27 27

f, = f.+ fy= fraction of proton’s momentum
carried by quarks

fq = fa + f3 = fraction of proton’s momentum
carried by antiquarks

(examples sheet)

—> can measure quark, antiquark, gluon
momentum fractions

Find:  f, =041  f =0.08
—> ~ 50% of momentum is carried by gluons

(which cannot interact with the virtual W boson)

€ If no antiquarks in nucleon, expect

=3

O_VN

Taking antiquarks into account modifies this to
O-VN — fq +%fﬁ

PN 1
O-_N ?fq +fﬁ

= 2



VN, VN total cross sections

< Inlab frame:

- O_VN oc E‘iab
a
s =2ME —
|4 O_I7N o lab
vV
0 10 20 30 50 100 150 200 250 300 350
1°O:I I __I T | I I I LI I L I LI I L I LI I LI I LI I: 1°0
5 T VN _
0.8 [ 3 08
I 5
3 el RES S S :
= %%’%'ﬁ'% ? B g 0EC
£ 0.6F 3 06
3} - 1 .
® o = e
5 VN ]
= 04 & 7 04
I I X 6 i e
= E J
e - :
© - [1] W CCFR (96) [6] (] BEBCWBB [11] W CRS |3
0.2 2] X CCFR(90)  [7] <& GGM-PSv  [12] & ANL |4 02
- [3] O CCFRR 8] A GGM-PSV  [13] ® BNL-7ft (A
- [4] < CDHSW [9] vV IHEP-ITEP  [14] X CHARM|-
- [5] ® GGM-SPS  [10] A SKAT .
0.0_I 1 I 1 I 1 I L1 T T T T N T N |- 0.0
0 10 20 30 50 100 150 200 250 300 350
E, [GeV]

These cross sections are very small !

eg. c~1038cm? —

mean free path in water ~ 103 m
~ 0.01 light years



Structure Function Predictions

€ For vp: comparing coefficients of 1, y, y2in
d*c™
dxdy

_ (;; sx|d (o) + (1= y)2ia(x)]

£ Gs y ( yj
= 1—-VEP(x)+Z—2xFP(x)+ y| 1—-= [xF?(x
dxdy 27Z'|:( )’)2() > 1() Y 5 3()

F,* =2xF"* =2x[d(x)+u(x)]

/ xF,? =2x[d(x)—u(x)]
7
Callan-Gross relation again

gives

(quarks are pointlike
spin 1/2 particles)

¢ Measure both F, and F,
—> can determine d(x), u(x) separately

(possible because scattering from quarks or
antiquarks gives different angular distributions)

< vn scattering same with d < u :

E" =2xF" = 2x[u(x)+d (x)]

xF," =2x[u(x)— d(x)]

—> can determine u(x), d(x) separately



¢ For an isoscalar target :

1 _ - N
PN =5(F2"P+F;“)=x_u+d+z,7+d_

1 -
xF" :E(xF3"p+xF3m)=x_u+d—L7—d_

¢ But for eN scattering, we had:
FP=x|—u+—d+—-u+

F" =x|—d+—-u+—-d+

-

— N :%(F;p+F26“):%x[u+d+ﬁ+c7]

— FN = % PN (=0.27F)

comes from mean 11 2+ 2 ’
squared quark charge 2l 3 3

Experiment — 0.29 +0.02

eN scattering: depends on z~
vN scattering: independent of quark charge



Measurements of F,, F;

e.g. CDHS experiment again :
v+Fe > u + X

H. Abramowicz et al., Z.Phys. C17 (1983) 283
F{X)

10 < Q2 <20 GeV ¥c? {

c:a} this eprerimm (VN)
o 153-sz (EMC)

1.0} F, 9

a2 F2* (stac-MIT) -

18

5
xF,™ =x[u+d—-1/7—67]

FN=—F" =x[u+d+u+d]



€ Bring in “valence” and “sea” components:

u(x) =uy (x)+ug(x) =u,(x)+S(x)
d(x)=d,(x)+dy(x)=d,(x)+S(x)
u(x) =ug(x)=5(x)
d (x)=ds(x)=S(x)

1 1
with normalisation  [u,(x)dx=2  [d,(x)dx=1
0

0

— F3VN =u,(x)+d,(x)

— | [N de=[[uy(0)+dy(0)]dr =3

“Gross-Llewellyn-Smith sum rule”
/

only 2 people!

— measures # of valence quarks in nucleon
experiment = 3.0 £ 0.2

< For antineutrinos: parton model predicts

FP=F" F'=F" F"=F" F"=F"



Summary of v, v Scattering

v couples to d and U; V couples to u and d

—> can investigate flavour content of
nucleon

vq suppressed by factor (1-y)2 wrt vg
vq suppressed by factor (1-y)2 wrt vq

—> can measure antiquark content of
nucleon

vq, vq scattering depends on same quark
momentum distributions as eq scattering,
but not on quark charge

—> can measure quark charges

C 5 (mean square)
Fe _ _FV

2 18 2
New structure function F; due to parity

violation !
[ PN (xydx=3
0

—> can count number of valence quarks
In nucleon





