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Charged Current v, & — p v, Scattering

(inverse u decay)
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t— channel effective 4 fermion interaction (point like a la Fermi)
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J# — charge raising weak current 2

JﬂT — charge lowering weak current



Invariant Amplitude v & — pv,

Invariant amplitude
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Spin averaged |invariant amplitude|?
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Apply Casimir’s trick (I'; — 4 x 4 matrix)
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compare with muon decay (L8) — “inverse” muon decay

1
<|M|2>:§Z‘M‘2: ......... = 64GZ (k- p)(p*k")
nita m,=0 m, =0
spins S:(p_|_k)2:(p'_|_|(')2zZp.k:Zp"kl

=16GZs’® no angular dependence in |amplitude|?
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O\ aB :1-7X10_41 EV[GeV] sz extremely small

study v scattering off nuclei

angular distribution shows directly the V — A structure much larger cross sections

Isotropic! (angular momentum conservation)
o grows linearly with E, indefinitely! (no propagator)
(in L7 we arrived at this conclusion using dimensional arguments only) 4



v, € — € v, Scattering

To be complete, have to consider also neutral currents ...

Ve(K) W e Ve(K) er(k’)
i W i Z0
e~ (p) MV e=(p) //97\/>\e(p’)

The neutral current interferes with the charged current;

to obtain the amplitude for M(v.e — v.€e) _(
we have to add both diagrams: vu(K) g/N2 u(p’)
M = MCC(v.e > ev,) + MNC (v.e - v e)

W

In practice high energy neutrino beams are

I

obtained from charged pion decays: ©* — p'v,, . :

Neutrino beams are composed mainly of \/ 5

muon neutrinos (99%) and v, e — pv, scattering e (p) /4\ vo(K)
proceeds via charged current interactions only. €

()
+
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Charged Current v, e — Vv, e Scattering

o(-K) e (p’)
g/ N2 D-===€ gy/V2 >
e’(p) s — channel Ve(-K')

obtained by crossing CC t-channel ve — ve scattering amplitude
Mk, p,k’, p)=M(=K',p,—k, p") st

<‘I\/I ‘2> = =16(3,§t2 tz—;s(1+cosl9)

— 4G|§SZ(1-|- COS 9)2 max for 8= 0, min for &= 180°

A 2
d_G(Ve): 1 ‘pf‘<|M|Z>:G—FZS(1+COSl9)2 angular dependence !

dQ 647°s || 167
2 2
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Helicity Considerations

weak interactions couple to do(ve 2
left-handed (~A = —1) particles and ( ) - Ge S
right-handed (~A = +1) anti-particles dy T
N \/ / da(Ve) _ G§ S(l y)2

| = > — dy 7
/\ ?/J =0 o (V) _1
€ z o(v) 3
same handedness
no net spin along beam direction
— isotropic distribution: 1 Recall en — ep scattering
v do(eu —e 27’
- - p — A — dQ Q N
e / Isotropic, parallel helicities J =0
J,=-1 antiparallel helicities J = 1

opposite handedness z
net spin J, = +1 or -1 (only 1 possibility out of 3)

— scattering amplitude: Yy =1— F;—T( ~ %(1— coS 9)

y measures the energy transfer at the interaction vertex (= E,, / E,) 7



Neutral Currents

1973 experimental birth of Standard Model vo(K) 2 vo(K)
_GNC(V)_ O'(VyN —)VﬂX) J

vwe-ve g2 W oy < 0.31£001
v,N = v X o) olv,N-u I 70
_ _ W) o@,N—->v X) I
v“N — VMX R, =——==—= ——-~0.38£0.02
o (V) oW, ,N->uX)
' ] g'/\2 o
First evidence of a weak neutral current e~ (p) e (p’)

NC anticipated by Glashow in 1961
Until then no weak neutral current effects have been observed
Note: no flavor change at the vertex, NC conserve flavor!

Very stringent limits on (flavor changing) neutral currents by the absence of decays

K> uu BR=7x10"
K" >ztutu BR<4x10™

These small (non-zero!) branching ratios explained well by SM (GIM mechanism), also:
BY —» utu BR=3x10"

However in ve, v scattering NC events are as abundant as CC events,
difficult to detect isolated electron, study on nuclear targets.



Neutral Currents: —>VM e- Scattering
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CC and NC - vN Scattering

CC: vN—)u +X

;,L

one lepton (u) detected
all other particles identified as hadrons

Ne N—->v X
o 0 _oWNDVA) ha14001
o (v) oWv,N—->uX
NC (v v.N—>v X
_o ) _oWNDVX) 384002
o () o,N—-uX)

NC: v,N = v, + X

all particles identified as hadrons
no leptons detected!

almost as abundant as CC

10



NC Scattering Amplitude

: develop in analogy to CC at low g2 << M.?
Ve(k) g'/\/z Ve(k ) .

a priori:

| 1) not necessarily pure V — A, what structure?
0
: z i) can have right handed components (not for v)
try ¢,V — CAA (c, and c, from experiment)
e(p) g'/\/2 e(p) i) new coupling g’, new massive neutral boson

IV) no flavor change at the interaction vertex o ¢

- 9,,-94,/M; g'(_ 1
M NC _ g_ ueyy E(C\i —Ce]/S)Ue y73% oy Z uy}/ —(C\‘// —CV]/S)UV
S A S I AN

effective 4-fermion theory as for CC with new coupling constant G, / V2 = g2/ 8 M,?2
and c,¥ = c,¥ =1/2 (neutrinos are left-handed) [in a V + A theory c,,¥ = —c,¥ =1/2]

4GNC — 41, e e 5 1(_ 1 5
/2 2(ue7/ E(CV_CM/ )ue)z(uv 7ﬂ§(1_7 ),

MNC:

1 I
(INC)“ (e) (IN¢), (v) 1



1] _ 1
neutrino neutral current J B (v)= E[U(V) Y > 1-7) U(V)}

1

NC — e e, b
electron neutral current ] ™4 (g) = {u(e) y E(CV —C.Y ) u(e)}
“point-like” interaction of two neutral currents (JN¢)~ (e) and (IN¢),, (v)

4G, sz NC () N (1) D= Gy

V2 Ge

p determines the relative strength of NC to CC, inthe SMp = 1

MNC

~1.010+0.015=1 (SM)

In the SM all ¢,/ and c,' are given in terms of one parameter,
the electroweak mixing Weinberg angle &,

tand, =g'/g e=g-sind, =g'-cosY,
My

0,y measures the relative strength of CC and NC couplings with o =
c,®=-1/2 + 2sin%0,, C,®=-1/2
(all this will be developed in L11)

In summary, we have a basis for calculating NC amplitudes.
From now on, assume p = 1 and Gy = G The only unknowns are ¢, and c,® .

M? cos® 4,

12



NC v.e- — v.e Cross Sections

To start, let's consider v e~ or v.e~ scattering (no CC channel!). The NC amplitude is

_ v 4G 1
Ce ove)="Z20(0 7 5 —eu )5 (6 7, 5 A )
Using the CC current results
do(v,e” >ev,) _Ge S and do(ve” >ve) _Gg S(L_y)?
dy T dy T
(“left-handed”) (“right-handed”)

we obtain directly \ \
NC - - \
do™(v,e >v,e) GZs

S + 00 + (e — )’ -y’ ]

and after integrating over y (or d cose) L Cr
2~ —
S 2 2
NC - -\ __ F e e A€ e
(Ve >ve)= (o5 ) +cich +(ch)

Sl ()

T L - 13
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|
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And now, we can derive the full v.e~ scattering amplitude!
Both the CC (W exchange) and NC (Z exchange) channels contribute:
add the amplitudes M = MtC(v e — ev,) + MNC (vem — v e)

M(ve —»ve )=

(n o ja-u)(E  se-ru) | e
4\75 Zp(Ue y”%(c\‘j ®7° U, )1(U 7@,5(1 77U, ) NC

Adding the amplitudes (p = 1 and G = Gg)

M(ve —»ve )=

4G(

A GRS CRE TN AT

(i.e. equivalent to replace c,® — c,# + 1 and c,® — c,® + 1 in the NC amplitude)

finally leads to

do(ve »>ve)

Gs

dy

L@+ e+ 2" (6 ) (1Y)’

o(v.e” >ve )=

G2s equation of an
[(cV +Ch+2)° += (Cv Ca)’ } ellipse in (cy, C,)

14




NC Parameters

only one

| point where

7 all 5 “ellipses’
overlap

In the Standard Model all ¢,/ and ¢,/ ¢,/ and c,' are determined experimentally
(i=v, |, uord quarks) (including e*e~ scattering at the Z° peak)

expressed in terms of 1 parameter 6, |
. «:v =—0.03772+0.00041
c,® = -1/2 + 2sin?0,, c,'=+1/2
oo - ¢, =—0.50117 +0.00027
Cy =+0.50085+0.00075

15



CC v—q Scattering

Ve u ?
W+ W+ W g=+5/3
————— chargerising ——----KC0S0c  bputnot -----
© K _ T M 1 5 d the weak CC current Couplesu
‘Jq :uu7/ _(1_7/ )Vudud y .
2 d’ = d cosO. + s sind. to u quarks
Oc is the Cabbibo angle, 6.~ 13.1°
e- d ?
W- W- W- g=-4/3
————— charge lowering - - ---£ cos 0. butnot -——===
Vo u d

([ |
('Jqﬂ) =Uqud7/“§(l—7/5)uu

W* couples to d and u quarks, but not to u nor to d quarks

W- couples to u and d quarks, but not to d nor to u quarks  (very selective!)

V — A structure: left handed (~negative helicity) u and d quarks
right handed (~positive helicity) u and d anti-quarks 16



CC v—q Cross Sections

Follow the same arguments as for v e scattering,
assume same coupling for quarks and for leptons

AG.(_ .1,
M :T;(u(ﬂ)y“z(l—y )u(v)j

_ 1
(u(u)?/ﬂ 5(1_75) u(d)j

|

JﬂT — charge lowering weak current

ol

do(v,d > uu) Gf

dQ Ar°
do(v u— u'd 2
oVu >4 )=GF L §(1+cos9)’
dQ T
dG(VﬂCT - pu) GV,
dQ - 4r?

do(v, 0 — wd) _Gf

5 6 §(1+ cos 9)*
T

\
|
J# — charge raising weak current

17



Summary v—q Scattering

TR u Py y—i vu P P3_ = | Vull! u P3_u= i Vu P1 u P3_ -
W <Sgqg W < g W <gqg W<g
U 12}
d P2 v P4 u u P2 v P4 d P2 v P4 d d J 2} v P4 U
EEEEEEEsEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEES _ T L L L L +._ ............................................... +
/9*“ /9*“ /9*“ /6*“
Vu‘-/ — d Vu‘_’/ —— U V,u‘_/ ——u _Vu‘-/ . d
~ : ~ — 7 7
u Cd d 7
SZ — O z — +] S\, —— —] SZ —
S e o - T o i
vq F V4 E_(1+cos0")% + = ——=(l+cos8")7$ vq F
dQ-  4m 9@ lom S S | S
Gg§ Gg$ GEs G§
T K3 R, T
Isotropic no backward sc.  no backward sc. Isotropic

18



CC v—N Scattering

To study v-q scattering study v-N interactions:

- quarks embedded in nucleons, similar formalism to u-DIS

- additional information on parton distribution functions (quark’s flavor!)

- v beams mainly v, from = decays produced at accelerators by a high intensity p beam

K i
1% OLne cfr. E.M
¥ U A R . VI
1 y exchange

v“\k>\ﬁrt/k>l/“ oL B
W 1 ¢ large Q2 1z g

[ guarks are ~free

d—""7">—y U % U

P P P2 P4 9



4G,

_ 1 T o, L
M :ﬁ(uw)?/”5(1_75)‘1(1/))(“(“)7#5(1_7/5) u(d))

B decay -
Ve
/ -
WI e
d J . fu
u > u p
d — d
d —>uev,
;<Ve
W 7 _
/ e
—L
u d 0
df— )
U—dev

v — N scattering
(inverse (3 decay)

|
W
A\, 1 . fu
n u . u P
d ’ d
v,d—uu

2
F(ﬂ'_ — ﬂoe_Ve) = 3(37';3 (Am)®

BR ~1x107®

Different from == — u~ v, decay,
in this case the d quark is a spectator

and we can treat the u quark as free 20



v — N Scattering

The energy of the incoming v, beam not well determined

" Measure scattered p energy E and angle 6 and
(possibly) all the final state hadrons (calorimeter)
I
—k=-k :
W+ || “ infer v, energy from scattered lepton
plus final state hadron system (X)
P hadrons E, =By + Brag
P Q*=-q’=4(E,, +E,)E sin® 2
- q T had 7 7 2
(Enas +E, )E, sinzg
kinematical variables X=
2M N Ehad
v=E -E, =E
E 1 *
y = ——had ;—(1—0039 )
E..+E, 2

W?=M;: +2ME, , +Q°
21



The Experiments

© BEBC (Ne)

[ CCFR 744,770
ool N\ CDHSW

7 CHARM (WBB)

o —
%b.o01
CHARM y :l
experiment __L—» :-
at CERN 3
\ |
2

for a given E,,
kinematical region bounded by

4

m, ,-’-jy
ﬁ-‘ﬂ; 1r= - —— —J!, .
SxM I;’p (1+2Mx/E ) Y
mi | |
= y=- 1.
SxM I;’j ' (1+2Mx/E )

o 2MEx
2E2 ST T, M B

muon section
identify u and
measure E,Ll

22



Detection of a v—N Events

muon section
identify u and

at FNAL

' \HHHHH\ T
expenment ‘

target + “hadronic section”

measure Eu
charged current event neutral current event
- a0 e s e el e DA AL EC GRS owr: sarew

N

ﬂ

. % ,ﬂiun LT .

i JR1EE) 1 e R 14 il 1
it 1 e j Tt H AL S 1
Hi (38 e HES, LRI, 1 1 It ki a8 i i
1l 750 o 23y Y (Bl | H{3 A 2 i H
FR eIl HIEEE 1 M H HE Elatat B % i H
HiE b7 i+l SRR E RN N F R 3] HUlEE R Bl i N .
I L HHE 1 =L Tl 1 '
R R ) i HHE] [ ] .\

hadronic shower -
muon track hadronic shower no muon track 23




v—N cross section

cfr. QeED

|§=xs

do(v,N — u X) -y f_(x)dai (V.0 = 1q)
dx dy ! dy

v, K, u
Let consider an isoscalar target (same # of p and n)
’ & = ys and let Q(x) and Q(x) represent the probability to find a

guark or an anti-quark in the nucleon with momentum x

dy W' g=k—k Q(X) =d"(x)+d"(x) =d(x) +u(x)
| L QU= ()+T"() =0(9) +d (x)
en
hadrons d N - X 2 —
G(Vﬂdx;; “X) -2 x5~ [QM)+ (-]
and

do(V,N - u"X) G 1r= o
Xl a 621 Q09+@A-¥)*Q() |

(origin of 1/2: we assumed an isoscalar target N = (p+n) / 2)

do(e*N »e*X) 4za® 1

,7 5 _
dx dy q* XS§[1+(1_V) ]E[Q(X)JrQ(x)]

24




Where are the q's?

Study the angular distribution of the outgoing
charged lepton in v — DIS scattering

0)
if only quarks

no y dependence
(i.e. isotropic)

1.0

I | ! ]

E,=30-200 GeV

ov
ey

(l-y )2
(antiquarks)

Constant
(quarks)

(1-y)2
(quarks)

P4 wlfil Sl s ol
¥ (antiquarks ) |
— . ] | | |
Vp Pl It only quarkyo/ 0O 02 04y 06 08 IO
>
V)2 d 2 do(v 2
g ' W o (l-y) O'(VCI):GF . 0'(1/q):GF (1= y)'s
\ (i.e. no backward dy T dy 7
P X scattering) o(7) 1
P2 _=
P4 o(v) 3
comparison of v and v angular distribution allows one to separate of g and q:
one finds a small angular dependence in vN and a small flat component in vN
25

= consistent with ~ 5% antiquarks in nucleon



Quark Distributions

Valence and Sea quark distributions
extracted from v (anti-v) D interactions (Q? ~ 5 GeV?)

e

V ® xd, V ® Xuy
Ox3+%xs Oxﬂ+%xs

guark and anti-quark
distributions
at Q2~ 10 GeV?

~ 5% (3 component
In proton

xq(x)

%(}

I
0.8

%‘é‘}éé 6-.:5#

02 0

o) g, deXQ(X) 3R-1
a(v) jdx xQ(x) 3-R 26




v — N Total Cross Section Data

SN :G_ZS[QJF Q} SN 62 [ Q+Q} Q:J’de x[u(x)+d(x)+s(x)]

a/E, in units 10738 cm?/GeV

27 27r
#//
0.8 :+ } + \ Neutrino-nucleon
bt
06| L = *_ 2 _+_+_H_*_+_*_ _+- T ¥ T —+_ o _+_ = 417 not exactly
a factor of 3
) = because of
04l Antineutrino-nucleon f’:lnti- qua rks
ol GG 5 _+_+_¢_+_+_+_+_¢_ i bt . | inthe nucleon
02} G(VN)
o(VN )
0 1 ] // ] ] 1 1 1
0 10 20 7 50 100 150 200 250
E,, GeV

27



NC v — g Scattering

Because v.e cross sections are very small, extensive studies of NC interactions carried
out using isoscalar (#p = #n) nuclear targets, like Fe (almost isoscalar)

W) o W,N->v X)

= = ~=0.31+0.01  Ve(K) g2 ve(K')
"o (v) o (W ,N-> u X

C/— NC /— _
_o () _oWN2VX)  asi0.02 WA

R — _
Yoot (@) o (W,N - uX) '
Explained in t fvg— d vg — Wt tteri :
xplained in terms of vq — vq and vtj — vy scattering o(o) g2 a0)

doN (va — v GZXS
; (d?/ DS e+ (e —cl) -y’ |

c =5 e cp=5(a—cd)
do™ (YN - vX) GZxs
dxdy 27

experimentally  CZ = 0.300 +0.015 C2 =0.024 +0.008

[ [Q(X) + (- ¥’ QU1+ Q) + (L~ y)* Q)]

28



The v — N Cross Section

The calculation proceeds in a similar way as ey — ep, ep — ep, ep — eX Cross sections

_ 1

lepton current 1 =u,yr” 5(1— 75 Ui, (both V and A currents possible)

hadron current o =(X 35| p,S)

invariant amplitude M =\/§GFj#J”—>ﬁGF J,dhad W propagator

~_ -ilo.-a,0./M;)

leptonic t T
SPIOIE TEn=Or Ly = T(K)7, =7 k) | T(K)7, (1= 7*)u(k) |
8

ik, ik, ~ (K M), i, KK

1
1+Q*/My,

hadronic tensor . 0
(most general form) ~ |\y/as — _gW, + pMIZ; W, — e 2Mp2yq5 w,

anf anpf B anB _ B¢
g9 W4+I0q + P ( W5+ipq P Q W

2 2 2 6

_|_

where £ is the fully antisymmetric tensor
29



Contract the tensor L W+
the terms W,, W¢, and W are proportional to lepton masses — 0
the antisymmetric term W, stays, and violates parity

2W,

Y [2(p-k)(p-K)-M? (k k)]~

L WA = aW, (k-K')+

L[ (p-k)(a-k")—(a-k")(k-p)]

The cross section in the lab frame becomes (v experiments only fixed target so far ...

2 N 2 2
(d 0]({ j: Ges {vvv (1 y—Mxijry 2xMW1iy(1—Xij\N3}
dxdy \vN 27[(1+ Q?/M? ) 2E, 2 2

<

For v N we replace (1-ys) by (1+ys) in the lepton tensor and this changes the sign of W.,.
Recall that E, is not directly measurable, need the total energy E, ., of the hadronic final system

2 N ° E, E +E
dza T = S £ W, cos® '9+2W sin? 24| 25 W3sin2£
dQ°dv /\vN 2zM E, 2 2 M 2

The structure functions W,, W,, W; are different functions from those encountered
in e — p scattering, and also differ from v N to v N scattering.
No assumption on the underlying structure of the hadron is made so far.

30



DIS Region

The structure functions W are functions of W(Q?,v).

In DIS region the probe sees the constituents inside the hadron (Bjorken scaling limit)
— scattering off point-like partons
— W depends on only 1 variable x = Q?/2Mv

(compare to eu elastic scattering, QPM, ...)

2 2
2MW, (Q%,v)= Q 5(1— Q j
2My 2My | MWl(QZ,v) — F"(x)
, Q2 and the structure functions , )
1/\N2(Q 1V)=5 oM In the Bjorken limit WV, (Q ,V)—> F, (x)
v take the familiar form ) ,
( 2 ) o VW3(Q ,v)—> F(x)
WV V]=0|1-
QY oMy

In total there are 12 nucleon structure functions for neutrino scattering:
F,, F,, F; for each of the vp, vn, vp, vn processes.

Charge symmetry implies F, (vp) = F,(vn) and F, (vn) = F,(vp), which reduces them to 6.

Experiments conducted usually using massive isoscalar targets (#p = #n) and measure
cross sections per nucleon (p or n) reducing thus the number of structure functions to 3



QPM Interpretation e I

Interpretation similar to uN scattering

The exchanged W+ strikes a quark in the nucleon
and changes the flavor of the struck quark

(probability given by CKM matrix) — } E

P

nucleon Hadron
Shower

QPM cross section (isoscalar target)

d’oc GZME ;
- ———— 2| ) ¢'G;(X) + C?qj' x)(1-y
ooy ™) e 2 2 () 2l (0-)

J
¢; and c; are the Cabibbo mixing angles (cos 6. and sin 6¢, assuming 4 flavors only)

Assuming the Callan-Gross relation (spin %2 quarks) F, = 2xF; and an isoscalar target

F(X)= ZZJ_:[cfxqi (x) +tcfxqj (x)]

xF; (x) = ZZ[cfxqi (x)—cixa;(x) | the striking difference between F, and F,
L] IS the sign for the anti-quark densities

and the cross section finally reads

d’c (VN Gis F,+xF, F,FxF, 2
—n | 2 + (1_ y)
dxdy \ v N 27{(14— Qz/Mv%/) 2 2

32



Quark Content of F, and F;

vN Cabibbo favored (cos? 6.)

d>us—>c,0—d,T—>5
VN Cabibbo unfavored (sin26:.) d —»c,s—u,c—d,T—>5

vN Cabibbo favored transitions u—>d,c—os,d—>T,5>C

w:  F,=2x|[d+s+u+c] F,=2x[d+s-0-¢C]
m:  F=2u+s+d+c] F=2xu+s—d-c]
. F=2xlu+c+d+s] F=2xju+c-d-s]
im:  F,=2x[d+c+0+5] F,=2x[d+c-0-5]

For an isocalar target (p+n)

N F,=2xlu+d+0+d+25+2c| F,=2xlu+d-0-d+2s-2¢
+d-0-d+

=2x[u, +d, +2(s-¢)]
N:  F=2xlu+d+a+d+25+2c] F,=2xlu 5

|
2c—25|=2x[u, +d, +2(c—3)]

since s = s and ¢ = ¢ (sea quarks)
F,(VN)=F,(vN)
F(VN)=F,(vN)-4x[s—c]=2x|u, +d, ]

(basically, F; measures the distribution of valence quarks) 33




Comments on 5~ and A

v and v F, structure function on isoscalar targets %2(p+n)

measures the

SUM of quark and anti-quark PDFs in the nucleon

FY=F" =2x[u+d —|—U+CT+2(S+§)]

Cfr. EM scatte

ring

F° =x[§(u+ﬁ)+l(d +d_)+§(5+§)}

4 1

9

The average of xF; for v and v scattering on isoscalar targets
measure the VALENCE quark PDFs

vN VN
F+ R

:2x[u+d —U—CT]:ZX[UV +d, |

2

Comparison of F, for v and e/u lepton scattering

confirms the fr

The difference

actional charge assignment to the quarks.

A(XF;)=xF,(vN)-xF,(¥N)

IS sensitive to the strange and charm quark content of the nucleon
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and £ Structure Functions in v — Fe Scat.

F; v Fe scattering

[(=10) ¢+ s * oo $x=0.140

- +F¢U¢o'00003+°x=0,110

[ ' g %% % € x=0.090

Q

| *¢00¢+
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v — e/u Comparison

® FZVN
_ i 18 eN !
An early check of fractional charges X T 2
comes from F, comparisons in AR
eN and vN scattering off isoscalar targets | o X [x
5 2 8 Fa(x) | 1 X
er/”=—X[u+d+U+CT+—[S+§]+—[C+5]} : "
18 5 5 } ¢,
Fy =x{u+d+0+d+2s+2C | _ x
s 1 |
F*=—F —x=(s+5% oaf ~
TG }

0 0.2 0.4 0.6

Note that the total area under the curve measures the
momentum fraction in the nucleon carried by quarks, P, ~ 0.5.
The missing momentum fraction is ascribed to gluons,
which cannot be seen directly in DIS experiments
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CCe + N— v, + X Scattering

At very high energies,
in ep scattering also a W boson can be exchanged

instead of a y (or Z boson) — CC DIS.
Only a hadronic jet will be observed
(the outgoing v is undetected)

Hera ep collider (Zeus + H1)
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Sum Rules

Various predictions can be made for integrals — sum rules — over quark densities,
which have simple interpretations in the QPM.
These sum rules are predictions based on QCD, therefore a powerful test of QCD.

There are 2 such sum rules for v interactions
(we already encountered the Gottfried sum rule comparing p and n quark distributions):

the Adler sum rule

IA

Vp_ pvp vn_ Evp
_leZ F, dX:JlFZ F, dx:jolZ(uv—dv)dX:Z

0 X 0 X
Adler sum rule
this sum rule is Q2 independent and hence E S
has no QCD corrections X e 1,371%0,15 ”
R
_ T s b .
the Gross — Llewellyn Smith o E ; o
=
1 XF 1 o 1 >
IGLS: —3dX:j (UV +dv)dX:3( __Sj 075 o
0 X 0 T £ et
05 ;}f/* & .
loLs = 2.64 + 0.06 S S S *
X

to derive these sum rules use the definitions
of F, and F; in terms of quark densities 38



For Next Week

Study the material and prepare / ask questions
Study ch. 12 (sec. 7 to 10) and ch. 13 (sec. 5) in Halzen & Martin
and / or ch. 12 (sec. 2 to 5) in Thomson

Do the homeworks

Next week we will study the Electroweak unification
have a first look at the lecture notes, you can already have questions
read ch. 13 (sec. 1 to 7) in Halzen & Martin
and / or ch. 15, ch. 16, and app D in Thomson

35



