€ “ps3
P1
>
e \
‘ > } Wa P4
p \
P2
lab frame - proton at rest before collision:
P2 = (M,0,0,0)
energy loss of o B
incoming particle v=Ls— I
QZ
. r =
Bjorken x oM v
fractional energy loss
of incoming particle y=1- _1
2
4-momentum transver q = (pl — P3

(Q% = —¢?)

Inelastic e-p scattering

W=M — elastic scattering

2 <W <1 GeV — inelastic scattering
(exitation of resonances)
W > 2 GeV — deep inelastic scattering

lorentz invariant form

_ p2q
V) — ——




Elastic Scattering:

cross-section in lab frame: proton at rest before collision

5 electron helicity spin flip
dQ  4F?sin* ¢ Fy o TG Sin”
1 2 v v
f2(Q%) f(Q%)

LI cross-section

d 4 2 242
07 = or (@)1 -y~ %H%fﬁ(cz%)

for large Q2

Inelastic Scattering:

cross-section in lab frame: proton at rest before collision

eI structure function magn. structure function

do? o
dEsdS) 4E2 sin

2 260 | 2 2 2 0
49 (IFQ:UQ Icos + 34 (7, Q Ism 5

LI cross section
d?c Ao

2 4
dl‘dQ Q or | Ca‘?rge Q?

— ((1 —y— M/ Fz(il? Q%) + 2P (x, QQ))



Bjorken Scaling Hypothesis (1967)

“If scattering is caused by point-like constituents (partons), the structure functions for
fixed x must be independent of Q2.

+ 6° o |8°
x 10° a 26° &
0.5 T T T T T T T gL
* -
m.
04 + 1}— ;‘;’g
a] £ = 2
ep 03 | + t o 4w *‘vl}f ‘H’ 4 §&
F2 TR
1 B
0.2 ;
N
or L x=025 | Zx
. D
S 32
0 1 ] 1 | 1 ] ] Eﬂ'z;l
0 2 a 6 8 8

0?/GeV?
experimental observation: structure functions F (x, Q%) and Fy(x, Q?) do not
depend on ()?

First evidence for point-like substructure of proton!



What is the spin of the partons?

Reminder elastic scattering: angluar dependence in Mott cross-section comes from
“electron helicity conservation”, thus is related to spin of incoming electron.
Additional angular dependence of Dirac cross-section due to spin-spin |IA of electron and
proton. This term vanish in case of 0 spin of the target!

Q° . 50

(%)Dirac/(g_g)MOtt =1+ 2 M2 tan 5

Inelastic scattering:

2 1
(258 ) / (28 sgone) = - (Fal@) + 2 Fy () tan? §)

L Q2 x=Fy(x) 2 0
= — (]_"_ 112 le(x) tan 5)

If parton spin = 0 —  Fi(x) =

fparton spin=% — | Fa(z) = 22 F(x) Callan-Gross relation




2xF4
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1,0

0.5

1.5 < Q(GeV/Ic): < 4
¢+ 5 < QNGeV/ic)2 <11
F 12 <« QU (GeV/c): < 16

GE
— DM

>

partons have spin %2 !




Quark-Parton Model

Inelastic scattering from proton Quark-Parton-Model:

elastic scattering from point-like
quark within proton

P1,€ »\y P1,¢€ »\y

e Y

p2,D pa, W q,Ep2 Pq

§ T N .
\

quark in quark-parton model as free-particle which is only true in “infinite momentum frame”,
Thus assuming all masses and transverse momentum components are negligible.

Pquark = 5}92
pquark: — £p2 + q :

, q
pqiark — 52]9% + q2 + 2Epaq = m?] C—> (=-— Sors —

masses are negligible in IMF

Bjorken variable x can (in IMF) be identified as fraction of four momentum carried by quark
involved in scatter process.



Cross section of electron with one quark which carries the momentum fraction x
of the proton:

2.2 R 0 2 0
“ ) — a?"40 S(COSZ——I— Q2sin2—)

(da

€; - charge of quark in units of e

M% = ajng (not the “real” quark mass)

Lorentz invariant form:
2.2 2
(d—az) = T 1y + L
aQ quark,x Q4 2
To get the complete cross-section, need to sum over all quarks in the proton and
To integrate about their x-distributions.

Quark momentum distribution: ¢ ()

do_ — (e Plx)dx
(sz)quark (sz)quark,xq ( )

), - (48),
(dwd@2 quark dQ* quamk,mq ( )




2

2
d20_ . 47-‘-@ . y_ 9 D
(dwdqp)proton = Q4 [(]. y) + 9 ] X Z:ezq (37)

sum over all quarks in proton

compare with electron proton cross-section in terms of structure functions

(%)proton - e [(1 - y) F2(x) + y2F1 (ll?)]

—> Fo(x) =2xFi(z) = x Z e qP (x)

Can related structure functions (in IMF) to quark momentum distribution!



Sum rules for quark parton distributions

u >

u(z) = uy(z) + us(z) la' : valence quarks
d(x) = dv(x) + ds(z) %
\7

q } sea quarks

number of d valence quarks in neutron

? .
£L'(U(£U) + d(x) 4+ u(a:) + d(a:))d:c —1 momentum conservation

(if all momentum is distributed among quarks)

1
/0
1
/o
1
(L _ .
/ U, (33) =1 number of u valence quarks in neutron
0
1
/o
1
/o
d

(heavier sea quarks strongly suppressed)



Structure function for electron proton scattering:

=Y

= S (x) + w(@) + (@ (@) + (@)

heavier sea quarks are strongly suppressed!

Structure function for electron neutron scattering:

Fen Z 6 qz

Isospin symmetrie: u<d p&Sn
@ = uP(z) = d"(x)
u(z) = uP(x) = d*(x)




fu = [ £(u(z) + u(@))dz

1
£ = / 2(d(z) + d(2))dz
0 -
.‘\t{
Experimentally found: &5;
) W
/ F3P(x)dx ~ 0.18
0
1
/ F™(x)dx ~ 0.12
0
—> {,=036 f;=0.18

~ 50% of proton momentum is carried by quarks

0.2

0.1

mixture of valence +

pSea quark distribution




How does valence & sea quark momentum distributions look like?

Neutrino-Nucleon scattering

. W W
I u (d) w (d) I d (q)

Property of weak IA: W boson couples only to LH particles
(will be discussed in detail later)



M]%ED - Z_Q [U_e(pz)"y’uue (pl )]gw/ [@(pz)v'/uu (p4)]

e, D1 € P3 1,3
\/ Jwo P
| |
Ly .4
| |
| |
ﬂ_,mp4 N
dap2
weak
coupling
constant
Mok — - LI (o) E (1 — 4 Y, (01)] g [T (pa)7 | (1 — 77 Jua(po)]
’ 2(g° + myy,) 2 2
propagator of LH component only

massive W boson

2 2 >
g+ myy ~ My



Cross-section for: v+d — = +u

do L |pi

In CMS : = —
dQ}  6472%s |py

i

Pi  momentum of one incoming particle
Pf momentum of one outgoing particle

in the following assume E >> m!

0,0] p1 = (E,0,0, E)
7, 0] p2 = (#,0,0,—F)
4, 0] p3 = (E,Esind,0, Ecosf)

im—0,7]  py=(FE,—Esinf,0, —F cos#h)

sin @ cos ¢
p=|p] | sinfsing

cos 6

0 in CMS
:u_vpy
Vi& 0 .dap2
>, -
/ T™—0
U, P4



4 common eigenstates for energy, momentum and helicity:

(sinecoscp
p=|p| | sinBsing

\ cos B }
particles:

( cos(6/2) \ { —sin(8/2) \

e®sin(0/2) e®cos(0/2)
up— 1 =vE+m A p— 1 =vVE+m 5l
A=1 ¥ E_.fl—"m_cos(e/.s-) sl El"f[ﬂ_sm(@,/s)
E%e“" sin(0/2) E%e“" cos(6,/2)
antiparticles:
ﬁ' sin(0/2) %cos(@/@
? 1 E 7 T -
e A BT — e cos(6/2) S A BT —gE-esin(0/2)
—sin(0/2) —cos(8/2)
e®cos(8/2) e®sin(0/2)
neutrino d quark

0
Uh=—1(p1) = VE (1) Up=—1(p2) = VE

o = O

muon u quark
. %
JE | cos3 un——1(ps) = VE | 2
up——1(p3) = VE .9 h=—1\P4) = cos ¢
S111 B) ) 02
— cos 2 sin 5



Compute particle current:

(vt
vro— | Y Yv'o

kw“v“ﬁtb)
v Yo
(ﬂ 00 ]\
I 0 0010
Jad) Yol
an_'(n !) Y kﬂ 1 0 n)
|
0 0 0 —i ({'} 0 1 (]\
0O 0 i 0 0 0 0 -
Y T
=10 Zio o 1 n 0 0
i 0 0 0 0 0 0
Up——_1(p3) ¥ up=—1(p1) = ZE(CDag *-:.mg hlng EDH%)
= 0 il i N
Up=—1(pa)¥'up=—1(p2) = 2E(cos 3, —sinz, —isin5, —cos 5)

4gw£-
-

E*
Mf,—gir(cng+ﬁm E-I-t.m 3 + cos’ }—

'r'r W



2 IJIW W

Wi 1 g2, 4E? 1 g2, s

| M i ol 2 |—§‘m2 |
W (%

neutrinos are always LH;
Incoming d quarks are in 50% of the case LH, 50% RH

do 1 1 rg2s\*?_ I ’ no angular dependence
dQ ~ 64n2s2 (_) - (Sﬁwmiv) i
2
ﬁ L 912/[/’ — d_O‘ = G S
G+ G%.s
) —Ld0 = =L
Ovq 472 T

now consider /g scattering,

same computation, but this time one LH particle
current and one RH antiparticle current

dO’gq . Gz
dQ) 1672

5 (1 + cos 0)*s

0., 167 ~_ G%s
f(l+COS§) dQ:T _>O-Vq_ I




Summary of (anti-)neutrino |IA with valence and sea quarks

Differential cross sections still given in CMS system, transform in LI notation ....

dovy _ GF dogy _ doyg _ G% (1— 4)%s dovg _ G}
dy 472 dy dy 42 dy A2




CDHS Experiment at CERN (1976 — 84)
(CERN-Dortmund-Heidelberg-Saclay - Experiment)

1250 tons
* Magnetized iron modules
Separated by drift chambers

Study Neutrino Deep
Inelastic Scattering




COHS NEUTRINO DETECTOR 1200 t steel

e
AN

15 MACMETISERTE Fo-5ZINTILLATOR - KALORIMETER 1 ORIET - KAMMERN
F 10m i

Example Event:

Energy Deposited
*Measure energy of X

Hadronic
shower (X) EX

Position

* Measure muon momentum
from curvature in B-field

Ey

* For each event can determine neutrino energy and y !

Ey=(1-y)Ey = }’Z( ——)



Measured y distribution

* CDHS measured y distribution

W
oy Eve90-200 Gev

eyl (6261) 1D "sAyd'z “|leyejooug apr

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

(anti)quark scattering




do*P dov?  do¥? G% ST -
— + = d(x) + (1 — y)? d

use notation with structure functions

d?o’?  G%s
dedy 27

Exploit y dependence to fit for
structure functions

compare expressions in orders of y

F)P =2xd(x) + 2zu(x)
—Adxu(x) = —F» + xF3

2u(x) = aF) — xF3/2
= F2(2)"” = 20F)" (x) = 22(d(z) + u(z))

= vF3(2)"? = 2x(d(z) — u(z))

Ry(a)™ = 2aF{" () = 2a(u(z) + d(0)

rF3(x)™" = 2x(u(z) — d(z))



Measurement of neutrino structure functions

*CDHS Experiment V;, +Fe — u~ +X

Fix)

I 5 0 < Q% < 20 GeVc?

e

vN

05

.
© | this_experiment

it M
o lgﬂ-FEF EMC) -

F2* (stac-MT) ]

—

8Z (€861) £1D "sAud'Z “|e 1@ zaimowe.iqy ‘H

Q

Q73

Sea dominates so expect xF,
to go to zero as q(x) = q(x)

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

- YN —xFYN = 2x[u+d|

* Difference in neutrino structure
functions measures anti-quark

(sea) parton distribution functions

A

Sea contribution goes to zero

/ Fy(z)"Ndz = / wy () + dy (z)

experimental result: 3.0 £ 0.2




Measurement of neutrino structure functions

*«CDHS Experiment V;, +Fe — 4~ +X

Fix)
| 5 0 < Q? < 20 Gev2r? &

F? = 2xF" = x[gu(x) + §d(x) + 3u(x)
en en 4 |
Fin = 20k = f§d(2) +

VN | { §] mis experimen
o B r M Eme) T,

e~ el

FN = (P + E") = Sox{u(x) +d(x) +(x) +d(x)]

o -’
F2 (SLAC-MIT)"]

.

vN _ 18 peN

0.5 FeN o 3 vN
2

= 513
Experiment: 0.29 +0.02

0 ] X -
Sea dominates so expect xF; : »
Sea contribution goes to zero

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

‘D i
: M
i O
=g
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HERA Collider at DESY
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Accessing the low x region:
HERA: y =1

ey 5 2
QEZ £ s~10% GeV

- [ HERA Experiments 2
Iﬂ‘l - T4 . by } 3 1 .=
] Fixed Target Experiments =

f_—,,;:,'ﬁ:/ Fixed Target: y = 1
10°F y : s<10° GeV?

HERA

10 k == accessing lower ¥
= S = = -;"!. Et'l;':ﬁd + p
. L needs hegher s e
‘_-"r E o i —
i 30GeV  900GeV
. L F,-!'

-1 m'r-u lewest x .-
0 . ot verylowQ® -

B il sl pl i g = 4EE'EP = 1GEGEUE

£ = =1 A, =1
e 10 1 10 10 1 1

X




- H1  Run 122145 Evenl 63506

Q= 25030 GeV?, y— D656, M — 211 GeV

e” P
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30GeV 900GeV



Scaling violation

}-.Q
x=0.32E-5
L *=0.000102
T *=0.000151 = ZEUSNLO QCD fit
E f=t00n2 H1 PDF 2000 fit
Oﬂ x=0.0010d
*=0.0005
- " x=0.0DD6E32 * H1 94-00
— *x=0.0008
| a HI1 (prel.) 99/00
x=0.0013 » ZEUS 96/97
P e S
N: x=0.0021 - T
Rﬁ x=0.0032 s PN C
L ——
oL *=0.005
P Lt:\]
3
2
1 0.18
=0.25
- w=0.4
L %ﬂf R ———-— S e on 065
u 1 11 IIIII 1 IIIIIIII 1 IIIIIII| 1 IIIIIII| 1 IIIIIIII
] 5

1 10 10” 10°

10 10
2 2
Earlier fixed target data Q°/GeV




QCD explains observed scaling violation

Large x: valence quarks

Small x: Gluons, sea quarks

{ﬂ‘-"\ *C—' | % e

Q2T = F, forfixed x

! : |
]
i

)

%Mfw: {E \("’\

Q2T = F, T for fixed x

only understandabile if gluon self 1A
are taken into account, however
exactly predicted by QCD

low x range exploited to measure gluon
momentum functions



s to ali data

Parton density distribution in protons

X8

0.6

Q% =10 GeV?

0 0.1 0.2 03

Bjorken x

rr11'r||'rrrr LI [ pa |

= PRI S O T = —
04 05 06 0.7 0.8 0.9

1

Note:
* Apart from at large X
uy(x) ~ Zd\; ()C)
*For x < 0.2
gluons dominate

* In fits to data assume
Wl %) =T0(%)
. a(x) > U(x)
not understood -
exclusion principle? :
«Small strange quark '
component s(x)



Summary of structure of protons

- Protons consist of
- point-like particles — structure functions depend only on x not on x and Q°
-withspin%s  — Fy(x) = 22 F1(x)
- number of valence quarks = 3 — neutrino scattering

- (valence + sea) quarks carry 50% of the proton momentum

- momentum distribution of valence and sea quarks and gluons are measured
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