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The Quark-Parton Model

» Before quarks and gluons were generally accepted Feynman proposed
that the proton was made up of point-like constituents “partons”

* Both Bjorken Scaling and the Callan-Gross relationship can be
explained by assuming that Deep Inelastic Scattering is dominated
by the scattering of a single virtual photon from point-like spin-half
constituents of the proton.

p3 _e”

P4

Scattering from a proton — Scattering from a point-like
with structure functions quark within the proton

% How do these two pictures of the interaction relate to each other?



°In the parton model the basic interaction is ELASTIC scattering from a
“quasi-free” spin-'2 quark in the proton, i.e. treat the quark as a free particle!

°The parton model is most easily formulated in a frame where the proton
has very high energy, often referred to as the “infinite momentum frame”,
where we can neglect the proton mass and p, = (E,,0,0,E»)

* In this frame can also neglect the mass of the quark and any momentum
transverse to the direction of the proton.

Let the quark carry a fraction gof the proton’s four-momentum.

M (E2aﬁ2) \‘q
> Ep2

D > >4 Ep2+q
(§E2,Ep2) " P> \

*After the interaction the struck quark’s four-momentum is §P2 +q

(51’2"“1)2 =m$z - §2}7%+q2+2§p2.q=0 (ﬁ%%zhté%(_))

— &= Q2 — Bjorken x can be identified as the fraction of the
- 2pa.g N proton momentum carried by the struck quark (in
a frame where the proton has very high energy)




°In terms of the proton momentum

7.
s=(p14+p2)? ~2p1.p2 y= P29

P2-P1

*But for the underlying quark interaction
2
s = (py+xp2)° =2xp1.p2 = X8
~ Pgqq  Xp2.9
))q — — —
Pq-P1 XP2.P]

Xg = I (elastic, i.e. assume quark does not break up )

*Previously derived the Lorentz Invariant cross section fore-u~ — e u-
elastic scattering in the ultra-relativistic limit (handout 4 + Q10 on examples sheet).

Now apply thisto € — €°(

2 €4is quark charge, i.e.
do 2ma’e? 2 2 9
— = g l14(14+L ew=+2/3; eq=—1/3
dg? q* Sq .
: 2 2 . q
*Using -~ = Q- = (sq —mz),quq S 3— = —yg = —Yy
q

do  2mole?
dQQ = Q4 : [] +(] _)’)2]




do Aro®e?

— q
dQ? 0

* This is the expression for the differential cross-section for elastic e—q

scattering from a quark carrying a fraction X of the proton momentum.
* Now need to account for distribution of quark momenta within proton

(1-»+%] Q

% Introduce parton distribution functions such that ‘Ip (x)dx is the number
of quarks of type g within a proton with momenta between x — x + dx

& Expected form of the parton distribution function ?

Single Dirac Three static Three interacting +higher orders
proton quarks quarks
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& The cross section for scattering from a particular quark type within the proton
which in the range x — x+dx is

d’c 4rna?

108 = ol [(1—)’)+%J <P () dx

’n-

& Summing over all types of quark within the proton gives the expression
for the electron-proton scattering cross section

d’c?  4mo? [ y? 5
= (1-y)+ '—] e,q" (x) (5)
dxdQ? ~ O 2 Z] /

& Compare with the electron-proton scattering cross section in terms of
structure functions (equation (2) ):

P (x, Q%)

X

d’c  4na?

dxd@®>  Q*

[( 1 —-y) + 2 F (x, Qz)] (6)

* By comparing (5) and (6) obtain the parton model prediction for the
structure functions in the general L.l. form for the differential cross section

2 2 2 C lat d struct
sz(x,Q ) — szlP(x’Q ) =xzeqqp(x) an relate measured structure
q

—> functions to the underlying
quark distributions




The parton model predicts:

& Bjorken Scaling Fi(x,0%) — Fi(x) F(x,0%) — F(x)
Due to scattering from point-like particles within the proton

& cCallan-Gross Relation F>(x) = 2xFj(x)

Due to scattering from spin half Dirac particles where the
magnetic moment is directly related to the charge; hence
the “electro-magnetic” and “pure magnetic” terms are fixed
with respect to each other.

& At present parton distributions cannot be calculated from QCD
Can’t use perturbation theory due to large coupling constant

& Measurements of the structure functions enable us to determine the
parton distribution functions !

& For electron-proton scattering we have:

sz (x) = xZeZ‘qu(x)
q

& Due to higher orders, the proton contains not only up
and down quarks but also anti-up and anti-down quarks
(will neglect the small contributions from heavier quarks)

S
Q ié 1
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@For electron-proton scattering have:

A 1

F,P(x) —xZeqqp(x —x(gu"( )+§dp(x)+£9—1t7p(x)+éc_1p(x))

&For electron- neutron scattering have:

—xZe q" (x) —x(; (x)+éd"(x)+£9—1t—l"(x)+égn(x))

@&Now assume “|sosp|n symmetry”, i.e. that the neutron (ddu) is the same
as a proton (uud) with up and down quarks interchanged, i.e.

d"(x) =uP(x); u"(x) =dP(x)
and define the neutron distributions functions in terms of those of the proton
u(x) =uP(x) =d"(x); d(x)=dP(x) =u"(x)
ax)=wP(x) =d (x); d(x)=d (x) =u"(x)

giving: | ;P (x) = 2xFP(x) = x (é—tu(x) + ld()c) + —u(x) + | 3(x)> (7)

4
9
F5"(x) = 2xF{"(x) = x (ﬁd(x) + %u(x) + ga(x) + —H(x)) (8)
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& Integrating (7) and (8) :

| I 74 1 - 4 1

/ FyP(x)dx = 5 X (—[u(x) +u(x)] + §[d(x) +d(x)]> dx = §f,, - 9fd

en _ 4 1
[ Fsrwac= [ (Gl +aW) + glute) +7) ) e = g fa+ 5
] . )
- — is the fraction of the proton momentum
Ju= 0 [xu(x) +xu(x)]dx carried by the up and anti-up quarks
Experimentally —r— —

f erp (x)dx ~ (.18 — 04 | 2 (GeV/c)2 < Q? <18 (GeV/c)® -
[ F(x)dx ~ 0.12 S

= | f,~036 f;~0.18 =

& In the proton, as expected, the up quarks carry %2
twice the momentum of the down quarks

@ The quarks carry just over 50% of the total 0.1
proton momentum. The rest is carried by
gluons (which being neutral doesn’t contribute 0
to electron-nucleon scattering).




Valence and Sea Quarks

*As we are beginning to see the proton is complex... u >

*The parton distribution function uP(x) = u(x) u kep
includes contributions from the “valence”

quarks and the virtual quarks produced by

d >
gluons: the “sea” u ’66
*Resolving into valence and sea contributions:

u(x) = uy(x) + us(x) d(x) = dy(x)+ds(x) u
H(x) = Us (x) E(x) = 35 (x)

°The proton contains two valence up quarks and one valence down quark

and would expect: ' -1
P / uy (x)dx =2 /0 dy(x)dx =1
Jo .

*But no a priori expectation for the total number of sea quarks !

Sea quarks arise from gluon quark/anti-quark pair production and
with m, = my, itis reasonable to expect

us(x) = ds(x) = us(x) = ds(x) = S(x)

*With these relations (7) and (8) become

SP(x) =x (guv(x) + éd" (x) + gS(x)) 3 (x) =% (gdv () + tl)uV(x) " gS(x)) 13



Giving the ratio F5"(x)  4dy(x)+uv(x)+10S(x)
FP(x)  4uy(x)+dy(x)+ 108(x)

*The sea component arises from processes such as g — uu . Due to
the ]/q?- dependence of the gluon propagator, much more likely to produce
low energy gluons. Expect the sea to comprise of low energy q/q

*‘Therefore at low X expect the sea to dominate:

en( . B"x) "Fd . ]

2 pg,\i 1 as x—0 o |} o S)dominates
S (x osf- | 4 AR —

ya it
Observed experimentally L ‘if';t., » |
()

*At high X expect the sea contribution to be small sl ’*’&n’ L

5" (x) B ddy(x) + uv(x) s x s ] g
;P(x) duy (x) +dy(x) “I' u(x)dominates — 7]
Note: v = 2dy would give ratio 2/3 as x — | e T

X

Experimentally F;"(x)/FP(x) = 1/4 as x—1
w d(x)/u(x) —0 as x—1

This behaviour is not understood. y



Parton Distribution Functions

& Ultimately the parton distribution functions are obtained from a fit to all
experimental data including neutrino scattering

&Hadron-hadron collisions give information on gluon pdf g(x)

—Fitto all data_

/; 1_ T T ARARERAREARARRS NOte:
= | vo 2=10GeV2 | &Apart from at large x
= o8 _ uy (x) ~ 2dvy(x)

& Forx < 0.2

0.6 _ gluons dominate

& In fits to data assume
ug(x) = u(x)
& d(x) > u(x)
not understood —
exclusion principle?

&Small strange quark

| | T —n") -~ '
0 01 02 03 04 05 06 07 08 09 1 component s(x)

0.4

Bjorken x
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Scaling Violations

°In last 40 years, experiments have probed the

proton with virtual photons of ever increasing energy

*Non-point like nature of the scattering becomes
apparent when 7\.Y ~ size of scattering centre

h 1 GeVim
=1 TaGev
gl |4|(GeV)

*Scattering from point-like quarks
gives rise to Bjorken scaling: no

g> cross section dependence

*IF quarks were not point-like, at
high 42 (when the wavelength of
the virtual photon ~ size of quark)
would observe rapid decrease in

cross section with increasing 42.
°To search for quark sub-structure
want to go to highest 4>

HERA

Resolved distance (fm)

1 1 1 1 1
[ Rutherford
10 F o 2
elastic
T F ep ep
-1 [
10 3 .
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10 F Partons 3
-3
10 F
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e p collider
10-4 1 1 1 1 1
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HERA e*p Collider : 1991-2007

% DESY (Deutsches Elektronen-Synchroton) Laboratory, Hamburg, Germany
27.5 GeV < 820 GeV /s = 300 GeV

Hale OST (HERVES)
Hall EAST (HERMES)
Haf est (HERMES)

Halle WEST (HERA-01)
Hal WEST (HERA8)

Eadirora / Postronen
/ Postrons

Syrrr L':‘l o
- Syoatvoron Paleson
) sy ot Lymcbeyon

ZEUS

% Two large experiments : H1 and ZEUS
% Probe proton at very high Q2 and very low x

17



Example of a High Q2 Event in H1

X*Event kinematics determined
from electron angle and energy

H1 Run 122145 FEvent €6506

Date 19/09/1895

\<6‘\
et R | p

jet

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

Q* = 25030 GeV?, y =0.56, M = 211 GeV

L BB




F,(x,Q%) Results

% No evidence of rapid decrease of
cross section at highest Q2

= [Rguark < 107%m

% For x > 0.05, only weak dependence
of F,on Q? : consistent with the
expectation from the quark-parton

model

% But observe clear scaling violations,

particularly at low x

F>(x,0%) # F>(x)

erp(x, Q2) —log;(x)

E=] ZEUSNLO QCD it
~——  H1 PDF 2000 fit
x=0.000632 * H1 %400
/ x=0,0008
y 4 H1 (prel) 99700
g 4 x=0,0013 ® ZEUS %697

o CDMS
x-0.0021 DU

¥ 0.0032 AR ¢

. et s
| v ‘w,....... +:;.,M
- _\' cotigt-o—oB oo 065
0 el asal Al | M aaal M aasad sl
1 \m 10 10’ 0! 10°
— 2 2
Earlier fixed target data Q°/GeV
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Origin of Scaling Violations

* Observe “small” deviations from exact Bjorken scaling F>(x) — F>(x, Q%)

A A
E .Q’.”‘ IOW q2 9/ /IOVV X
3 medium x
high g2~ .
g q ‘\’. \hlgh X
—=lp x » InQ?

% At high Q2? observe more low x quarks

% “Explanation”: at high Q2 (shorter wave-length) resolve
finer structure: i.e. reveal quark is sharing momentum with

gluons. At higher Q2 expect to “see” more low x quarks

LR N1
o*® te,
o 7
* b3
.
L4 *
0 t/
o .
-n
. 0‘2/
N . -
. L] b L
. ] .
. " ‘ant
. Ll
. L4
. g
’O
.
LR o
., o*
“aamun®

% QCD cannot predict the x dependence of 2 (x, Q2)
* But QCD can predict the Q2 dependence of F2(x, Q%)

20



Proton-Proton Collisions at the LHC

% Measurements of structure functions not only provide a powerful test
of QCD, the parton distribution functions are essential for the calculation
of cross sections at pp and pp colliders.

*Example: Higgs production at the Large Hadron Collider LHC ( 2009-)
°The LHC will collide 7 TeV protons on 7 TeV protons

*However underlying collisions are between partons

*Higgs production the LHC dominated by “gluon-gluon fusion”

*Cross section depends on gluon PDFs

| |
o(pp — HX) ~ /0 [) g(x1)g(x2)o(gg — H)dx;dx;

*Uncertainty in gluon PDFs lead to a 5 %
uncertainty in Higgs production cross section

*Prior to HERA data uncertainty was 25 %

21



Summary

¢ At very high electron energies A < rp e
the proton appears to be a sea of

quarks and gluons.

¢ Deep Inelastic Scattering = Elastic scattering
from the quasi-free constituent quarks

= Bjorken Scaling Fj(x,0%) — Fi(x) |point-like scattering

= Callan-Gross F>(x) = 2xF(x) |Scattering from spin-1/2

¢ Describe scattering in terms of parton distribution functions u(x),d(x),...
which describe momentum distribution inside a nucleon

¢ The proton is much more complex than just uud - sea of anti-quarks/gluons

¢ Quarks carry only 50% of the protons momentum — the rest is due to
low energy gluons

¢ We will come back to this topic when we discuss neutrino scattering...

22



Gluons bind quark together

Proton

The quarks are stuck
together by the
exchange of gluon,
which 1is finally
understood by

Quantum
Chromodynamics

( n
high energy).

Gross, Wilczek, Politzer, 2004 Nobel

Prize



Gluons bind quark together

In low energy, we
can’t see free quark.
The quarks are

confined inside the
proton.

(infrared confinement)

Gross, Wilczek, Politzer, 2004
Nobel Prize



The modern atom model

= Flectrons are moving constantly around
nucleus which is made of protons and
neutrons which are the composites of

quarks.




99.999999999999% of an atom's
volume is just empty space!

If we drew atom to scale and made protons and neutrons a
centimeter in diameter, then electrons and quarks would be less
than the diameter of hair, and the entire atom's diameter would

be greater than the length of 30 football fields!




Empty Space?

= The “little universe” ot atom is occupled mostly
by “Emptiness”.

= In fact, the 3 (uu d) quarks inside the proton
only occupy one part in a billion

(10) of the proton’s volume.

~— Lots of “Emptiness™

What is The True Nature of Emptiness?



Interactions Generate Mass

= Quarks themselves only contribute a very small part,
about 1.3%, of the proton (uud) mass:

* 99.7% ot proton mass originates from the
interactions among the 3 quarks inside proton. (Mass
is a form of kinetic and potential energy.)

Nambu (Nobel Prize 2008)

« These energies are converted into the mass of the
proton as described by Einstein's equation that relates

Energy (E) to Mass (M) by
E =M c?



The Emptiness inside a Proton

= More than 99.9999999% of the proton’s volume
IS empty space!
= The mass of proton is mainly generated by the

contribution from the empty space (Emptiness)
Inside the proton.

~ “Emptiness” is not “void”.
7= JF 7=
Mass 1s a form of Energy
0 B 2 7=




