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Probing the Proton Structure

EM interaction P 4
Photon
sensitive to (electric charge)? =¥
insensitive to color charge
(almost) insensitive to quark flavor
cannot distinguish between quarks and anti-quarks

Weak interaction
Weak Bosons
sensitive to weak charge ~ flavor
insensitive to color
can separate between quarks and anti-quarks

Strong interaction

Gluons
sensitive to color charge
insensitive to flavor
insensitive to electric charge

All three probes are needed to disentangle the proton structure in detail.



How to Look Inside the Proton ? ’7
D, E, O, ...

Deep Inelastic Scattering Pi

scatter a high energy electron off a proton
with a large momentum transfer g
and measure the scattered electron

q=p—pr 9*<0

def Q2 = - g2

Q ~ photon momentum
A ~ photon wave length

hc N 200 MeV -fm
Q Q

required resolution A <R,

~y
~y

ie. Q2> 1 GeV?




: : Inclusive:
K| nematICS only scattered lepton is observed and measured
— scattering angle 6 and energy E’

in the laboratory frame semi-inclusive:
where the proton is at rest some hadrons are observed and measured

2
scattered S = ( P+ k)
lepton

k', E

k, E q:k—k'—>Q2=—q2¢>Q2:4EE'sin2§>o
irl]g;)?grr:t _________________ x:Q2/2q-p¢>x:Q2/2Mpv
N g v =q-pIM, oy E -
all kinematic variables y=q-p/k-p =l(1—cosl9*)L>y:v/ E :1__’
are measurable 2 E

M2 =W?=(p+q) —2>W2=M2+2M2 -Q’

Elastic scattering: W2=M2+2Mv-0Q?2=M2=Q?=2Mv=x=1
only one of the two variables Q2 and v is independent

Inelastic scattering: W2>M2 and 0<x<1
two out of three variables Q?, v, and W? are independent

Work in 1-y exchange approx. (Born); for Q% < 1000 GeV?, Z° (EW) effects are negligible,



Older Fixed Target Experiments

e + p — e+ X (unobserved)
early DIS SLAC (~"70s) experiments e

y 9

in order to map the proton’s x — Q2 structure
change angle 6 and beam energy E

PLAN VIEW

Vato Prapartional  Drift DOrift & streamear
coumnters chambers chambers tubes
Microsirip / Trigger
uw+p-— M’ + X (hadronS) " Gas rhamhellrs ..-’I b :F IR
\ ; ol
European Muon J \ ¥
Collaboration (EMC) ;  “B5eam iy st it i )
at CERN (~'80s) ' 'y = Beam —=
=— BMS { Polarimeter
II 4
J o
Polarized Calo- 4 o
target Magnet rimater Absorber

a0 -20 10 a 10 a0m 5



The HERA e* Collider (1991 — 2007)

DESY (Deutsches Elektronen-Synchroton) Laboratory, Hamburg, Germany
27.5 GeV 920 GeV 0 Js = 300 GeV

+

Halle OST (HERMES)
Hall EAST (HERMES)
Hall est (HERMES)

Halle WEST (HERA-B)
Half WEST (HERA-E)
Half ouest (HERA-S) Elektronen { Positronen 2 k m
-s— ELlectrons / Positrons
Electrons / Positons
Protonen
-— FProfons
Protons
Synchrotronatrahlung
= Symehrotron Badiation
Rayonrement Synchrotron

ZEUS

Two large experiments : H1 and ZEUS

Probe proton at very high Q2 and very low x



Collider Experiments (H1)

event kinematics determined from scattered electron angle and energy

H1 Eun 128145 FEvent 68406 Date 19/09/1995

scattered

electron
{: 25030 GeV?, y = 0.56, M = 211 GeV

27.5 GeV 920 GeV

>| 4

electron proton

proton fragments
(forward jet)

= g - = - _-JR ;
quark fragments/ s

Get) + |
ot

also measure calorimetrically the hadronic system (not as precisely) -




Collider Experiments (ZEUS)

event kinematics determined from scattered electron angle and energy

electron

27.5 GeV proton 950 GeV

scattered

electron quark jet

transverse
plane

Rear Endcap

XY View

guark fragments

(Jet)



Kinematical Range of DIS Experiments
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HERA ep collider: H1 and Zeus 1992 - 2007

Fixed Target: eN, uN, vN (SLAC, FNAL, CERN)
completed ~ 15 years ago

including p - p colliders

v=%6 A -

10°®




e — Nucleus Scattering —wa===

4 4% elastic
Q" xdg? @*R* «{ nuclear
/J\ pure elastic nuclar scadt scalt.
0.01
£ f

m
10 / {7 QZRT.N ‘

0 XA 1/A

0 X 1 y hucfm-!' Sms

The effective probe is the exchanged
virtual photon of wave length x = 47c / Q .

For low Q2 (~0.01 GeV?) the nucleus /

elaghe

tends to recoil as a whole with v = Q% / 2M, .
m1 aesolve protons

As Q? increases nuclear states are excited. ‘\Q
elaskic proton

At higher Q2 (~0.1 GeV?) the nuclear structure is resolved, Scait.
and the electron scatters elastically off the
constituent nucleons (protons) with v = Q%/2M,
(broad distribution due to Fermi motion).

At even higher Q2 (> 0.1 GeV?) the nucleon structure le 2

Is revealed (first nucleon resonances are excited). )



Inelastic Scattering

Scattering of 4.879 GeV electrons from protons at rest
Place detector at 10° to beam and measure the energy of scattered e-
Kinematics fully determined from the electron energy and angle!
For this energy and angle determine the invariant mass of the final state hadronic sys.

_ 1500} ! Elastic scattering
> E=427900V § | . proton remains intact
% 0=10 | 3, | W =M
Ncgwoo- B *" 3 *M | 0] | Inelastic (resonance) scattering
blg @MWW N\ produce “excited states”
P g ' of the proton e.g. A*(1232)

500
W =M,

) Deep Inelastic Scattering

0 1 J .
28 30 32 34 36 38 40 4.2M proton breaks up resulting
E:\0e in a many patrticle final state

L 1 | 1 |

J
2.0 1.8 16 1.4 12 1.0 DIS = large W
W (GeV/c?)
Due to proton internal structure, elastic scattering at high Q2 is unlikely and
iInelastic reactions, where the proton breaks up dominate.
For inelastic scattering the mass of the final state hadronic system W = My > M. 4,




Electron — Nucleon Inclusive Cross Section

assume a general final hadronic state |X> lepton
e + p —> e” + hadrons (unobserved) (k, o) (K', o)

work in the one-photon approximation (Born)
the invariant amplitude factorizes in

lepton current

hadron current

_ (U
follow the procedure used for calculating hadron
e + u — e + u scattering Whv
(separate sums over lepton and hadron spins)
L oeymr L . ,
do ~ o L%, Wi invariant amplitude fore + p > e” + X

evaluate |M|?2 and sum over all possible  |_jm :U(k',gf)(_ieyﬂ)u(k,g)_igzﬂv (X]30g| ps)
hadronic states q

unpolarized electrons

no final state polarization observed do — et dk' 4zM L, W* (g, p)

Q" (2r) 2E' 4ME " ’

12



Hadron Tensor

The hadron tensor W' parameterizes our ignorance of the hadron structure

at the other end of the photon propagator
average over initial proton spin states (Zg;,)
sum over all hadronic final states |[X> (and spins)
integrate over all final state particle momenta (only particles on mass shell can be observed!)
Q2 and v (or p and q) are independent

(P, q)_M—M_Z > (p.sP7,0)]X)(X]3(0),|p.s)(27) s (p+a-p,)

The lepton tensor L* is the same as for eu scattering (symmetric in p<>v)

L4 =2[ K™K +k“K" = (k-k')g*" |

The most general form for W#v constructed out of g+ and independent momenta p and g
(y* matrices are not included since we already averaged over spins)

y72% y72% W W UVoT
W —V\\//Vg + \jvp P’ — zwfze p\g/\(/lr
—-0“q" ves —(p“q"+9“p )+|2M62(p“q‘”—q“p“)

W, =W, (v, Q?) or Wi =W, (p, q) - proton structure functions
(W3, W, reserved for parity-violating structure functions in v scattering, y replaced by Wt}



The Inelastic Cross Section

W can be simplified, noting
parity invariance — symmetric form (not for v scattering) Wi/” :Wi‘”/‘ (W3,W6 —> O)

current conservation W, =g W™ =0 implies

W, =(M2/q? W, +(p-a/a?) W, W, =—(p-q/¢® W,

uw w ) W, P . P-q_,
which gives IW =—W1£—g + o7 j‘FM_ZZ[p - % — 0 j( R ]

Unlike for elastic scattering, there are two independent variables, e.g. v and g2.

- [2(p K)(p-k)-M?k-k']

b frame =4EE'{W2(V,Q2)cos2§+2vv1(v,Q2)sin2§}

Y HY
Contract L, and W= [L W

and include the propagator 1/Q%, flux and phase space factors for the outgoing electron

212
do = Sra 4E {W (v,Q?%)cos’ £+2W (v,Q?)sin? ‘9}
dE'd(cos9)| ., Q 2 2

14




Summary of Cross Section Formulae

and integrate over E” (in Rosenbluth form)

do

do 2 2 2£
d_gzlab _(d_QjMott {WZ(V’Q )+2W1(V,Q )tan 2}

Mott cross section for spinless and structureless target (integrated in d¢)

do _872052E’2 E’ /8 270’ E’ , 9 270’ 1 , 9

. = ———-C0s° g =008’ - = 3 = 3
(cos 9) Q E 2 4E25in42 E 2 4EZsin® 5 1+M(25|n22j 2

The structure of the target becomes apparent if we summarize the various formulae
do 87a°E’* FE' ) Lo _ _ _
= { } common factor” (E'/E = 1 for static target i.e. no recoil)

dE'd(cos %) 16E2E" sin ;97
2
2

4 ., 9 2
en—>ep { }eﬁeﬂ =[cosza—2q 25|n25]5(v+q—j

m 2m

2 2 2
elastic ep scattering { }ep%p = (GE; Gy cos’ §+ZTG§A sin® §j5[1/+ qu j
+7

. . . 4 . 9
inelastic ep scattering { }ep%x = (Wz (V,Qz)c052 E+ 2W1(V,Q2)s|nz Ej

-COS™ —

15



Deep Inelastic Scattering

The most general Lorentz invariant expression for e’ p — e X inelastic scattering
(1-y exchanged) in terms of Q?, x, y is:

2
do _A4za’ |, My FZ(X’Q) 2 2 INELASTIC
3 1Y ; +y°F(xQ
dxdQ Q Q X SCATTERING
i, do  4ra’ M2y? A P ELASTIC
dxdQ?  Q {(Py_ Q? f(Q7)+ 5y 1 (Q7) SCATTERING

The from factors f,(Q?) and f,(Q?) have been replaced by structure functions
‘Fl (X,QZ)‘ and ‘Fz (X,QZ)‘

which are functions of x and Q2. They cannot be interpreted as the Fourier
transforms of the charge and magnetic moment distributions.

They describe the momentum distribution of the partons (quarks) within the proton.
In the Lab. frame, in the limit of high energy Q? >> M?y?, it becomes

2
do @ {1 F, (X, Q° )cos £+£F(x Q° )sm ﬁ}
dE'dQ|, 4E Sin 9/2 v/ 2 M ¢ 2

|
Electromagnetic Structure Funct|on pure Magnetic Structure Function 16




Q? Dependence of F,

0.5 + 6° o 18°
X 10° a 26°

0.4 |-
03 - % lo+* Q k1% *ﬂ;

2 02}

0.l F

X ~0.25

o A | A 1

0 2 4

Q* [GeV?]

At x ~ 0.25, the data show (almost) no Q? dependence!
No obvious scale in W2(v,Q?) (x ~ 0.25 accidental, but lucky choice)

Interpreted as if electron scatters elastically
off point-like constituents inside the proton,

the so called partons, identified with quarks by Feynman.

F,(x)= xzi:ei2 f.(x)

17



Bjorken Scaling

Bjorken (1969) predicted that at very high energy (Q% — «, v — «) the dependence of
W, and W, on Q? fades away and they become functions of x alone

Bjorken limit Q2> MWl(V’ QZ):> F.(x)
V —> © 2
with xg; = Q?/ 2vM finite Wy, (V’Q ):> Fz(x)

before the SLAC DIS experiments (1973)

This behavior is know as scaling.

Scaling is consequence that the proton is made of free pointlike constitutents:
at high energies the virtual photon interacts with a single essentially free quark

The structure functions for scattering off a quark of flavor i are

o Q? Q> 1 meaning of the J function:
WP =ef =— 5| v——=—|=e’=——35(1-x )| thefinal partonis on the
4m. 2m. 2m. mass shell (free)
2 , 2 as the initial one
Wzl’ point: — e Q—'5(V - g—) e Q_5(1 X. ) note
m
e; fractional charge of quark i

e ch f ki
with X, = Q?/ 2q - p; and p, the quark’s momentum. €ie charge ot quark "



Although p is the proton’s four-momentum, we do not know the quark’s momentum p;;
let's set p, = &p (X,= X/ &):

WPt = g Q 5(V—Q—2j e2i5(1 X;) = efﬁd(gﬁ—x)

4m 2m, 2m
2
Wzi,point = eiz %5(1/_2_) = ei22—n;i5(1—xi) e|2 ZI\S s (‘f N )
m

Let f,(&) be the probability that the quark i carries momentum fraction &

Integrating over & .
W1=Zjod§ifi( 5(&-x) =—Ze. fi (%

= &= Xg 2M X2
W Zj d‘fl fl Q (5_ :?Xzzeizfi(x)
and finally '
1
MW, == "e’f, (x) = F (%) Fu(¥) = e (X
) |
Q W, =x> e’ f.(x)=F,(x) F, (x)=x2 el f; ()
2M X i i
which implies also the Callan-Gross relation (DIS master formula) |F = 2X Fl(x)l

Quarks have spin %2! 19



Ideas Behind the QPM

1. The nucelon consists of dynamic point-like scattering centers — partons (Feynman)

—> \,\sa

Quark

Proton

2. The cross section is the incoherent sum of the scattering cross sections off the
individual partons (two types: charged, spin ¥2 = quarks and
O charge, spin 1 = gluons

N

e

E, p =Z/dxei2 E, p \/L_
i

3. The hadronization process occurs on a much longer time scale compared to the hard

scattering (t;,.4 >> T;,.) @nd can be neglected in determining the scattering cross section.
20

|




Deep inelastic: Q2 >> M? short distance r ~ 1/Q <<, [Q2>1 GeV?]
(rp radius of the nucleon)
v>>M EM interaction t ~ 1/v << 1, [v > few GeV]
(tp characteristic time of internal nucleon dynamics)

Before the interaction: the proton constituents are strongly bound and evolve from
one configuration to another with a time t,, and do not see arriving the probe (photon).

The interaction: the EM interaction happens on a time scale T << 15,
it depends on the instantaneous configuration of the proton;
during this time the constituents can be considered as free.

After the interaction: the constituents recombine to form the final hadrons with a time T

Large Q2: the interaction happens on the single constituents incoherently and measures
the probability to find the constituent in a particular configuration inside the nucleon.

Incoherent: we sum the |[amplitudes|?

Inclusive: we do not observe the hadronic final state, we observe only the probability of

various possible parton configurations.

inclusive cross section = incoherent sum of cross sections off single elementary
constituents, which are free during the interaction

In the proton rest frame P = 0 the constituents are strongly bounded and 1, can be short.
In the frame where P is very large (— «), 1, can be very long (Lorenz time dilatation).
The cross section can be calculated in any frame, provided it is relativistically invariant.21



QPM Cross Section

The partons (quarks) carry a fraction x of the nucleon’s momentum and energy:

E [ xE
roton = . arton=y s
P Pr =0 P Pr =0
M m = xM
f.(X) parton momentum distribution function

l.e. probability to find a quark of flavor |
carrying a momentum x of the proton

Then the cross section can be written as

fi(x) = ===

assume p; = 0 (collinear)
note that the mass of a parton is a
not well defined concept

v
KF}

O

d?c

dxdQ?

-S| g )

and inserting the ep — epn cross section (point-like) we obtain

dxdQ®* Q‘x E

2 2 '
d'o _dma” E {Ze xf, ( c032§+ﬁZeffi(x)sin2§}

a—J
vW, = F,

W—I
2MW, = 2F,

xp

22



Quark — Parton Model

dG(X,QZ) ~ é L, W — dO'(X,QZ) ~ q(x,Qz)xd&"H'q

S

— quark densities electron — quark scattering

(point-like, calculable in QED !)
we factorize the cross section in a

calculable part and in a non calculable one

) — interior structure of nucleon
valence and sea quark distributions

—~
=

\ A 4 VV>I<VV
5

>

hadrons = quantitative QCD tests
scaling violation

gluon density

running o5(Q?)
renormalization group

xXP

Important limit (Bjorken scaling limit):
Q% —>
v—> oo with Q?/v finite Xgj=X =P,/ Py X=proton’'s momentum fraction
carried by the struck quark

23



The Breit Frame

P = (E 0,0,8p) g = (0§0.0, Q) k = +q /2 k' = —q/2 electron
) p=-q/2 p'=+q/2 proton
P = (E,0,0.p) g = (0, CT) Q°=v=0 photon

“brick wall”
%
Since g? < 0 we can boost the photon along its direction of propagation such that
g° vanish, i.e. v = 0: the photon carries momentum g but no energy
= no energy transfer to the proton: v=20
the partons are collinear, no transverse momentum w.r.t. to the proton momentum

Breit frame now also as infinite momentum frame,
since the proton moves with very high momentum toward the photon

Strictly speaking, the parton model works only in this frame:
(for a proton at rest, what is the momentum fraction x; carried by the quark?)

24



Spin of Quarks

In the QPM, the F, and F, structure functions
are related by the Callan-Gross relation

F,(x)=2xF (x) =) e’xf,(x)=>_ e’x[q e

¢ 5<qf<ll
¥ 12< q2<16

The Callan-Gross relation reflects the
spin %2 nature of quarks. (F, »> 0) 151 %

For spin 0 quarks, one would expect
that the transverse (purely magnetic)

structure function F; (x) vanishes (i.e. = 0) F—zl -~ — _+ %%}1% _'{ i
spin ¥2 2XF, I F, -1 '%
spin 0 2xF, I F, — 0

= _1/ —> <
2= ()

amoums AVAVAY

(p,,S,) p,: _p q 1 1 1 I | 1 1 1 )

05}

J,=-% — s

a spin ¥z quark can absorb a transverse photon ¢ /oy — 0
a spin 0 quark cannot absorb a transverse photon c, /oy — o



Is the 1-y Approximation Good Enough ?

Consider e*p and e—p scattering —
@ o EMC (200 GeV)
a MSU

ouh/ou)

o X | :::W

oc ae + be? +ce

0.8

0 20 T | S R (S
0? (GeV?)
G(e )_ T T T s | T SE T
i2 (b)

3 EMC (200 GeV)
ae + be* - e s
2
. ;!il.O”;’—‘:“,— +“+—T‘$~———————1
In the 2—y exchange the interference = ¥
term has opposite sign sk

= if 2—y exchange important, expect e e e e o s 1t e
large difference between c(e*) and c(e") x



Q?2 Dependence of F2

/ R proton
w0 Lo TOnnE

E em).000 1 % ® HI-IEUS
- P L gr  BCDAS
e - et E6i65
1'}6_F +® 11..:_‘1.! w0000 g-f.i[{.:
: . L ] L = —
10°L IR
Strong Q2 () dependence< ; *::1,”...:::::;‘ i
ll}ili_ +"”"+:-"+””+.|+ —0.008
o et sla — i
1031 o
3 -

Almost no Q2 dependence { F SR s R R
—

1 =
1E Mll
10 =

Strong Q2 () dependence < Semrge,

[ ~ 40 years of research ! ] 10 ol vl vl vl il il
10 1 10 1 10 10 10° 10

Q’ (GeV) 27



Scaling Violations

F2 A
X ~0.2

Q*>Q?

Fot /

X ~0.2

In Q?

something is missing = gluons

I T 1 11'|FI ) 1 1 ] I 1 ] -
0<x<003 F(x,Q2) -

003<x<0.06 e

0.1<x< 0.2 -

wr .

05 0.3<x<0.4
— 0.4<x<05
44
0.5<%<(.6
0.1 il
+ 0.6<x<0.7

1 b 1 Ll 1 p a l g
1 5 10 50 100 200

g2 (GeVl/c)?

28



Scaling Violation

F, is Q? dependent.
Is the Quark — Parton model picture consistent with pQCD ?

asymptotic freedom

YES (logarithmic) scaling violations
with modifications = very powerful test of QCD
03
\\ 0% >>0Q2
/// \\\
\
/ [romth
| |
\ /
\ /
\\ //
\‘\\\ ) 4////‘
\ Resolution
v*(Q3) sees q(x) v*(Q?) sees (softer)

quarks inside g(x)

QCD cannot predict the parton distribution functions f(x).
However once they are measured at a given Q,?,

QCD can predict their evolution to a different Q2 (Q? > Q42 or Q? < Q?). .



|f the Proton is

Evolving Nucleon

A quark

£ (@)= X3, € [0 (0 Q)+, (x Q)]

Three valence quarks

9
,y*
i u,
v UI)
(%\ee% W Three bound valence quarks
a > d,
< <
= =
Uy < L=
’ L= X
P = Cj
5 Three bound valence
sS quarks + some slow
J debris, e.g., g > qq

3

000

o

—>

SS
<——Small x

then Ff”(x) is

Valence

X
1/3
X
[}
|
|
|
|
|
|
|
I
|
|
1
1/3
X
Sea
I
{
i
|
I
|
|
|
I
I
1/3
X




Including o Contributions

hadrons

]
]

These are the lowest order aq corrections to the DIS cross section. So far
ag corrections have been calculated up to ag® (NNLO — next-to-next-to-leading orderii



The y*-Proton and y*-Parton Frame

e
P\ Pi=YP

~ _ we work in the
ZP; = Z2yp = Xp infinite momentum frame

L Breit frame
v* - proton frame v* - parton frame
P Pi =YP
x=Q%/2pq z=Q%/2p;g=x1y
X =zy

y — momentum fraction of the parton i before gluon emission

Z — momentum fraction of the parton i after gluon emission w.r.t. initial
parton momentum yp with the conditions X = zy and y > X.

The virtual photon sees a parton with momentum fraction x.
However, if we look more closely, the parton with momentum fraction X originated from

a parton of momentum fraction y > X, which emits a gluon with momentum fraction 1 — z
(the momentum fraction of the parton after gluon emission is z w.r.t. y!).

The parton interacting with the y* then has momentum yzp = xp. 32



Embedding y*-Parton Processes in DIS

In order to embed the higher order ag diagrams (QCD) in
the structure functions W, and W, ,
we have to express W, , in terms of * — p cross sections.

The important question is what happens below the dashed line
with the electron the source of virtual photons.

7* — q invariant amplitude |—IM =—lees” U(p")y u(p)

hadron
Jred | p,S> Vv

7* — p invariant amplitude [-IM = _igveie<x

7* — p cross sections (sum / integrate over all possible final states X)

(0} 1 4
' (yp - X) = —Z Y etete *(p, s|JJr | X){(X]3,|p,s)27) 3“ (p+q-p,)
2K2M 2 s
recall the hadron tensor W, (p,q) = ——Z Z (p.sPp’ 1 X)(x]3,]p.s)(27)' 6 (p+a-p,)
The »* — p cross sections is finally given by o ATa ., Y
with K (v = K for real photons) the flux factor Oy = (gi & ﬂV)

33



Photon Polarization

Real photons (g? = 0): left / right circularly polarized light

helicity A ==+1
1 : 14
A=1 =—(011,0
“T 2 (0210 0
1 q“ = q°=0  q,"=0
A=-1 & =—-(01-i0) 0
V2 v 18”’*8V =—g"
Virtual photons (g? < 0)
helicity A=+1,0
1=1 & =i2(o,1,i,o) v
0
A=0 6‘0=\/1>2( Q2+v2,0,0,v)| q" = 0 q* <0 qe"=0
Q q,uqv
Q*+v’ g"e" =—g" +
A=-1 & =i2(0,1,—i,o) Zﬂ J g

The flux of virtual photons is not a well defined concept (it diverges for Q2 — 0)

Hand convention: require W2 = M2 + 2MK to hold (energy of the hadronic system)

= K=(W2=-M2)/2M =v—Q2/2M 9



Recall the hadron tensor in terms of W, and W,

v L4 P-q CI R e
W4 =W _ —
1 qsz(p q° j(p qij
Then j A7l s W,
o, = " +&, 8+gﬂv +<9 ‘9 p P, Mz
and Ar*ac u v
O = K —&y &) gyv L +efey PP, |\/|2
Contract the tensor products 02 +1?
558?ij =1 gfgj'fVTﬂzv =0 & ELVTl =-1 & gLVT2 = >
- - Q

The cross section for transversely polarized photons is then

o, = G+-;G_ _ 47ZI'<26¥W1(V’Q2)

and for longitudinally polarized photons
Arta| [ Q% +v°
LTk K Q? W, (v,Q7)-W, (v.Q°)

Ao
K

Q? — 0 limit

__tot _
(real photons) |97 =€ (¥N)=

W, o, —0




Back to the Parton Model

In the DIS limit this reduces to

O.
2F T
Oy
F, o;+o,
X o, Oy =

Arla  Arta

~y
~y

2MK S

Finally we can express F, in terms of the * — ( interaction

with ¢, a normalization factor

X

Fz(x,QZ):(ch(x,QZ)

O)

j -3 e dyfi(yw(x—zy)[&T 2.’

2 ]
ri

Oy

where o, o, are the cross sections describing »* — p and »* — q interactions

(photo-absorption)

After integration over z (y > x!)

O'T(X,QZ)

Fz(x,Qz):[

X

Oy

e

0

(x/yQ )J
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If all QCD effects were absent (i.e. no gluon emission) we should recover the parton

model result for y*q — Q:
in this case z = 1 since the parton carries the full momentum fraction of the initial parton
andy =x:
6 (2.Q)
&0
(i.e. the y*g — Q cross section)

=¢’5(1-2) and  6,(2,Q%)=0

This gives

Fz(X);QZ) _ Zeizj‘d_;’ fi (y)5(1— x/y): Z:ei2 fi (X)

which is the parton model expression for F, with no Q? dependence.
In summary, we can express the structure functions in terms of partonic cross sections.
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Compton Scattering

k
ey
p+k
p

k k
g,
\ T

P’ P

(M) =327%€7a? (—%)

(IM[*) =327%%a? (—5)

(IM[")=327%€7a" (—%— Sj

there is no interference term
for real photons

For a virtual photon of mass k? = -Q? we have to take into account also the longitudinal
polarization of the y* and the interference term M; M,* does not vanish

with

S u Su

2
<||v| |2> - 327720 [—E—L 2Q't

|

s=(k+ p)2 =M +2k-p-Q*=2k’-p’
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The Gluon Emission Cross Section

To calculate the y*q — g scattering cross section
recall the QED Compton scattering y* e — y e.

The incoming photon is a virtual photon y*
and the ordering of the outgoing particles is different
(t — channel instead of the u — channel, sou —> t, t > u)

A

& A2
)=o) 522

§ st

We replaced the photon emission vertex with the gluon emission vertex by

substituting . — a5 and inserting the color factor C = 4/3 (and oo — €% for the quark i).
The interference term appears because the photon is virtual (absent for a real y).
The incoming and outgoing quark and emitted gluon are on the mass shell (real).

After inserting the phase space and flux factors the cross section is given by

dé(y*q—qg) 1 <|M|z>_87rei2aas(lj§+2(§+Q2)Q2
dt 167 §° o (A S
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The interesting quantity is the transverse momentum p+ of the outgoing quark

with respect to the incoming virtual photon (p; can be measured from the outgoing
hadron / jet direction w.r.t. the y*, and is observable)

sta — &t 4r
f ‘DT pTzz(A Q2)2 = >§+Q2 and  dQ= : dp?
§+

in a sense p;2 measures the hardness of the interaction (p2 ~ - t)
(the above expression is valid for small angle scattering and (-t << s))

For small angle scattering (do / dQ) the cross section as a function of p;? = -t is given by

do(r*q—>dg) 8refaas( 1), 2(5+Q°)Q°
dp; 3§° pr S

Q2 Q2

:2pi-q:§+Q

Recalling Z and the expression for p;?, we can rewrite the above

2

Cross section as

1-z

Al % 2
da(ydq2—>qg) i2 5 12 o 4(1+Z j:ep 1 a P (Z)
Pr pr 273

2
with o, = 4n%a / s and P (z): £1+Z]
1-z
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Splitting Functions
Fies (Z) - (114-_222)

Pqu Is known as the quark splitting function.
It gives the probability of a quark emitting a gluon with momentum fraction 1 - z.

The quark momentum fraction is x = yz.
The singularity for z — 1 is associated with a soft massless gluon emission.

o
»

o

rﬁ

It is an example of an infrared divergence, which cancels when taking into account
also the virtual QCD corrections for the y*q vertex (lines and vertex).

The visible effect of gluon emission (radiation) is that the emitted hadron / jet will
have a transverse momentum p; w.r.t. the incident y* direction.
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pr Distributions: Evidence for Gluons

Evidence in the cross section!

p+rp—>p +h+X
p+ distribution of produced hadrons

T l I 1 T ! ‘ !
10° 09 <520l = 100:— 04<2<1.0 =
. 3 = =
\ = =
Yy = r =
T_\\. g ..‘ E
= LS | E
2 C o\ e o b -
= L 3 % . > i

D.N“ \ ¢

S S 1072 s % o 107 -
A E \‘ o = : =
\ = E =
{3 | . \ | B
. 5

| |
2 3 4

l
0 1 2 3 4
p3 (Gev?) / p? (GeVv?)

expectations with no gluon radiation
(not evidence of sub-structure !)

o
-
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FZ(XI QZ)

To evaluate the overall contribution of the gluon emission cross section to F,
we integrate the partonic cross section over p;? over the whole allowed p; range

(we have to introduce a cutoff — min p? = u? to regularize the infrared divergence):

S/4 d A §/4 1 o QZ
A * . 2
&y Q—>qg)—#j2de b2 I dpr — - 25 Prq(2) =676 (2 Picq(2)l0g ]

T T

Adding this contribution to the parton model cross section, we arrive at the following
ag QCD effect

2 2

]y |y oy
e <IN
o \ o(7'd—>qg)~ aslogQ?/

(. Q) Ze jdyy q(y)((S(l X/y)+— qH4(></y)logQ j

X

The presence of the log Q2 term means that the scaling prediction (no Q2 dependence)
IS not anymore valid (it is violated).

In QCD, F, is a function of x and Q?. The variation of F, with Q2 is logarithmic (weak). 43



We can rewrite F, in the parton-like form:

F,(x,.Q%) Ze j ; Y (a(y) +Aq(y,Q%))5(L-x/y) = Ze (909 +Aa(x.Q ))

X

with Aq(x,QZ) the ag QCD correction to F,

AQ(x.Q%) = s.og j yq(y) Pq(%/y)

Since Aq(x,Q?) varies only logarithmically
consider the logarithmic change of Ag (i.e. for and interval of A(In Q?) ).

We obtain the following integro-differential equation for q(x,Q?3),
known as Altarelli - Parisi evolution equation (DGLAP)

Aq(x.Q%) d (d
Along — dIOng q( Q )_2 q(yQ ) q<—q(x/y)

7T

In reality also a5 depends on Q?! The u? cut-off drops out from the differential.

In QCD we cannot predict the shape of the parton distribution functions.
However, once they are measured at a fixed Q,?, using the QCD evolution equations

we can predict their form (evolution) at any Q2. "



Gluon Pair Production

At order ag, the process y*q — qg is not the only one contributing to the cross section.
We have to consider also the gluon pair production (photon-gluon fusion) diagram.

To calculate the process y*g — qq

Kk % D recall again the QED Compton scattering y* e — vy e.
We obtain the PGF process by exchanging the u — channel
with the s — channel: u —» s, s — u (crossing).

We will encounter again an interference term since the

Jas P’ incoming photon is virtual.
kl
ua f 28Q°
<|I\/I|2>:327z2(ei205055) ———— 8
t S tu

Repeating the same calculations as for y*qg —> qg
(o> — efaag and inserting the color factor C- = 1/2 in this case) we obtain

<9

2
otr+a-sa)~eio 2P @00 % | i [p, 00 L raoy)

Pq‘;g Is the gluon splitting function and gives the probability that the quark carries a

fraction z of the initial gluon momentum (no singularities in P . 45



Symbolically:

- :

oly'g —q7)~ o 10gQ?/ 1

F,(x,Q?)
~ \/075 +
s 7*9->qa (& h
%Q) » _)‘:Vy {g (y) Foeg (%/y)log %}

We have introduced a new distribution, the gluon density g(x), which gives the probability
of finding a gluon in the proton carrying a momentum fraction X.

Note the logarithmic dependence also for this correction. u? is (again) a cut-off parameter
to regularize the infrared divergences.

Including the y*g — q pair production process, the complete quark density evolution
Altarelli-Parisi evolution equation becomes

d

dy
Tog 07 10 )——j [0y, Q)P (x/¥)+ 8(¥.Q%)P,., (x/y)]
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Gluon Evolution

To close the system, we have to consider also the evolution of gluons.

2 2
~ a5 10gQ /,U
(more complicated calculations
e gluon evolution

Proceeding in a similar way as fokthe quark evoluti
are involved) we arrive at the followng expression for
Altarelli-Parisi evolution equation:

%ng g(x,Q%) = Z—;j%y(Z 0 (Y, Q*)Pyq (X/¥)+9(y.Q*)P,. (X/Y)j

- 41+ (1—2)?
h _
wit Pgeq(z)_g 7
P .(2)=6 -z, 2 +2(1-2)
99 z 1-z

Py.qand P, are the quark and gluon splitting functions, respectively. .



PQCD o Expansion of F,

Fz(X’Q2)~

X

reduces
high-x partons

creates
low-x partons

Yy
%
¢
%

Jz

—

2

Z
&

L 2/ 2
— scaling violations |~ @5 109Q /,U

2 Cross sections

oly'q - qg)~ o log Q2/ 42

oly*9 - )~ s log Q% / 1

to close the system, we also need the gluon evolution

0N — ﬁ@ R ’&Q@{% ~ a5 logQ?/ 1f°
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Summarizing

Altarelli-Parisi evolution equation for quark densities

L a,(%,Q )——jdy [00y.Q2)P, o (/¥)+ 0¥, Q)P (/)]

d
dlogQ

Altarelli-Parisi evolution equation for gluon density

d 2 _ﬁlﬂ 2 2
d log Q°’ 9x.Q%) = 27r-[ y [Zqi(y’Q )Pgeq(X/y)+g(y,Q )Pgeg(X/y)]
Splitting functions
_41+(1-2)° 4147
fea(2)=373 Peal) =312

1-z Z 1
ngg(z)=6( . +1_Z+z(1—z)) P =§(z +(1- z))

In QCD we cannot predict the shape of the parton distribution functions.
However, once they are measured at a fixed Q,?, using the QCD evolution equations
we can predict their “evolution” to any Q2. 49




F,: Comparison

data - pQCD

F,+c(x)

| SLAC NMC BCDMS
’ +0.000032
" ooous
| ./ 10 00008 @ HI 9697 peeliminary
| / WO0001Y s
| // 10,0002 B HI%M97¢ 'p
| / S
’ i ——  NLOQCD Fit

¢ 00w 06 * (ix)0.4)

a
P
| M‘“' o 208
[ N e
e

--l—-um'-.—— w0

|

0 sse-sssslogS-—8— 008

+ b adahans PPN —— *—o—o ’N v 6s
W . Asaal A s s aaaal W T A b A baaal
2 3 4
1 10 10 10 10

10
Q? (GeV/c)?



F,: Comparison data - pQCD

X

(

o SLAC NMC BCDMS .
F. e x=32x10° gluon density
- :,’j/um‘ 00008 @ HI 9697 peeliminacy 58 t
/ - W HI%9Te p e 225
A Ep
/ 008 20 w— H1 prel.
g ol x=3.2 x107 E
/ 15 t 02:200 Gevz
’—

!
x times the inferred gluon density

 X=0.65

5 4 s
1 10 10 10 10 10

Q2 (GEV/C)2 ) T e

Unpolarized DIS Structure Function(x,Q?)

gluon distribution determined indirectly from dF,/d log Q? scaling violations
QCD fits at NLO and NNLO (incomplete calculations) available

at LO, scaling violations ~ & log Qz/,u2 and O (Qz) = T
= o0 ~ const Py |09(Q /AQCD) 51
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Parton Distribution Functions

Parton distribution functions are obtained from a fit to all experimental data.
Neutrino scattering allows for the flavor decomposition.
Hadron-hadron collisions give access to gluon distributions + scaling violations in DIS.

1_ I IIIIIII| I IIIIIII| I T TTTTTI]

- NNPDF3.0 ENNU;J ) . Apart from at large x
Q% =10 GeV" : uy (x) ~ 2dy(x)

For x < 0.2 gluons dominate

In fits to data assume
g (x) = u(x)
Small strange quark component

5(x)

Not fully understood

d(x) > u(x)

(Gottfried sum rule violation)

107 107" 1
X
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Direct Measurement of Gluons

di-jet production

=0 & ®

-= CTEQ3L

H1 direct (Lhis aralysis)
H1 dF, din{") {Prytz)
H1 QD fit

NKC (J/)

ZEUS dF,/dIn(@") (Prytz)
GRY

1w
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Universality

The parton distributions are universal:
once experimentally known (measured in a certain process)
they can be used to predict others

deep inelastic ep — eX Drell-Yan pp — pru= + X

VVvVY

qx)  y*

q(x) .

—
[EN

\ A / w>'< v
N

hadrons

xXP

Higgs production

VVvVY

[

|
T
!o

——

VVvVY
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For Next Week

Study the material and prepare / ask questions
Study ch. 8 (sec. 4, 5) and ch. 10 (sec. 1 to) in Halzen & Martin
and / or ch. 8 in Thomson

Do the homeworks
Next week we will study the e* e — g q process

have a first look at the lecture notes, you can already have questions
read ch. 11 (sec. 1 to 7) in Halzen & Martin and / or ch. 10 (sec. 6) in Thomson
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