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Prerequisites and Reminders ...

§ Natural Units

o Four-Vector Kinematics h=1,c=1

'% Lorentz Transformation Be — 197.3 MeV fm

7 Lorentz Boost () = 0.3894 GeV? mb
] Lorentz Invariance

0; Rapidity etc.

L% Invariant Mass P = (Eaﬁ )

< CMS-Energy 9 5 o 5

£ Particle Decays pr=LETmpt=m

£ Cross Section —n/E. vyv=F/m

X Matrix Element g p/ 7 /

E Phase Space

s Feynman Diagrams . — — D D
5 Mandelstam Variables pL-p2 = E1Es = p1 -1

4-vector scalar product

Parton Distributions Lorentz invariant

Bjorken-x

— All quantities like cross sections etc.

should be in terms of scalar products of 4-vectors ...
Toni Baroncelli - INFN Roma TRE Physics at Hadron Colliders




Prerequisites and Reminders ...

Natural Units
Four-Vector Kinematics
Lorentz Transformation
Lorentz Boost

Lorentz Invariance
Rapidity etc.

Invariant Mass
CMS-Energy

Particle Decays
Cross Section

Matrix Element

Phase Space
Feynman Diagrams
Mandelstam Variables
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Parton Distributions
Bjorken-x
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—p
p=(E,p)
Particle momentum as seen
in laboratory frame ...

% k  —k
p" = (E”,p7)
Particle momentum as viewed from a
frame moving with velocity Br ...

|_orentz Transformation:

E* =~5-E—v:Bs -
py=7f"p| — VB E
p?sz

—1
2

with vs = (1— B%)

Physics at Hadron Colliders
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Prerequisites and Reminders ...

Natural Units
Four-Vector Kinematics
Lorentz Transformation
Lorentz Boost

Lorentz Invariance
Rapidity etc.

Invariant Mass
CMS-Energy

Particle Decays
Cross Section

Matrix Element

Phase Space
Feynman Diagrams
Mandelstam Variables

Parton Distributions
Bjorken-x
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PT

Proton

<

LSISEEERGy 20

—

Proton

Schematic
proton-proton scattering

Relevant kinematic variables:

e Transverse momentum: pT

e Rapidity: y = V2'In (E-pz)/(E+p2)
e Pseudorapidity: n = -In tan %26
e Azimuthal angle: ¢

Pseudorapidity

N=0 (=90°)

N=1 (~40°)

n=2 (~15°

N=3 (~6°)

Physics at Hadron Colliders
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Prerequisites and Reminders ...

Natural Units

Four-Vector Kinematics
Lorentz Transformation

Lorentz Boost
Lorentz Invariance
Rapidity etc.
Invariant Mass
CMS-Energy

Particle Decays
Cross Section

Matrix Element

Phase Space
Feynman Diagrams
Mandelstam Variables

Parton Distributions
Bjorken-x
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Dy, I Ps, Mg

Invariant Mass: Py, My Py> My

M? = (p1 + p2)”

= (B, + E»)* — (p1 + po)”
= m? + m% + 2E1E2(1 — ﬂlﬂg)

Center-of-mass Energy:
1
Eem = [(El + E2)2 _ (ﬁl +ﬁ2)2] ’

Particle 2 at rest:
2 2 3
Eem = [ml + ms + 2Ell"'nﬂ] ‘

Particle Collider:

By = BEg; py = —p2; my = mg & ()

Eemm =2FE

Physics at Hadron Colliders
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Prerequisites and

Reminders ...

Natural Units
Four-Vector Kinematics
Lorentz Transformation
Lorentz Boost

Lorentz Invariance
Rapidity etc.

Invariant Mass
CMS-Energy

Cross Section
Particle Decays
Matrix Element

Phase Space
Feynman Diagrams
Mandelstam Variables

Parton Distributions
Bjorken-x
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Dy, Iy

. >O<

Matrix element

Ps, Mg

. . s m
Differential Ppy2> Mpyo

Cross Section:

R
4 \.." (p1 - pa)® — m.'f .rn.'ﬁ

X d®u(p1 +p2i pas - Pusa)

n-body
phase space

d@n — n
_ —'51 EP:) H 2_{.)321._'
Dy s My Partial
Decay Rate: with P = p1+ p2
P1,M [2NJ'1
* dqul (I,' pl'l "'2p"]
P, M

Physics at Hadron Colliders



Prerequisites and Reminders ...

Py, Iy P3, M3

Natural Units oo oo m X}, .
: , t ) ,

Four-Vector Klnemapcs vaarigbleess:am 2> 72 4 4
Lorentz Transformation
| orentz Boost , ,
| orentz Invariance S = (D1 + P2)° = (3 + Pa4)
Rapidity etc. t = (01 —P3)* = (P2 - Pa)?
Invariant Mass U= (D1 — P4)? = (02 — Pa)?

CMS-Energy

Particle Decays f\/ /

Cross Section " channel
Matrix El ' s-channel 1 -channe
atrix slemen f f : u-channel

Phase Space / f

f
Feynman Diagrams /\
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Mandelstam Variables Sl / 2 1 12 / :
o o I
Parton Distributions t2 |
Bjorken-x f . f
a{xftu f &4 g2 f
8 o o
u2
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Prerequisites and Reminders ...

2 P

Q

§ Natural Units

0 Four-Vector Kinematics

= Lorentz Transformation Q?
®)

5 Lorentz Boost Proton-Proton p

2 Lorentz Invariance Cross Section:

= Rapidity etc.

S Invariant Mass /' 2 2\ (2
v o= dridzy fi(z1,Q°) fi(z, Q%) 6(Q
A s Enorcy Z (21, Q) £3(2, Q) 6(Q%)
T .

g Particle Decays Parton content:

z Cross Section f(x,Q%) = q(x,Q) or g(x,Q?)

X Matrix Element

E Phase Space X1,2 . Bjorken-x

S - fractional momentum of parton

8 Feynman Dlagrams involved in hard process

= Mandelstam Variables 5 . .

= Q< : scale; spatial resolution

Parton Distributions invariant parton-parton mass

Bjorken-x f . Parton Distribution function
measured e.g. at HERA ...
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Proton-Proton Scattering @ LHC

Proton

Product
T i P Hard Process

[calculable]

filz;)
PDFs fk (Ik)

LD
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2 T
P Product

Proton
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Some Hard Processes ...
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QCD Matrix Elements

Hard scattering!
Subprocess IM|?/ g3 IM(90°)|*/ g3
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Proton-Proton Scattering @ LHC

Broton o= Zfdwldwz fi(z1, Q%) fi(z, Q%) 6(Q%)

® Hadronization

TP Hard Process Hadron-Jets
[calculable] Leptons

LD
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VVV

Shower

Proton Hadronization
[ohenomenological]
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Electron-Proton Scattering

eq > €(

Electron
q

Hard Process Electron

[calculable]
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D2 Quark

Proton
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Electron-Proton Scattering @ HERA

Scattered

Electron Electron-Proton
Scattering

Electron

Proton
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~ Scattered

Quark
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Hera Accelerator at Desy

HERA:  X¢7

Zcus Exper. Hall
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DEUTSCHES ELEKTRONEN SYNCHROTRON DESY HAMBURG

HERA E'
I

HERA was an Hadron-Electron Ring Accelerator in Desy, Hamburg-DE. It began operating in
1992 around 15 to 30 m underground and has a circumference of 6.3 km. . At
HERA, electrons or positrons were collided with protons at . ERA
was closed down on 30 June 2007. The HERA tunnel is located and the
nearby Volkspark Leptons and protons were stored in two independent storage rings on top
of each other inside this tunnel. There are four interaction regions, which were used by the
experiments H1, ZEUS, HERMES and Hera-B. Leptons (electrons or positrons) were pre-
accelerated to 450 MeV in the linear accelerator LINAC-II. From there they were injected into
the storage ring DESY-/I and accelerated further to 7.5 GeV before their transfer into PETRA,
where they were accelerated 10 14 GGe Inally they were injected into their storage ring in the
HERA tunnel and reached a This storage ring was equipped with
warm (non-superconducting) magnets keeping the leptons on their circular track by a
magnetic field of 0.17 Tesla. Protons were obtained from originally negatively
charged hydrogen ions and pre-accelerated to 50 MeV in a linear accelerator. They were then
injected into the proton synchrotron DESY-/Il and accelerated further to 7 GeV. Then they
were transferred to PETRA where they were accelerated to 40_(

Into their storage ring in the HERA tunnel and reached thel 1 The
proton storage ring used superconducting magnets to keep the protons on track. The
characteristic build-up time expected for the HERA accelerator was approximately
40 minutes.

Toni Baroncelli - INFN Roma TRE Physics at Hadron Colliders
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Electron-Proton Scattering @ HERA

[H1 NC Event]
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Electron-

Proton Scattering @ H

—RA

Electron (%)

k' Electron (e*)
K
Sk Y 0 2
Cross Section: " Q¢ = -Q
= -(k-k')?
do ~ dGeq X 2 Quark
Ano?/g? x-S €4 q(x) XM Quark
e, quark charge
—— —
S I: Proton
Remnant
Proton Structure function

Toni Baroncelli - INFN Roma TRE

describes proton structure

probability to find quark with mom. fraction x
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Structure Function F2

dx dg?

5 e

£ A

= X0iX)

3 Electron-Quark do(eq) 4na282 e
= scattering doP = g o P = |uud
© .

g (spinless case) Rutherford scattering e -

£ on pointlike target .

5 d do(ep) 4mna? 062 + 2] — 4o’
L q 2 - _4[ eU +ed] _ 4
5 dg q q
g With

£ quark-guark

8 interactions

= do(ep) 4 o2 o 2

: B = XX [e2u(x) +e3d(x) +...]
o

8

S

4 3110'.2 F2 (X)
— q4 X

QPM: Structure Functions Fz2 independent of Q?

>
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Three
Proton valence quarks
PFO tOﬂ Three bound

valence quarks

Proton

Bound valence
quarks + gluon radiation

:

%

%

[see e.g. Halzen/Martin|
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small x

1/3

v

valence

v
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Invariant Quantities in DIS

Invariant quantities:

—— = F — E’ is the lepton’s energy loss in the nucleon rest frame (in earlier
literature sometimes v = q - P). Here, E and E’ are the initial and final
lepton energies in the nucleon rest frame.

= 5> 92

—¢*=2EE' -k - k') — my — m%, where my(m,s) is the initial (final) lepton mass.

If EE'sin?(0/2) > mj, m?, then

AEE'sin?(0/2), where 6 is the lepton’s scattering angle with respect to the lepton
beam direction.

where, 1n the parton model, z 1s the fraction of the nucleon’s momentum
carried by the struck quark.

P v]. : :
Z_P = 7| the fraction pf the lepton’s energy lost in the nucleon rest frame.

= (P + q)2 = M2 +2Mv — Q2 1s the mass squared of the system X recoiling against
the scattered lepton.
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2
(k+ P)2 = Q@ + M2+ m% is the center-of-mass energy squared of the lepton-nucleon
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pdg DIS - 1

8. Deep inelastic scattering.

In lepton-hadron scattering at sufficiently high energies one finds a large nnmber of hadrons
in the final state: thisis deep inelastic scattering (DIS). The multiplicity of the hadronic system
varies event by event. The reaction equation for electron-proton DIS is written as

e +p—ore + X (84)

where X stands for the hadronic system with an arbitrary mumber of particles. A generic
diagram depicting the DIS process is shown in Fig. 2.

e(k) e(k")

X(P')

p(P)

Figure 2: Generic diagram of deep inelastic scattering.

To describe the DIS reaction kinematics we denote the 4-momentum of the incoming electron
by k = (E.0.0. k). that of the target proton by P and those of the scattered electron and of the
hadronic system by k' and P’, respectively. The exchanged virtual photon 4* has 4d-momentum
q =k — k'. 4-momentum conservation demands

(o)}
Ao
o
Al
| -
O
-
=
n
| .
)
9
o
@)
e
]
n
Q
n
>
L
o
>
(@)}
|-
)
=
L
<
joX
I
©
-
=
)
£
—
)
o
x
L
@
(©]
c
(@)
-
©
28]
c
(®)
|_

k+P=K+P (85)
.. 9 9 9 9 D e . ..
and we have the mass-shell conditions k* = k'* = m? and P~ = m,,. Since energies characteristic
of DIS are at least of several GeV, the electron mass can be safely set equal to zero. Then we
. . , . 9 9 ‘
oet for the square of the 4-momentum transfer ¢* = (k — K')* = —2EE'(1 — cosf), and we see
that ¢ < 0, i.e. the exchanged photon is space-like.
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pdg DIS - 2

The invariant W? = P'? is variable because of the variable multiplicity of particles in the
hadronic system, each of which can have an arbitrary kinetic energy up to some maximuim
value. Therefore the complete kinematics of DIS is determined by three independent invariants
rather than two as we are used to in elastic collisions. A natural choice of one of these invariants
is the square of the total CMS energy S,

S=(k+P)P=m;+2k-P (86)

which is defined by the beam energy.
The second invariant is usually chosen to be the negative square of 4-momentum transfer:

. . . L, 0 .
Q= -®>=—-(k-k')?=4EF sm"; (87)
The third independent invariant can be taken to be W or alternatively one of the dimensionless
variables )
()° -
r=—-" 88
2P - q (88)
or p
- q :
y — 89
Y= (89)

where q = k — k.

The variable y has a simple physical meaning in the target rest frame where P = (m,,0,0,0),
k = (Epap. 0.0, Epag). and k' = (E] (., p4), hence y = 1 — E| \y/Epag. t-e. y is the relative
energy loss of the electron in the LAB frame.

The invariant r is the Bjorken scaling variable or simply Bjorken-r. It was first recognised
as an 1mportant variable of DIS by J.D. Bjorken who predicted the property of scaling in DIS
which was subsequently confirmed experimentally.

Interesting is the expression of S in terms of the beam energies. In fixed target DIS we
have the electron or muon beam with 4-momentum k = (£, 0.0, E') and the proton target with
P = {m,.0,0,0), hence
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N 2 ¢
S=m, +2m,E

whereas in an electron-proton collider like HERA we have 4-momenta P = (E,.0,0, E,) and
k= (FE.0.0, ~FE.) and hence
S =4E.E,

Toni Baroncelli - INFN Roma TRE Physics at Hadron Colliders




pdg DIS - 3

Other useful relations between the various kinematical variables are the following:
()* = ryS (90)

and

W? = m?+Q*(1/x — 1) (91)

where in the latter formula we have kept the proton mass in order to indicate that the threshold
of W corresponds to elastic scattering.

Within the framework of the parton model, DIS proceeds by the exchange of a photon or
intermediate vector boson with only one of the quarks in the proton. This is shown in the
diagram in Fig. 3.

The electron-guark collision is elastic. As a result of this collision the struck quark acquires
a sufficient momentum to break away from the rest of the proton as far as the colour force
allows it to travel. At this stage some of the binding energy is converted into the creation of a
quark-antiquark pair from the vacuum: the antiquark combines with the original quark into a
meson, leaving behind a quark which can give rise to the creation of another quark-antiquark

e(k) e (k)

q(p)
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X(P')
pr)
Figure 3: Parton model diagram of deep inelastic scattering.
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pdg DIS - 4

pair. This process, called fragmentation, continues until the remaining energy drops below the
threshold for the creation of another pair. Thus, as a result of fragmentation, several mesons
are created which travel roughly in the direction of the struck quark. Such a system of mesons,
or more generally of hadrons, is called a jet. The residue of the proton is a highly unstable
system: 1t has lost a quark. absorbed a quark presumably of the wrong sort that is left over
from the fragmentation, and has absorbed a fraction of the energy transterred from the electron.
Therefore it breaks up into several hadrons.

The elastic electron-quark collision is the hard subprocess of DIS. If we think of the incoming
electron and proton as travelling in opposite directions, then the quark carries a fraction of the
proton momentum. At a sufficiently high momentum, where the proton mass is negligible, the
energy of the quark is the same fraction of the proton energy. It turns out that this fraction is
identical with the Bjorken-r defined above. Denoting the 4-momentum of the incoming quark
by p we have therefore

p=uxP

Denoting the invariant (k4 p)® by s, which is the squared CMS enerey of the subprocess, we
have therefore also
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s =28 (92)

This, together with the definition of ()?, shows that the two independent invariants that control
. . - l)
the kinematics of the subprocess are »r and ()°.
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The first DIS experiments were carried out in 1967 at the Stanford 2-mile linear electron
accelerator with electron beams of up to 20 GeV and hydrogen targets at rest, giving a CMS
energy of about 6 GeV. Subsequent fixed target experiments were done in other laboratories,
notably at the CERN SPS with muon beams of up to nearly 300 GeV and hence of CMS
energies up to about 25 GeV. The range of energies available for DIS was extended by an
order of magnitude when in 1992 the electron-proton collider HERA came mto operation at
the DESY laboratory i Hamburg. In this collider the electrons are accelerated up to nearly
30 GeV and the protons up to 820 GeV, giving a CMS energy of 314 GeV. Theoretically the
corresponding values of ()? go up to about 10° GeV?,

An important tool to study the structure of the nucleon is also deep inelastic scattering with
neutrinos as beam particles. The kinematics is identical with the one described above, but one
must bare in mind that the exchanged particle in neutrino-DIS is an intermediate vector boson,
either the W or the Z.
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Fy(z,Q%) — %;Q}’(qf(x) +74(z)). (28)

The result in Eq. (28) demonstrates that F; depends only on the dimensionless variable z = Q?/2v
in the deep inelastic limit, which is known as Bjorken scaling[5, 6]. The experimental observation of this
scaling was the first direct evidence for point-like constituents in hadrons[7]. The quark distribution
functions g¢(z), §;(x) defined by Eq. (26) for z > 0 are an intrinsic non-perturbative property of the

hadron H. They may be interpreted as momentum distributions for quarks and anti-quarks inside the
hadron and in principle (thought not yet in practice) they can be computed from a non-perturbative

analysis in QCD. At present these distribution functions must simply be determined experimentally
from (largely) DIS experiments. We also find that

Fy(z, Q) = 22F(2,Q°) = m; Qf (a7(2) +4(x)) - (29)

The form of the relation between F; and F5 is a consequence of the spin 1/2 nature of the struck quark.
The difference is proportional to the longitudinal structure function Fp(z,Q?), and is zero at lowest
order due to helicity conservation|8].

Applying these results to deep inelastic scattering on a proton target the proton wavefunction is
dominated by uud + - -- where the dots indicate uud plus further quarks (including heavy flavours).
With notation g,(z) = u(z), g, (z) = u(z) etc,

P proton (z, Q%) ~ m(g(u(a:) +u(z)) + 5(d(z) + d(z)) + heavy ﬂa,vours) : (30)
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We note that the derivation of Eq. (28) 1s an approximation which relies on the assumption that &k, being
the the momentum of a quark (or antiquark) inside the proton, should have a very small probability
of having any momentum components greater than O(Agcp). As such it also implies corrections of
O(A%cp/Q?) corresponding to higher twist operators (as discussed in[9]). However, it also ignores

— ——
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Which region x-Q? is seen by different experiments?

g %lo. [ Atlas and OMS Scale M2 P Q2 |
E . [ Atlas and OMS rapidity plateau Me ) -'f?f:
= blO’ = DO Cantral+Pwd. Jets 1
5 E=3 CDF/D0 Central Jets :
§ r2 ‘o ¢ = - 51@ £
. " —IN —}—U(l/:-—l) [ 2 :
é ‘05 . LH’C ///,-// /-, .
= ,v"' ‘ ’/// s tg/ :
#| mass of the recoiling quark 104} mm /f(f///////,/i//w"’;ﬁ'
li-J ' — ,
8 against the lepton o3
2
g . M= 10Gev pons
m III l!”l II:II |III '. ~f""~ -'
E 10 m [ = “”“!H”H \.:y
§ 1 |II|||"|““|“ III[ \m \;\‘\s t
g 1 mmm||||||l|||I||||||||||||| (Gl arge
10 !
107 10°% 10° 10* 10 1w? 1w 1

Toni Baroncelli - INFN Roma TRE Physics at Hadron Colliders




Particle Production @ LHC

9
10 0
_ X, o = (M/14 TeV) exp( =y)
S 10°F Q=M M=10TeV EHG parton \V/ &
g Kinematics
<0
P
10° M=1TeV o
LHC pp > XM + remnants

Xwm: particle with mass M
e.g. Higgs

o 100 GeV Higgs . / MZ? = x1x2'S

l.e. to produce a particle with mass M
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10° at LHC energies (s = 14 TeV)
Xy= Jx1x2=M/|/s
10° . .
[X1 = x2: mid-rapidity]

10"

LHC needs:

Knowledge of parton densities
10" - -

107! 106 103 104 10°3 102 107! 10° Extrapolation over orders of magnitudes
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Kinematic domains in DIS

Kinematic domains in x and
Q? probed by fixed-target
and collider experiments.
Some of the final states
accessible at the LHC are
iIndicated in the appropriate
regions, where y is the
rapidity. The incoming
partons have

X1 = (M/14 TeV)e?Y
with Q = M where M is the
mass of the state shown in
blue in the figure. For
example, exclusive J/ and
upsilon production at high
ly| at the LHC may probe
the gluon PDF down to x ~
10-5.

Toni Baroncelli Experimental High Energy Physics at Colliders Winter 2019
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DGLAP Equations: extrapolating F,

[Z: mOmentum fraCtiOn Of radiated parton] [DGLAP: Dokshitzer, Gribov, Lipatov, Altarelli, Parisi]
4 [1 + 22]
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Scaling violations in DIS

Increasing Q2 probes inner structure of proton
High x: naive parton model}:> Low x:finding gluons
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10~ 107" 1
X

At low X we have gluon
at high x we have
quarks
Quarks: when Q2
iIncreases F2(x)
goes down
Gluons: when Q2
iINncreases F2(x)
Goes up
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. Ng 16 [\ "* The proton structure function F2
S I \ + are given at two Q2 values (6.5
£ b \o'=65Gev N\ GeV? and 90 GeV?), which exhibit
7 - \ + R scaling at the ‘pivot’ point x ~ 0.14.
: . . The various data sets have been
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2 I A a previous HERAPDF analysis [13].
. Y N The curves were obtained using
% I the PDFs from the HERAPDF
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E I ] ﬁa the reduced cross section,
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Fixed Target Experiment
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Scaling Violations isiac 1972)
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Proton Parton Densities

H1 and ZEUS HERA I+l Combined PDF Fit

H1 and ZEUS Combined PDF Fit
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Q2 =10 GeV? |

HERAPDF1.0 (HERA I)
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HERA Structure Functions Working Group  July 2010
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Proton Parton Densities
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Parton Distributions @ Q2 = 10 TeV GeV
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Measurement of parton functions

Fixed — target experiments

HERA & Tevatron

LHC

Toni Baroncelli - INFN Roma TRE

Table 19.1: The main processes relevant to global PDF analyses, ordered in three
groups: fixed-target experiments, HERA and the pp Tevatron / pp LHC. For each
process we give an indication of their dominant partonic subprocesses, the primary
partons which are probed and the approximate range of x constrained by the data.

Process Subprocess Partons T range

(* {p,n}—»FEX v*q — q q.q,9 x 2 0.01
(En/p— (£ X v d/u — dju d/u x > 0.01
w—ptp— X uit, dd — ~* q 0.015<z<0.35
pm/pp — ptp— X (ud) /(u@) — ~* d/i 0.015 <z £0.35
v(P) N — p~(pt) X W*q— ¢ q.q 0.01<2<05
vN = ppt X W*s — ¢ s 001 <2<0.2
7N - ptp~— X W*s— ¢ g 0.01 <2<0.2
etp—et X Y'q—q 9.9,4q 1074 <z <01
etp—srvX Wt {d,s} — {u,c} d,s r 2 0.01

exp — e* ceX, et bbX v*e — e, y*g — ce c,b, g 1074 <z <0.01
erTp — jet+X v*g — qf g 0.01<2<0.1
pp.pp — jet+X 99,q99,qq — 27 q,q 0.00005 < z < 0.5
pp— (W = F) X ud — W+ ad — W~ w,d,u,d x > 0.05

mw— (WE - F) X ud — W+ du — W— w,d, u,d, x > 0.001

pp(pp) — (Z — £T67)X uu, dd, ..(ua,..) — Z u,d,..(g) x 2 0.001

pp— W= e, WTe gs— W™e 8,8 x ~ 0.01

— (v — £H)X ui, dd, .. — * 7.9 r>10°

mw— (Y= )X uy,dy,.. — " ¥ x> 1072
pp—bbX, tiX gg — bb, tt q r>1075,102
pp — exclusive J/1, T v*(gg9) — J/, T g r>107°,10~4
pp—yX 99 — Y4, 93 — Yq g z 2 0.005
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Gluon

Higgs Cross Section
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DIS cross-section foif Charged pnd| Neutral Currents

do</adxay
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The cross sections for neutral- and charged-current deep inelastic scattering on
unpolarized nucleons can be written in terms of the structure functions in the generic

form
2 i 2 2.2 172
x = fraction of momentum 47" _ (1 oy - 2 M ) F3
carried by struck quark ~ drdy  zyQ? Q?
y = fraction of lepton energy : y? :
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where 7 = NC, CC corresponds to neutral-current (eN — eX) or charged-current

or yN — eX) processes, respectively.

@ HERA
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