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Today’s Lecture

Lectures will present state of the art in the field blended in with new experimental results*

Motivation

A leap into history

Quark Parton Model

Parton Distribution Functions (PDFs)
QCD add on features

Selected Experimental measurements

® ¢ 6 O O o

* Disclaimer: more coverage of H1, NuTeV and ATLAS is given due to my biases...
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Motivation

¢ Deep inelastic scattering is the ideal process for the determination of the quark and
gluon distributions in the proton.

Studies of the proton substructure of the nucleon are of great interest for the development
of strong interaction theory

¢ With high energy and luminosity, the LHC search range will be extended to high masses,
up to 5 TeV in pair production. At correspondingly large momentum the constituents of

proton are unknown to a considerable extent.

Accurate knowledge of constituents of protons also a necessary input for new physics
searches and studies at the Large Hadron Collider
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Introduction to Deep Inelastic Scattering (DIS)

¢ Rutherford’s gold foil experiment 1909 =+

(performed by Geiger and Marsden) e

scattering angle ~

alpha particle’s

trajectory ~X ' '
& 8| '

___________________________________________

nucleus

Geiger and Rutherford
Rutherford’s gold foil experiment set the scene for a century of ever-deeper and more precise
resolution of the constituents of the atom, the nucleus and the nucleon.

=>» Ideas for detecting quarks were formulated:

To probe the interiors of target, pointlike and easily produced particle needed to be used.

(a0
ESY
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Probing the Proton Structure

o Proton can be probed via elementary particles as:
o neutrinos (fixed target experiments) - interact only weakly ¢

o electrons (fixed target and collider experiments) - interact electroweakly E,'V,M

vt
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x
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o Deep Inelastic Scattering (DIS) is the cleanest probe to study the substructure of nucleon
o scattering of a lepton off the nucleon involving a large momentum transfer and resulting into a hadronic shower and a lepton

o Kinematic Lorentz Invariant Variables:
o virtuality of exchanged boson

2 __ 2 __ N2
Q*=—qg"=—(k— k')
proton momentum fraction of the scattered quark
(Bjorken scaling variable)

QZ

2p-q
o inelasticity parameter:

o

r =

y:7

o invariant centre of mass energy:

o Invariant centre of mass energy of the virtual boson-proton system )

W2 = (P +q)2 — mf, —Q*+2P-q=ys—Q* + mf,(l —y).
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DIS Cross Sections

o Factorisable nature of interaction: Inclusive scattering cross section is a product of
leptonic and hadronic tensors times propagator characteristic of the exchanged particle:

d?o 2 o?

G,»M?) ( Q? ) .

— . 'U,V‘1;IJ,I/ 7,\=1: 7__'-‘= Z — . 71 :7_2,

dzdQ?  Qx Z 3Ly W; A i (2\/5770 Q*+M3) 1z = e
J

GeME @ \°
nw = = , . :
W= 2 dra Q*+ MG, )

For NC: j=vy, Z, yZ
For CC: =W+, W-

Leptonic tensor: related to the coupling of the lepton with the exchanged boson
e contains the electromagnetic or the weak couplings
* can be calculated exactly in the standard electroweak U(1) x SU(2) theory.

Hadronic tensor: related to the interaction of the exchanged boson with proton
e can't be calculated, but only be reduced to a sum of structure functions:

leepton
a,@’y& o B {3 3 s ey
waeB — —g 2Mqu<sw3 {qM% Wy + P +p W 4+ i(p® sz'f q )W%
e+
d?o | 222 M2 A | )
PRoTeT A {(1 _y— ?JQ2 )F§+y2fo :%_ %)ng} A': process dependent
odt Q e- escu| DESY (3%) | CTEQ 2013 DIS 6



Scaling of the structure functions

Structure functions can be extracted experimentally by looking at x,y,Q? dependence of the cross-section
+ Experimental observation of scaling behaviour of F, is first evidence for a partonic sub-structure in the nucleon:

+ 6° o 18°
05 X 10° A 26° ,
e e |E =15..20GeV
o4r y 0 =6°...26°
2 2
+ lu & o foor *% # p x ©@'=1.7GeV
03 +
9'2
02| ‘
[MIT-SLAC Collab. 1970]
X=0.25
0.l
1 1 " i i i 1 J
00 2 4 6 8
G2 GeV/c?

Scaling refers to the dependence of the structure functions on a single dimensionless variable x: Bjorken scaling

Once able to look into nucleon, can look into the properties of those partons...
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¢

Quark Parton Model (QPM)

In Quark Parton Model:

» inelastic scattering with nucleon is viewed as elastic scattering between lepton and a pointlike
constituent of the target — partons (non-interacting ) — explicitly assumed to be spin-1/2 particles

Each parton carries the fraction x with a probability q(x)

do
— 9 ( ) = / dze?q;(z) ( ) .
p OE) (1=-x)r dCIJdQ2 ep—eX Z dde2 eq; —€eq;

» Bjorken-x has a meaning of momentum fraction carried by the struck quark:
The elastic scattering cross section for spin %::

p

(Ep + Q>2 = Miepton ~ 0

q2_|_2epq ~ ( %» <—<>_ ;:) =
€ = 262—2 =7 2n° angular dep. angular dep. (1-y§
N far ~ o) + 3@ - v)?
J=0 J=1

» Considering probablllty distribution for the quark to have momentum traction x, xq(x),

Fy() = ) exg(),  Fu(x) =

q

Callan- Gross relation

F(x) = 2xF(x)
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Verification of QPM: fractional electric charge

¢ Using different probes (e, nu) in DIS processes: can probe electric charge of the partons

proton: uud F2 .’I)) Z e: x[qz :13) -+ qz(.’L’)]

neutron: ddu

e e
e ¥ “—//,+ Neutrinos:
¥ &l * interact only weakly
L4 2 w * left handed particles
ud oy
FP(x) = zleg(u+a)+eg(d+d) FIP(z) = 2z[d+ a
F§"(z) = ald(d+d)+e3u+D)]  proy) — 2futd
1
eN - ep en 1
B = sy FyN() = SR+ ")
ei + 63 _ 7 _ 7
= xT[u+u+d+d] = zlu+u+d+d
Confirmed by experimental measurements
FgN 1, 5 SLACeN 0
- S = 0.29 = 0.
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Verification of QPM: fractional electric charge

. o F¥'(GARGAMELLE)
neutron: ddu o N * (1815) F$N(MIT-SLAC)
1.2 - L
e | X |x
T
Fa(x) | )
ud X
08 |- *
FP(z) = azleg(u+a { {"
Fs'z) = alei(d+d  F x }
1 e
F5h(x) = S(FP+F 04| x
2, 2
= xeu —2|_ ed [/U r_ }X *
g 1 : ] 1
I _ 1(6i+63):3 o 0.2 ‘ ) 0.4 ~ 0.8

FYN 2 18




Verification of QPM: valence, sea quarks

¢ Partons:valence andsea U = Uyqgl + Useq; Useq = U
d= dval + dsea§ dsea =d=u

» Gross-LLewellyn-Smith sum rule: counting the net number of quarks in the nucleons

2FYP = 2z(d—d) = 2zd, /1
xr
0

cFY" = 2x(u—1u) = 2zu,

d 1
Fé’N—w :/0 (uy + dy)dx

X

QPM predicts that GLS=3; experimental findings agree within errors (Gargamelle).

» The observation of jet production was a major success of the Quark Parton Model approach:

The lowest order reaction leads to two
jets of particles which are back-to-back
in azimuth as predicted for spin-¥ quarks

/
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Some of the puzzles of the QPM:

¢ If the proton would be solely constituted of charged
quarks, it was expected that 3 jets discovered at DESY in 1979

/ da:a:Zq,-(a:)=1 e+> Y <q
0 : - g
e q

» Experimentally was found that half of momentum of
proton is NOT carried by quarks

Gargamelle: 0.49+0.07 e'e — q q g

¢ Initial phase of multi-hadron production is similar to
muon pair production through e*e” annhilation:

» Measures directly the sum of the squares of the quarks
charges (number of quark flavours)

oglete™ — qq) 11
q

olete” — putu~

But actual experimental result is ~ 11/3

=» Indication that colour is more than just a quantum number:
discovery of the gluons at PETRA: 3 jet events
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Parton Distribution Functions (PDFs)

The proton has a dynamic structure determined by the resolving power of the process

F, * In QPM: there is no Q? dependence
no substructure ) . .
‘ R * In QCD: the Q° dependence is determined by
0 1x the QCD evolution.
A
‘ 3 free valence quarks
0 4/3 1'x H1 and ZEUS
A "E !
Q*= 19 GeV?
{} 3 bound quarks ’
08 — HERAPDF1.0
- exp. uncert. Uval
Gluon 0 1/3 1X i ] model uncert.
. e A Gluon 06 - |:l parametrization uncert.
et Valence quarks (scaled) <
\ g /\ Sea quarks N “
4.7 ‘e 0 >x gluons sea {-
(scaled)
02
9 2zF] @) =2 [.’qu(v) + Tq”(v)] X oT

» qu(v) =2 [mq”(v) + 2™ + Z:Uk”(g)] X or + 0oL

Py :L,F:;/(U) —9 [mqv(v) _ mau(ﬂ)]
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QCD features

¢ Quantum Chromo Dynamics is theory of strong interactions among quarks and gluons
The charge of the strong interaction is a new quantum number called colour with 3 d.o.f (RGB)

The gauge bosons of the strong interactions are 8 massless gluons with no electric nor weak
charge, gluons carry colour charges and are therefore able to self-interact

The strong interaction is characterised by a strong coupling parameter:

Characteristics:

Quarks are bound inside protons, strongly coupled,
cannot measure directly their distributions: confinement
(strength at large distance = at low Q)

At large scattering scales the coupling of strong force
decreases and quarks become quasi-free partons:
asymptotic freedom
(weakness at short distance = at large Q)

o interactions of quarks and gluons at large scales can

be calculated perturbatively in running strong coupling.

G 0.24
=
S 0.22
0.2
0.18
0.16
0.14
0.12

0.1F

0.08

T T TP [T T
I T
3

lIIIllIIII]II

lllll

mw

— ATLAS Preliminary

IIIII T

e ATLAS2010N,,
—+— D@ inclusive jet

— DO R, g

—a— H1 inclusive jet

—¥»— ZEUS inclusive jet

-------- PDG 2012 world average
ocs(MZ)= 0.1184+ 0.0007

f,

1 1 lllllJI 1

llllllIllllllllllllll[lllll

10

102
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Renormalisation and running coupling

¢ Calculation of a scattering cross section in pQCD reduces to summing over the amplitudes of all
possible intermediate states:

» 4-momentum conserved at each vertex, however inclusion of loop diagram leads to divergences
> Renormalisation method: introducing a scale for which UV divergence is removed

However any observable (R) should be free of such scale:

~92 " AP
d 11’(&.(}) = (/.[.L O + 1 Ja i) R=0 l

N/

a du?  p? o> a ou? Do
@ 0.24 T T T T LU ] T T T L

This way we obtain the equation for running alpha: - Ml ATLAS 2010 M, ]
Q? ()(1 0.22 . —+— D@ inclusive jet ]
: A — 27 K —+— DPR, ]
t = log (7) and 3(0) — M ) 2 0.2 b\ —a— H1 incIEsive jet g
H K o148 ‘ —v— ZEUS inclusive jet ]
il 5 N s PDG 2012 world average -
» Perturbation expansion of beta function: 0.16[ ‘Hﬂ h’ G (M )= 011800007 3
Blas) = —ba? (1 +Vas+b"al +...) 0.14F M .
1-loop B .*f&.é 7
“-mQ.-m-. + m&nﬂ Running coupling in one loop: 0.2 ' X?"‘?% . E
iy
/‘E\ 3 127 0.08~ ATLAS Preliminary * -
\E’/Wm'i'm + (15 — - Lol 1 vl 1 A

33 — 21 ) log - 10 102 10°
3—loops (’-5‘!5 2”]‘) l()g / |

vv-n-v@-rrm + TTTTT + _ P
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Factorisation theorem

Perturbative calculations are performed in context of the factorisation theorem:

o extended to the case of heavy quarks [Collins 1998]
Factorisation Theorem: short and long distances processes are separable = introduce p;
» soft part: PDFs — parametrised and determined from data

» hard part: process dependent - calculable - L"L, P’JJ 1’1,]" JPF
F2($: QQ) ~ Zfa(:v, ‘.Lf) X Fg(m, 2) Ia, - -‘-f.
e \ Fant

physical a PDF partonic

{. 3 |-

= Structure Functions (Fi) are a convolution of
PDFs (fa) with hard scattering coefficient function

» Physical Structure Function is INDEPENDENT of choice of the scale:
both, pdf‘s and the short-dist. coefficient depend on uf (long distance physics)
There is also short distance physics: we can insert perturbative corrections to loops pr

a measurable cross section dc has to be /independent of . and p;

do do o
e lizati
— renormalization

Mr’fdll:r,f ~— dIn oy f group equations
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Determination of QCD Evolution equations

¢ llustration of what could happen
before the quark is struck

We already stated that physical quantity should
Be independent of choice of the factorisation scale:

2
now we can compute 2(z, Q%) =0 :
In 173
5o M
dg(n,pg) o , B dF>(n, 75)
2 Bo(n, =L + q(n, ©y) © =0

d|np.f

calculable in pQCD

L Q(“”“)) 1dz (qu Pqg q(z/z, )
¢ Theory can predict the rate at ( = —\p. P .
which the parton distributions dinp \9(z, 1) /"'" 2 \"99 "99) (z,a5) g(z/2), 1)

(both quarks and gluons) evolve } m@@i

with Q? -BUT it does not predict
their shape at Q% Dokshitzer Gribov Lipatov Altarelli evolution eq.

AN

think of evolution as the effect of increasing the resolution scale
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QCD Evolution equations

¢ Parton momentum distributions change with the scale of the probe:
» Q?=p?-E?~10 GeV? is typical scale for low energy experiments
» Q?=p?-E?~10000 GeV? is the scale that we are now starting to probe at the LHC

>
. H1 and ZEUS Combined PDF Fit ) H1 and ZEUS
| IR | IR | T “‘

I Q= 10.0 GeV> | q,z B I Q*=10000 GeV>
l q q xg(x 0.05) T

I 1P (z Bt I \ HERAPDF1.0

o8| — HERAPDrl:I.O i ‘H( ) "‘1( ) 08 - \ B exp. uncert.
r - exp. uncert. : E l-z q -z l:l model uncert.

|:| model uncert.

- parametrization uncert.
- parametrization uncert.

xu,

0.6
0.4

q, % Bg #
By (%) glrv'ru'n'er~< B (2) %rrm{
q 1z g1 1-2

y>X, Zz=X/y

0.2

* Valence quarks are radiating gluons

10* 103 10 101 1

* Gluons are splitting into quark
antiquark pairs

Total momentum carried by the valence quarks is ~ 0.5 => the rest is the gluon and sea quarks.
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PDF parametrisation

PDFs are parametrised at a starting scake and QCD evolution evolve them to any scale!

rg(z) = Aga2B(1—2)%(1+ Dyx+ Eja* + Fy /o + ...
cuy(z) = Ay 21 —-2)%14+Dyz+E, 2> +F, Vo+..) °
rdy(z) = Ay 2Pl —2)% 1+ Dy x4+ Ey 2°>+ F, VT + ...
ru(z) = AgzP (1 —2)% (14 Dyx + Egax? + Fav/z + ..)
zd(z) = AzPi(1—2)% 1+ Djx+ Ezz? 4+ F/z + ...)

There are many studies done to assess biases due
to parametrisation ansatz:

Neural network PDF: very flexible parametrisation
Use of Chebyshev Polynomial 0.6

B = low x behaviour

B>0 for valence like shape

* B<O forsea

C - high x behaviour

D, E, F = interpolate between
low and high x

xubar from HERAPDF at starting scale:

These flexible parametrisation require though 05k
Regularisation Methods to smooth the PDFs

04}

12} Npar - 15 -§0-3-

10 a
02
0.1
o%boo 0.001

HERAPDF1.0 —

Bu=1/2 Bu —
Cu=1/2 Cu —
Du=55
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Schematics of PDF extraction

Input parameters and flags || PDF parametrisation || PDF evolution (DGLAP)

{ {

DATA e, | %? Minimisation ‘ QCD calculation

Error treatment

{
Output PDFs

PDFs are extracted from QCD fits to double differential cross section data:

o Parametrise PDFs at a starting scale by smooth functions with sufficient parameters;
o Evolve PDFs to other scales by the evolution equations (DGLAP)

o Compute cross sections for DIS (or other processes) at NLO (NNLO)

o Calculate x % measure of agreement between data and theory model

o Obtain the best estimate of the PDFs by varying the free parameters to minimize ¥ 2

- For tomorrow..

www.herafitter.org
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Experimental Data on the Proton Structure

T llllllll T Illllll] T IIIIIIII T llllllll T IIIIIIII T IIIIIIII T T TTTT7g

" Persistent experimental effort over the
last 40 years both by fixed-target and
collider experiments around the world ©
supported by the theoretical

N
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N |
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M= TeY
ZEUS /
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measurements SLAC =
N
: o y> 7 g, 77 ..:gfi%'ifiiliiiiiHEE"»"’l B3
* DIS experiments may be classified as: 102 i, .. - _ Al 7
M= 10 GeV a 3

* low energy: SLAC, now JLAB
* medium: BCDMS, NMC, CCFR/NuTeV 10
* high energy: HERA

L
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Experimental Data on the Proton Structure

- Persistent experimental effor-t over the C\]% 85 IIEIIIIIZ 1I T lllldIIICMls TT IIIIII T T lllllll T T lllllll T T Illllll T T IIIIIE
] &) 10 = tlas an
last 40 years both by fixed-target and 7 E 0 Atlas and s rapidity plateau M o=
collider experiments around the world 0’10 7[ E=1 Do Central+Fwa. Jets ]
supported b)’ the theoretical ? E==] CDF/D0 Central Jets §
developments 10 = m
- [IIm ZEUS 3
10° ;_ I wmMC

o Large extension in kinematic space in F 1 BcDMs

x and Q? from the original SLAC 10 4E I E66s

measurements - —

Sea-gluon s | sy Valence
* DIS experiments may be « B A . e
* low energy: SLAC, no | & . il RS :
* medium: BCDMS, NN » P -
* high energy: HERA = | ' i
O]

= E
And High X kinematics: i
(tomorrow) T T .....E
0 10 10 1
X
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HERA Kinematic plane

HERA provides a rich physics program to study DIS

T lllllll

T lllllll

T IIIIIIII

T lllllll

T lllllll

T Illllll

T T TTTT7g

HERA-I | 1992-2000 | Ep=820,920 GeV L~110/pb per exp.

0%/ GeV?
o
[o=]

HERA-II | 2003-2007 | Ep=920, 460,575 GeV | L~500/pb per exp.

CC:ep—-ov X
VE
e
W
p AN
(=X

Kinematic limits for HERA

E, =27.6GeV,E, =920GeV
Vs =2[EE =319GeV

O* = sxy — high
x=0Q%/sy-low

Atlas and CMS
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D0 Central+Fwd. Jets

[
o
-]

CDF/D0 Central Jets

H1

[
o
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ZEUS

[
o
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[
o
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o
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Detector and Kinematics at HERA: NC and CC DIS

o Neutral Current event sample in H1 detector

H1 Run 122145 FEvent 69506 Date 19/09/1995

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

R

Elektron

;Quark N

o Determination of the Event Kinematics:

it

Charged Current event sample in ZEUS detector

o using lepton information (E_ ,0.) E., 6,:
o using hadronic final state particles Eqs Y

o using both lepton and hadronic final state variables §

Redundant reconstruction of the kinematics allows extension of
kinematic coverage, extra checks of systematic uncertainties.

e!Yh:‘

e

e o s .

ARnEeT B
jet--||
\\Neutrino —_—
;Quark l
s =4FE.FE,
Q? = E.E’'(1 + cosé,)
y=1— bEj; %(1 — cos 6,)
e @
Su

Z Ep—pop+E. (1 - cos6,) ~ 2E,
h

_E;(1-cosé,)

h -—
y 2E,
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Inclusive differential cross sections at HERA

HERA
‘ Nc. ~(V ae) o 2 g g 1 | I | I | | | | | LI | I | | I | E
2 ) B A HlepNC ]
d UNC x Q 10 % H1:*ch E
2 0 - P B -
da:dQ o - o ZEUSe pNCHERAI N
a"~(Vguag) o~ E + - 0 ZEUS e'p NC HERA Il —
g = e p s SM e p NC (HERAPDF 1.5) 7
) T;1(,-1_E LY === SM e'p NC (HERAPDF 1.5) _|
= x — —
dzdQ? ~  z |Q2| "NCV” 3 %y, Neutral =
10°L . Current
= A HiepCC ~ E
dnec =Y. F5 (x Q% — 2Fi(:z: QHFY. :IIFi(:L‘ Q%), [ * wepce * ]
E « ZEUSe pCCHERAI =
= = ZEUSe'p CC HERAII - =
xF; only sensitive at large Q2 (~M,2) 10° = :: e ng (:::::3:1‘ 55) Charg ed E
F_ only sensitive at low Q? and high y ;_ j)pg ( ) Current £
: = y <0. |~
F, dominates : P, =0 \:
10-7_| Lol | ool I o\

N+ Z 2 2 2 Z 10° 2

Fyf = F), — (v, + Pa,)kz F)° + (v2 +a. £ 2P,v.a,)k, Fy, Q% [GeV?]
~ . , Fa ~ . — 27
zF{ = —(a,  Pv.)kzzFy? + (2v.a. = P.(v? + a?))k%xFZ, ks ~ 3 (g — ;)
Fr, ~ asg
@) 1 0? Fy ~ Y e (xq; + x7;)
Kz = dein? 2 2 7 °
4sin®(Ow)cos™ (0w ) Q° + M7 Voica Radescu| DESY (3 | CTEQ 2013 DIS 25



Electro-Weak Unification

¢ CC:

+ G2 2 2
d’o5s e :l:P) M2,
dzdQ? 21N Q% + ME,

et oo =z[(u(z) + e(z)) + (1 —y)? !d!x!—}-s(w )],
e 1 b = z[(u(@) + c(z)) + (1 — v)*(d(z) + 5(z))].

CCe p>CCe+p because W~ is exchanged
for CCe—p which couples to u and is more
abundant in the proton

co(, Q7).

103

10°°

HERA
r‘ | | LI A | | | LI I | I | | I |
> S
g 10 A HiepNC
3 % H1e'pNC
o o ZEUSe p NCHERAII
~ o ZEUS e'p NC HERA I
g s SM & p NC (HERAPDF 1.5)
g 10" s GM e'p NC (HERAPDF 1.5)

Hie pCC
* Hie'pCC
e ZEUSe pCCHERAII
= ZEUS e'p CC HERAII

wes SM e p CC (HERAPDF 1.5) Charged
- SM e*p CC (HERAPDF 1.5) CU rrent A H
f

Z
()
-
s —=
ool ool |||||u| | ||u|u| | |1u|u| | |||||uJ 1 |||||uJ 1 |||||uJ L LLIH

e =
i i

1 lllllll | | IIIIIII | | EA

10°

o*
i 1 Q?[GeV?]
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Rise of F, at low x seen at HERA

¢ Expectations on the density of partons before HERA.... And after HERA (high energy ep)

» Before the HERA measurements most of the predictions for low-x were not rising!

A
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HERA discovered high density of matter! X
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Scaling violations from F, at HERA (ep)

At low x :

Hl Co ’ oF > 2
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Polarisation effects in CC and NC

¢ SM predicts that CC cross section vanishes
for right-handed electrons and left-handed

positrons.
14
e )f) HERA Charged Current e“p Scattering
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¢ SM predicts a difference in the NC cross
section for leptons with different helicity
states arising from the chiral structure of
the neutral electroweak exchange

¢ - + +
4 — 2 _U(PL)_Ui(PR)
“ + + + +
P; — Py o*(P;)+ 0% (Py)
H1 Collaboration
= S :
e A" (¢'p)
—— H1PDF 2012
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HERA II

10°
Q* [GeV?]
— a direct measure of parity violation in NC
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Measurements of Asymmetries from HERA

¢ Explore polarisation asymmetry to extract F,Y#
¢+ Explore charge asymmetry to extract xF,Y? (improved measurement from HERA I+11)

F* ~ Fy—(v,4P,a,) o’ 777 £ _ fro 1-(1-y) - Y P
2 I3~ Vel Qe )K o, =1, XI3— L
Q0+ M: ? 1+ (1+y)? 1+ (1 —y)?
JHEP 1209:061 (2012) | arXAZ0BETS  ZEUS
F'{Z : : — ] : I‘IlI C()Illall.)olratllqu ;E,, g e ZEUSNC e ( 305.4 pb-l )’ QZ=1500 Gevz
2 or Transformed to Q2 = 1500 GeV? ]| 0.7— - Sﬁ ?Z{EEUS JETI‘S S)
'l 7 06— SM (CTEQ6M)
- ® HI 1 — SM (MSTW2008)
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107 1 10" 1
X X
YZN +
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The shape of the distribution reflects their parton sensitivity
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Summary Lecture |

¢ Today have presented the basis of DIS formalism:
Kinematic variables to describe the process
Differential Cross Section in terms of Structure Functions for different processes
Relation of Structure Functions to PDFs (factorisation theorem)
¢ Some Milestones of Experimental Results:
Discovery of gluon
Electroweak Unification

¢ Tomorrow:
Will continue with more Experimental results

Applicability of DIS measurements: determination of PDFs
importance of precision measurements and what does it involves
From Low x to High x
Relating DIS to LHC
Most recent data sensitive to PDFs
Outlook
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HERAFitter QCD platform .

Heritage of HERA transferred to LHC:

er

Open Source QCD Framework freely available at https://www.herafitter.org

First beta First HERAFitter First LHC paper using PDF school based

release Invited presentation HERAFitter on HERAFitter
—_ — — ~ ~ o~ ~ ) )
55 8l 3 8ls & Fs 8o &Es  Bls
AR 0K zR LR =R =R 0O =R 0OR
Presented to First HERAFitter Second beta Third beta First stable
the LHC community workshop release release release
. )
/ [ experimental data ] \,
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£ ity Inclusive DIS, Jets, Diffraction N )
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\‘ s ' W and Z production / e Functions
: . E \(PDF, DPDF, upDFy
. — N ) B
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Jets, W, Z: FastNLO, Applgrid y "> Theoretical cross 1
Top: Hathor I— Secuons
Evolution: QCDNUM, kT scheme - - N\
Other: NNPDF reweighing [ l> Comparisons to other
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DIS Cross Sections

o Factorisable nature of interaction: Inclusive scattering cross section is a product of
leptonic and hadronic tensors times propagator characteristic of the exchanged particle:

2
d2o iy For NC: V=y, Z, yZ
LAY WIJV For CC: V=W+, W-

N(B

Leptonic tensor: related to the coupling of the lepton with the exchanged boson
e contains the electromagnetic or the weak couplings
* can be calculated exactly in the standard electroweak U(1) x SU(2) theory.

Hadronic tensor: related to the interaction of the exchanged boson with proton
e can't be calculated, but only be reduced to a sum of structure functions: ~

W2 Qav&?v%w 4+ q W 4+ B q3+p W5+ i(p®q” —p cl"‘)VV6

af _ af
W = —£g W + M2

M 3

d?*o
dzxdQ?

IL‘2 2M2 _ , - : i
"JQ2 )Fi + y2xF1" ¥ (y — %)ng} Al: process dependent

escu| DESY (3% | CTEQ 2013 DIS 33

= Ai{(l—y—



The First Measurement of Parity Violating SF F,"4(x,Q?)

+(p* +( p* .2 -2
o~ (P;)—o=(P K Y_ 7z Y_ K
( L}) i( R) _ : Q _ '?ae b =k - 2 Q (02 + ag)l.pg]
taking the difference for e’p and e'p, the terms with xF;”Z and xF£ cancel and =4M_%(1_M_§-'\

F,7Z can be directly extracted from measured polarised cross sections
H1 Collaboration

| Q'=200GeV? i Q=250 GeV? | Q=300GeV? | Q=400 GeV?
transform the F,¥%(x,Q?) measurements
to Q? = 1500 GeV? and average them
to get F,¥%(x) at Q2 = 1500 GeV?
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g . —— ————rrTr
2 r Transformed to Q* = 1500 GeV?
1_ p—
B ® HIi
- . —— H1PDF 2012
N
0.5 _
L QP=20000GeV?
}om + ] i )
HIPDF 2012 = 1=
................... \+~.._ é - + §
T 0 L . . =

10
> F,Z= xZ[Zeava(q+qb0r‘)]
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xF,

Structure Function xF,(x,Q?)

> Y
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o ;, c— o ;,C) - charge asymmetry of unpolarised etp NC cross sections

-2 mostly due to yZ interference
xF/? = —-xF,-(Q*+M2) /(a .k Q?)

transform the xF;4(x,Q?) measurements
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075
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