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LExercise |- Z contribution

e Show that, in the Parton model, considering also the contribution of a virtual Z boson
and its interference with the photon one obtains:

Fy 2 (a —xzczqz ()]
F% Zd QZ _Q’L )]

Where
Ci:6?—2€ivez‘/;zpz—|—(vz—|—z4 )(VQZ—l—A )P%

di = —2€;Acz Aiz Py +4Voy Aey Vig As 7 P2
Q2

P, = Cuw = COS 0,
7 QY+ ME)(4s3c2) -

S, = sin @,



LSo\ution |

_l/) In  Ehe fq0 S we Jr;fumlﬂlud
oy =
e Y (T ed ] n[pyag g
2. |/ 2 |
Add | & hadnewnic ’G’CMSD@J
24
| 2| e Tol [Ber sl VBN ‘
s | o e £ RIBI, L 0 ) BH Vit Yot 1) ]
i f |
2 = | 7 : o
= 4 nl o at ) RO R ] g e ] |
. Ci‘ ‘ A
L3wlal R R BT TR N A
==
+0 | wWhen
Lo tag
Sim (o | contdputiuon y it iy il -
VL € RS R,
| e : T
ALz | Ar%é GZ—, .‘\L{ ,?&* ‘
Qi;-__4 Oz Psihin A e ol L £l
i G O SEnt Sip St
o | prpapakac LAREN ol e ol 1 i
(Q‘w "ot



Solution |

L

-

iz Tp.[[@ 'UU&I HPJ]

-~

EPNYV
1

Y B ]

Qf

e T
L. Te (#7717

ESRE: ,,_Qﬁf
e _|'S <
SRR

=il /WM\

- [T m

1 g o | Lm
uwo(_,lf/ Mmﬂl‘lc_dw ..n“w : 5 4 Mﬂ.
| T L % Y 171
. o ¥ s 0w
Wl _“, y fu 5 g
<N v ¢




LExercise |: Paschos-Wolfenstein relation

* Show that, in the Parton model, considering a (anti)neutrino-initiated DIS process on
a deuteron target — assuming SU(2) isospin symmetry un(x)=dp(x) and dn(x) = up(x) —
the ratio R

)

NC (mediated by Z) and CC (mediated by W+/-), assuming strange and anti-strange to
be equal in the target, is independent of Parton Distribution Functions and can be

N

onc(v) — onc(

S 07—

N

used to determined the Weinberg angle 6y

1 /1

You may use (without deriving it) the result (and set ¢, cbar = 0)

F.;V — 2x(u+5+§+c),
FY" = 2x(u-d-5+c),
F,W+ = 2x(d+u+c+s),

FYV' = 2xd-a-¢+5),



Exercise |l: Paschos-Wolfenstein relation

'ﬁ_:__ TESTS FOR NEUTRAL CURRENTS IN NELU I'KINO REACTIONS J u Iy 1 97 2

E. A, PASCHO=S
National Accelerator Laboratory
P. O. Dox 500, Batavian, Nlinois 60510

and
1. WOLFENSTEIN

Carncgie-Mellon University
Pittsburgh, Penmsylvania 15213

ABSTRACT

Neutral currenta predicted by weak interacticn n:-v.odels of the Lype
discussed by Wemberg may be detected in neutrino reactions. T.imils
on the ratio R of o{v + N = v 4+ x} 10 ofv+ N "*p +x) are obtained
indenendent of any dynamical ussumption. For the total cross-section
for high energy neutrinc;s-, we find B = 0,18, provided the Weinberg
mixing angle satisfies sin2 0 < 0.33. For the production of a single
= we find R” = 0,50 c‘ont'"asted with the experlmental result R < 0. 14

. using onlv the assumptmn of (3, 3) rescnance dom.lnance Applications

are also given to anti-nentrino reactions.
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LOut\ine

* First lecture (Monday)
* Motivation: the big picture
e Parton Model and QCD
 Collinear Factorisation

- Second lecture (Tuesday) * Experimental Data

* Disentangling proton’s

*Third lecture (Wednesday) components

¢ Fits and methodology

* Heavy quarks and photons

* The NNPDF approach
 Fourth lecture (Thursday)

 New frontiers



The HERA collider

HERA delivered

HERA N &7

Integrated Luminosity (pb”)
R

D 200 400 GO0 €CO 1089 1260 140C
days of running

1992-2007/
V.S = 318 GeV

E. = 27.5GeV

E, =920 GeV




Scaling violation
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LQCD and improved parton mode|
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LQCD and improved parton mode|
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QCD and improved parton model
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LQCD and improved parton mode|
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LQCD and improved parton mode|
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LQCD and improved parton mode|
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LQCD and improved parton mode|

Parton model picture

H‘;‘;’@ 0 = / dz f;(x) o (xp)

QCD-improved parton model

o = / dz [P (z, u%) o(zp, u2)
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Collinear factorisation

theorem




LCoHinear Factorisation Theorem

dopab Y ) dor’ A"
X Z / _fz 2, WF) X (25, as(pr), uF)+(9<Sn>

Z——nf

dotr=t Mt dy de d6 A"
E = 3 [ L ) flennr) S 5. antin). ) +0 ()

1,J=—"Ngf

) Lepton pair
LY 4 production

short distance [*

HF < -

P P
long distance : 7_
Iong distance




LCoHinear Factorisation Theorem

dopab Y ) dor’ A"
X Z / _fz 2, WF) X (25, as(pr), uF)+(9<Sn>

Z——nf

dotr—ab Y dz dz2 ds" A"
gX = JZ / f(Z1 pr) [i(z2, ur) e (28, as(pur), pr) + O (S")
) _—nf
E Higgs
e production

short distance

> = | P
|ong gdistance 7_
< longdistance

HF




LDGLAP evolution equations

In analogy with running coupling, imposing that cross section does not depend on
arbitrary scale pu, get renormalisation group equations for PDFs

2 d (g(z,1) asw) de (L (6as(®))  Dig (& as(t) (qj(s,n)
— lo _— = &
TR @ (g(x,t)) /m Z £05(t)) Py (£ as(t) g9(&,t)

J=4,9 JJ

Dokshitzer, Gribov, Lipatov, Altarelli, Parisi equations

E yi _,_Afmw  Functional dependence on p? is totally predicted by
solving DGLAP evolution egns

| E * Splitting functions known up to NNLO:
oo LO Dokshitzer; Gribov, Lipatov; Altarelli, Parisi (1977)

NLO Floratos,Ross,Sachrajda; Floratos, Lacaze, Kounnas,

Gonzalez-Arroyo,Lopez,Yndurain; Curci,Furmanski Petronzio,
(1981)
NNLO - Moch, Vermaseren, Vogt, 2004



tDGLAP evolution equations

20

15

x gluan(x)

\ seeeee Q2=2Ga\VE
-\ -+ Q2 = 20 GeV2
\ —eem (37 =100 GeV2
\ e Q2 = 400 GeV2
\ — (2 = 10000 GeVz

Gluon evolution

_q(:c,/f') =Ty ® Z(m,ug) + gy ® 9(z, Ng)

~

+ 4(
\_

vy = 0 [1= 0]
P{O(z) = 2N [(1 _“’x)‘ - 1;:5 + z(1 —a:)]
1 —ZI}) (11N—4nfTR)

6/

- Both P, and P diverge for x = 0

- Gluon is depleted at large x
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tDGLAP evolution equations

10

- e Q2 =2 Qevz
>(a.+q) —=—- Q2 =20 GzV2
i —-— Qz=100CGeve
. —--- Q2-4C0CeV2
-4 —— Q2 -1C000 GeV2
\
8 - ..
\I
\‘
6 |-
-\
~
4 —
o'
0.001

Singlet evolution

E(w’ﬂz) = qu ® E(‘L /-‘(2)) + rqg & 9(%”?))

4 )

(1+2%) 3.
(1—2). + 50(1 — .z:)J

P) = O |

Pq(g)(:z:} = Tg|z* + (1 - z)?

o J

- High-x gluon feeds growth of small-x
gluon and quark

- Gluons can be seen because they help
drive the quark evolution



DGLAP evolution equations

c?
[ eeeeee Q2 =2 Ge\2
| ——- Qz=2eGeve Non-singlet valence evolution
b e (E =100 (2V2 3 s
e ()5 = 400 (G2V2 :
CA I e (03 = 10000 GRV2 s

u.?‘:(w’ MQ) — Rrs X Uy, (l', ﬂ’g)

cs

ﬁc.:. 4 ) N\
: PY" = P - or [ HE) 4 350 -
x (1 — ).

\_ J

C2

o1 f - As Q2 increases partons lose longitudinal

momentum: distributions all shift to lower x

- Gluons can be seen because they help drive
the quark evolution



DGLAP evolution equations

low g
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DGLAP evolution equations

F. Olness, CTEQ school 2017
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DGLAP evolution equations

Functional dependence of PDFs on the scale is totally predicted up to NNLO
accuracy by solving DGLAP evolution equations

Hadronic scale: High scale:
global fit of PDFs input to the LHC

1 LI} lllllll | I IITIIII I LR 1

NNPDF3.0 (NNLO) :
xf(x12=10 GeV?) 0.9

|| HI I lllllll] LN B B R |

g/10

09

xf(xu2=10* GeV?)

b)

~

0 vl L1111 11-1‘;‘?:’_77::»; -
PDG 2016 4o 102 10" 1 107 107 10" 1



LWra D-UpP

= The structure of the proton has been a crucial ingredient to test and verify
perturbative QCD and it is now key to the precision challenge that we are
facing at the LHC

= Today'’s lecture

Parametrisation of the proton in terms of structure functions
Parton model picture

QCD - Improved parton model

DGLAP evolution equations

Collinear Factorisation Theorem



tPDF determination
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LPDF determination

1 I 1 | 1 | | 1 1

NNLO, ,=0.118, Q = 100 GeV
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i 121 2252 NNPDF3.0
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FIG. 27. “Soft-gluon” (A=200 MeV) parton distributions of 10 10 10 10 10
Duke end Owens (1984) at Q%<5 GeV?E: valence quark distri- X PDF4LHC recommendation 2015
bution x[u,ix)+d,(x)] (dotted-dashed line), xG(x) (dashed J.Phys. G43 (2016) 023001

line), and ¢ (x) (dotted line).

Rev.. Mod. Phys. 1984

* 30 years of steady progress in PDF community have produced a huge impact
on understanding of proton structure and precision physics
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® Choose experimental data to fit and include all info on correlations
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® Choose experimental data to fit and include all info on correlations

® Theory settings: perturbative order, heavy quark mass scheme, EW corrections,
intrinsic heavy quarks, as, quark masses value and scheme

® Choose a starting scale Qg where pQCD applies
® Parametrise independent quarks and gluon distributions at the starting scale

® Solve DGLAP equations from initial scale to scales of experimental data
and build up observables

® Fit PDFs to data



Choose experimental data to fit and include all info on correlations

Theory settings: perturbative order, heavy quark mass scheme, EW corrections,
intrinsic heavy quarks, as, quark masses value and scheme

Choose a starting scale Qg where pQCD applies
Parametrise independent quarks and gluon distributions at the starting scale

Solve DGLAP equations from initial scale to scales of experimental data
and build up observables

Fit PDFs to data

Provide PDF error sets to compute PDF uncertainties



tThe ingredients

LHAPDF interface
http: / /Thapdf.hepforge.org

\ Ns(»t, 2 1/2
oF = (Z (FUFOY = FIFON) )
k=1 / . / .
error sets central set
mem > 1 mem = O

call InitPDF (mem)

call evolvePDF(x,0Q,f)

® Provide PDF error sets to compute PDF uncertainties

6| 5||-4|33||-2|-1 0|1 2|3]| 4|51 6
Parton || tbar ||bbar||cbar||sbar||ubar||dbar|| g d u S c b t



http://lhapdf.hepforge.org/

A complex machinery

EXPERIMENTAL DATA

STATISTICAL FRAMEWORK
PARAMETRISATION, ERROR CUMMUN INTERFACE FUR

PROPAGATION, MINIMISATION... GLOBAL FIT USERS (LHAPDF)

A. Buckley et al
EPJC75 (2015)

THEORETICAL CALCULATIONS

IN HOUSE BITS: EXTERNAL BITS:
- NNLO DGLAP EVOLUTION - FAST INTERFACE:
* DIS STRUCTURE FUNCTIONS APPLGRID FASTNLDO,...

- INCLUSIVE DRELL-YAN - NNLO K-FACTORS, EW K-FACTORS



Experimental Data




t Experimental data

- PDFs are not measurable, we measure observables that convolute PDFs
with partonic cross sections

da?f_mb s dz daeZ A"
i -y / fiome) ST (28, anum) i) + 0 ()
i=—ny
dop ™" B dz, dz ds" A"
= 3 [ B ) S G5, + O ()

7.7__nf

- Must exclude regions where factorisation fails to apply

(low Q2 and large x). Typically o el ine
Q Soft Interaction time
~Tg~ lA
2 ) — 2 Gev2 I'as picture 1s vahd IF:
min /‘\* T, << T, thus Q>>A

1 — /'/ i
W2 — <Q2 x) — 12.5 GeV2 ‘Protonj Y}

min



PDFs are not measurable, we measure observables that convolute PDFs

with partonic cross sections

da?_}ab o dz do s A”
i=—mng

dot? ™ X dz dz ds" A"
i -y / L2 fers ) o) S (28, o) + O ()

1,Jj=—"Ngf

Difterent data constrain different PDF combinations in different regions

DIS data on proton abundant and precise (HERA)

In principle Fy, F3 CC provide 4 light quark combinations

Fo, F3 NC provide 2 extra light quark combinations

HERA data only determine four combinations of PDFs

Old DIS and Drell-Yan data still used because of isospin symmetry

W,Z boson final state provide lot of information, gluon from scale dependence
Processes with jets and/or heavy quark in final states direct handle on the gluon



Disentangling PDFs

Kinematic coverage Up to O(Ols) corrections
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HERA data

Kinematic coverage

- ®  Deep Inelaslic Staltering
- v Drell.Yan Rapid ty Distribution
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HERA data

Q Run 408955 Event 144778 Class: 45789111923282829 Date 30/0322008
Neutral
NC : Q**2 = 35000 GeV**2 ; E_e = 300 GeV Current
event

ep —>e X

. Q) = 180 GeV
Incident e a y — 066
27 GeV

L] B — 0.47

;Jl

'|l Y "'T'_ 2 |"|':‘L'_ = }'T —iy Y ,—‘,TI_I_I,T‘_I:I_ 1
very virulent scatiering !

H1 Events Joachim Meyer DESY 2005



HERA data

¢y Run 403197 Event 51741 Class: 4567 8 11 19 25 2529

RunDate 6/220085

CC: Q**2 = 83656 GeV**2; y=0.83 ; P_T=118

) L - -
- -
B SN
“ o :

Charged
Current
event

ep —> vX

Q) = 289 GeV
y = 0.83
LB — 0.91

Joachim Meyer DESY 2005



HERA data |

|
CxZ

- Combination of Run |+ ©
Run |l data led to very
precise measurements
of reduced xsec

- F3 contribution visible
at larger x and Q~Mz
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HERA data

Neutral Currentn Charged Current
f
Z . . . _ W_
|[F}.FY F5] = x Y [ 2ei8). (830 + (8)?] (@i + @) F)

i=1

FY
, ny sz
[F7 F'Y Fz] — xz [0 2e,gA 28 gA] (qi — i) .

w+
i=1 F3

2x(u+d'+§+c),
2x(u—c7—§+c),
2x(d+u+c+s),
2x(d—-u—-c+s),

Longitudinal Structure function

b‘L(x,Qz)=“’;Qz’l§j:‘i—‘y(- f*z(.V Q>+2Z f ; ( ) (1——)g<y Qz)]

Altarelli, Martiinelli Phys. Lett. 76B (1978)



HERA data

Neutral Current

nf
[F}. 7 F3] = x ) €2, 2eigl, (61 + (812 (gi + @)
i=1

[F »F gz, F g] =X Z [0, 28:8,"4’281/82] (9i — Gi)
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— _l‘:!vm
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Generated with APFEL 2.7.1 Web

Charged Current

FY = 2x(u+d'+§+c),
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—— ey
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Fixed target DIS data

Kinematic coverage

- ®  Deep Inglaslic Scallering
- v Drell.Yan Rapdty Distribution
- A Drell-Yan Mass Jistrioution -5
« Jets Rapidity Distrituzion 4 '1 0 < x < 0'6
10% - » Drell-Yan Transverse Momentum Distribution 2 4 2
= | leavy Quarxs Total Cross Section 3 < Q < 5 '1 0 Gev
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Fixed target DIS data

» Assumption (SU(2) isospin): neutron is just like proton with u & d

proton = uud
neutron = ddu

= Un(X)=dp(x) and dn(x) = up(x)

» Linear combinations of F2P and Fun give separately up(x)
dp(x)=d(x),
- Experimentally measured is deuteron structure function
de = (FQP + FQ”)/Z

u(x) and




Fixed target DIS neutrino

V s |
e lu.lh
&u(ﬁ),c o (F;(V):C, F:;/(U):C’ FZJ(II),C) V
1,c ' DI [
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- T
o,c ' 2., * ' 3
F2 X Cz'q '8 2|VCS| S + _C2,g ® g §
L nf - o
=
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=
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Vs enhancement
Q?
035
B [ snPD=1.2 r =
0.25[8:) 55 wNPD=1.
7 aworia 2Mn by

* Old NuTeV data still provide main constraints
on strangeness inside the proton

A * Some (mild) tension between fixed target data
01 oz 03 ha oz 16 o7 os o5 1 and W+c data atthe LHC




Drell-Yan/V production data

Kinematic coverage
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LZJ (3317 332)
do

B

L NIV

= qi(71)g;j(x2)

Ao
~ 9M?2S ZQQL%J T1,%2)

do WGFM‘/[

Z: —_— =

dy

W do

dydM?

35 Z( 77+ aiz)Lij(z1,22)

WGFMXQ/f Z ’VCKM 2L

) (331, 332)
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Drell-Yan data
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— Less than 1% systematic

B uncertainty not shawn
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//\W production data
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//\WW production data

ATLAS W, Z productlon 7 TeV
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//\WW production data

ATLAS W, Z productlon 7 TeV
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//\W production data
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re = 0.5 (8+5)/

W+charm data

s, d W
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Gluon is partially determined by scale dependence of DIS structure functions and
Drell-Yan/Vector Boson production

L Py, u?) = 0417 Pyq ® Fo(w, 1%) 4 2n5 Py @ g(, 1)
dlog p? 27 44 19
20: L L [ - 57 ]
b :
| |
| :
lO--] —
| :
il ﬁ :
i _ \\_‘_‘_— / qg
o | | .

Mostly determine small-x gluon, large-x gluon hard to determine from DIS+DY only data



Heavy quarks are produced at threshold inside proton
Heavy quark production process (at ep and pp colliders) probe gluon

Dependence on heavy flavour scheme adopted in PDF fitting
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Heavy quarks are produced at threshold inside proton

Heavy quark production process (at ep and pp colliders) probe gluon

Dependence on heavy flavour scheme adopted in PDF fitting
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Charm, Bottom and Top have mass >> Aqcp - heavy quarks (HQ)

The presence of a new scale, mq, makes pert QCD calculations more challenging
Two well understood schemes:

Assume heavy quark effectively massless for Q > mq
HQ becomes active massless parton above threshold

Heavy quarks retain their mass for all Q
HQ is not a parton, it is a final state particle

However in PDF fits we have all scales. General-Mass Variable-Flavor-Number
schemes allow to match between the zero-mass and the massive scheme

Many schemes available oFOND) = 619 4 o8 — double counting

N
. 2\ - (5) P
= L .y(-\’l ' X2, /”2,) ® Z (“:g ‘.(!‘2))
p

o0

1-2 ( -
(o) e rmnteny]

0
— double counting



: Fac(x.Q7) s - heavy quarks (HQ)

x = 0.00010 /,/' il
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Gluon: direct handle
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Gluon: jets data

Kinematic coverage

® Deep Inelastic Scattering
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0.7

Fractional contributions

0.1

ok

[MSTW, ArXiv: 0901.0002]
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Gluon: jets data

Tevatron jet data

LHC jet data

5 Gluon (NNLO), Q? = 10* GeV?, Relative error
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Experimental precision < 1% up to pT~200 GeV
Data hugely dominate by correlated systematic uncertainties
Interesting case-study to probe current theory-experiment frontier
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* Data/Theory comparison not so intuitive for
correlation-dominated data

* Fluctuation in NNLO predictions (0.5 - 1%)
had to be accounted for as extra nuisance
parameter to get a good fit of such precise
data



—

0.85

NNLO, Q*=10* GeV?
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1.3 +g(x.Q)/g,=(X,Q)

1.2 Q=100 GeV
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Most constraining is inclusion of y; list
from ATLAS and y¢ from CMS jointly with
total xsec

Competitive reduction of gluon
uncertainty with jets measurement
Slight tension between ATLAS and CMS
in NNPDF3.1 ()(ZATLAS 2 .6, ){2CI\/IS ~ 09)



Gluon: direct photon production

* Prompt photon production directly sensitive to the
gluon-quark luminosity via Compton scattering

¢ |solated prompt photon data known at NNLO [Campbell
etal 161204333 and accurately measured by ATLAS

ATLAS 8 TeV In"l < 0 6
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tTO summarise

Inclusive jets and dijets
(medium/large x)

Isolated photon and y+jets
(medium/large x)

Top pair production (large x)

High pr V(+jets) distribution
(medium x)

GLUON

High pt V(+]jets) ratios
(medium x)

W and Z production
(medium x)

Low and high mass Drell-Yan
(small and large x)

Wc (strangeness at medium x)

PDG 2016



LParton Luminosities

e A quick and easy way to assess the mass and the collider dependence of production
cross sections at hadron-hadron colliders is to use Parton Luminosities
* At leading order in QCD (parton model)

5'ab—>X == C’X(S(xaazbS — MQ)

1
0pp—>X:/ dxadxbfa(xaaM2)fb(xbaM2)a-ab—>X
0

* Thus 1
Opp—X — CX/ dxadmbfa(xaaMQ)fb(xbaMZ)(S(CCCL:UI)S — Mz)
0
 Cx 0Ly
S 0Or
with -~ M?
-
e Define or
2\ ab
ap(M7) = or

1
— / dxadwaa(xaa )fb(xl” M2)6(Zlfaxb - 7—)

S/ y el M (;,w)




LParton Luminosities
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tParton Luminosities

% of total o (W+W)

flavour decomposition of W cross sections
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LQCD and improved parton mode|
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LQCD and improved parton mode|
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LQCD and improved parton mode|
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LExercise I1l: PDF evolution

e Consider Z production at Tevatron and at LHC. How to determine the contribution of
the different parton channels to the total cross section?

* You might want to use the Parton Luminosity definition

1 43 2
by = 11 /dyfv:(yw"fi)fj (:7,M§) T My

Oned Y Otad

And plot them by using APFELweb or (older) hepdata

https://aptel.mi.infn.it/

http://hepdata.cedar.ac.uk/pdt/pdf3.html
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