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Recap of Lecture |

Parton Distribution Functions - parameterisation @ initial scale (DGLAP initial condition)
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hep-ph/0201 195

i R Oolii— Gy o St eSS R (S =i §5
d(z, Qo)/u(z, Qo) = coz™ (1 — )™ + (L + c3z)(1 — 2)™
s=5=0.2(u+d) ellan, () = Gles, G =0
Parton Distribution Functions - Q dependance & evolution (DGLAP)

all contributions together mix different PDF via DGLAP equations
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Fitting PDF

Parton Distribution Functions

how do we determine them ¢ What are the moving parts in a typical PDF fitting-machine ?
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Choose PDF DGLAP
input parameters == PDFs @ Qo =——=>|PDFs @ any Q
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7 Theory calculations

Adjust
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Fitting PDF

Parton Distribution Functions - experimental data & theory

which data are included in a fit ! Which PDFs do they constrain ?

kinematic cuts on data

difference between global fits like CTEQ, MSTW, NNPDF and not so global HERApdf, ABM...

™M Neutral current DIS M DY data (W,Z production) from Tevatron & LHC
(HERA, SLAC, NMC, BCDMS) (E602, E866, DO, CDF ATLAS, CMS)
e - £ -
> 70 p } T
— O} : 5

M Jet data from Tevatron & LHC
™M Neutrino DIS & di-muon

(DO,CDF, ATLAS, CMS)
(CDHSW, CHORUS,NuTeV)
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Fit€ing PDF

M DIS data from HERA & fixed target experiments (SLAC,NMC,BCDMS)

do

fixed target - Fy(x, Q%))

dxdy

different observables used in the fit (HERA -

Ao

O

d
dx d(Q)?

Y F, — y*Fp £ Y_zF3] |

xQ*

motivation to still use fixed target is different coverage in x-Q? plane & sensitivity to large-x
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Fitting PDF

M DIS data from HERA & fixed target experiments (SLAC,NMC,BCDMS)

e DIS @ low Q - dominated by photon exchange
DIS @ high Q - dominated by photon-Z interference
2 Q2 L a2 Q4
X o Yy gv vZ gv % VA
F =212 F F
J 5 127 42 0T MZ M2 T 16sh,ch, (QF + ME)E
o] s 2ay Q2 2 it 2gvay Q4 FZZ

4s%,.c%, Q2 + M2 ° 1655, ¢35 (Q% + M32)?

sensttive to quark § anti-quark PDF @ LO

quarks & anti-quarks enter together with different weights depending on the exchange vector boson

access Iinterference comparing different helicity leptons & electrons/positrons

TSGR = xz q(z, Q%) + q(z, Q)] photon

NC BIS ng(az, Pn=m Z Bi qz— (z, Q%) + @i(, Qz)} photon-Z interference

xF;Z (a3 QQ) ==& Z D; [qi(a:, QQ) — qi (=, QQ)] photon-Z interference
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Fitting PDF

M Neutrino DIS & di-muon (CDHSW, CHORUS,NuTeV)

= neutrino DIS contributes to F(x, @*) and F3(x, Q?)

7+ different PDF combinations contribute to flavor separation together with NC DIS
i o R @) —a:z q(z, Q%) + (=, Q)]

v F3(x, Q%) —azz z,Q°) — q(z, QQ)}

neutrino DIS data on protons are scarce and hard to come by (WA21/22)

neutrino DIS typically taken on nuclei - need for nuclear corrections

M Charge current DIS on proton (HERA)

neutrino DIS can be replaced by CC DIS on protons (still experimentally challenging)

Wi(x,(,f) =42 diskis el
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Fit€ing PDF

™ DIS @ NLO

sensttive to gluon PDF @ NLO

breaking of Bjorken scaling at small x driven by gluon PDF

dF: 1id
P -2 d | LWl

longitudinal structure function Fr,(x, Q)

FL(ZCa QQ) =1 FQ(:Ca QQ) 3 2ZCF1(:C7 QQ) =10
callan-Gross relation @ LO

- gluon not subdominant in Fr(z, Q%) as in Fy(z, Q?)

- experimental separation of Fy(z, Q%) and Fr(z, Q%)

requires measurements at different v/s - lower statistics

using differential cross-section in the fit - effective separation of

structure functions
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Fitting PDF

M Drell-Yan lepton pair production (W.Z production)
DY dominated by photon exchange away from W & Z resonances
7 do 1t A7 o
dQ2dy  9Q2s
2 2 P Q (:|: )
Q" = (p +py) Tab = 75 exp(Ly
DY at the W & Z resonances - different PDF combinations

Z e; [qi(®a, Q)i (zp, Q%) + a < 1]

S|
=

daW fWGFm

it WZ\VCKM 0i(%a, Q)G (x5, Q%) + a 4 D]
do? fWGFm

T Zz (Ve o+ 45) | 0i(@a, Q)0 (5, Q) + @ 53 b]

DY helps better determine (anti-)quark PDFs
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Fitting PDF

M Drell-Yan lepton pair production (W.Z production)

different asymmetries & ratios sensitive to different combinations of PDFs

i 7 ¥ Ow+ — Ow- Uy (1) — dy(z1) oW+ u(xy)d(x2) 1 u(xy)
ow+ + o - u(xy) + d(xq) ow-  d(xzi)u(ze)  d(zp)
p S
Ow+ + Ow- u(z1) + d(z1)

o 7 0.29u(z1) + 0.37d(z1)

Z cross-section + rapidity distribution used to extract strange quark PDF
typical assumptions related to strange PDF (motivated by di-muon DIS data)

s(z,Q) = 5(z, Q)
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Fitting PDF

™ Jet data from Tevatron & LHC (DO, CDF,ATLAS, CMS)

hadronic jet production at leading order proceeds through

qq9 — 49 99 — 49 99 — 99

qq subprocess dominates high-Et jets but gluon important enough to

allow jet data to put constraints on large-x gluon PDF

09 |

5 os | @ ]

combined with low-x constraints on gluon PDF from DIS and with S o7 L / E
A ., GG ]

sum rules one has strong constraints on the gluon PDF S oo b ’ :
—- 05 | ]

!i 04 —

addrtional direct probes of gluon PDF needed to constrain the g X . :
£ g2 - N ' 5

gluon PDF at mid-x and large-x for future searches e.g. SUSY @ LHC S :
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Fit€ing PDF

Using LHC data in Parton Distribution Functions

Motto: “Yesterday's signal is today's background”

M Top pair production
sensitive to gluon PDF at high-x

x, Q% /g (x, Q%)

very precise top pair production expected from LHC top-factory g

ratios of top/anti-top cross-sections sensitive also to u/d

M Direct photons

additional, complementary probe of gluon PDF (same x as gg Higgs production)

M W+charm production
sensitivity to strange quark PDF (difficult to extract elsewhere)
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Fitting PDF

Theory predictions for relevant observables

Theory predictions can be done at LO, NLO or NNLO (at the moment)
- at each order PDF has modified meaning - need to use LO PDF with LO predictions etc.

Leading-order
- hard scattering results simple but with no scale dependance (no cancellation - large scale dependance)

- LO PDF useful for some MC applications where only LO exists

- data descriptions unsatisfactory

next-to-leading-order

- scale cancellation between hard scattering and PDF - lesser scale dependance

- hard scattering matrix elements complicated & need to be evaluated many times in a fit

- NLO hard matrix elements together with NLO DGLAP - current state-of-the-art

next-to-next-to-leading-order
- NNLO splitting functions known but not all relevant hard scattering matrix element known

e.g. jets or other additional processes
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Fitting PDF

Theory predictions for relevant observables

NLO & NNLO theory predictions complicated functions - need a way how to evaluate them
quickly & efficiently

Full cross-section is a convolution of hard matrix elements with PDFs (or two convolutions)

7 ) =t DS L (ot st (o ) ) e (b (A ety )|

Old (but effective) method - use K-factors - lose some (N)NLO information about shape
Alternative - decouple PDFs and strong coupling dependance by putting everything on a

(x,Q) grid & pre-compute complicated matrix element once and for all

o) 3 Gnpm(p) (™) Fi(@®, 2, pm)

n,t,k,l,m

FastNLO APPLGRID

hep-ph/0609285 arXiv:0911.2985 -
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Fitting PDF

Parton Distribution Functions

-

\_

N
Choose PDF

input parameters

initial

Adjust
parameters

-

\_

~

DGLAP

how do we determine them ¢ What are the moving parts in a typical PDF fitting-machine ?

-

PDFs @ Qo

J

-
Experimental
data

 Compare

 theory & data (X?) :

\_

> PDFs @ any Q

~

J

Theory calculations

@ NLO, NNLO

422

-

Theory

(partonic O, F2 )

J
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Fitting PDF

Parton Distribution Functions - X*-fit & errors

2 .
Most PDF fitters use X - function to measure the goodness of the fit
standard definition

Naat Skl 2
X2 pe Z (DZO__ Tz)

2=

definition with correlated ervors

Naat Ndaat Necorr
=D D D=LV (D= T5) | Vi = 0i(0m T + Do o
i=1 j=1 k=1

covarLance matrix

Try to use all possible experimental information available

statistical errors
systematic errors - (un)correlated

normalisation uncertainty (might be multiplicative)
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Fit€ing PDF

Parton Distribution Functions - what do we get ?

What are the features we see in a typical PDF result ¢

™M u&d quarks - valence & sea
valence part causes u&d dominate all other PDF at large-x where u>d
symmetric sea-quark: g & anti-q comparable at low-x

at high Q - contribution of the sea component increases through gluon radiation (DGLAP)

M strange quarks

strange quark PDF suppressed at initial scale but enhanced at high-Q S s

1‘6 L ELL | LRI | L L] | LR 1-
14 0'=2GeV’  H 14

0" =100 GeV’

1.2 CJ12mid ] '2[ CJ12mid
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Fit€ing PDF

Parton Distribution Functions - what do we get ?
What are the features we see in a typical PDF result ¢

™ gluon

dominate at small-x but fall off steeply as x increases
going to high-Q - gluon radiation reduces momenta of partons - everything shifts to smaller x

gluon radiates g-gbar pairs or additional gluons - at small-x gluon PDF and sea quark PDF get steeper

gluon can radiate even heavy quarks at high-Q so charm and bottom PDF are non-zero

arXiv:i212.1702

1.6 [ 16 ) r
141 Q'=2GeV’ 4 14 Q" =100 GeV” -
" CJ12mid | 2] CJ12mid

IIIII_ L 1L L_L IIIII_ 1L L L1 IIIII_ L ' L_L IIII. 0 WESTFALISCHE
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PDF uncertainties

Parton Distribution Functions - what are PDF uncertainties

1 error PDF [ other uncertainties (not in error PDFs)

uncertainty of experimental data can be
interpreted as uncertainty of the underlying

PDF parameters

different approaches how to translate

experimental uncertainties to PDFs

4

choice of data sets or observables

(include neutrino DIS or not, LHC or not ...

choice of kinematic cuts

(looser cuts might constrain PDF better but ...)

parameterisation bias
pQCD choices (NLO vs NNLO, strong coupling)

heavy-quark schemes (FFS, ZM-VFNS,VF-VFNS)

higher-twist terms, nuclear corrections etc...
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PDF uncertainties

Parton Distribution Functions - X*-fit & errors

error PDFs are experimental errors translated to errors of free PDF parameters

all approaches to determine error PDFs give approx. the same results in regions with data

M Hessian method

the most widely used technique to determine error PDFs

Hessian diagonal Hessian

R S R SR
P 28ai8aj : i 0 ; ’

Expansion of XQ:

2y |
P

o

(a)

Original parameter basis

(b)

Orthonormal eigenvector basis

hep-ph/0201 195 —
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PDF uncertainties

Parton Distribution Functions - X*-fit & errors

error PDFs are experimental errors translated to errors of free PDF parameters
all approaches to determine error PDFs give approx. the same results in regions with data

M Hessian method

the most widely used technique to determine error PDFs

| 2 Hessian diagonal Hessian
Expansion of X :

XZ(a):X2_|_18—X2(a_a0).(a_ao)._|_ _>X2_|_§Z.2
P 28ai8aj : i 0 ; ’

Choice of Ax? = x*—x2:
ideal choice Ay? =1 pragmatic choice Ax?>1 Ax? ~ 50 — 100

error PDFs
Construct error PDFs for each parameter in 2 directions:
2 = /A2 XE(2) = X5(0,0,...,++/Ax2,...,0,0)
Calculate PDF uncertainty of cross-section
N
1 p 2 —
Sipa B L » e e ESTFALISCHE
(AO-> £ 4 Z (O-(XZ > O-(XZ )) wILSHELMSS-UNIVERSITAT

7 e MIUNSTER
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PDF uncertainties

Parton Distribution Functions - X?-fit & errors

M Hessian method - dynamical tolerance criterion

/deal case would require using Ax? = 1 for one sigma (68% CL) or Ax* = 2.71 for 90% CL

BUT we are fitting data from multiple not necessarily compatible experiments

0!3 namteal tolerance bg MSTW

Each experiment (N data points) have to be described

up to 90%CL for variations along one eigenvector
MSTW 2008 NLO PDF fit

TN 22 2t/ s 20[ . .
PN(XZ) =i (X ) / £ : % - w 2 -
" N — a = ) 3 3 o
2N/2T(N/2) L o Y N T
1 e ot rg tErEi i ieiiigiiizii Juwwem
90 8 SR §§§553 ..... S C T T | A'so umsT)
/ dx?Py (x%) = 0.90 o[ [EE) T
0 AE 888 Ll s
T ‘ IRRERRRE
For each eigenvector, take Ax? where all experiments sclfaar Ll [l 1 Eie]7 dom
. 3. SIS - O O O O, S P
are described within 90% CL B B A A B B R 17 e
s F g 0§ C ¢ §3 - .
Translate Ax? to (different) shifts in each parameter .- .
20775 3 4 5 6 7 8 9 10 1112 13 14 15 16 17 18 19 20

Eigenvector number
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PDF uncertainties

Parton Distribution Functions - X*-fit & errors

error PDFs are experimental errors translated to errors of free PDF parameters

all approaches to determine error PDFs give approx. the same results in regions with data

M Monte Carlo method (as used by NNPDF) —
new technique which allows for more flexible PDF x-shapes 27 — Vaigation ataset
neural network is used to (over-)parametrize PDFs @ Qo Mg
w250
Nget artificial replicas of data points generated assuming 2.4;%%__1
multi-Gaussian probability distribution 25 -
random separation into training & validation data subsets I S0
1194 . 2 1
minimize error function (not X ) for training set TN T T |
W Niep=100
stop before overlearning
- error/replica RDESHI _
1 set ' C}o
( -
(0(X) = =D a(X?) : e
pet =3 =
1= A
Nset 2 1/2 .
Ao(X)= [ {U(XZ) " <J(X)>} )/ arXiv:0808.1231
=1 -$e-05 0.0001 0.001 0.01 0.1 1

RSITAT
X
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Misc topics in PDF

Parton Distribution Functions - theory & related issues

theory calculations @ LO, NLO or NNLO include several important constants which can

have large impact on PDFs

o} strong coupling s ™ quark masses mc,mp [ treatment of deuterium
treated as an external parameter & heavy quark treatment fixed target DIS experiments provide
or fitted together with PDFs quark masses enter the evolution important high-x constraints but done

: & their treatment influences gluon PDFs not on proton but deuterium
NNLO as(Mz) values used by different PDF groups

I I T B T T I P4
R ol ........ | arXiv:1 304.3494
[ T T T
S EEEEEE [P 1.5 ' ’ ’ ’ ’ 2 [ -— = no deuteron
: cTio 8 | ——- nuclear error
A NNPDF2.3 noLHC LA I + —— PDF error
V NNPDF2.3
O wHerapoRts | T T T TT A A T
D ?:0'211 0 000 O@) 000 O O -
DDDDDDDDDD '—G—'D O o olo o —
PDG
I 2012 1
L o b o ] Ratio to NN -
il A1 11 .12 .12 il i
0.105 0 0.115 0 0.125 0 23 1.2 Sk Q2=100GCV2
O(S(IVIZ) %1'15 0 [ R 1 R 1 . 1
arXiv:i 301.6754 S 0 02 04 06 08 1

C’.1.05\\:>:1\\: - X
2 t‘\\\\\‘g‘\&“““‘,\\\ = arXiv:i212.1702

=
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Misc topics in PDF

M strange quark PDF

not many data constrain strange quark PDF - the best pre-LHC contraint comes from
neutrino DIS and di-muon subset of DIS (CHORUS, NuTeV, NOMAD)

new measurements of W+c production from ATLAS & CMS provide new constraints

with no handle on the strange quark - assumptions were introduced which tied strange

PDF to other sea quarks - now these assumptions can be tested

FEiiinticttpis 1 SeErs
s:s:§(u—|—d) 7“8:§(s+3)/d
arXiv:1404.6469
w’=1.9 GeV’,n=3
o l6 ) [
q F e ATLAS i) r .
P14 % 0.04 arXiv:1203.4051 [hep-ex]
= E :’//,’ L I L L L | 'l"'l“_‘l"'l'
12 f oy LA ) Q?=1.9 GeV? x=0.023 epWZlreeS  ATLAS
b . ' 4 ABKMO9 a
/ LR = = NNPDF2.1 —=— % NNPDF23
L E T e MSTWO8 .
08 / = = K 0 ;‘ —_—e— v CT10 (NLO) ¥
06 Z / o total uncertainty
/ "‘\ -0.02 1 experimental uncertainty
04 [ \ RN ety oy, R,
N /// S -02 0 02 04 06 038 1 12 14
02 - 2 = 004 - » FNAL-E-866 s
r CMS N
oL 3 u2=54 GeV’ [
: NuTeV/CCFR + NOMAD + CHORUS i —
v , , -0.06 |- T1
1% | —— CHORUS + CMS + ATLAS I B i chests S — \\/ESTEALISCHE
| Ll I | Ll I L o b b e b e b b
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Current PDFs

Parton Distribution Functions - summary of existing PDFs

LONLO, GM-VFNS 6 indep. PDFs ~ Hessian
global NNLO (s-ACOT) external (26 params) (Ax>~100)
LONLO, GM-VENS 7 indep. PDFs Hessian
global NNLO (TR) fit (20 params) (Ax2~25)
kAl LONLO, GM-VFNS A 7 indep. PDFs Monte
5 NNLO  (FONLL) (259 params)  Carlo
5indep.PDFs  Hessian
global LONNLO ZM-VFNS  external (22 params) (AX2=100)
DIS NLO GM-VFNS 5indep.PDFs  Hessian
(HERA) | NNLO | @R) | M | (aparamsy) | emi)
NLO 6 indep. PDFs  Hessian
DIS+DY NNLO FFN fit (25 params) (Ax*=1)

===
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Current PDFs

Parton Distribution Functions in Higgs production
Higgs Is pre-dominantly produced through gluon fusion -
gluon PDFs at x=Mp/+/s ~ 0.02 are crucial
sub-leading Higgs production via VBF Is sensitive to quark & anti-quark PDFs

GLUON FUSION ASSOCIATED PRODPULCTION VECTOR-BOSON FUSION
-~ s B
> g
NNLO gg luminosity at LHC (\'s = 8 TeV) NNLO gg luminosity at LHC (\'s = 8 TeV)
p— 1.2 T I T T T T T LI I B T T B T T T LILEL I ] p— 1.2 g‘ ‘ T T T T I T T T T 7T I I‘
= ' i Al
O 115 — MSTW 2008 6' 115 e”%}b\ —— MSTW 2008 ‘
-0 ) +HH cT10 0 %k}% -+ HERAPDF1.5
o 1.1 4444 NNPDF2.3 noLHC & 11 M }Qﬁ\ 4424 ABMITY
© 33331 NNPDF2.3 © - MM} JR09
© 1.05 ? @ 1.0 }W’{*/ﬁ'o. ] m NERH 11
3 szt I 3 i i SN ascee RSN T
S 1 ; ) SR T T
, H NN (NN RNNRREERNS RE
= i il T
@ 095 il Shascesagl f 9 0.95F]] ' TTTrrL N,
5 S 3 i
— 0.9 : §>‘i 8 2‘ : 0 — 09 NH
2 i = :
) N : : \ NN
«c 0.85 . «c 0.85 ; !
o MHi_ggs 2rntop X oc MHi;ggs 2méto ;‘\ i\ E
0.8 ] 1 PR R S A T A B 1 Lol X 0.8 1|0 1 T T R |1|(|)0 1 L 1 |1|0|00 i NN
10 100 1000
o A a yWCHE
arXiv:1301.6754 \g (GeV) \g (GeV) -UNIVERSITAT

MUNSTER

54



Current PDFs

Parton Distribution Functions in Higgs production
Higgs Is pre-dominantly produced through gluon fusion -
gluon PDFs at x=Mp/+/s ~ 0.02 are crucial
sub-leading Higgs production via VBF Is sensitive to quark & anti-quark PDFs

GLUON FUSION ASSOCIATED PRODPUCTION VECTOR-BOSON FUSION

NNLO gg—H at the LHC (s = 8 TeV) for MH =126 GeV

NNLO gg luminosity at LHC (\'s = 8 TeV)

gy
N

- T [ T
J. 3 22 E T T T | T T T I T T T I T T T T I T T T T I T T e | | T T T ‘ T T T T E
O 1.15 MSTW 2008 Q. 215 [68%CL.PDF L
2 +H+HH+ cT10 ~ E @ MsTwos =
0 11 4444 NNPDF2.3 noLHC H bI 21— | @ cmo E
© XX NNPDF2.3 N 20.5 = | A NNPDF23noLHC -
] : : I e V NNPDF23 3
8 1.05 it all U |TH 20 | O HerapoF1s =
(9Y : =l T \\: = ABM11 - -
= 1 : — 19.5— JRO9 =
i "_-—% ; KIS (N :_ o _:
& 0.95 ,}——”‘fﬁ % SRRCREDH Tl 19 = / -
= - : % ;<<z77~—r ] 18.5— JPtal I
o M § X K] ~rCc e — -
= 09 SRANIRNSNS 1822 =
° i e
= - -
% 0.85 e 175 ggh@nnlo (v1.4.1),1_=p_=M,/2 =
m MHiggS 2mt°p § o 7 :| co b P g |R | FI [ RS EE I I BRI -
0.8 '1|0 L IR '1'60: L T '1'0|00 y 6.112 0.113 0.114 0.115 0.116 0.117 0.118 0.119 0.12
2
~ o(M?)
. s\, SCHE
®
arXiv:1301.6754 \3 (Gev) PSR a]

e MIUNSTER

55



Current PDFs

Parton Distribution Functions in top quark pair production

Top quark pair production is dominated by s-channel diagrams where valence quarks & gluons

are important at x=2m¢/+/s ~ 0.05

S- CHANNEL T- CHANNEL

o

NNLO gg luminosity at LHC (\'s = 8 TeV)

NNLO+NNLL tt cross sections at the LHC (s =7 TeV)
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Current PDFs

Parton Distribution Functions in SUSY production

production of SUSY coloured particles (squarks & gluinos) very sensitive to gluon PDF

at very high x=2mx /+/s ~ 0.2-0.7
very pr*oblemcﬂ’ IC
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PDF afc¢er LHEC

arXiv:i206.2913

Parton Distribution Functions - new dedicated data

new projects with large possible impact on PDFs

[HeC

colliding electrons / positrons with LHC protons / nuclel

unprecedented coverage in x-Q? plane
precise determination of the gluon PDF

interesting also for Higgs & BSM physics programs

breakthrough machine for nuclear PDFs

0.60 GeV

EIC

electron ion collider

high-intensity precision machine with polarized beams
good coverage in x-Q? plane (down to x~ 10

precise determination of the gluon PDF

breakthrough machine for nuclear PDFs, saturation, polarized PDFs...
+ arXivii212.1701
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