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Parton Distribution Func’rlons

What are they? - Definition

Consider a process with a single hadron in the inifial state

we, Partonic Cross Section

Parton Distribution Function




Parton Distribution Ffions

What are they? - DGLAP evolution

* Parton Distribution Functions are non-perturbative objects and their value at
given x and Q2 cannot be computed in QCD Perturbation Theory (Lattice?)

* .. but the scale dependence of PDFs is governed by the DGLAP evolution
equations
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* ... where the splitting functions (P;) can be computed in Perturbation Theory

and are known up to NNLO

[LO - Dokshitzer; Gribov, Lipatov; Altarelli, Parisi (1977)]
[NLO - Floratos, Ross, Sachrajda; Gonzalez-Arroyo, Lopez, Yndurain; Curci, Furmanski, Petronzio (1981)]
[NNLO - Moch, Vermaseren, Vogt (2004)] @@




The PDF fitting game
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The PDF fitting game

Present status of PDF fits

E : UNCERT.
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Benchmarking PDFs with data

The rules of the game

[J. Rojo et al., arXiv:1211.5142]

* Systematically compare PDFs, parton luminosities and predictions for
observables at the LHC using the most up-to-date releases from different
PDF fitters groups

¢ ABMI11

¢ CTI10

© HERAPDF1.5
® MSTWO8

© NNPDF2.3

% Compare consistently using a common value for os in order to disentangle

PDF and strong coupling uncertainties (JR not available for multiple s
values)

* When comparing fo differential distributions, quantitatively describe the

agreement giving y* values, DO NOT rely only on plots, which could be
misleading due to large systematic uncertainties




Benchmarking PDFs

Parton Distributions - Gluon

xg(x, Q® = 25 GeV?) - o, = 0.118 xg(X, 02_25 GeV?) -0 =0.118
06— e 0.6 -
- - NNPDF23NNLO . - ’
5 NN - s W | ET ]
"o D22 wetwaoss inio g B g ABM gluon softer
0.4 ] 0.4 — ;
: : : | at medium-/large-x
0.3 — 0.3:— )
3 E 0ol E (Inclusive Jet data
o1E E oif E not used in the fit)
I z
'°-1_"'b1'"62"'63'"64"65"bé"b%"bé"bé"'} 0-1_"'6'1'"62’"69',"64"6'5"6é"b7’"bé"c’>é"'_1
g(x Q2-25 GeVz) a,=0.118 xg(x 02_25 Gev2) a,=0.118
o - NNPDFZ3NNLO g - NNPDF2Z3NNLO g Unna'l'ura“y Sma“
[N CT10 NNLO EEEEEE U B . . .
MSTW2008 NNLO ] ] uncertainties in
E ~ extrapolation regions
E g (where there are no
: i 8§ U7 E data) might signal a
: E E parametriation bias
10° 10 10° , 10% 10 1 10° 10 10° , 10? 10" 1




x2(x, Q% = 25 GeV?) - 0, = 0.118

1.4 - NNPDF2.3 NNLO |

- [ CT10NNLO .

1.2~ MSTW2008 NNLO B

1 =

0.8 —

0.6 —

0.4 —

0.2 —

_I 11l I IIIIIIIIIIIIIIIIIIIIIIII N

0 0.1 1
xZ(x 02—25 GeVz) a,=0.118

IIII 1T II_

- NNPDF2 3 NNLO E

[N CT10 NNLO ;

[777] MSTW2008 NNLO E

6 -

4 —

2 —

0 5 by 3 oy 5

10° 10" 10° 107 10 1

Benchmarking PDFs

Parton Distributions - Sea Quarks
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Benchmarking PDFs

Parton Distributions - Valence Quarks
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xs*(x, Q% = 25 GeV?) - 0, = 0.118

Benchmarki PDFs

Parfon Distribufions - Strangeness
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Strangeness is
where global fits
differ the most

Only MSTW and NNPDF provide an
independent parametrization for (s-5)




Benchmarkmg PDFs

Parton Luminosities

* Factorized cross-sections at hadron colliders can be written in terms of
parton lumnosities

c1>l.j_l 1dif(x M2)f(T/x'\M2)
A)
T — T

with f; the PDFs and Mx the invariant mass of the produced final state

* Parton luminosities encode the whole dependence of hadronic cross-
sections on PDFs




Benchmarki PDFs

Parton Luminosities

LHC 8 TeV - Ratio to NNPDF2.3 NNLO - a,=0.118 LHC 8 TeV - Ratio to NNPDF2.3 NNLO - a,=0.118
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* Directly related to Elctroweak Vector Boson production

* Good agreement between CT10, MSTW, NNPDF and HERAPDF over the
whole kinematical range (larger uncertainties on the latter due to smaller

dataset)

* ABMI11 somewhat larger gqbar luminosity (~8%), partly due to the use of
FFN scheme for heavy flavour treatment




Gluon - Gluon Luminosity

Benchmarking PDFs

Parton Luminosities

LHC 8 TeV - Ratio to NNPDF2.3 NNLO - a,=0.118
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* Probed by top pair and Higgs production in gluon-gluon fusion

* Good agreement between CT10, MSTW, NNPDF and HERAPDF over the
whole kinematical range (larger uncertainties on the latter due to smaller

dataset)

* ABM11 luminosity generally smaller, except for small invariant masses of

the final state




Benchmarki PDFs

LHC data - W/Z production
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% General agreement among predictions from different PDF sets (albeit with

some discrepancies, in particular with ABM) and data will soon be precise to
discriminate

* Look at ratios (and double ratios) at different center-of-mass energies
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Benchmarki PFs

LHC data - W/Z differential distributions
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* Constrain valence and sea quarks
(absolute normalization and flavour
separation)

* Limited sensitivity to strangeness

* Poor description from MSTW due
to constrained valence quark (uy &

d.) parametrization at small-x
[A.D. Martin et al., arXiv:1211.1215]




Benchmarki PDFs

LHC data - W lepton asymmeiry
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* Direct probe of light quark flavour
separation

* Limited sensitivity to strangeness

* Poor description from MSTW due
to constrained valence quark (uy &

d.) parametrization at small-x
[A.D. Martin et al., arXiv:1211.1215]




Benchmarki PDFs

LHC data - W/Z in the forward region
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* LHCb provides a unique probe
of the forward region

* Test of our knowledge of PDFs
at small-x

* Z measurement recently
updated




Benchmarki PDFs

LHC data - W/Z in the forward region

LHCb W muon pseudorapidity distribution LHCb W muon pseudorapidity distribution
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* LHCb provides a unique probe of
small-x of light quark distributions

* Moderate discriminating power
among predictions from different
sets




Benchmarki PDFs

LHC data - Inclusive Jet production

ATLAS Inclusive jet pT distribution (lyl <0.3) ATLAS Inclusive jet pT distribution (lyl <0.3)
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* Inclusive jet production provides
the best constraint on large-x
gluon

* All sets give a good description of
available data (ATLAS, 2010)

* Beware of visual data-theory
comparisons in presence of large
systematic uncertainties




Benchmarki PDFs

Ratios of Inclusive Jet prod. at different CM energy
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* Substantial reduction of the experimental uncertainties in the ratio,
especially at low pr

* Interesting exercise fo be repeated with the higher statistics data from the
8 TeV run (expect more substantial reduction in theory uncertainties)




Benchmarki PDFs

LHC data - ttbar production
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* The ttbar cross-section is directly sensitive to the gluon PDF at medium-/
large-x

* Dependence of the cross-section on the value of the strong coupling
constant suggests that it is possible to use the ttbar cross-section to
extract os




Benchmarking PDFs

LHC data - as determination from ttbar production
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Benchmarki PDFs

Higgs prduction - gluon fusion
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* Higgs production cross-section in gluon-gluon fusion computed at NNLO
with iHix (with Q = My = 125 GeV)

* Predictions from different sets are compatible when common value for as
is used (ABM prediction substantially lower if default value for as= 0.1134
is used)




Benchmarki PDFs

Higgs prduction - VBF & WH

LHC 8 TeV - VBF@NNLO -ag = 0.117 - PDF uncertainties LHC 8 TeV - VH@NNLO - ag = 0.117 - PDF uncertainties
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* Higgs production cross-section in Vector Boson fusion and associated WH
production computed at NNLO (with Q = My = 125 GeV)

* Predictions from global sets and HERAPDF are compatible within errors,
ABM prediction substantially larger due to differences in quark-quark
luminosities




* Compare the quality of the
fit to all datasets before and
after inclusion of LHC data in
the global fit

* Including LHC data in the fit
improves the quality of their
description, w/o deteriorating
quality of the fit to other
datasets

* Moderate impact of the LHC
data, supporting consistency
of the global fit framework

LHC for PDFs

Impact of LHC datfa

NNLO NNPDF2.3 noLHC NNPDF2.3
NMCpd 0.94 0.95
NMC 1.56 1.59
SLAC 1.04 1.00
BCDMS 1.28 1.28
HERA-I 1.03 1.01
CHORUS 1.07 1.07
NuTeV 0.48 0.56
DYEG605 1.06 1.08
DYEB866 oD 1.69
CDFWASY 1.67 1.64
CDFZRAP 2.13 2.03
DOZRAP 0.63 0.61
ATLAS-WZ 1.94 1.43
CMS-WEASY 1.20 0.81
LHCb-W 1.03 0.83
CDFR2KT 0.67 0.68
DOR2CON 0.94 0.94
ATLAS-JETS-2010 0.94 0.94
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LHC for PDFs

Impact of LHC data on PDFs

xg(x Qz)

; -NNPDF23NNLO _
5 NNPDF2.3 noLHC NNLO
[ 4 -
% Moderate impact of LHC data -
on extracted PDFs i
0
o . -1
% Largest impact on singlet 2 | _ : :
: ; : 10° 0 10° , 107 107 1 06208 04 05 06 0.7 08 08 1
quark and strange distribution .0 0 Q)
W - NNPDF23NNLO 1 'I -NNPDF23NNLO |
¥ Effect is at most half a sigma

shift in central values
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Collider-only fit

Are we there yet?

* It is the fit we would love to have
* Only high energy data: minimize the effects of higher-twist contributions
* Only proton data: no assumptions based on models for nuclear corrections

* Gluon distribution is very well constrained both at A\ Bl e
small-x (HERA) and large-x (Tevatron/LHC jets) &
* PDF combinations sensitive to light flavour separation - —
have substantially larger uncertainties (missing !
constraints from fixed target DIS/DY data) N\
. : . T (6,9 10 10 L 10 10
* Uncertainties on “fixed target” observables are still 4 S — pr—
unacceptably large N

* Improvement with respect to NNPDF2.1 collider fit E A AN
thanks to inclusion of LHC data
* ... things can only get better with more data coming e

from HERA (combined F2c and HERA-II data) and the
LHC (W+c, low mass DY, photons, high pt Z/W ..) —




LHC for PDFs

More data are coming'

More inclusive jet (and dijet) data
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Constraining the medium/large-x gluon




-
dcy*ﬂw/dy [pb]

_ngma\\loﬁc
S o o o S o o o o

Low-mass Drell-Yan

—
a0 e - =
o 107 E s e LHCb Preliminary, {s = 7 TeV
N E o
% r 0g° Data,,
<} r 040 Data,,
) o MSTWO08 (FEWZ)
g L
= . v NNPDF20 (FEWZ)
21 10 +  CTEQ66 (FEWZ)
S F o— PDF uncertainties only
= I
7
X
b?. i S
v
o o
1E 20<n" <45 v
F p">10GeV/c
B p:>3(15) GeV/c ° v =
L L1
10 10

E p"*>10GeV/e LHCb Preliminary, {§ = 7 TeV
= p: >3 GeV/c Data,,

E- 20 <M, <40 GeV/c® Data,

E LO PYTHIA (CTEQSL)
= o NLO FEWZ (MSTWO0S)
E v NLO FEWZ (NNPDF20)
£ f f f +  NLO FEWZ (CTEQG6)
3 1 t

= f - % " t

:rg o e 3y @
E L L 1 L L
2 25 3 35 4 4.5

Dimuon rapidity

Dimuon invariant mass [GeV/cZ]

— 90
= E p*>10GeV/c LHCb Preliminary, Vs = 7 TeV'
s 80 E p' >3 GeVie Data,
T 70 F20 <M,, <40 GeV/c® Data,,
E E LO PYTHIA (CTEQSL)
I e F o NLO FEWZ (MSTWO08)
S oE v NLO FEWZ (NNPDF20)
E f T +  NLO FEWZ (CTEQ66)
of  mp ]
30 P h—-7m 7 t
20 F N
Fe o =
10 e gy
oE L L 1 P I B
2 25 3 35 4 45

[LHCb-CONF-2012-013]

Constraining light quark flavour separation

Dimuon rapidity

LHC for PDFs

More data are coming!

High mass Drell-Yan/W production
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LHC for PDFs

More data are coming'

LHC 7 TeV, MCFM NLO

W+charm production 12
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Constraining strangeness & heavy quark PDFs




Conclusions & Outlook
The way ahead

* Parton Distribution Functions are a fundamental ingredient of theoretical
predictions for observables at hadron colliders

* A systematic benchmarking of available Parton Distribution Functions against
LHC data is a mandatory exercise to understand the origin of differences in
predictions obtained using different PDF sets

* LHC data will soon allow fo distinguish among predictions from different
sets

* LHC data are making their way into PDF fits and having a moderate impact
on PDF determinations

* More data are coming that will provide further constraints and eventually
allow for fits based on collider data only
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PDFs & fhe LI-IC

A “strange” story

% ATLAS recently presented evidence for a larger than thought strange
distribution at low Q2 and x, leading to a value for

e = S(x’ggz t 5(2‘;’@2) ~ 1 (for Q%=1.9 GeV2 and x=0.023)
w?

which systematically larger than prediction from global PDF fits

% The ATLAS analysis is based on a fit combining the HERA-I data with the
ATLAS W/Z rapidity dlS‘l’l"lbU‘l'lon data

vvvvvvvvvvvvvvv

o 1QGeV 0023 epWZireeS _ ATLAS

A ABKMO9

® NNPDF2.1 ]
® MSTWO08
v CT10 (NLO)

B total uncertainty
experimental uncertainty

02 0 02 04 06 08 1 12 14
rS

———

% In order to check the ATLAS claim we produced a version of the NNPDF2.3
fit based on the same dataset used in the ATLAS study




PDFs & the LHC

A “strange” story

rs(x, Q% = 2.0 GeV?)
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* Strangeness in NNPDF2.3 somewhat larger than NNPDF2.3noLHC in
the range 103<x<107, though still compatible within errors shows
minor small impact of LHC data

% Determination from HERA+ATLAS dataset yields rs ~1 but has much
larger uncertainties (substantially larger than ATLAS determination)




Parton Distribution Ffbns

Why do we care?

7 TeV LHC parton kinematics

10° g
= (W77 Tev) exp(zy) This is the region where we
0°F Q=M want to use PDFs for
10" F predictions at the LHC
\
10°F M= 1TeV »
«— 10°F
>
(O]
(D R
~ 10'E M =100 GeV
° ok . This is the region where we
y= 6 el measure PDFs, from DIS and
" Eu=10Ge Tevatron experiments
10 -
10°
107 10°

DGLAP evolution




r PDFs

Impact of LHC datfa

* Compare the quality of the

NLO NNPDF2.3 noLHC NNPDF2.3
fit to .Clll da.’rase’rs before an.d NMGpd = =
after inclusion of LHC data in NMC 159 1.61
the global fit SLAC 1.28 1.24

BCDMS 1.20 1.20

* Including LHC data in the fit HERA-I 1.01 1.00
improves the quality of their CHORUS L Leal®

S ek NuTeV 0.42 0.43
description, w/o deteriorating VSO T T
quality of the fit to other DYE866 1.24 1.27
datasets CDFWASY 1.45 1.57
CDFZRAP Vi 1.80

* Moderate impact of the LHC DOZRAP 0.57 0.56
data, supporting consistency ATLAS V2 137 1.26
CMS-WEASY 1.32 0.72

of the global fit framework bW 03 56
* Fit quality is comparable at il .20 060
DOR2CON 0.84 0.84

NLO and NNLO, thought the ATLAS-JETS-2010 1.01 1.00

former marginally better

(<
2 O
!_\3 \ N A\



i e — I e j |
| '
|

. Beyond Benchmarking |

(next step:
trying to understand the differences)
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Variable vs Fixed Flavor Number Schemes

¢ Differences between ABM11 and other PDF sets partly arise from different HQ
treatment: Fixed Flavor Number vs General Mass VEN (Thorne, arXiv:1201.6180)

¢ The FEN fit leads to a harder small-x gluon, and thus (via the momentum sum rule) a
softer large-x gluon, and to a harder quarks at small-x at LHC scales through evolution

¢ Differences between various GM-VFN schemes much smaller that between FFN and
GM-VEN. See also Les Houches heavy quark benchmark study:.
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Juan Rojo PDF4LHC Workshop, 09/12/2012
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Juan Rojo

Variable vs Fixed Flavor Number Schemes

& The impact of FFN vs GM-VEN also studied by NNPDF: consistent results with those of Thorne
& Similar trend observed as between NNPDF2.3 and ABM11: softer large-x gluon, harder medium-x quarks
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ﬁ Variable vs Fixed Flavor Number Schemes

¢ Are all heavy quark schemes equally valid? Or some of them describe better exp data?
¢ Compute the difference in x? between the VFN and FEN fits with various kinematical cuts

¢ The FFN fit quality is poorer than the VEN, the difference is statistically significant and
§ specially relevant for the inclusive HERA-I: due to missing resummation of DGLAP logarithms

% “min ‘U'max (‘V);znin ('-t)‘;)nax \’Iz()l. (FFN — VEN) .\'(tl(_ig \ﬁ('l‘;a(FF‘\: — VEN) ;\'(1]1;:‘}1“21
i 1070% | 1.0 | 3.0 106 28.26 2936 37.88 592
C 1076 | 1.0 3.0 10 63.88 1055 39.73 405
I 107% | 1.0 3.0 106 28.54 4122 10.65 202
L 10| 10 102 108 38 {0 620 16.67 112
[ 1079 | 0.1 10 106 19.67 583 32.43 350
| 10-6 | 01 102 106 45.92 321 A7.26 227
i 10%] 01 | 10 | 10 31.17 510 13.52 208
10| 0.1 | 10* | 10° 27.21 248 28.11 175

kin cuts all DIS data HERA-I data

¢ Although FEN provides a reasonable description of HERA-I data, a better fit quality obtained
by VEN thanks to DGLAP resummation at moderate and large Q2

¢ FFN and VFEN similar x?at small Q2 NNPDF Preliminary

Juan Rojo PDF4LHC Workshop, 09/12/2012



i Variable vs Fixed Flavor Number Schemes
& The different treatment of DGLAP logarithms (fixed order vs resummation) might explain
most differences in LHC cross sections between ABM11 and NNPDF2.3 (even for common &s)

LHC 8 TeV - Ratio to NNPDF2.3 NNLO - a,=0.118
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Variable vs Fixed Flavor Number Schemes

¢ The different treatment of DGLAP logarithms (fixed order vs resummation) might explain

most differences in LHC cross sections between ABM11 and NNPDF2.3 (even for common &s)
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Impact of Higher Twists

¢ NNPDF2.3 adopts a kin cut of W2 >12.5 GeV?2 and includes exactly kinematical
higher twists (target mass corrections)

¢ To explore possible impact of residual dynamical higher twists, redo NNPDF2.3 using
the ABM HT parametrization varying the overall normalization
HT: 1

()2
& Even for a HT correction twice the size of ABM11, differences in PDFs much smaller
than PDF uncertainties. Similar conclusions from MSTW study (arXiv:1106.5789)

F(z, Q%) = F™%(, Q%) + purt
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Impact of Higher Twists

¢ NNPDF2.3 adopts a kin cut of W2 >12.5 GeV? and includes exactly kinematical
higher twists (target mass corrections)

¢ If higher twists contaminate the default NNPDF2.3, one should expect a systematic
difference when the cut is raised say to W2 > 20 GeV?

¢ We find however no statistically significant differences varying the W2 cut: higher
twists are irrelevant for the NNPDF fits

NNPDF2.3 NNLO W? > 12.5 GeV? vs. W2 > 20 GeV?
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