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o (8 TeV) uncertainty
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# PDF uncertainty dominant for many SM predictions

# Precision in predicting BSM heavy particles is limited by large quark-antiquark
uncertainties at large x. Reduction of theoretical uncertainty achieved by using
resummed predictions still has 15% uncertainty due to PDFs



o (8 TeV) uncertainty
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PDFs uncertainties are a crucial input at the LHC, Exploit the power of precise LHC
often being the limiting factor in the accuracy of data to reduce PDF uncertainties

theoretical predictions, both SM and BSM and discriminate among PDF sets
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(x1225had, @s(pr), pr) + O

dX irrlba,d

PDFs cannot be computed in
perturbative QCD but they
are universal and their

evolution with the scale is
predicted by pQCD

Dokshitzer, Gribov, Lipatov, Altarelli, Parisi
renormalization group equations

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




# They can be extracted from
available experimental data
and used as phenomenological
input for theory predictions

# Different data constrain
different parton combinations
at different x
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NMC
Fixed Target DIS

HERA
FT Drell-Yan + Tevatron W/Z

Tevatron Jets
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";C,Q‘hstraints from data (PrelLHC)- |

DIS data

NMC
# q,gbar at x > 10* ™ Fixed Target DIS
% HERA

# g at small and medium x = ™%, FT Drell-Yan + Tevatron W/Z

Tevatron Jets

# deuteron data:
disentangle isospin triplet
and singlet contributions

# neutrino DIS data:
handle on strange
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evatron jets
# Good consistency with DIS data, i.e. scaling violation
# Largest impact on large-x gluon
# Significant improvements in accuracy, uncertainty reduced by factor of 2 for 0.1 < x < 0.7
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Old fixed-target DY and Tevatron vector boson production data constrain light quark
separation and disentangle quark-antiquark distributions




PDFs: state of the art
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FIG. 27. “Soft-gluon” (A=200 MeV) parton distributions of
Duke and Owens (1984) at Q*=5 GeV?: valence quark distri-
bution x[u,(x)+d,(x)] (dotted-dashed line), xG(x) (dashed "
line), and g,(x) (dotted line). ' , PDG “Structure Functions”20'
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¥ < 2002: sets without uncertainty
# 2003-2004: first MRST, CTEQ, Alekhin sets with uncertainties
# 2004-now: huge progress made in statistical and theoretical understand, new players




T Modem setS ot PDF S

LHAPDF6.1.0 - https //lhapdf hepforge org

May 2014
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NNLO gg—H at the LHC (\'s = 8 TeV) for M_ = 126 GeV
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S. Forte, G. Watt, ArXiv:1301.6754

G.Wwatt  (Ngvember 2012)
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# Gluon fusion initiated
Higgs productions

>

o o o o o Wide spread of

predictions limits
accuracy in Higgs
characterization

# Global sets quite close to
« each others and

compatible to HERA
analysis

# Larger discrepancies
with ABM and JR

# Similar (worse) situation
for ttbar cross section

predictions
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- Parton Luminosities
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Directly connected with gluon-gluon luminosity
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NNLO W* and W’ cross sections at the LHC (\'s = 7 TeV)
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% For W and Z
productions (quark
dominated) situation is
less dramatic

# Predictions mostly close
to each others

# More significant
discrepancies with ABM
and JR

# Compatible with data,
although data the more
precise the more
discriminating




e

Parton Luminosities
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Directly connected with quark-quark luminosity

NNLO Z.(qq) luminosity at LHC (\'s = 8 TeV) NNLO Z.(qq) luminosity at LHC ('s = 8 TeV)
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NNLO gg—H at the LHC (\'s = 8 TeV) for M, = 126 GeV NNLO gg—H at the LHC (\'s = 8 TeV) for M, =126 GeV
22 3

Solid lines: envelope and midpoint.
215 Dashed lines: statistical combination.

—— MSTWOB, (M) =0.1171  ggh@nnlo (v1.4.1), 1 =1_=My/2

Illll

2.5~ —— cT10, 0 (M?) = 0.1180 Green solid line:

average of three Gaussians

11
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s Statistical combination s

1.5

G.Watt  (April 2013)

1

Probability / (Bin size)

ggh@nnlo (v1.4.1), b= = My/2
MSTWO08 CT10 NNPDF2.3

0g(M2) =0.1171  og(M?) =0.1180  org(M?) = 0.1190

188 57 20

Open markers: usual best-fit and 68% C.L. Hessian uncertainty. )

Closed markers: average and s.d. over random predictions. g°"" ses: histogran of random predictions
ashed lines: Gaussian with same mean and s.d.

G. Watt, PDFALHC 2013
We's [PDFALHC prescription arXiv 1101.0538]

= Statistical combination from different PDF groups generating MC sets. [Forte,
Watt, 2013] Smaller uncertainty than envelope: 4.8% vs 3.4% for gg>H

= Meta-PDFs: fit with input functional form the CT, MSTW and NNPDF shapes
and combine in a unique consistent set [Gao, Nadolsky, 2014]

= Crucial to decide optimal value of as and its uncertainty in combination
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LHC data for PDFs




Inclusive jets and dijets
(medium/large x)

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

Top pair production (large x)

High pr Z(+jets) distribution
(small/medium x)

High pr W(+jets) ratios
(medium/large x)

W and Z production
(medium x)

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

Wec (strangeness at medium x)

Low and high mass Drell-Yan
WW production




Gluc)ns .
Inth_sive Jets: data

® Jets are traditional source of information on gluon and as

e Large-x is the region where gluons and quarks are mostly unconstrained

e Wealth of precise experimental measurements

e Theoretical calculation: NLO and partially NNLO gg initiated contribution has been calculated

[Gehrmann et al]

T T T T T . ——
inclusive jet cross-sections  « ATLAS (2013) s .LHC Ns=14TeV
0.0 < y < 0.8

\s = 2760 GeV, |y|<0.3
ATLAS (2012) 0.9}
osf qq — ]ets_:

Vs = 7000 GeV, |y|<0.3
0.7}

dzo/p"f‘dy [pb/ GeV]

CMS (2011)

\s = 7000 GeV, |y|<0.5

CDF (2008 - z

V= 1965 GeV, |y|)<0.1 0.6 > gq o ]Qts
DO (2008) 0.5
Vs = 1960 GeV, |y|<0.4 C
UA2 (1991) 04
VS = 630 GeV, 1/<0.85 03
UA2 (1985) -
Vs = 546 GeV, )|<0.85 0.2+

Fractional contributions

UA1 (1985) 0.1k ;

Vs = 546 GeV, f|<1.4

o1t 2 M
ppe 10 ° 100 1000

jet GeV
! ATLAS, EPJC (2013) 73 2509 p]T [GeV] Martin et al, (2009) pT ( )

F Ky algomhmemD-OT




‘Glu()ns
Incluswe ]ets 1mpact of data

e NNPDF2.3 analysis includes ATLAS 35 pb-! inclusive jet data

e Moderate but significant constraint and reduction in gluon uncertainty

e Many more data released: CMS full 7/8 GeV dataset, ATLAS 7/8 TeV and 2.76 TeV data

e Ratio of observable at different CoM energies strongly constraint due to correlations (ATLAS)
e CMS sizeable impact assessed by MSTW via reweighting

| Ratio to NNPDF2.1, Q? = 10 GeV? |

1.25

| NNPDF2.1 NLO| evefron et

186 points
+ ATLAS jets:
90 points

NNPDF2.3 NLO

02 =1.9 GeV"’

) HERAIfit

—— HERA+ATLAS jets R=0.6 fit
HERA+ATLAS jets 2.76 TeV R=0.6 fit
HEFlA+ATLAS jets 7 TeV R-O 6 flt

rel. uncert.
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Ratio of gluons

10"
R. Ball et 31, Nucl. Phys. B867 (2013) 244 ATLAS, EPJC (2013) 73 2509
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Gluons |

In.élqsive Jets: impact of data

e NNPDF2.3 analysis includes ATLAS 35 pb! inclusive jet data
e Moderate but significant constraint and reduction in gluon uncertainty
e Many more data released: CMS full 7/8 GeV dataset, ATLAS 7/8 TeV and 2.76 TeV data

e Ratio of observable at different CoM energies strongly constraint due to correlations (ATLAS)
e CMS sizeable impact assessed by MSTW via reweighting [Ball et al (2012)]

g(x) at 10000 GeV*

MSTW2008 Error EXX3

Vs = 8TeV anti-k,R=0.7 L= 10.71fb"
1 T T ] i

NEW PDF N
) ! " -@ Data/Theory
Reweighted PDF (CMS Inclusive) B e Uncorinty 0.0 <ly|<0.5
L -~ HERA1.5/CT10
.6~ -~ MSTW2008/CT10
- -~NNPDF2.1/CT10
4F — ABM11/CT10

Ratio To CT10

Ratio to MSTW2008nlo

CMS Preliminary

1 1 -l 1 I 1 1 1 1 1 1 11 I
" 1e-05 0.0001 ; . 80 100 200 300 1000
Jet P, (GeV)
R. Thorne, QCD@LHC 2013 CMS-PAS-SMP-12-012
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Prompt photon pr()ductmn data

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

e [solated prompt photon data well described by NLO
QCD theory

e ATLAS and CMS measurements at 7 TeV constrain
medium-x region

LHC, pp - v, *+X @Vs=14 TeV, y=0 (R, =04,E" <4 GeV)

0.7

Compton:qg—>74q

c
L
8
2
g
g
2
2

Annihilation> q'q=~y49

8 10 100
D’Enterria, Rojo, Nucl. Phys. B860 (2012), 311

e P R N O I IR

Y 4]
ompton Annihilation Fragmentation

Bl LHC 7 TeV Isolated-y

10°  10% 10° 102 107
S. Farry, QCD@LHC 2013
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Prompt photon productlon 1mpact of data

o Prompt photon production directly sensitive to the

gluon-quark luminosity via Compton scattering

e [solated prompt photon data well described by NLO

QCD theory

e ATLAS and CMS measurements at 7 TeV constrain Compton Annihilation Fragmentation

medium-x region

g

| LHC 7 TeV isolated+ data |
1.15 e Included ATLAS 880 nb-!, and 35 pb -,

| -\ NNPDF21 NLO CMS 1.9- and 36 pb -
A N\ NNPDF2.1 NLO + IsoPhotons ® Moderate uncertainty reduction in

the region which affects and reduce
uncertainties for Higgs gluon fusion
predictions by 20%

e [ssue: there is not yet a public fast
interface available for JETPHOX [P.
o Aurenche et al] in PDF fits but it is likely to
0.002 0.010.02 0.1 0.2 be available shortly

X
D’Enterria, Rojo, Nucl. Phys. B860 (2012), 311

Q=100 GeV

Ratio of Gluon PDFs




Gluc)ns
Top pair productmn data and 1mpact

o At LHC dominant channel is gg fusion

e Exp: precise measurements of total xsec by ATLAS
and CMS + differential distributions

e Theory: full NNLO for total cross sections

~ [Czakon etal] and NLO + NNLL code for differential
distributions public soon [Guzzi et al]

TeVatron | LHC 7 TeV | LHC 8 TeV | LHC 14 TeV

1 99 15.4% 84.8% 86.2% 90.2%
1.7% -1.6% -1.1% 0.5%
qq 86.3% 16.8% 14.9% 9.3%

E———

e Significant constraints for gluon [Czakon et al, Beneke et al] Sonlonetab THEE U201 167

LHC 7 Tev

ABM11
CT10
HERAPDF
JRO9

MSTW2008 ATLAS, 1.0 fb!
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CMS, 2.3 fb™
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Gluc)ns _
I—Ilgh pT vector boson product1on ‘

e In global fits, medium / large x gluon is mainly
constrained by jet data.
e W/Z boson at large pr (associated with jets) would
provide a complementary constraint in x region

- which enters gg>H production :
e Atlarge pT, gluon up (for Z and W*) or gluon B —
down (for W-) scattering dominate: can exploit these o4t
observables to constrain gluon and u/d ratio

W (- [¥)+jet at the LHC with s = 8 TeV
o.esE T T e T .
0.7 ogi  *gt
: *dd  sud
06 -gg
- *Other

Fraction of events

0.3F

0.2f

0.1F

QELgiida

200 250 300
Boson P, (GeV)

Malik, Watt ArXiv: 1304.2424

e pT sp!rla affected by possibly large theore!lcy

uncertainties, soft resummation and EW corrections
at small/large pT.
—— e Need NNLO, hopefully not too far after
S0 e 2w 2 we | calculation of H+j at NNLO [Boughezal et al]
Boson p_ (GeV) ; > . ST
T e Exploit ratios to cancel theoretical uncertainties

NNPDF2.3
- - ABM11
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LHCb 2010, W-» uv extrapolated
ATLAS 2010, W uv, W ev

0.5

LHCb-CONF-2013-005

FL

M W charge lepton asymmetry (ATLAS and
CMS) Strong constraints on up and down
- valence quarks and sea asymmetry

e
()

M W/Z rapidity distribution, both
central (CMS and ATLAS) and
forward (LHCb) Constrain quark
flavor separation in a wide x range

CMS, L=47fb"at\s=7TeV
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NLO FEWZ + NLO PDF, 68% CL
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1 1 1 L I L L Il '} 1 1 1 1 I 1 1 1 L I 1 1 L
0'10 0.5 1.5 2

Muon |

'l 1 L 1 l

CMS PRL 109 (2012)

PR e N S P W

S

TR SR IR SR ST iy T G815 48

PR —————




—OII|III[I|I|III|III|III|III|III|III||II[III|IIO—

- CMS, | Ldt=4.51b" at \'s =7 TeV, 200 < m < 1500 GeV

/GeV]

do
dm"[pb
w
IIIIIIIIIIIIIIII

w
3

ILdt= 160"
\s=7 TeV

N
2]

—e— Data

Il FEWZ+CT10 NNLO

I FEWZ+NNPDF2.1 NNLO
I FEWZ+MSTW2008 NNLO
I FEWZ+CT10W NNLO
I FEWZ+JR09 NNLO

[ FEWZ+ABKM09 NNLO ' _
[ FEWZ+HERAPDF15 NNLO ]
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CMS JHEP 2013 AOEBIND MU o B ATLAS arXiv 1404.1212 m, [GeV]

M High and low mass Drell-Yan distributions ATLAS |
provide valuable constrain to quarks and antiquarks ows [

| LHCb
1 1
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Strangeness
A ”strange story

5,020 GV ® In global analyses strangeness is mostly
= sSiS determined by DIS fixed target data (CHORUS,

- NNPDF2.3 NNLO
XY NNPDF23 HERASATLASWZ NNLO NuTeV) -> suppressed strange sea

/// 77} NNPDF2.3 noLHC NNLO

\\\\\ A s

® ATLAS analysis, based on the HERAFITTER
approach, points to a non-suppressed strangeness
e NNPDF2.3 analysis confirms the central value of
the ATLAS analysis but finds larger uncertainties.

N
N oW

2.0 GeV?)
o

1
Tos
%

& 0

s(x0023Q‘ZOGeV‘) Illlllwzfl_lATLIAs
. - - > 2 epWZ free §
SELEABSF% o Q° =1.9 GeV+, x=0.023
NNPDF2.3 noLHC NNLO 4 ABKMO9
NNPDF2.3 HERA+ATLASWZ NNLO ‘ = NNPDF2.1 ——
e MSTWO08

v CT10 (NLO)

[ total uncertainty
expenmental uncertalnty

02 0 02 04 06 08 112 14K
s. Rev. Lett. 109 (2012) 01200




Strangeness
A “strange” story

® W+charm data from ATLAS and CMS (both inclusive and distributions) provide a cleaner set of
data to constrain strangeness from collider data

e ATLAS data consistent with large s, opposite to CMS data consistent with suppressed s

® Recent from NOMAD: charm dimuon production in neutrino-iron scattering consistent with
NuTeV

e Ultimate answer comes from inclusion of W+c data in PDF fits

CMS L=5.0fb"at Vs=7TeV
—r

Q%= m2 | Total uncertainty P> 25 GeV, It <25
W Statistical uncertainty Pl > 25 GeV, | <2.1

|| HERAPDF1.5 + ATLAS Wc-jet/WD data Predictions: CMS 2011
— ATLAS-epWZ12 NLO MCFM + NNLO PDF 107.7 + 3.3 (stat.)+6.9 (syst.) pb

mMSTWO08
100743 pb

o CT10
109.9°77  pb

Y NNPDF23
] CMS NLO free s fit: . 5 P4 EZ ror B
HERAIDIS + CMS A+ W+c N ANNPDF23_,

129.9 % 15.1,,. pb

0.5 1 1 1 1 1 Ll [ . 1 . . ) . ) ) |
107 107 50
CMS JHEP (2014)

oW + ) [pb]
R. Plakakyte DIS 2014




- Photon

Electroweak corrections

® EW corrections become relevant at the current 8 TeV LHC

precision level | \\

® Their inclusion requires PDF with QED effects ' Q\\

\\\ >

e NNPDF23QED is new PDF set with uncertainties nik \\\\\\ \\\
which incorporates (N)NLO QCD + LO QED effects . \\\\\\\\\\\\\&k&&‘%\\&\\\\\
® Photon PDF fitted from DIS and DY data (on-shell
W,Z production and low /high mass DY)

® Photon PDF is poorly determined from DIS data.

Need hadron collider processes where photon s
contributes at LO! Boughezal, Liu, Petriello, Al"';(iV:1312.4535

Correlation between photon PDF and cross sections M"MMPDFN"QJ-I! Correlation between photon PDF and cross sections |-

" 500 GeV < My < 1 TeV

Correlation Coefficient

ATLAS High Mass DY
Ball et al, 1308.0598 1




hoton
Constraints from LHC

Photon PDF at Q? = 2.0 GeV?

Ball et al, 1308.0598

Photon PDF comparison at 2 GeV?

= MRST2004QED
NNPDF2.3QED average

'~ NNPDF2.3QED replicas

—— NNPDF 1o

- —— NNPDF 68%c..

central value

—— 1-o uncertainty band

— = 68%c.l.
replicas
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X

««ees. NNPDF2.3QED avﬁrage
~— NNPDF2.3QED replicas

= NNPDFis
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= Pho ton

Mbrg: constraints from LHC

Ball et al, 1308.0598

e WW production is phenomenologically relevant as a

background for BSM searches

e At high Mww, photon-induced contribution become

relevant

e The large uncertainty at large Mww comes from the
large uncertainty of photon PDF for x > 0.1

e New LHC data give unique opportunity of

constraining the photon in that region

Correlation between photon PDF and cross sections WW production @ LHC Vs = 14 TeV

“ NNPDF2.3QED, qg
“# NNPDF2.3QED, vy
---- MRST2004QED, yy

-

limiiiii"\"'{\’\\\i\\\\\\\\'\\\\\\\\\\\wam

Correlation coefficient

vy > WW @ LHC 14 TeV
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- Conclusions and outlook

# PDF uncertainties are often limiting factor in achieving precise predictions
# LHC data have huge potential in constraining PDFs

V' Inclusive jets and dijets both central and forward: large-x quarks and gluons

v Inclusive W and Z productions and asymmetries: quark-flavor separation, strangeness, photon
v Isolated photon: medium-x gluon

v High-pT Z/W transverse momentum distribution

v W+charm: direct handle on strangeness

vV W,Z + jets: gluon at medium-x and u/d ratio

V' Off-resonance Drell-Yan at small and large mass: quarks & photon at small and large x
v WW production: photon and light quarks

v Top quark inclusive and differential distribution: large-x gluon

V' Ratios at different CME

V' Z+c: intrinsic charm PDF

V' Z+b: gluon and bottom PDF

V' Single top production: gluon and bottom PDFs

# Most collaborations working in inclusion of LHC data (NNPDF3.0)
# Towards collider only fits?
# Theoretical accuracy must catch up with experimental accuracy




