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- PDF uncertainties are a crucial
~ input at the LHC, often being o PDF uncertainty of each PDF set
 the limiting factor in the & Valueof as(Mz)
~ accuracy of theoretical . =1 -JM Combmatlon of d1fferent PDF sets
predictions, bothSMand BSM




PDFs: why bother?

NNLO gg luminosity at LHC (\'s = 8 TeV)
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- 'PDF uncertamtles are a crucial —
input at the LHC, often being - PDF uncertamty
the 11m1t1ng factor n the - F . i Lack of data
. acenracyofftheoretical . LW Is theory preCISe enough”
- pred1ct1ons both SM and BSM . a,_;f =
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o Methodology

% Conclusmns and Outlook -




¥ arton D1str1but10n Functlons
Collmear factorlsatlon theorem

db_zg —>ab

)- dX (331$28had7043(#R) MF)+O =

NMC
Fixed Target DIS
HERA

FT Drell-Yan + Tevatron W/Z

." #f» PDFs can be extracted from

" avallable experlmental data
- and used as phenomenologrcal
1r1put for theory predlctlons

Tevatron Jets

g
e
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,zg_l‘#*leferent data constram _
- different parton combmatlons
at dlfferent X '

+

I IIIIIIII I Illlml rrrmmy ey Ty T

1 Illlllll 1 1oLl 1 IIIIIIII 1 llllllll 1 Ll

1
10° 10* 10° y 102 107 1




g:
£
:
;
§
§
i,
:
$
|
;
i
L
i
i
E
g;
f

DO(200)

-

~ .
1 1°-- .3 Tl B L 1

0 ©.1 0.2 0.3 0.4 0.5 0.8 0.7 0.8 0.9

x

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 ¢,(x) (dotted line).
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Progress in PDF determination

NNPDF2.3 (NNLO)
xf(xu?=10 GeV?) ) xf(xu?=10" GeV?)




A-*'e!‘ sonal overview

THEORY * Heavy quark scheme
= |"Parameters:as & mo
= [ (N)NLO corrections

PDF uncertainty
Treatment of - -
correlated systematics &= ==& =

Parametrisation bias
e Treatment of
~  inconsistent data




April 2015

CT14

preliminary

MMHT
arXiv:1410.3989

NNPDEF3.0
arXiv:1410.8849

ABM12
arXiv:1310.3059

HERAPDEF2.0

~ preliminary

ACOT for HQ

No LHC jets at NNLO
APPLgrid/FastNLO
Scale var1at10n estlmate

‘TR’ for HQ ‘
No LHC jets at NNLO -
APPLgrid/FastNLO
EW corrections _
Deuteron corrections

FONLL for HQ

NNLO approx for jets
APPLgrid/FastNLO
EW corrections
FEN forDIS
VEN for LHC DY

F1tted s

TR’ for HQ plus other
schemes 1mp1emented, »

Data

DIS

Fixed Target DY
{Jets

Top Quark ‘ |

' LHC DY

|DIS
- |Fixed Target DY

Jets
Top Quark -

’ LHC DY

DIS

 |Fixed Target DY

Jets
Top Quark
LHC DY

DIS
Fixed Target DY

JLHCDY

: HERA-I
}HERA-II

Methodology

Polynomial param (27 par.)
Hessian eigenvectors

Fixed Tolerance

MC and Hessian Reweig.

Chebyshev pol. (37 par.)
Hessian eigenvectors
Dynamic Tolerance

MC and Hessian Reweig.

Neural Network param

MC replicas

Bayesian Rewelghtlng

Closure tests :

Polynomlal param (14 par.)
Hessian eigenvectors

No Tolerance

Hessian eigenvectors
MC representation
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ews for LHC@13 TeV

- GlﬁOh luminosity

Gluon-Gluon, luminosity
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e ews for LHC@13 TeV

Gluon lummos1ty

GIuon-GIuon, luminosity

s NNPDF3.0
/,/.,;. MMHT2014

\S = 1.30e+04 GeV

Generated with APFEL 3.0.0 Web

very good agreement now;
especially important now that
ggF known to NNNLO
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‘News for LHC@13 TeV

Gluon lummosﬂy and Higgs produc’uon

Gluon-Gluon, luminosity
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& 5oF @ NNLO (pb)

8 TeV
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Gluon-Gluon, Iumlnosny

mmm NNPDF3.0
cocea MMHT2014,

\S = 1.30e+04 GeV

very good agreement now;
especially important now that
ggF known to NNNLO
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-rogress and frontlers

A personal overview

. |" Parameters: as & mg
i " (N)NLO corrections

* PDF uncertainty
" Treatment of

* Parametrisation bias
* Treatment of
inconsistent data

* NNLO corrections

THEORY * Heavy quark scheme

* QED/EW corrections

~ * Resummations

ik LHC data, combinations from
- HERA, Tevatron, data from

correlated systematics - Nomad, CHORUS

~|" Closure Tests
~|* Combination of different PDF |

sets




~ The NNLO revolution

!_0 NNLO calculatrons are essent1a1 to reduce theoret1ca1 uncertalntles in PDF analyses
o W Recently 1mportant progress has been made on some key processes

W' (=) +1j, @8 TeV

, J Full NNLO top quark
fproductron cross section is
~available (TOP++2 0) and -
f'_d1fferent1al d1str1but10ns are =
| "i'expected soon b gluon at large X

-
o
=

da/dpy [ pb/GeV]
5

J ' W 4;1'-]"3180 aVail-able now at - = :
-'.'-:-NNLO soon Z+1] Soluon&k | I = 00

— NNLO/NLO

-
[
o™

'quark separatlon '

- J NNLO 1nc1usrve ]et productlon'~'
inthe gluon gluon channel has = =
,j-:gbeen completed — g]uon and N sawee Czakon, Fledler, M1tov PRL 110 (2013) 25 s
' ; Boughezal etal, 1504.02131 e
Gehrmann—De Rldder etal, Phys Rev.Lett. 110 (2013) 16

"f'quarks at large x




. { f;fr,and EW correctlons '

«#» EWc tn b me .
| ';ij'.' relevant tth u nt

- = 5 zi;;h,@gm B - -”

bl p lly - ge-”-i

1nV ntm =

. QED co rrections affe tdj;_;f?i.;f_,_ff
. byl g un ertai nty e

~induc df om un erta ntY:f.‘Jii"?'l.‘:-{’f"i'-'-‘: e B’:‘“: h 1 LP  : i Ph - ‘b89:i201;14) 3 034030
e . Boughezal, Li, Petriello, .Rev. : , 034030
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T photon PDF

Correlation between photon PDF and cross sections

. # The 1nclus1on of EW correctlons reqmres e .
= PDF w1th QED effects =

Correlation Coeffldetﬂ

‘W NNPDFZBQED 1sarecent PDF set W1th = - ==
 uncertainties which mcorporates (NN £
- QCD + LO QED effects. MMHT QED - - IR
and CT14 sets expected S00n - e e \@x\\\w

ATLAS W,2

.-_# Photon PDF ﬁtted from DIS and DY data -
- (on—shell W, Z productlon and low / hlgh
mass DY) =

Correlation Coefficient

‘# Photon PDF is poorly determmed from |
| ~ DIS data. Need hadron colhder processes
: where photon Contrlbutes at LO' -

Correlation Coefficient

T ; 3 AR A : LHCb Low Mass DY
- e e o Q=100GeV
Balletal, Nucl.Phys. B877 (2013)290-320  owmre e

X




T :photon PDF

- # The 1nclus1on of EW correctlons requ1res S (R (UM

central value

7 e SR —— 10 uncertain ]
- PDF w1th QED effects S o ) —-:sa%cu W"d_-
N A e : ~L FEA replicas
s ; P DIS fit: NLO QCD + LO QED

= W NNPDFZBQED isa recent PDF set W1th = : =
uncerta1nt1es whlch 1ncorporates (N)NLO =
QCD + LO QED effects MMHT QED set —
and CT14 sets expected soon '

.-_# Photon PDF ﬁtted from DIS and DY data = = _.-, ' =
(on—shell WZ productlon and low/ h1gh — " Photon PDF comparison at 2 GeV? DIS+LHC :

_ P —— e
: C e MRsrzomoeo ]

mass DY) = i g 22 S - NNPDF2.3QED average = -
e & 2 = 2 . NNPDF2.3QED replicas = -

—— NNPDF 1o
= — NNPDF 68% c.l.

‘# Photon PDF is poorly determlned from |
| ~ DIS data. Need hadron colhder processes
: where photon Contrlbutes at LO' -

Ball et al, Nucl.Phys. BS77 (2013) 290-320
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T ,_{reshold resummatlon

NNPDF3.0, 0.;=0.118, Q° = 10 GeV? NNPDF3.0, as-O 118, 02 = 10" Ge

14—
- DIS+DY+Top, NLO . DIS+DY+Top, NLO
-=---=- DIS+DY+Top, NLO+NLL

—w-r=z- DIS+DY4+Top, NLO+NLL

B
=
X
N
(=]
L~
B
@
s
‘F
e
x
-
- O

2 (x, Q% [new] / X ( x, Q%) [ref]

NNPDF in preparation
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107 ' 10"
X _ X

= : e - NNPDF coll., in progress
w Resummatlon mcluded for the ﬁrst t1me in PDF fit usmg pubhc codes ReDY (Bonv1n1 et
| al ), TROLL (successor of Resnggs) and TOP++ (Czakon et al ), = |

@, Work in progress also to mclude Parton Shower resummatlon usmg aMCfast (Bertone
et al.) and small—x resummatlon m PDF ﬁts ,- = ' | et




In";fusmn of LHC data

Incluswe jets and' d1'ets_ | ‘
(medlum/large x) S
= Isolated photon and y+]ets =
Y (medlumllarge x) |
= _Top pair production (large x)
| & ﬁ'ingh pr Z(+jets) d15tr1but1on
(small/medlum x)

= Hlf-’.h DT W(+]ets) ratlos
(medlum/large x)
4 W and Z production |
' (medlum X) -
- Low and h1gh mass Drell Yan
| (small and large X) -
-;,Wc (strangeness at medlum x) ]

WW PI‘Oductlon .




Data .
Inclusmn of LHC data |

NNLO, a5 = 0.118, Q2= 10° GeV? NNLO,as =0.118, Q% = 10* GeV?

T T LAY |

. Global Fit g . Global Fit
§No LHC data E &No LHC data

T

1/9 (x, Q) [ref]
& 2 &

(x, Q%) [new]/ g (x

e

NNLO,(xs =0.118, Q%= 10“GeV2

T UL |
.GlobaIFit
\\~\\\§NOLHCdata

T T T T T[T

= PDF uneertamty of large-x gluon .
= reduced by mclusmn of ]et and top data

‘%f Uncertamty of light quarks at small
E reduced by DY data and W+c :




Data
Inclusmn of LHC data

. Gluon (NLO), percentage difference at Q? = 10 GeV? = z(uy — dy) (NLO), percentage difference at Q* = 10* GeV?

MSTWO0S —— . MSTW08 ——
MMHT14 —— il B MMHT14 ——
MMHT14 (no LHC) —— N B MMHT14 (no LHC) —

0.0001

T
. Gluon (NLO), percentage errors at Q2 = 10* GeV?

MSTWOS —— | —
NI - MMUT arX1v14123989

f#f Large effect on quark ﬂavour
- decomposition -
W Important to d1sentang1e changes dueti'
to methodology (parametrlsatlon and -




% Inconsistencies between data thatentera NNPDF3.0 NNLO, o = 0.118, GF = 10° GV
S RN T S e Dae ; '.. = X »: 7] URRAR L B
_ global PDF analysis can distort statistical B oo
= '_i_ntferpretation of PDF- uncertainties ' Conservative dpg,=1.1

IIIIIIIIIIIIIIIIIIIII

= W Incon51stency of any individual dataset
w1th the bulk of global fit may suggest that
its understandmg (theory or experlment) is
mcomplete = '

g (x, Q% [new] / g (x, Q°) [ref]

IIIIIIIIIII

v » S'et' of éOﬁs'e'rVéﬁVé p'ar'tor'is' based ori
o ‘measure of con51stency are crucialte =
systematlcally study 1nclus10n of new data

- . NNPDF collab@rati'on, ]HEPO4(2015)040
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Towards a new PDF4LHC prescrlptlon

my (GeV)

"NNPDFZ0 = 'MOVlng forward from PDF4LHC envelope (2010) £

different values of as(mz) CTEQ6.6 ——

. o MSTW2008nlo
i exact pdf+a; uncertainties PDFALHC reci

' — £ _‘ Meta PDFs fit w1th mput functlonal form the

: €T MMHT and NNPDF shapes and combme in a |
LHC 7 TeV 7 =

normalized to MSTW2008 }'i umque con81stent set
pdf+a, 68% CL. . . 3 SEnseiaas ~
100 150 200 250 300 350

*

Watt and Thorne,
arXiv:1205.4024

" Stat1st1cal combmatlon from dlfferent PDF &
= groups generatmg MC sets : |

. 0.85

R 4

’4




et;'odology
Cofﬁ b1ned MC set

NNLO, 0, ,=0.118, Q = 100 GeV
- CMC-PDF N,,p=300' N

NNLO gg—H at the LHC (\'s = 8 TeV) for M, = 126 GeV

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

!lllllllll
e
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a(x.Q) /g*(x.Q)
2

111l I 1111 1
)
&

ggh@nnlo (v1.4.1), no=u = My/2

MSTWO08 CT10 NNPDF2.3
ag(M2) = 01171 org(M2) = 01180 crg(M2) = 0.1190

lllllllll T

18.5 0.9

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

Closed markers: average and s.d. over random predictions. 085 EETTTY SR TP R R TTTT R R T S
10° 104 w0 107 107

W Monte Carlo comb1nat1on of most recent global PDF sets [Forte, Watt] -

#« Each repllca rece1ves the same weight: uncertalnty smaller than in the envelope as in the ,
latter outhers are glven a larger weight- = = s = =
W New compress1on studles N=40 rephcas are v1rtually 1dent1cal to the or1g1nal 300 replrcas

from the pomt of v1ew of correlatlon standard dev1at10n, observables [Carrazza et al. ]

21



He’ s_1an representatmn

w Ongomg benchmark between e g“’:);&a (:.l\;;tc:: mc‘t

compressed set of Monte Carlo rephcas ——

and meta parametrlsatlon e Compare 300 Monte-Carlo
e replicas from two codes

2

W Prehmmary 60 100 Meta PDFS and 40
CMC rephca sets broadly agree '

8

Ratio to central META 300
5

NNPDF3.0 NLO, ¢,=0.118 @ 02 = 10* GeV?

“ Monte Carlo

@ Hessian

104 10° 001002 005 01 02 0507
x P. Nadolsky, PDF4ALHC 2015 ' *

—h
.
—h

-t
o
a

Ratio xg(x,Q)

» Ongomg work on MCZHessmn |
(Carrazza et al.) using MC rephcas .
as basis of the linear representatlon
to aV01d parametrlsatmn b1as 5

s O e e
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PDF uncertamtles are st1ll lrm1t1ng ~ "Fast interface to NNLO
factor in achrevmg prec1se predlctlons ~ observables
’ ' = N(N)LO+NLO EW fits with
initial photon
Effect of parton shower
resummation in PDF fits

-No t1me to ment1on Closure test to - * Small-x resummation
= - .Avalldate ﬁttlng procedure in PDF ﬁts _ '_ = Definition of theoretical

Fast progress m recent months new =
= ~ PDF sets, mclusmn of new data, more
;'3._---‘ ‘sol1d theory and methodology '

uncertainties in PDF fits

:".'3,?Stlll a lot of Work ahead

~* HERA I+II combination — Statistically-sound PDF
* Loads of new datafrom LHC = | combination
and new observables to be ~|* Closure tests and measure of
investigated - data consistency







News for LHC@13 TeV

Quark—Anthuark luminosity

Quark-Antiquark, luminosity

m== NNPDF23nnlo !
sy MSTW2008nnlo

w464 GT10nnlo
VS = 1.30e+04 GeV
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Quark-Antiquark, luminosity

== NNPDF3.0 L
MMHT2014.
\S = 1.30e+04 GeV

a bit more of a spread for W/Z now
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"ecry A -
Inclus1or1 of ]et observables in NNLO f1ts -

1—

= - At the LHC gluon—gluon Channel 1s small at | i

| _;’?.medlum largept =~ . o "-. - LHC 8 TeV
. Approx1mate NNLO results Can be derrved from : '
_improved threshold Calculatlon reasonable at
»1arge pT and expected to break down at small pT |

J

=] [De Florlan et al Phys Rev Lett 112 (2014) 082001] S

CMS 2011 - 13l for gg-channel

Subprocess Fraction
Illlllllllllllll

; = Comparlson between NNLO approxrmat1or1

- and full NNLO in the gg channel can determme- 5
~ for which value of pT and n NNLO =
i V_approxrmatlon can be trusted
~ « This assumes NNLO K factors srmllar m all =

'f‘,:_";;channels = =
DA S Carrazza,] P1res, ]HEP 1410 (2014) 145




" NNPDF3.0 Closure Test

Try harder!

New Fitting Methodology

~~

Define Underlying Physical Law
ie input PDFs from MSTWO08, CT10, NNPDF2.3...

Now you can fit =
\ real exp data!

Generate random pseudo-data for the NNPDF3.0 dataset
from info of experimental uncertainties and correlations

Closure Test

Perform (NN)PDF fit successful!

T~

Validate resulting PDF set:
[ Reproduce input PDFs
[/ Both central values and uncertainties
E Expected values of X? are determined by pseudo-data
[¥] PDF reweighting equal to refitting (Bayesian inference)




N ‘et odolo gy
Co’]‘pressed MC set

Gluon PDF, Q = 100 GeV

. 1 S 4 & 8 | = Al T oo
;-CMC-PDFN_,=300
7H ~ CMC-PDF N,= 40




Prompt photon produc’uon data

n directly sensitive to the
' "'nfscattermg
2 mp ) a':vwell descr1bed by NLO
| QCD theory ;_-_'- : e g
. ATL AS' and ' i ﬁetnt'Sl 'a_t 7TEV constram - Compton 'A.rjr_\ihilation ~ Fragmentation

LHC, pp - 1, +X @\s=14 TeV, y=0 R, =04,E" <4 Gev)

Bl LHC 7 TeV Isolated-y

Compton:qgq—>74q

$
8
2
g
g
2
2

Annihilation>q'q =549

. . T z 10-° 104 103 102 10-!
D’Enterria, Rojo, Nucl. Phys. B860 (2012), 311 : S. Farry, QCD@LHC 2013

e A S35y, B s e o S
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pt photon productmn 1mpact of data

= . Prompt photon productlon dlrectly sensitive to the

- -gluon-quark 1ummos1ty via Compton scattering

- e [solated prompt photon data well descrlbed by NLO
QCD theory | | |
e ATLAS and CMS measurements at 7 TeV constegin . Comoton . Annihiation i AU
medmm-x reglon - - | | |

9

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

I B \NPOF2.1 NLO P CMS 1.9 and 36 pb ! .

. \ =

A N\ NNPDF2:1 NLO + IsoPhotons | Moderate uncertainty reduction in

the region which affects and reduce

Q =100 GeV 25
~ uncertainties for Higgs gluon fus1on

predictions by 20% S

e Issue: there is not yet a pubhc fast
~interface available for JETPHOX [P. ,
o o :_'}'.';Aurencheetal]mPDFﬁtsbutltlshkelyto
. 0.002 0.010.02 0.1 0.2 = ~be ava11ab1e shortly ~ -
'"'; . D’Enterria, Rojo, Nucl. Phys. B860 (20x12), 311 2 :

T AL LA LA R AR RN R R
SR RaRaR

Ratio of Gluon PDFs




‘luons
ngh pT Vector boson product1on

o Inglobal ﬁts, med1um_/ large x ""'luon is mamly
f_constramed by jet data e
e W/Z boson at Iarge pT (assoc1ated Wlth ]ets) would
provide a complementary constramt in X reglon =
"wh1ch enters gg>H productlon e =

o Atlarge pL gluon up (for Z and W+) or gluon |
-_ down (for W ) scattermg dommate can explo1t these .

W (- [¥)+jet at the LHC with |s = 8 TeV
o8—mm™ r———m—7———— 7 ——— T
ogd  wid
0.7F ogl #gC
- *dd  sud
96 MadGraph + PYTHIA 99 g8
C *Other

Fraction of events

0.5F

04f
0.3F

0.2}

-
.

-
o

0.1F

O B ey =

. pT Sp -ra'affected by p0551b1y large theoretl‘* e
“ uncertamtles, soft resummat1on and EW correctlons
| at small/large pT. | ‘ =
g s, i = Need NNLO, hopefully not too far after '
I R T R N R Calculatlon of H+] at NNLO [Boughezal et al]
Boson p, (GeV) . Exp101t rat1os to Cancel theoret1ca1 uncertamt1es v

Ratio w.r.t. MSTWO

NNPDF2.3
- - ABM11

IIIIIIIIIIIII
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Photon -
More constraints from LEC

 Ball etal, 1308.0598

- ® At high Mww, photon-induced contribution
AhecomiesrelovimE. SR e .
~ ® The large uncertainty at large Mww comes from the
large uncertainty of photon PDF forx>0.1
e e

Correlation between photon PDF and cross sections : WW production @ LHC Vs = 14 TeV
‘ % 3 T T l L] T T L l T

-
o

" NNPDF2.3QED, qg
% NNPDF2.3QED, yy
---+ MRST2004QED, vy
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