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» Motivation

o What PDFs are

» The NNPDF approach

» Experimental constraints on PDFs and theoretical

accuracy

» Beyond the state of the art



tLHC ohysics at Run |

® Hadron colliders regarded as discovery machines, while lepton colliders seen
as precision machines for characterisation

® LHC: change of paradigm, getting close to precision physics at pp collider,
thanks to theoretical and experimental progress

® 20 years of exciting LHC physics in front of us and perturbative QCD could be
the key for new discoveries

High
LHC / HL-LHC Plan @
LHC
LS1 1314 Tev 14 TeV 14 TeV anoroy
7Tev 8TV %m" m :,33‘,’:;;,, HL-LHC Instaliation _ i !

radiation
damage

.‘:,:,. boam pipos 1 phase 1 phase 2

- integrated
luminosity




LHC ohysics at Run |

s the discovered scalar truly the : :
19.7fo' (8 TeV) + 5.1 16" (7 TeV)
1 llllll 1 ] llllll] L] LI | lll[ll ] o

SM Higgs? Y . ;

. . - < CMS -

= Still substantial uncertainties Qb L

= Need accuracy for indirect o :

. . s [ |=68%CL :
detection of new particles F107F | —esw%cL

11 llllll

---SM Higgs

10-2 = _-E'
102k (M, g) fit -
—68%CL | -
—095%CL | -
'4 1 1 1 111 1 1 1 llllll | ] 1 1 llllll 1
10 0.1 1 10 100

Particle mass (GeV)




LHC ohysics at Run |

Is the discovered scalar truly the

SM Higgs?

= Still substantial uncertainties

= Need accuracy for indirect
detection of new particles

Are there new particles within the

reach of LHC Run-II?

= Need robust search strategies
not to miss any signal

= Need solid predictions for SM
background to establish
significance and characterise it

T rern

9.7fb' (8 TeV) + 5.1 1b' (7 TeV)
l 1 I lllllll ] llillll | | o

[ |~==68% CL
= |—95% CL

"~ |---SM Higgs

(M, g) fit
— 68% CL
— 95% CL

0.1

ool vl 1
1 10 100
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LHC ohysics at Run |

19.7fb' (8 TeV) + 5.1 1b' (7 TeV)

\\l _lll 1 | | llllll 1 I lllllll | ] I llllll' ||
;; - CMS " o) 103§'l'"l"'l'"l"'l"'l"'l"'l"'|§
%? 3 « - ATLAS Preliminary T geened -
~> n vl xg 1P Vs=13TeV,3.21b" Eiéi N
— - | —— (o) &= = =
O 1L © - :
(<“"10 E —95°/o CL 8 : :
- |---SM Higgs g 10k .
102 g - ;
- Q. - .
; - L -
i . o E
10°k (M, g) fit 3 : E
2 =68% CL 3 - -

o 10_l.l...l;x.l..ll...l...l...l...l...l

— 95% CL 200 400 600 800 1000 1200 1400 1600 1800

10’4 s 1 s vaanl r v 1 el v 1 11l 1
0.1 1 10 100 my [GeV]

Particle mass (GeV)

Beyond state-of-the-art theoretical

predictions are the key for success

l —




Why PDFs?
Motivation



U) PDFs are ubiquitous

Proton Proton | Parton Distribution R Partonic
X-section - Functions X-section
- Lepton pair
production

short distance 1€ g%

e .Y

Z ‘>
p P
long distance
long distance




U) PDFs are ubiquitous

Pro'tOn Pro‘ton Par‘tOﬂ DIStI”IbUtIOﬂ ® ‘ PartOﬂiC
X-section o Functions | X-section
Higgs
L production
short distance ‘:: 2
B .
P d P
long distance
.................. long distance




U) PDFs are ubiquitous

Proton Proton | Parton Distribution 2 ‘ Partonic
X-section - Functions X-section
New physics
particle production
and decay
short distance
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2a) The role of PDF uncertainty

Example in Higgs physics...

’Bnrm., l
lv>---H
n Higgs Production Channel % theo. uncertainty xsec @13 TeV
YT

43.9 pb
B PDF ‘ 3.75 pb
1.38 pb
B Scale | 0.87 pb
A 0.51 pb
- e 0.51 pb

9 | 0 7.5 |5 22.5 30
Most recent numbers from HXSWG Wiki for mH = 125 GeV

PDF uncertainties are a limiting factor in the accuracy of

L theoretical predictions, both within SM and beyond




LZb ) The role of PDF uncertainty

2.00 . .

1.80 /S =13 TeV

160 L NNPDFS\Vi?}

1.40

1.20

Exvo+niL(pp = 99 + >

1.00 |

0.80

060 1 1 1 1
1000 1500 2000 2500 3000 3500
mg = mg = m |GeV]

Beenakker et al. arXiv 1510.00375

PDF uncertainties are a limiting factor in the accuracy of
theoretical predictions, both within SM and beyond

Example in BSM physics...

~1 ~
-0 =0




(3) The choice ot PDFs matters

LHAPDF

® Areliable
understanding of PDF
uncertainties plays a
crucial role in precision

physics

® How do we interpret the
difference predictions
using different PDF sets?

® Shall we just pick a set

out of the PDFs
"supermarket” shelf or <physicist>
take the envelope of ALL

predictions?



t?v) The choice ot PDFs matters

® Areliable Gluon-Fusion Higgs production, LHC 13 TeV
understanding of PDF s ——
o 1 A MMHT14 z
uncertainties plays a o[ W cTi4 E
crucial role in precision | ¢ NNPDF3.0 -
pnysics 2 """l 4+ HERAPDF2.0 -
c [ @ JRI4VF .
. 2 30p ' E
® How do we interpretthe g L -
N . . (D [ o —
difference predictions 2 29.5— . OCPDF = 2% —
using different PDF sets? 8 sof- Y E
. o -
S & + doppr = 5% -
® Shall we just pick a set 2851 -
OUt O-f the PDFS :l L1l l ) l | I l | l B l | l Ll 1 1l l ) l:
I . %.8112 0.113 0.114 0.115 0.116 0.117 0.118 0.119 0.12
supermarket” shelf or ag(M,)

take the envelope of ALL
predictions?



t?v) The choice ot PDFs matters

® A reliable

, Higgs+tt production, LHC 13 TeV
understanding of PDF 0.48 e e —
uncertainties plays a | m cT14 : ety
crucial role in precision 0.46[1 ¢ NNPDF3.0 ' =

2 0.44H * HERAPDF2.0 —_
S 1 @ JR14VF ?-
o ' = - e * -
How do we interpret the 8 040f~ -
difference predictions @ L i
. . w ~ -
using different PDF sets? © o0.4f- —
. - O0rpF=13%? .
® Shall we just pick a set A 4 ~
out of the PDFs - . 1 1 1 1 1 1 -

" " 0'%611511611511(;11411611511(1)11é1161151161161161191112)12

supermarket” shelf or ag(M)

take the envelope of ALL
predictions?



What PDFs are



tCoHinear Factorisation Theorem

b Ny ij—ab on
doPP—a do A
H Z H QCD
— fi(xlaMF)fj(x%MF) (3713725had7as(,uR)7,uF)—|—O .
dX < X had
1,7=1 a
>
O 6
_GC) 10 ,_:E_" * NMC : :
R | I . P, ® PDFs cannot be computed in
- - e ey .
O — F| x romivam e we g perturbative QCD but they are
G SUOYEL e i sy universal and their evolution with
J S - ! ! * .") . ’t o . .
=P A N N i1 Q? is predicted by pQCD by
T E | mean of DGLAP evolution
¢ v J E—— “ — . n. 7o .
a o EX¥ equations
Q : | i el
o, "’E ; ' ® They can be extracted from
1 1 1 lllllli 1 1 lll‘lli 1 1 lllllli 1 | lllllli 1 L1 1111 available experimenta data and
10° 10 10° 102 107 1 ,
used as a phenomenological
—» x-dependence: from data input for theory predictions



DGLAP evolution equations

b Ny ij—ab on
doPP—a do A
H . H QCD
X = E fi(z1, ur) fi(z2, pr) e (T172Shad, s (PR), pr) + O | ——
1,9=1 had
>N
o
()] 10° *  NMC H T
6 P Fixed Target DIS . . . : HP
o 10°H ¢ e Dokshitzer, Gribov, Lipatov, Altarelli, Parisi
o - X FT Orell-Yan + Tevatron W/Z renormalization group equations
.D.- 3104 % Tevatron Jets
Q T ¥
O = | ? . . .
C B S R LO - Dokshitzer; Gribov, Lipatov;
o = | Altarelli, Parisi, 1977
c o P
O o1ty
8‘ , v+t F T NLO - Floratos,Ross,Sachrajda;
i 4 Ffw

o 10 T s ﬁgwi-} Floratos,Lacaze,Kounnas, Gonzalez-
- EIEIE IR AL : : Arroyo,Lopez,Yndurain;

1 Lo el roaaeul posoa eyl vl 181 ey CurCi,FurmanSki PetronZiO, 1981
T 10° 10 10° 107 107 1

NNLO - Moch, Vermaseren, Vogt,

—» x-dependence: from data
2004 7



tThe PDF extraction

® Choose experimental data to fit

® Theory settings: factorization scheme,
perturbative order, heavy quark mass
scheme, EW corrections

® Choose a starting scale where pQCD
applies Qg

® Parametrise 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 error sets to compute PDF
uncertainties

Drocess

N 1/2
oF = ( (FUF - 7L f‘°’}1)2)

a0

error sets central set
mem > 1 mem = 0

call InitPDF (mem)

5 call evolvePDF(x,0, f)J

LHAPDF interface
http:/ /lhapdf.hepforge.org

Parton || tbar ||bbar||cbar||sbar||ubar

dbar|| g d u S c b t



http://lhapdf.hepforge.org/

tNot as simple as it may look (I)

(Flfa@)) = [PAFFa@ Pl

» Given a finite number of experimental point want a set of functions with error
o Standard approach: project into a n-dimensional space of parameters and use
linear approximation around the minimum of the x? (Hessian method)

fi(xz,Q3) = ap ™ (1 — z)*2 P(x, a3, ay, ...)

o Possible issues: 2,
(1) Linear approximation and Gaussian assumption
() Tolerance > 1 equivalent to blow up uncertainties

* Ax? = 1, ABKM fits and HERA (non global)
« Ax2 =10 [CT10], Ax2 ~ 7.5 [MRST2001],
dynamical tolerance [MSTWO08], 3< Ax? <5
* Uncertainty inflated by a factor 2/5?




tNot as simple as it may look (ll)

(Flfa@)) = [PAFFa@ Pl

o Given a finite number of experimental point want a set of functions with error
o Standard approach: project into a n-dimensional space of parameters and use
linear approximation around the minimum of the x? (Hessian method)

fi(?l"- Q(Q)) — ayg x (1 - I)azp(;l‘. as, g, )

2.0r L4 'VVV'-I v 'VVVV‘T A 4 YV'VV‘-‘ T 71T 2.0 AR S ALLL 1 L4 'VV'V‘V' T 'V'V'V'I T I1TTIr
d (u = 2GeV) ‘ [ u (4 = 2GeV)

o Possible issues: ’ i
(Ill) Parametrisation: what is the error

Fit

associated to a given functional form?
It it is not flexible enough PDFs may

Ratio to CT10 Best Fit
o
-——E%é

—
Ratio to CT10 Best

be not able to adapt to new data or
present unrealistically small errors where

data do not constrain PDF uncertainties T BT T T B BT A T A T BT

J. Pumplin ArXiv:0909.0268 10



A steady progress

L Al L) L] T T 1
2.0 .
DO(200)
2.4
2 F
~
\
el N
\
\
.2 \
) \
\
\
0.8 "r"-\.
" - \‘
< \\ ~.
I - \ ~
0.4 .
' N b
N
: \\ "~
° 1 PR I e T Tl W |

? 9.1 0% 0.3 0.4 9.5 0.9 0.7 0.5 0.9

FIG. 27. “Soft-gluon™ (A =200 McV) parton distributions of
Duke and Owens (1984) at Qw5 GeV®: valence quark distri-
bution x[w,(x)+d,(x)) (dotted-dashed line), xG(x) (dashed

line), and g,(x) (dotted line).

® < 2002: sets without uncertainty

® 2003-2004: first MRST, CTEQ, Alekhin sets with uncertainties

NNPDF2.3 (NNLO)
xfixu?=10 GeV?)

xf(xu2=10° GeV?)

4

PDG “Structure Functions”2013

® 2004-now: huge progress made in statistical and theoretical understand, new players

11



The NNPDF approach



LThe NNPDF approach l

—- |
R

A TRAINING

EVOLUTION

— - W

Ball, Del Debbio, Forte, Guffanti, Latorre, Rojo, MU, ArXiv:0808.1231 12



LThe NNPDF approach

xg(x, @°)

The N(eural)N(etwork)PDFs:

7%- ‘\erY [ NNPoF2aNLOwepias |- ® Monte Carlo techniques:
65_ 1! M e NNPDF2.3 NLO mean value sampling the probability
SE-||[h \ — ::E,fi:‘z:tg;‘;:f[:a"" E measure in PDF functional
[ 1| LY } and |
4R\ | = space
3f =
2;«; _E ® Neural Networks: all
15_._ _E independent PDFs are
- - associated to an unbiased
Oé_ - and flexible
XA s E parametrization: O(300)
RN AEIA) = parameters versus O(20) in
107 10 10° , 10?2 10 polynomial

parametrization

v Precise error estimate not driven by theoretical prejudice
v Statistical interpretation of uncertainty bands

13



Advantages

6
- [__|NNPDF1.0
55_ 2008 CTEQ6.6
47 ~ | MRST2001E
3? .8.
? 2;?_ o ;
2 =
of L
.1.
I a3t e cvaoul o sl Liau Lo L
10° 10 107 ) 10° 10°
Determinations of the weak mixing angle sinzew
® No need to add new parameters 0.245 |
. NuTeVO01 NuTeV01 Global EW fit
when new data are included 0.24 | * NNPDF1.2 [S]
® Reliable estimate of theoretical 0235 |
uncertainties not driven by & oz}
parametrisation bias R | ] ¥
® Possibility to include data via re- | :
weighting: no need to refit 0215 |




tA fast-pace growth

First PDF set with fitted photon PDF
First PDF set with LHC data

2011/ Heavy quark mass effects
Determination of &s from PDF fit

First NNPDF global set

2009 Determination of the proton strangeness:
solved NuTeV anomaly

15



tExamp\e: resummed PDFs

fixed order all order (L = some large logarithm)
7 LO In— = "L+ | LL
oy 0o

+ciac NLO + o L" NLL

o

® Various kinds of logs:

L=1log(1-x) threshold (soft-gluon) resummation «———  Ball et al, JHEP09(2015)091
L=1log(1/x) high-energy (small-x) resummation
L = log (pT/M) transverse momentum resummation

16



LExamp\e: resummed PDFs

g ( x, Q% [new] /g ( x, @°) [ref]

-
W

NNPDF3.0 DIS-only, Q@®>=10* GeV?

=l
N

TR NLO+NLL

Bao

—
—

lllllll]lll

® Threshold-resumed PDFs will be suppressed as compared to fixed-order PDFs
® Mostly due to enhancement of NLO+NLL xsecs used in the fir of DIS structure
functions and DY distributions

2.00

1.80

1.60

1.40

1.20

1.00

0.80

0.60

KnLo+NLL(pp — g9 + X)
- /S =13 TeV

———— Global fit
- = = = NLL/NLO DIS+DY i top
--wwe--.- Prescription (1)
Prescription (2)

—'-'

|
1000 1500

|
2000

mg = mg = m |GeV]

|
2500

1
3000

® This suppression partially or totally compensates enhancements in partonic

Ccross sections

® Phenomenologically relevant for new physics processes

3500

17



Experimental constraints ana
theoretical accuracy



LThe data (before LHC

LA

—1
o
o
T TTTTI]

* NMC

X Fixed Target DIS
+ HERA

X FT Drell-Yan + Tevatron W/Z

x Tevatron Jets

R

P TTE

IR

I TEHT

W e

........
-------

20 Pt X
..........

1 llllllli | llllllll | llllllli | Illlllli | |

dd
S
o

10 10° 102 107 1

NC 77 = Z; e (qi + Gi)

CC FV —a+d+s+e¢

CC B 2=d—-d—-s+¢
Fo = 2x F;

HERA DIS data

® Backbone of any PDF fit

® Structure functions known
up to order as®

® Constrain g, gbar at 104

® Constrain g at small and
moderate x

18



LThe data (betore LHC)

* NMC

X Fixed Target DIS
-+ HERA

X FT Drell-Yan + Tevatron W/Z

- Tevatron Jets

| llllllll | llllllll | llllllll T lllllll]] UL

'
1 Illlllll | | lllllII

T T
SEOES .
L)

R
* X
x *

| S

. s

"
O

o 3

Zho e

'5‘ i‘_l

s

Aot

o

A N
b &
’ ‘ 4

- ~

BMNS BOIPe

| |

dd
e
o

10* 10°

X

102

107

1

Fixed Target
DIS data

® Deuteron data:
disentangle isospin
triplet and singlet
contributions

® Constrain strange and

anti-strange at moderate
x> 1072

19



tThe data (before LHC

X

6 ) 4. R
10°E NMC
E Fixed Target DIS
105;— HERA
E FT Drell-Yan + Tevatron W/Z
104 3 Tevatron Jets
o+ I
3L e : - i
10°E ‘s
102 g_ _— '- -
- i l_t_% ..........
10§ ¥
- A
1 llllllli 1 1 lllllli | 1 lllllli 1 | lllllli | e
5 ) 3 R
10 10* 10 107 107

1

—— NNPDF2.0 DiS

x(d - u)

P27 [MWPDF2.0, Ball et al, ArXiv: 1002.4407)

oPYP u(zy)i(zg) + d(zy)d(zy)
P4 o u(zy)(@ + d)(z2) + d(z1)(@ + d)(z2)

DY and EW vector boson data

® Constrain light quark and
antiquark separation

® Up and down separation

® Ubar and Dbar separation

T 20



LThe data (betore LHC

* NMC

X Fixed Target DIS

+  HERA B

X FT Drell-Yan + Tevatron W/Z

o .
*&

+

£4

| llllllll | llllllll | llllllll BRI Illllﬂ[ LA

o~N - -
3104 ¥ Tevatron Jets R ; B
ot §
a |
<10° - ,
S Jet data
~ § TS
¥ S T e i A s
S 102 ;
® Constrain quarks and
10 b= S gluons at large x

o = 2 .
i ® So far cross section

known only at NLO +
threshold approximation

o

1 1 llllllll | Illlllll | llllllll 1 llllllll | |

0 10" 10° y 102 107 1

21



tThe LHC data

NNPDF2.3 (NNLO)
xf(xu2=10 GeV?)

g/10

1 lllllll L

10° 0" 10" 1
X

PDFs LHC

PDF 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

22



LThe | HC data

GLUON

PHOTON

Inclusive jets and dijets

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

High pt V(+jets) distribution

(small/medium x)

High pt W(+jets) ratios
(medium/large x)
W and Z production

(medium x)
Low and high mass Drell-Yan

(small and large x)
Wc (strangeness at medium x)

Low and high mass Drell-Yan

WW production

108

23



LNGW constraints on PDFs

1.25
5
(b"] >
%
©
=1
L
g‘q o -\\\\\\\\\\\\\\\\\\\
: \
© 0.9 \\
0.855 l “l \

NNLO, ag = 0.118, Q% = 10° GeV?
B s

§ No LHC data

1.25

- =~
N N

) Inew] /g (x, Q) [

1

10 10° 10? 10"

s* (x, Q%) [new] / s* ( x, Q%) [ref]

1.3 -
12}
141
1
0.9 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\““‘w o

® PDF uncertainty of large-x gluon
reduced by inclusion of jet and top
data

® Uncertainty of light quarks at small
x reduced by DY data and W+c

NNPDF collaboration, JHEP04(2015)040

24



tThe NNLO frontier

® NNLO calculations are essential to reduce theoretical uncertainties in PDF analyses
® Recently important progress has been made on some key processes

v Full NNLO top quark production
cross section is available (TOP++2.0)
and differential distributions are
expected soon — gluon at large x

v W+1jand Z+1j available now at
NNLO — gluon & quark separation

v NNLO inclusive jet production in
the gluon gluon channel has been
completed — gluon and quarks at
large x

W (= ) +1j, @8 TeV

i m L0 4
) B NLO
:-‘; 107 ¢ o B VNLO |
— — j : ‘
=k 1o°= ]
= L ——_ : I
- - -
e
19'18 1 1 1 1 1 1 1 1
B NLO/LO
14k F — NNLO/NLO
< ; . s ‘ '
10f === e R e ' - I—

0 20 40 60 80 100 120 140 160 180
pr [ GeV|

Czakon, Fiedler, Mitov PRL 110 (2013) 25
Boughezal et al, 1504.02131
Gehrmann-De Ridder et al, Phys.Rev.Lett. 110 (2013) 16

25



tThe NNLO frontier

® NNLO calculations are essential to reduce theoretical uncertainties in PDF analyses
® Recently important progress has been made on some key processes

v' Full NNLO top quark production
cross section is available (TOP++2.0)
and differential distributions are
expected soon — gluon at large x

v W+1jand Z+1j available now at
NNLO — gluon & quark separation

v NNLO inclusive jet production in
the gluon gluon channel has been
completed — gluon and quarks at
large x

e e
AN PPN

— h b b

Y
AaNPOOOON

L -~~~ NLO/LO

=-= NNLO/NLO —— NNLO/LO ly|<0.3

Czakon, Fiedler, Mitov PRL 110 (2013) 25
Boughezal et al, 1504.02131
Gehrmann-De Ridder et al, Phys.Rev.Lett. 110 (2013) 16
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LEW corrections matter

® EW corrections become relevant at

the current precision level

® Several tools to compute them along

with QCD correction

[FEWZ3.1, Phys.Rev. D86 (2012)

094034]

® EW corrections can be sizeable
especially at large invariant mass

® QED corrections affected by large
uncertainty induced from uncertainty

on photon PDF

60,/0n

8 TeV LHC
I T I T 1 T 7T I F-‘]
|
|
0.2 = =
0.0
_h___-—L—l——
-02— —J—ém'b-g
— photon
500 GeV < M;; < 1 TeV —— NLO EW
1111111'1111[11“11
0.0 0.5 1.0 1.5 2.0

Yl

Boughezal, Li, Petriello, Phys.Rev. D89 (2014) 3, 034030

26



LEW corrections matter

® EW corrections become relevant at
the current precision level

® Several tools to compute them along
with QCD correction
[FEWZ3.1, Phys.Rev. D86 (2012)
094034]

® EW corrections can be sizeable
especially at large invariant mass

® QED corrections affected by large
uncertainty induced from uncertainty
on photon PDF

CMSDY2D - 200 GeV2 < Mil < 1500 GeV2

NNPDF30 fit

Pure EW C-factors included
in theoretical predictions
at NLO and NNLO in

0.04 .
Y,
0.035 I N NLO -
} data —a—
0.03 i } '
oozs} T T '}i } {
0.02 |
0.015 | i i
0.01 " ) ...‘\ .
.i‘-._
0.005 | g
CMSDY2D - 200 GeV2 < Mil < 1500 GeV2 g
1 I Il -
1 15 2
Yl
A 2
ONNLO _ ONNLO R JNNLO

ONLO & fANLO
CEW _ ONLO+EW @ flLo
&NLO %Y fﬁ}Lo

26



tThe ohoton PDF

® The inclusion of EW corrections requires PDF
with QED effects

® NNPDF23QED is a recent PDF set with
uncertainties which incorporates (N)NLO QCD +
LO QED effects. MMHT QED set and CT14 sets

expected soon

® 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
contributes at LO!

Corredation between photon PDF and cross seclions

AR AL | TrYYTY ¥ vYeeT Y™

------

Correlation Coefficient

Cgfrelalion Coefficient

z

!

%

g of= T
&

Q

8

(=)
o
|

LHCb Low Mass DY

4 3
10* 10* 10° 107 107

Ball et al, Nucl.Phys. B877 (2013) 290-320
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tThe ohoton PDF

® The inclusion of EW corrections requires PDF
with QED effects

® NNPDF23QED is a recent PDF set with
uncertainties which incorporates (N)NLO QCD +

LO QED effects. MMHT QED set and CT14 sets
expected soon

® 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
contributes at LO!

Photon PDF at Q° = 2.0 GeV?
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(A final remark

Q: As more data at higher energy will be released, how can we make
sure that we will not absorb new physics in the PDFs?

® Inconsistencies between data that
enter a global PDF analysis can distort
statistical interpretation of PDF
uncertainties

® Inconsistency of any individual dataset
with the bulk of global fit may suggest
that its understanding (theory or
experiment) is incomplete

® Set of conservative partons based on
measure of consistency are crucial to
systematically study inclusion of new
data

NNPDF3.0 NNLO, ag = 0.118, Q* = 10° GeV*
- Global

------- Conservative a,, =1.1

Il ‘lll’ll’l

1.1

lllllllllllllllllllll

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

lllllllllll

NNPDF collaboration, JHEP04(2015)040
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Beyond the state of the art



LBeyond the state of the art

Exploit precise LHC data to
reduce PDF uncertainties

Explore potential constraints
from future colliders

NNLO, , 0 = =0.118, Q’=10‘ Ge\
1.25p= E—

. Global Fit
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LBeyond the state of the art

Gluon-Gluon, luminosity

l"ll"l’ I l"l

125 9% NNPDF3.0, NNLO
|

Introduce a way to measure residual
theoretical uncertainty in PDF fits

\S=13 TeV

p
Il I = = = = = =
-

|
|
|
| —_
; Reduce theoretical uncertainty in PDF

fits: resummation, EW effects, HO
masses, intrinsic HQ, parton shower

. | M N ! P |
3
10° M, [GeV] 10

Theory Precision Discovery

A
5
boundaries Physics region \Z<\</
A

® PDF fits are all made at a given theoretical accuracy (fixed order perturbative QCD)
® PDF uncertainties only reflect lack of information from data given the theory

® Changes in theory may cause shifts outside the error band: lack of accuracy!

® No longer an option!
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tBeyond the state of the art

Exploit precise LHC data to Introduce a way to measure residual
reduce PDF uncertainties theoretical uncertainty in PDF fits

Reduce theoretical uncertainty in PDF
fits: resummation, EW effects, HO
masses, intrinsic HQ, parton shower

Explore potential constraints
from future colliders

The higher the energy regime, the more theory boundaries are probed
- I'he smaller the experimental uncertainty, the more crucial is theory uncertainty
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tCondusions

® Parton Distribution Functions are an essential
ingredient for LHC phenomenology

® Accurate PDFs are required for precision SM
measurements, Higgs characterisation and
New Physics searches

® Fast progress in recent months, new PDF sets,
inclusion of new data, more solid theory and
methodology

® The NNPDF approach provides parton
distributions based on a robust, unbiased
methodology, the most updated theoretical
information and all the relevant hard
scattering data including LHC data

® Still a lot of work ahead!

Fast interface to NNLO observables
N(N)LO+NLO EW fits with initial
photon

Effect of parton shower resummation
in PDF fits

Small-x resummation

Definition of theoretical uncertainties
in PDF fits

(*Statistically—sound PDF
combination

* Closure tests and measure of data
consistency

v,

* HERA I+1l combination
* Loads of new data from LHC and
new observables to be investigated
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