Maria Ubiali, University of Cambridge

18th September 2025 MPA summer school 2025



| Highlights from yesterday

* Collinear factorisation picture

* Universality of PDFs

* DGLAP evolution of PDFs
predicted by perturbative QCD
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* All terms in master equation have
__— an uncertainty associated that is a
component of the uncertainty of
theory predictions
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» First two lectures (yesterday) Ingredients of a PDF

global fits

* Motivation:

the high big pict ' '
e high energy big picture Experimental input

 Parton Model and QCD :
Methodological

 Collinear Factorisation aspects

- Second and third lectures (today) Theoretical aspects

Frontiers and

challenges
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High scale:
input to the LHC



How to determine initial
conditions: PDF global ftits
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Theory settings: perturbative order, heavy quark mass scheme, EW corrections,
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® Choose experimental data to fit and include all info on correlations

® Theory settings: perturbative order, heavy quark mass scheme, EW corrections,
intrinsic heavy quarks, as, quark masses value and scheme

® Choose a starting scale Qg where pQCD applies
® Parametrise independent 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 PDF error sets to compute PDF uncertainties



A complex machinery

EXPERIMENTAL DATA

STATISTICAL FRAMEWORK
PARAMETRISATION, ERROR CUMMUN INTERFACE FUR

PROPAGATION, MINIMISATION... GLOBAL FIT USERS (LHAPDF)

A. Buckley et al
EPJC75 (2015)

THEORETICAL CALCULATIONS
https://Ihapdt.hepforge.org/pdfsets



1. Experimental input



PDFs are not measurable, we measure observables that convolute PDFs
with partonic cross sections
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fiIX JZ / — —2 fi(z1, pr) £ (22, pF) X (25, as(pr), pr) + O (S“)
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In global fits exclude regions where factorisation fails to apply

2 . Hard Interaction time
(low Q“ and large x). Typically blectron A
Q Soft Interaction time
~ T, ~ LA
Q?nln — 2 GeV2 This picture is valid IF:
T, <<T; thus Q>>A

1 _ A .
WI?lln — <Q2 x) = 12.5 GeV2 Proton)__--_>_‘> A
L min ' '




PDFs are not measurable, we measure observables that convolute PDFs

with partonic cross sections

da?_}ab o dz do s A”
i=—mng

dot? ™ X dz dz ds" A"
i -y / L2 fers ) o) S (28, o) + O ()

1,Jj=—"Ngf

Difterent data constrain different PDF combinations in different regions

DIS data on proton abundant and precise (HERA)

In principle F2, F3 CC provide 4 light quark combinations

F2, F3 NC provide 2 extra light quark combinations

HERA data only determine four combinations of PDFs

Old DIS and Drell-Yan data still used because of isospin symmetry

W,Z boson final state provide lot of information, gluon from scale dependence
Processes with jets and/or heavy quark in final states direct handle on the gluon



pert. theory

—» Q-dependence

Disentangling PDFs

Kinematic coverage

® Deep Inelastic Scattering Up to O(aS) Co rreCtlonS
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HERA data

Kinematic coverage

® Deep Inelastic Scattering
v Drell-Yan Rapidity Distribution
4 Drell-Yan Mass Distribution -5
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H1 and ZEUS
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HERA data

Neutral Current . Charged Current
[F%,F;{Z,Fg] =xZ[eiz,Ze,-g’;,,(g’;,)er(gz)ﬂ (qi + qi) F, = 2x(u+c?+ §+C),
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Longitudinal Structure function
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Altarelli, Martiinelli Phys. Lett. 76B (1978)



xf(x,Q)

HERA data

Neutral Currentn Charged Current
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Fixed target DIS data

Kinematic coverage

® Deep Inelastic Scattering
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Fixed target DIS data

- Experimentally measured deuteron structure function

Fd_F§+F5L
22

- Assumption SU(2) isospin symmetry: neutron is just like proton with u & d

proton = uud
neutron = ddu

= Un(Xx)=dy(x) and dn(x) = up(x)

» Linear combinations of F2P and Fun give separately up(x)=u(x) and dy(x)

d(x),




Fixed target DIS data

0.55— [ ‘
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Q collider 0.4l B - BONuS (JLab) |
B + / asym (& Z rap)
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- Valence d/u ratio at high-x accessible thanks to low-Q2 fixed-target
experiments (SLAC, BCDMS, NMC, CHORUS, NuTeV, JLAB)

- Testing ground for nucleon models in the x = 1 limit

- At high-x nuclear corrections are very important (deuteron target)



Fixed target DIS neutrino
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V. enhancement
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* NuTeV structure function data on iron target
provide strong constraints on strangeness inside
the proton

* Some (mild) tension between fixed target data
and W+c data at the LHC




Drell-Yan/V production data

Kinematic coverage

® Deep Inelastic Scattering
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Drell-Yan/V production data

q ¢~
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LOin QCD Lij(z1,22) = qi(71)q;(w2)
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Fixed target Drell-Yan

The Drell-Yan Process: pN > ptp X
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W asymmetry at Tevatron

Asymmetry
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//\W production at the LHC
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Theory/Data

//W production at the LHC

ATLAS W, Z productlon 7 TeV
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//\W production at the LHC
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W+charm data
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Gluon: direct handle

CMS, 19.7 b at (s =8 TeV

I ] I I 1 LI B | I ] b >:" E : T : : ; : e :
10° ATLAS BI5:0.35¢ e+ els ATLAS {s=8 TeV, 203 b
10t (5= 8 TeV, 20.2 fb" © o3k 66 GeV < my < 116 GeV, Iy,| < 2.4
10° g n o anti-k, R= 0.4 0.25 3 -
- OO 2 o
10° -, 8 0.2F
ol lotet et & Jd « Data ~—+— ee-channel e
10 e 0. % 0.15F — MadGraph+Pythia6 —%— pp-channel ..0
o g ”’,;"',, 0%l : --- MC@NLO+Herwig6 ] -
1 -mmmm 'D'n:n' d';;p 0.1F --- gowneg+ﬁythi366 —4— Combined '.
P - e 3 | — - Powheg+Herwig - . s ; °
10" oo T B.BD._:Q;;’ 005k e Approx. NNLO - Statistical uncertainty .
o 0" - (Phys.Part.Nucl. 45 (2014) 714) I Total uncertaint °
1072 i “ " e":‘- )
L] LE L o -
L (S O e n
L] vt (=] - (o]
10°) o <05 I Ty S -
104 © 05<lyl<1.0(x05109", w % "a o g 3 . -
josb * 1osMI<15 (10109 p A e . PN e Ty T
o 15<ly|<20(0510) m @ © TR ' 99— I 1 .
10°F & 2.0<|y| <25 (x1.0109) B O y _ : : el
10—7 a 25< |Y| <3.0 (X0.5 10.2) bt #« t ‘2. 2+ _
10_8 : ' NLO QCD® l::;uuncn:ekm MM!_'T?O.!4I O l TUP PAI R :3- gj ........................................ FeasasreErsssserasE TR T
70 107 2x10° 10° 2x10° 1 10 102
P, o [GEV] py [GeV]
L P
g . Jet g . t g 2
A A >




Gluon: jets data

Kinematic coverage
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Tevatron,\'s = 1.96 TeV LHC,\s =14 TeV

11 . L 1™ AR S
0.9k 0.1<y<0.7: : 0.0<y<0.8:

0.8 . E 0.8 ‘ :
0.7} qq — Jets : 71 -
0.6 : 0.6k gq— jets

Fractional contributions
Fractional contributions
o
N
|

050 gq = jets 0.5}

0.4} 0.4F

0.3 0.3 gg — jets

0.2F 0.2F 2

EfastNLO withu =u =p
- R "F 71

é_gg — jets

0.1 0.1 -k, algorithm with D = 0.7 d
0 — 0 Lol 1 | p 2 1l 1
100 100 1000
GeV GeV
[MSTW, ArXiv: 0901.0002] pT ( ) pT ( )



Gluon: jets data

MSHT, arXiv:2312.12505

g, aN°LO, PDF ratio at Q% = 10* GeV?

0.7 .
- —— NNPDF2.0 DIS N F
08 1 Ny e Tt e F
= ——— NNPDF2.0 DIS+JET i :
0-5:_ CMS JetS - I~I.
LY SEE . . . = = == _ == | s
(‘00 E 1 -------------------------------
03 ¥ R ———
- .. | L e
X [
0.2
0.1— 0.9
o Tevatron IHE el jets.
- 0.01 0.1
_I L1 1 | L1 11 I | I | | | I | I | | I | I | I | I | | | I | [ | N | Ve o
011 02 03 04 05 06 07 08 09 g, aN’LO, PDF ratio at Q2 = 104 GeV?
X - - =
NNPDF, arXiv:1002.4407 No Dyjets ——
1.1+ ATLAS 4 CMS Dijets ——
ATLAS Dijets -----

CMS Dijets -----

>
>
»

>
s
.
.
s
o
\a
»
s
s
P
A
.......
P
aaat
PSS
.....
.....

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

L
L
L
.....
L
L
v

0.9

LHC dijets

0.01 . i




-
_v.._r.ht.._.th | _ | _ | T 171 LI | L] .|—“u
- lll.o&.w.w.n:v:o. .... . ou—mv W
:................. T |VJ
1 Y— =
> O o S
@) —_—
o
- o = )
m 15~ |u C fm
-l A
) S 1 W m & -
& € 19 = 0 O
o m 0 : | = = S
&1 = 8 P S > 3
G|, 5@ : 20
Z |3 & 3 m © ® 0
8 2 £ £ B D 2
m + + ‘ - < g
. . < 3 L 5
- c O — 9 o
m £ O A n o
P 17 x
F_ I I —— . | _ 111 _ 111 _ 111 ¥ 20 % m m m
T 8 5 8 & g § o 5 8 0
s o S © o o > < 0 Q
G

(113 19y) Ajisoulwun uon|s) - uon|g)

\\\\\\\\\\
A A
s ss s s N

\\\\\\\\\\\\\\

S e

S
Z et
Fas
P NIC A
o \ ” l |
N N
“RZIN ;
“RZEN =
() .uuo > x .Vum
c ©
= + = s
O T O :
& 8% =
258 Q
— O = | = 3
| g O C|& 1
5 213 F
o B "
R 8 : . o |
S T
2 > T %% 8
2 G > O 0
(@) 5 °
E m O = m °
g e gy
X S S C
5 O S 22
MmN @ N O R - = =

uncertainty with jets measurement

0.1

0.01

0.001
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KTO summarise

108
Inclusive jets and dijets 107
(medium/large x)
CZD Isolated photon and y+jets i
3 (medium/large x) I
O Top pair production (large x) Ko 10
High pr V(+jets) distribution % 104
(medium x) (9
~_ 103
High prt V(+jets) ratios
(medium x) 10%} 5
W and Z production 10
(medium x)
Low and high mass Drell-Yan 1
(small and large x) I
Wc (strangeness at medium Xx) i

PDG 2016



L ooking forward
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2. Methodological aspects



A quite complicated game

= A single quantity: 1o error
= Multiple quantities: 1o contours
= Functions: 10 “error band” in the space of functions

= find the probability density in the space of functions f(x)
Expectation values are functional integrals

Not as simple as it may look...

O{f})) = / D OHPHSN

* Given a finite number of experimental data points want a set of functions
* Want to find a infinite-dimensional object from a finite number of
information



Atoy model

A toy-model:

1) Imagine that we have a set of uncorrelated measurements of a quantity f(x) at
different x. The underlying law that Nature established for this quantity is a
sinusoidal, but we don't know anything about that and try to guess it with a fit.

1.2 1 l

B " Dataset
1— . * Fit
0.8—
0.6—
X .
— -
0.47—
0.2— /
— ' =
— m
0 — - "




Atoy model

A toy-model:
2) Choose a parametrisation for f(x) and perform a fit by minimising a loss
function, a figure of merit, like the %2

1'2: [ - = Dataset |
= 1T = Nata
os_iHﬂL | ’ Xz:;(Di;zﬂ)g
Ao.s{—" ......,*.:H " -
éo.4-:— R ., -i
0.2 | x2/d.o.f. » 1

We are not quite there...

. under-learning

Illllllllll
r Be
e
. L
[ ]
- ]
. o————B——
: .=
: ¢ —B——
D ' L 3
B . .
———
&



Atoy model

A toy-model:
2) Choose a parametrisation for f(x) and perform a fit by minimising a loss
function, a figure of merit, like the %2

1.2_

B ® Dataset

1 ] } = * Fit ‘

: Ndata 2

- 1 2 (D; — T5)
0.8_—-1 1 ! §+.¥ =) 52
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- | We are there...
o— I proper learning
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Atoy model

A toy-model:
2) Choose a parametrisation for f(x) and perform a fit by minimising a loss
function, a figure of merit, like the %2

1.2
3 . ® Dataset
1—_ » T 1 . * Fit l
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_o _1111]111111111'1111111111111111111'1111]1--11111111 Startﬂt“ngthe
2l) 01 02 03 04 05 06 07 08 09 1
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Atoy model

A toy-model:

3) Determine the error of our fit, which corresponds to the lack of information
that the data provide. In the limit of infinite and infinitely-precise and
compatible data, the error band tends to 0
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LThe actual game

1.2

- | = Daiast The actual games is more
L } ! - complicated since we have
0.8 4 f 1 { 114 + . * 6+6+1 functions (actually
0. { . } » 3+3+1+1) and errors to
3 i’ f | - ' I determine which are not directly
o4 . | | measured. They enter in the
0.2 * e : { \ i Lort® measured observables
o I ’ 4 according to different
- - combinations. But still...

-0 llllllll Il'llIlIIlIIIllIIIllIIlIII[l‘II"llllllll
20 61 02 03 04 05 06 07 08 0.9 1

v"Need to choose a clever and flexible parametrisation

v Need a way to stop the fit before over-learning sets in to avoid fitting statistical
noise

v"Need a reliable error estimate



tChoice of parametrisation

Usually one parametrises independently the gluon, light
quarks and anti-quarks, strange and anti-strange (+ intrinsic
charm), while heavy quarks are generated perturbatively
from light quarks and gluons*

The ideal parametrisation

= Too rigid
Global fit might not have flexibility to describe data or inadequate small
uncertainties where there are no data

= Too flexible
Difficult minimisation and it might develop artefacts driven by statistical

fluctuations of the data



tTheory constraints

= Integrability, positivity of observables, must goto 0 as x —1

= From baryon number conservation = Valence Sum Rules
1
| do @)~ a(. @) =2
0
1 —
| dolde,@) - de.Q?) =1
0

/O d (s(2, Q%) — 5(z, Q) = 0

= From momentum conservation = Momentum Sum Rule



tTraditiona\ (parametrical) approach

= Introduce a simple functional form with enough free parameters

fi(z,QF) = ag z* (1 — 2)* P(z, as, ay, ...)

= Typically about 20-25 free parameters for 7 independent functions

TUy (7, Q3) = Ay 2™ (1 — 2)P (1 + €u VT + Vo T), 20 free parameters
rd,(z,Q3) = Agz™(1 — )" (1 + €4 VT + Y4 2),
zS(z,Qf) = As (1 — 2)™ (1 + €5 VT + 75 3),
zA(z,Qp) = Aaa™ (1 — )73 (1 + ya z + da 2°),
z9(z, Q) = Aga® (1 — 2)" (1 + €, V& + 7, 7) + Ay 2°0 (1 — 2)"7,
z(s +5)(2, Q) = A2 (1 — 2)™ (1 + es VT + 75 2),
z(s —3)(z,Q%) = A_2°- (1 — )" (1 — z/x),

MSTW2008



LTraditiona\ (parametrical) approach

* Possible issues:
What is the error associated to a given functional form?

2.0 B BELEALLL BERALL B R 2.0
' d (i = 2GeV) ' u (4 = 2GeV) Pink and red

. . | curves give same
:’ : S good
@ @ fr TS description of
o o .
£ 10 £ 10 ..... data but outside
,3 - / E error bar
307 /! 207

. /s .

\\—/ : F

0.5 0.5
3 1074 1009 107 107! 109  f074 1073 107% 107! 100
X X

J. Pumplin ArXiv:0909.0268



LTraditiona\ (parametrical) approach

* Possible issues:
If functional form not flexible enough PDFs may present unrealistically small errors
where data do not constrain PDF uncertainties

6

2 NNPDF1.0 NNPDF2.0
5.—

- 2008 | CTEQ6.6 2010 [ Jeti0
45« e |

Z MRST2001E ey MSTW2008
3k~ 3%:‘5 Frracs

5- : ; 5 ER R x.’x::;;:;‘ - - :.::.

7% N\
0~
Rl :

A e T = A IR I WU BT | NN BN WU 11 SRS IE T 1| S AN AT "; el "““13 e
10° 10* 10° 102 10’ 10 10° w0 10’

X

xg = Ag X’ (1 — x)"8(1 4 €5 /X + vg x) + Agr X’ (1 — x)"e’



tTraditiona\ (parametrical) approacn

* Possible issues:
If functional form not flexible enough PDFs may be not able to adapt to new data

g (NNLO) PDF ratio to MMHT14 at Q2 = 104 Gev2

1.10 = . T uy - dy (NNLO) PDFratlotoMMHT14at02 104GeV2
MMHT14NNLchs( 2)=0.118 — MM 14 NNLO (mz) POV LR
MSHT20 NNLO as (m7") = 0.118 —— 1.40 = MSHT20 NNLO o (m?) = 0.118 —— m
105 Q? = 10000 GeV? |
1.20 —
\] 0.80 [~ -
0.95 .
Bailey et al,
0.60 — =
Eur.Phys.J.C 81 (2021) 4, 341 0 - 10000 Gev2
0.90 1 IIIIIII| | IIIIIIIl | IIIIIII| 1 IIIIIIII 1 ) SejEenyime 1 |||||lll 1 lIIIIII 1 IIlllIlI IlIlIIII 1 | I |
10 104 103 ) 102 10" 105 104 103 ) 102 101

® |n recent updates from a global PDF fitting collaborations (MSHT20) the effect of
LHC data required big change in the parametrization which makes PDF
uncertainty increase (data-driven parametrization)



t Neural network parametrisation

Fully connected multi-layer

perceptron
O] —a
d g(x, Qp) = Ax (1 — x)%s £V()
2(2) 51(3)
o®
. £ 1(1) 11
53(2) 52(3) o) g{L)
n1/x (&P /
13
o £®)
S

Fora 1-2-1 feedforward neural network
can write explicitly functional form

SHCRE

* Alternatively use Neural Networks:
all independent PDFs are associated
to an unbiased and flexible
parametrisation: O(300) parameters
versus O(30) in polynomial
parametrisation

» NNPDF (2006) A 2-5-3-1 Neural
network associated to each
independent PDF (gluon, up, anti-up,
down, anti-down, strange, anti-
strange and charm)

=g wi&—0;
J

B 1
14 e T

g(x)



2 —
d g(x, Qp) = Ax~%(1 — x)%e £ (x)
2 3)
&2 3
@
. £ 11
1
o®
é 3(2) 5 2(3) 12 5 1(L)
In1/x (&P
o)
)] 3
3 £®
@
4

How do we train the 7(8)
independent NN?

Minimise the loss function:

Ndat
X> = > _(Di —T;)(cov);; (D; — Ty)

1,7=1

D; experimental measurement for the
point |

Titheoretical prediction for the point i
(depending on PDF parameters
opIs=0Q fi-0h=012& f1 ® f)

(cov)j is the covariance matrix between
point i and j with corrections for
normalisation uncertainties

Supplemented by additional penalty for
positive observables



kNeura\ network training

* Large parameter space: need an

1 0/ O—~.,,Q\ M =0 1
,O ) . | | algorithm that is able to explore it
. °o without getting trapped in local
- I minima such as genetic algorithm
0 s 0 r |

» Redundant parametrization: risk of
over-fitting. Cross-validation
necessary.

2.56

255 |

over-learning

254 |

253 |

252 |

251 F

Error Function

Training
Validation

under-learning

Optimal stopping point

1

L

249
500

1000

1500

2000

number of iterations

2500

300

J. Rojo, arXiv: 1809.4392



E.g. the NuTeV anomaly

Determinations of the weak mixing angle sin29W

Total strangeness | Strange valence |
0.245 NuTeVO01 NuTeV01  Global EW fit
0.04 . . + NNPDF1.2 [S7]
0.4 003 I N,q,=25 | 024 P -
_ os} e 0.235
N%, '%, 0.01 |
(6] S
& o2 8 o 0.23
Y k! ’l‘ X
ol g 20 0.225
-0.02 + I
ol 003 - 1 7.7 R ———— N
001 o ' I 00 001 01 | 1 0.215
sin? 8y = 0.2223 + 0.0002 J sin® Oy = 0.2276 + 0.0014 J 1
[F] = [; dxxf(x, Q%)
sin? Oy —sin? 0y = 0.0053
NuTeV EW
» >30 discrepancy between EW fits .5 [S]
65 sin GW ~ —0240m

and NuTeV measurements
* Unbiased parametrisation of
strangeness (2010) solved NuTeV

anomaly

ds sin® Oy = —0.0005+0.0006" 7 = L sys

Ball et al, 0906.1958



A deep-learning based fit

nh =2

® NNPDF4.0: updated
methodology: single neural
network to parametrise 8
independent PDF combinations
(g,u,d, s, u~, d~, s~, c=c~)

® New optimisation strategy based
on gradient descent rather than n® = 20
genetic algorithm

® Hyper-optimised methodology:
scan of the hyper parameter space

to find optimal minimisation

settings (optimise r, initialise r, (xg(x, Q) xZ(x,Qp) xV(x,Qp) xV3(x,Qp) xV3(x,Qp) xT(x,Qp) xTy(x, Qo) xTys5(x, QoD
(xg(x, Q) xu(x,Qy) xu(x,Qy)  xd(x,Qp)  xd(x, Qy)  xs(x, Q)  x5(x, Q) xct(x, QO)J

M“—s

stopping patience, number of
layers, learning rate, epochs,
activation function) by using K-fold

procedure

[Carrazza et al, Eur.Phys.J.C 79 (2019) 8, 676] NNPDF4.0, arXiv: 2109.02653



kError propagation

O1{f}) = / D] OUNIPULY

* Given a finite number of experimental data points want a set of functions
* Want to find a infinite-dimensional object from a finite number of
information

Option a) Project into a n-dimensional space of parameters which parametrise PDFs and
use linear approximation around minimum 2
Hessian

OHFI) ~ / dayday...day,, O[] Pld Method

Option b) Choose a parametrisation and perform a Monte Carlo sampling of probability
density in functional space

Nrcp
1 Monte Carlo
(OH D) Nocs ;:1: [ fi]. Vlethoc



kHessian method

= Used by most PDF fitters (CTEQ/TEA, MSTW/MMHT, HERAPDF, ABMP
= Determine best fit values of parameters {d }

= Shift a— a— 0

= Determine error on PDFs and any observable depending on PDFs (all denoted by X) by
propagation of the error in the parameter space

Assuming linear prop: X (@) ~ X(6)+a¢32-X(6)| 3

a=>0
Variance: Ug( - (COV)ij dLX(')jX (cov),, covariance matrix in param, space
02 2(~
Maximum likelihood:  (cov),; = (H); = 0°x"(d)

— A ¢ cov — Hessian at the minimum of x2
dz-adja X

Q)
|
=Tl



LHeSSian method

X° A

e

P. Nadolsky, CTEQ summer school 2009

= According to textbook statistics, the 1o
contour in parameter space is given by

Ax? =1

= Projection of the radius one sphere would
give the uncertainty on parameters and on
the PDFs, observables...

= The textbook statistics should work in case
of perfectly compatible Gaussian errors

= But in practice, for global fits a tolerance is
introduced T

= NB: introducing a tolerance corresponds
to blow up uncertainties by a factor /Ax?



tl\/lonte Carlo method

= First idea by Giele Keller Kosover (hep-ph/0104052)
= Monte Carlo in parameter space

X(a)

(X) :/d&’X[c_L’]P[EL’]

P probability of parameter values

MC sampling in parameter space
Problem

rep

How many replicas are needed? (X Z X(a

Three bins per parameter = 3Nparbins rep
i=1

0% = (X?) — (X)?

E.g. for 23 parameters need more than

10" replicas!!!



tl\/lonte Carlo method

= Forte, J. | Latorre, Piccione (hep-ph/0701127)
= First applied to structure functions then to PDFs

X(a)

(X) = / da X [d)P|a]

P probability of parameter values

MC sampling in data space

Idea
1 Nrep
Choose parameters along VX N
Pare 9 = (X) ~ — ) X(d)
Choose replicas of the data, i.e. work Nyep -
in the space of data and project back , =1 ,
into PDF space (7%( = (X*) — (X)

How many replicas does one need? 1-dim average of N, converges to true
average with standard deviation o/\/N

E.g. 10 replicas are enough for getting “true” central value with o/3 accuracy



kl\/lonte Carlo method

= Generate artificial data according to distribution
Ne

Fek) = g Flezr) 1+Zr ap1 + 1Py,

= . are univariate Gaussian random numbers such that if two points have correlated

systematic uncertainties, they oscillate in the same directions
= S normalisation factors
= Validate Monte Carlo replicas against experimental data

Proton
Central values Ermors Cormelahons

= Convergence rate increases with N,
= Correlations reproduced to % accuracy with 1000 reps



[ Expefimental Data ] 4 NMC.BCDMS.SL.

[ MC generation ]{. .-. .}
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tl\/lonte Carlo method

—— NNPDF2.0 - 68% CL 0.3
—— NNPDF2.0 - 1-0 0.28 '
—— Individual Replicas 0.26

0.24
0.22
0.2
0.18
0.16 -Eostr

1 IIIllllI 1 L1 1111 0.12
10* 10° 102 10” 0 0.5 = 1 - 15 = 2

X
Nrep y
=1

o FNTNRA

%)

xg (x, Q

Ay M)

| IlIIIIII 1 lllllllI

N rep

_ LN w
o= § kaJ (A{F}) = Nl > A
7% = (X?) ~ (X’ o

Individual replicas may fluctuate significantly, average quantities such as central values and 1o

error bands are smooth inasmuch as stability is reached due to the dimension of the ensemble
Increasing



LThe NNPDF solution

xg(x Q’)

7_I_§| ] .Fl 1 LI llllll L 1 LA 1 LA
= .ﬂ NNPDF2.3 NLO replicas J The N(eural)N(etwork)PDFs:
6 H |\ .:|, 1 | mmeee NNPDF2.3 NLO mean value |-
53 l NNPDF2.3 NLO 1o error band _: » Monte Carlo techniques:
= NNPDF2.3 NLO 68% CL - : A
A=y 3NLOB8%CLband |3 sampling the probability
4  measure in PDF functional
3§ §  space
2 4 * Neural Networks: all
= 1 independent PDFs are
= 4 associated to single NN
OF r
TN IAA -
-2 _/""-- . ' M&’/ IA/ |- lll 1 | I | lll 1 j I . | lll ll:

10° 10 10° , 107 10



‘Summary for the user l

Hessian method (CT, CJ, MSTW, ABKM, HERAPDF)

(F) = Flg"]

Nset/2

1/2
oE = % ( > (FHe* ) - f[{q(z")}])z)

k=1

Monte Carlo method (NNPDF, JAM)

set f

N ‘
Z Flq"]

Ne.. )\ /2
o = ( (Fi{g®} - f[{qm))

set k=1



K Statistical validation

* Assume PDFs known: generate artificial data

with them and th. predictions
* Fit PDFs to artificial data

* Check whether fit reproduces the underlying
“truth”, and whether true values are Gaussianly

distributed

Try harder!

> New Fitting Methodology

/

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

/

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

f

Perform (NN)PDF fit

/

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

Fail?

Now you can fit
real exp data!

Closure Test
successful!

OK!

Del Debbio et al, [arXiv: 2111.05787]

g at 1.65 GeV

1 =2 Closure input PDF

0.5
X7 Full replica ensemble (68% c.l.) \
107 10~4 1073 1072 1071 100
X
L3 zuy, PDF ratio, Q% = 10* GeV?
. == MSHT Hessian (T2 = 1)
== MSHT Monte Carlo
1.2 —~ = Input 1
1.1 - —
10— === - - -
/’ \
’ \
0.9F" ‘
I ]
0.8 MSHT20
| | lllIllI 1 | lllIllI 1 | lllIIlI 1 l llIIIII | L1 11l
O'fO_5 10~4 1073 10~2 101

Harland-Lang et al, arXiv:2407.07944



= PDF determination: Hessian Method
- Simple linear error propagation
- Tolerance required for realistic uncertainties
- Parametrisation bias possible

= PDF determination: Monte Carlo method
- Two-step procedure: data MC -> PDF MC
- Very general parametrisation allowed
- Need optimal fit determination method (cross-validation)

= PDF representation: Hessian vs Monte Carlo
- Conversion possible either way
- Compression method available either way
- MC very flexible, Hessian very efficient

= PDF validation: the closure test
- Performed by both NNPDF and MSHT
- Interpolation and functional uncertainties significant



3. Theoretical aspects
& theory frontiers



tTheory oredictions in PDF fits

Ndat
2 _ Z (T, — D;) (cov PDF parameters determined by
X 5 ’ exp) minimising figure of merit

N

N 1 2 3
g = oLtoy+ ol oy +alTo9 + O(al ™)

> Standard global PDF fits based on fixed-order NNLO QCD calculations with two

PDF collaborations now producing aNNNLO PDFs (MSHTaN3LO and
NNPDF40aN3LO)

> Standard global PDF fits set specific values for
» Us(Mg), My, My, 0e(M)
> CKM matrix elements
> Heavy quark mass thresholds
> Branching ratios...

» MHOUs in perturbative expansion, the uncertainty on the value of the parameters
that enter a PDF fit are NOT included in default PDF error bars



kl\/lismatc:h between pert. orders

Uncertainty [ %]

® PDF fits performed at given perturbative order - NNLO or aN3LO

® PDF uncertainties only reflect lack of information from data

® Theoretical uncertainties (dominated by MHOU) ignored until recently

® Mismatch between perturbative order of partonic cross section and PDFs

becoming significant source of uncertainty

PDF & ag Uncertainties

~ LHC13TeV |
PDF4LHC15_nnlo_mc
PP-> W"+X

CHHINWLANANIRCOOD

— o(PDF)
— §(PDF+ay)
— &(P

—TH)

Q [GeV]

200 400 600 800 1000 1200 1400 1600 1800

1 0.(2) L 0_(2)
5(PDF _ TH) _ NNLO—-PDFs NLO—-PDFs

@
NNLO—-PDFs

C. Duhr et al, JHEP 11 (2020) 143



6[/6tota| X 100%

kl\/lismatc:h between pert. orders

12|

10 -

I J L ! I I I I I
- K 6(PDF+a) -
:— \ 8(1/my) -
I té(t,b,d S(EW)

I L 6(PDF-TH)

O(scale)
1 I 1 L | 1 1 1 | 1 | I | 1 1 1 | 1 [
0 20 40 60 80 100

Collider Energy / TeV

® PDF fits performed at given perturbative order - NNLO or aN3LO

® PDF uncertainties only reflect lack of information from data

® Theoretical uncertainties (dominated by MHOU) ignored until recently
Mismatch between perturbative order of partonic cross section and PDFs
becoming significant source of uncertainty

1 0.(2) L 0_(2)
S(PDF —TH) = = NNLO—}E;FS NLO—PDFs
ONNLO—PDFs

M. Cepeda et al. [HL/HE WG2 group], arXiv:1902.00134



LMHOU in PDF fits

® In a fit based on NLO theoretical predictions the theory error is already

comparable to experimental error. What about a NNLO fit?
® How to include MHOUs in PDF error bands at NNLO?

NNPDF3.1, Q’=10* GeV?

NNPDF3.0,(XS=0.118, Q2=2GeV2 115  —— — — I I 1T T T T T T 11717 T LI
! T T T  eeeeeae NLO PDF uncertainties H
Lo : i f
6 " i i _ H
. st NLO : 1A e TH error (NLO => NNLO shift) H
%# NNLO : - H
~ 4 E 5105 a2
C 3 —] - & £
><“ T E x 5-:-:-_
o> 2 ; S = o +
x o0 E < g_
1 % E 1
Y :
-2_5 = _4 l l llll”_s ' l llll“lz I e 1 ' — l: 0.9 | | IlIIII 1 1 1 IIlII| 1 1 1 IIIIII 1 1 1 IIIII| 1 1 I_Eé_

10 10 10 x 10° 10°

107 1072 « 1072 10"

Ball et al, EPJC 77 (2017)



tMHOU in PDF fits

Option 1 - theory covmat [NNPDF: 1906.10698, 2401.10319]
Construct a theory covariance matrix from scale-varied cross sections and

combine it with the experimental covariance matrix
Ndat

2 —1
S E (T; — D;) (COVexp + COVth),L-j (T; — Dj)
i,j=1
- Assumptions: experimental and theoretical errors independent and Gaussian

- Assumptions on correlation of scales and scale ratio will determine the specific form of the
covariance matrix

Experiment correlation matrix Experiment + theory correlation matrix for 9 points
i T W T R R T T T I
PR I
L I
I{'r - - LR L
B F . !
[ J [ [ S L o e
DIS NC s ncTREREEG| W W il i Ei
CRRRERIN B W1 i noE
® . o— Kf L4 ikl
IR m W | 'He
. . . — e il IR S B

DIS CC DIS CC
— : E R ERER R " v.l‘ W
DY i DY ismsnns o R
i 1
JETS 5 | JETS
ToP ‘ TOP




"MHOU in PDF tits

Option 2 - MCscales [Kassabov et al: 2207.07616]
Main idea: renorm. and fact. scales are free parameters of the fixed-order theory, that induce
an uncertainty on theory predictions included in a PDF fit & need to be propagated

Option 3 - theory nuisance parameters [MMHT: 2207.04739]
Main idea: add MHOU as nuisance parameters and fit nuisance parameters from data.

g at 10 GeV

0.91

Ratio to MCscales with postfit

/

Tot 10

102 10-! 100

[
9
NS

X



kThe N3LO frontier

Higgs in Vector Boson Fusion (PDF + MHOUs)

» MSHT & NNPDF: inclusion of available aN3LOmsht H
theoretical ingredients at N3LO (non- 450 T 7 T
singlet splitting functions, singlet splitting 2 445 NNLOead 1 ¢ I I -
function in the large nf limit, small-x limit, g;;440 qe_

. . . M 4. B C S ]
large-x limit, Mellin moments + DIS > i * aN3LOnn L
structure functions in the massless limit & 4.35 1 I
and approximate heavy flavour structure + 430k /5= 13.6 ToV _
. . . S = . €
functions between known limits + %; Lo - t  NPLOME. 1y — s — O
hadronic N3LO K-factors) | BT E TR
190 INNLO _
T | | | | | | |
PDF4LHC'\£1SHTXNNI\|7|2|:|"}?(|I?INPDFnMrﬁggggl)Nl\ljlgﬂgrr;(?\ll?\lPDFanSI(';l('(\]"eagFan?;\!l?\lPDFan3lo(qeg)|SHTanSlK/lSHTanmo(qed)
arXiv:2411.05373

> MSHT: MHOU and IHOU (incomplete
higher order uncertainty) added as
nuisance parameters and fitted from
the data

» NNPDF: MHOU added via theory
covariance matrix, IHOU added as
extra additional theory uncertainty




LThe N3LO frontier

Error estimate before aN3LO PDFs Higgs in Vector Boson Fusion (PDF + MHOUs)
| aN3LOmsht: =+
4.50 ———I———————-L———————l—————— ______1________4_______4'. _____________ - ——]
1| oNNLO NNLO ;
AP = o[ DNLO-PDE  NLO—PDF Tk b L T 4 J B
2 ONNLO-PDF = NNLOqed i
B 440 T Tk T —
Z i aN;BLan !
Actual error using aN3LO PDFs Siacad B B S G N N R S
J T 1 o aN3 LOcomb
SN3LO N3LO TA30 L —13.6TeV =
Acxact ON3LO—PDF — INNLO-PDF \% I i 1 \/— !
NNLO = oN?LO S 4254 fommmeo- — N3LO ME, ,uf = ,u,. QV
IN3LO—PDF | | ,
ol INNLO
1 | | i i i i i i
PDF4LHC’\2/‘I1S HTXNNI\F;IES)E“I'TI?INPDFnMnSIc')-gégl)NhljlgEqr';?\ll?\lPDFan3Ic’;l(zleP(?)Fan?\ll?\lPDFan3Io(qeg/)ISHTanm(lz/ISHTanmo(qed)
arXiv:2411.05373

(A;g;()) 1.6% 0.5% Previous estimates of the
effect of NNLO/N3LO mismatch
(aA:tTJL;)') 3.3%, 2 30 were optimistic




tE\ectroweak corrections

* Given that a(Mz) ~ as(Mz)/10 = NLO EW corrections ~ NNLO QCD corrections

u 14

W+

d I+
u Vp b 1 w 1
u W o u W s
by W n w \u w \u Virtual EW corrections
- d : d .
(a) (b) (c)

Real EW corrections - quark initiated

Real EW corrections - photon initiated




( Flectroweak corrections

* Given that a(Mz) ~ as(Mz)/10 = NLO EW corrections ~ NNLO QCD corrections

u 14

W+

14 TeV LHC
T I T T T T I T T T T I T T T T

 pp -> 1+1-

* NLO virtual EW corrections
become large in the large pr
region of lepton but partially
compensated by photon-
initiated real corrections

0.2

NNPDF2.3QED

00— —

dax/ afull

M:11
Boughezal et al Phys.Rev. D89 (2014)3, 034030



kPhoton—modiﬂed DGLAP

* How are PDFs modified by inclusion of initial photon PDF?

o~ ng(x 0% = D Pya(, @5(QD) ® fulx, 0%) + Pey(x, a5(0) ® ¥(x, 0P,
9.9.8

0’ qu(x 0) = ) Paalx, @5(0%) ® fu(x, Q) + Pgy(x, a5(0%) ® y(x, 07,

9.9:8

0’ sz(x 0%) = Py ® y(x, 0) + ) Pya(x,as(Q%) ® fulx, Q7).

9.9-8

» DGLAP splitting functions expanded in powers of as and «

as (m,n)
P.. = p
Y ;(27r) (27r)

2 2 2
P(O 1) _ C] P(l 0) P(O 1) _ q P(l 0) P(O 1) _ q P(l 0)

FEFEOFF




LPhoton—modiﬂed DGLAP

* Quark and gluon PDFs change up to 1% at large x

* How do we determine the photon PDF?

* In the best possible world: theory input and data input together
Manohar, Nason, Salam, Zanderighi,1607.04266

MIy(Q)1[%]

071 Percentage of

I
0.6l Protons
momentum
951 carried by photon
0.4

.
w

o
(N

21 NNPDF4.0QED
=1 NNPDF3.1QED

0.1
10!

102 103

Q [GeV]

NNPDF arXiv:2401.08749

Ratio to NNPDF4.0QED

1.06 -
1.04 -
1.02
1.00 1
0.98 -

0.96 -

0.94

u at 100 GeV

21 NNPDF4.0QED
("] NNPDF4.0

10~4 1073 1072 1071



State-of-the-art PDFs




tThe choice of PDFs matters

LHAPDF

* What does PDF
uncertainty include?
How reliable it is?

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

* Shall we just pick a set
out of the PDFs
“supermarket” shelf or

take the envelope of ALL
oredictions? <physicist>



tThe choice of PDFs matters

* What does PDF :LHC 14 TeV, 20
: : 0.461 i
uncertainty include? ;
How reliable it is? 0.44] i
* How do we interpretthe = 0.42f y
difference predictions s 04(): Gﬁggmo
: : s U.4U[ o .
using different PDF sets? _ | e A NNPDF3.1 .
0.3sk > ABMP16 -
. | | ; A ATLASpdf21 ]
Shall we just pick a set : & PDFALHC15 -
out of the PDFs e # PDFALHC21 -
“supermarket” shelf or L e
take the envelope of ALL 50 52 54 56 58 60 62
oredictions? o [ph]

Snowmass 2022 white paper, arXiv: 2203.13923



tThe choice of PDFs matters

| T T T T | T T T T | T T T T |

* What does PDF i
L100[LHC 14 Tev, 20

uncertainty include? _
How reliable it is? 1050

* How do we interpretthe — 1000}

difference predictions .

feren 2 ‘
using different PDF sets? 9501 & NNPDF3.1

B <~ ABMP16 i

> Shall we just pick a set Al zéggﬁfggfg;

out of the PDFs i %« PDF4LHC21 |

“supermarket” shelf or 850:_ ... . e« NpEy

take the envelope of ALL 750 800 850 900
oredictions? oz [pb]

Snowmass 2022 white paper, arXiv: 2203.13923



The players

Fixed Target DIS

HERA I+l

HERA jets

Fixed Target DY

SIDIS

Tevatron W,Z

Tevatron jets

X X € %X € x < <
X S € %x € %x < <

x S 1 x < «

LHC jets

LHC vector boson

R X R | | %x < << < <«
< 1 1 1 1 x < x < <
© T T X X %X X %X < x

v
v
v
v
X
v
v
v
v
v

S X
x
x S

LHC top

Hessian Hessian Hessian Hessian
. Monte Carl ) ) Monte Carl Hessi
Stat. treatment onte Carlo Ay2 dynamical Ay2 dynamical Ay Ay2=1,10 onte Carlo essian

Polynomial Polynomial : : Polynomial Polynomial
, Polynomial Polynomial
(Chebyshev) (Bernstein) (50 pars) (25 pars)

HQ scheme FONLL TR’ ACOT-x FFN (+BMST) ACOT ACOT TR’

Parametrization Neural Networks

Order NNLO/aN3LO NNLO/aN3LO NNLO NNLO NLO NLO NNLO




LParton Luminosities

* A quick and easy way to assess the mass and the collider dependence of production
cross sections at hadron-hadron colliders is to use Parton Luminosities
* At leading order in QCD (parton model)

5'ab—>X == C’X(S(xaazbS — MQ)

1
0pp—>X:/ dxadxbfa(xaaM2)fb(xbaM2)a-ab—>X
0

® Thus 1 ) ) )
Opp—X :CX/ dxadxbfa(xaaM )fb(ajbaM )5(xa$bS_M)
0
 Cx 0Ly
S 0Or
with - M?
-
e Define
(I)ab(M2) _ aa'Ca,b
T

1
— / dxadwaa(xaa )fb(xl” M2)6(Zlfaxb - 7—)

S/ y el M (;,w)




kG\uon luminosity

NNPDF3.0 /CT14 / MMHT14

LHC 13 TeV, NNLO, 0,g(M )=0.118

1.30 ——r—r——rrrm
195 S CT14

Gluon - Gluon Luminosity

(2016)

J. Butterworth et al, J.Phys. G43 (2016) 023001



tGIuon luminosity

NNPDF4.0/ CT18/MSHT20/ABMP16/ATLASpdf21

llllll | I lllllll

]_.3- T T

_ — NNPDF4.0 :
i —CT18 j
L.21 —MSHT20 i
- —ABMP16 |
S Lif —ATLASpdf21 -_
\QQ ! , A
- &%\i,x.//‘/" ;:

QL 1.0 =
I | / :
0.9 :
: Vs =14 TeV :
0.8- | I | II 1 1 1 1 | - | II 1 1 1 L 11 lI 1 1 ]

10 102 103
my |GeV]

(2022)

Snowmass 2022 white paper, arXiv: 2203.13923



LQuark—Antiquark luminosity

NNPDF3.0 /CT14 / MMHT14

LHC 13 TeV, NNLO, ag(M, )=0.118

1 | | | L I | |
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©
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=~ 0.95 0'2:2?0’»"‘

5
a
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J. Butterworth et al, J.Phys. G43 (2016) 023001




LQuark—Antiquark luminosity

NNPDF4.0/ CT18/MSHT20/ABMP16/ATLASpdf21

1.3-Illl| I IIIIII 1 I llllllI | I

—NNPDF4.0
] —(CT18
1.2F —MSHT20
: —ABMP16
T 11§ — ATLASpdf21
\Qb*
i . *
Q 1.0
N ////
0.8 L1 11
(2022) mx |GeV]

Snowmass 2022 white paper, arXiv: 2203.13923



tBenchmarks

Ratio to MSHT20

qqg luminosity
Vs =14 TeV

771 MSHT20 (68% c.l.)
1 CT18'(68% c.l.)
= NNPDF3.1' (68% c.l.)

my (GeV)
qq luminosity uncertainty
Vs =14 TeV

—— MSHT20
—— CT18'
—— NNPDF3.1'

My (GEV)

Benchmark exercise among NNPDF3.1,
MSHT20 and CT18 at the basis of
PDF4LHC combination

Overall agreement, which improves once
common dataset is used, differences in
uncertainties with ACT = AMHST = ANN

due to methodology

- o0 CT18

© o MSHT20

- & NNPDF3.1/
- o PDF4LHC15
- A PDF4LHC21
8400}

8500

oW+ [pb

8300(

8200/

LHC 14 TeV

780 790 800 810 820 830
oz [pb]

8100}




PDF4LHC21 combination

g at 100 GeV

71 PDF4LHC21 (68% c.l.)
1.10 4/ CT18' (68% c.l.)

1.15 ~

N 1 MSHT20 (68% c.l.)
(:é 1.054 T1 NNPDF3.1' (68% c.l.)
=
L
9 1.00
.
2 0.95 -
©
o’

0.90 -

arXiv:2203.05506
10" 10 - 1072 10 100
X

Combination of PDF fits done on same dataset

Generate 300 replicas of each PDF set

Take them together

Reduce 900 replicas to O(50) by standard compression method



The precision frontier

gg-luminosity relative uncertainty (%) gqg-luminosity relative uncertainty (%)
10‘:]IIIIIIIIIIIIIIIIIIII'I llllillllillllllllllli: 10‘:1llllllllllllllllll'll llllIll'lIll'l'llllll
~ PDF4LHC15_nnlo_mc - ~ PDF4LHC15_nnlo_mc
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10? 102
|
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Can we trust 1% accuracy?



The precision frontier

gg-luminosity relative uncertainty (%)

10‘ :l | 155 B I | P 7 I Raiwth I | %% I3 L. I | 73 )
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tTheory uncertainties

LHC 13 TeV, NNLO, ocS(M) =0.118

i — T —
- PDF4LHC nnlo_prior

SR PD!—'4LHC nnlo_100
1.15 e PDf4LHC nnlo_30

On top of benchmarking different
PDF sets, each set must deal with
inconsistencies in updated
determinations.

-
N

.
—

Gluon - Gluon Luminosity
—
o

NEITHER ACCURATE ACCURATE 095
NOR PRECISE NOT PRECISE
0.85 R Y
a 10 10 M, (Gev) 107
¢ Theory Data region Extrapolation
boundaries region
o . Tolerance/
© Inconsistent data > Statistical
PRECISE ACCURATE tmatore
NOT ACCURATE AND PRECISE
o Updated parametrization
© Differences in fitting ,» Closure
methodology/minimisation? Test

~ Changes in theory? » MHOU/New Physics



PDF tfits and New Physics
interplay




K 1. New partons

g [XIsusy
9 [XlcTeqem

14 |

12 [

Q=15 GeV

1
0.83—
o.ef-
04— —

02 |

m5=15 GeV, 2s=0.118

- —  My=oo, 2s=0.127

mg=15 GeV, a3=0.127

10741073

Berger et al hep-ph/0406143

® Pre-LHC studies: what is there was a light SUSY coloured partner?

1072

10

100 r

10 g

x f(x)

0.1 r

10-2 L

10°

1 f

107 10

mg = 50 GeV, Q=100 GeV

4 103 0.01 01 03 08

Berger et al 1010.4315

SUSY fits with a floating o, (M7)

200 T T
2010 study —
2004 study --=====--
150
100 be oc s oe o o0 o0 o0 50 50 os s se o0 2s se o6 es e seles Ge se S5 Ge e ss G Ge 48 Ss G es Se G S8 s Se S Gs Ge Ss es e os os oe o of
e
=
< 50 [ a.0.135
0 b g AT
." . _,.-%.I27 © gluino decoupling —
0131
-50
0.121
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mg [GeV]

® Alight SUSY Parton would modify DGLAP equation and running of «a

® Comparison to data excludes any light coloured parton on increasing mass range as
more (and more precise) data are included in the global PDF fit



| 1. New partons

M. McCullough, J. Moore, MU, arXiv:2203.12628

® |dea: now PDFs are known very precisely, and their uncertainties will continue to reduce in
the near future with the HL-LHC, could we do the same for a colourless particle too?

® |f there was a lepto-phobic dark photon weakly coupled to quarks via effective Lagrangian

Lint = %ng_Bq mg € [2,80] GeV

it would appear among the partons of the proton.

® To include the dark photon as a constituent of the proton: compute the dark photon
splitting functions, and add them to DGLAP evolution. Starting from an appropriate initial-
scale ansatz (dark photon generated dynamically off quarks and antiquarks at threshold)
and a reference PDF set, evolve using the modified DGLAP equations

LY}

Gar



“. New partons

Os

O

10° ]

10'1j

M. McCullough, J. Moore, MU, arXiv:2203.12628

® The presence of the dark
Parton would modify the
evolution of standard quarks
and gluon.

L~

Anomaly cancellation
—— Y-decay
— Z- Xy
) ——— CMS ISR+dijet
—— This work, optimistic
—— This work, conservative

2 10

80

Precise LHC data can indirectly constrain parameter space of the dark
photon in a competitive way compared to direct searches



tZ. Large-x PDFs and new physics

v High mass Drell-Yan tails affected by large
PDF uncertainties

v This affects searches for new physics, for 2
example in forward-backward asymmetry it

v Need data constraining large-x to see and :
characterise new physics ——- NNPDFA0 crs
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kZ. Large-x PDFs and new physics

v High mass Drell-Yan tails affected by large f Current DIS Data
PDF uncertainties v M
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Rabah Abdul Khalek et al, arXiv:2102.00018



k3' Indirect searches for New Physics

® EFT is a well-defined theoretical

T GeV
approach for indirect searches N

® Assumption: new physics states are
heavy

® Write the Lagrangian with only light SM
particles

® BSM effects can be incorporated as a
momentum expansion

® SMEFT: assume SM field content and
gauge symmetries (apart from
accidental)

Nag 6) Nag .
LsmerT = Lsm + Z —0O 4 Z A4O( )+

® Full dim-6 basis of operators under
SMEFT assumptions includes 2499

operators [Grzadkowski et al, arXiv:1008.4884]

Indirect searches:

L

If new physics lives far above the energy
probed by the LHC, one can parametric
effects on high energy tails via EFT



tB' Indirect searches for New Physics

® Current SMEFT fits make flavour assumptions and restricted to a few observables/sectors &
reduce the number of operators.

e SMEFIT: SMEFT fit based on Monte Carlo technique for propagation of experimental
uncertainty [Hartland et al, arXiv:1901.05965]

® Global dim-6 SMEFT fit of Higgs, diboson, and top quark production and decay
measurements (36 independent Wilson coefficients, including linear and quadratic
contributions and NLO QCD corrections to SMEFT) (Either et al, arxiv:2105.00006]

100

—100f

Either et al, arXiv:2105.00006



tB. Indirect searches for New Physics l

= D ({6}, {e}) - Do) eovi) (T({6), {e)) - Dy)

1=1

T;(10},1¢;) = PDFs(10}, {c}) @ ai({c})

* |(B)SI\/I parameters: ay(M,), M, 6.,,SMEFTWCs......

Parameters determining PDFs at initial scale

v In a PDF fit typically
T;(10}) = PDFs({0}, {c = 0}) ® 64({c = 0})

v In a fit of SMEFT Wilson Coefficients
T;({c}) = PDFs({0 = 6},{c = 0}) ® 6;({e})



Ratio to NNPDF4.0

k 3. Indirect searches for New Physics

* In principle low-scale physics is separable from high-scale physics, BUT the complexity
of the LHC environment might well intertwine them.

® PDFs are low-scale quantities extracted from experimental data at all scales, without
considering any potential high-scale contamination due to new physics.

® (SM)EFT fits are performed by assuming a priori that PDFs are SM-like.

1.15

=
e
o

=

o

o
1

=
o
o

o

©

)
1

o

©

o
1

u at 100 GeV
17 NNPDF4.0 (68 c.l.+10)

4 X" NNPDF4.0 (no LHC) (68 c.l.+10)

0.85 +—

Ball et al, arXiv:2109.02653

100

t| {EFT Lin () MEFlT
" 1EFT Quad
.................................................
—Or—O—- O000EES55 33880000 QQA>NrrAAON O3 C8ONSSS5RON=MTA
oo355 BT T2V IFTISNocNANRD Ta
OOG@%chgoow—co-—gc'co—gc"é'g-g83%%&&&&&&8—&3%0%00.0.0QQ%_;&QE
09090 r®d—Q000FG00l8T o 0O O0NOMN~ a0Paggoo o0o0ogg~o
O O o o
SR GRTRGRT) Yoo o %

Ethier et al, arXiv: 2105.00006




Data overlap

= Top pair production and single top data

included in SMEFT analysis [Hartland et al
1901.05965] [Ellis et al 2012.02779]

= Dijets data [Bordone et al 2103.10332] [Alioli et al

1706.03068]

= Drell-Yan data in [Farina et al 1609.08157][Torre et

al 2008.12978]

= |nclusive jets in [Alte etal 1711.07484]

= Overlap enhanced in HL-LHC projections

[Abdul Khalek et al,1810.03639]

Kinematic coverage
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3. Indirect searches for New Physics

* From the point of view of PDF fits:

= How to make sure that new physics effects are not inadvertently fitted away in a
PDF fit?

* From the point of view of SMEFT fits:

= Should | make sure | am using a clean set of PDFs in a SMEFT analysis? How to
define it? Is it enough?

= How would the bounds change if | was consistently using PDFs that include in
the fit theory predictions computed adding the same operators that | am fitting?

Simultaneous
T;({6},{c}) = PDFs({6}, {c}) @ :({e}) [ oansnee
iInterplay



Y/10™

3. Test-grouna:

x 2.3 broadening of bounds for W
x 1.3 broadening of bounds forY

DY data at HL-LHC

_ qqg luminosity
250 1 Vs =14 TeV
1 1.10 A 1 HLLHC Baseline (68% c.l.)
O - \ 1 HLLHC WY PDF (68% c.l.)
1.08 -
1.5 1 Simultaneous PDF o
Fixed PDF % 1.06 -
1.0 - ©
0 @ 1.04
)
0.5 - — 5 1.02-
T
| 2 1.00
0.0 o
© 0.98
~0.5 - e«
0.96 A
_1.0 T 1 T T T T i v T T T 0.94 7] . . T T T T
-1.5 -1.0 -0.5 0.0 0.5 0 200 102 103
W/10~4

My (GeV)

v Simultaneous fit shows that at HL-LHC the effect of interplay between SMEFT fits and PDF
fits becomes important as bounds on Wilson Coefficients that affect high-mass invariant tails

broaden

v Also PDF uncertainties broaden significantly once SMEFT effects allowed in theory
predictions entering PDF fit

S. Iranipour, MU - arXiv: 2201.07240



3. Can PDFs absorb New Physics?
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* Imagine instead to generate artificial data
injecting a given underlying law:
“True” law of nature =
“True” PDFs + “True"” BSM model

* Can inject directly UV model or W/Y
SMEFT parametrisation in the region in
which SMEFT approximation is good

* Fit PDFs assuming SM

* |f fit quality of BSM (data) with SM (theory)
does not deteriorate with respect to SM
(data) with SM (theory) and PDFs deviate
from SM PDFs then the BSM signal is
absorbed by the PDFs!

' 8w au _ F U
W , _ -
V4 gSMEFT_gSM_ZMz JeRgE ;fL '
w L
82
7z _ 87 ]
X Lsuerr = Lsu g e H= Y i
f



3. Can PDFs absorb New Physics? Yes

* The fit-quality of the global fit is unchanged even with signal from Mw’ = 13.8 TeV
injected in all data (mostly visible in HL-LHC NC and CC Drell-Yan data)

* Once we go beyond this point ,the fit-quality deteriorates due to the HL-LHC neutral
current and charged current Drell-Yan artificial data.

* Already for Mw’ = 13.8 TeV the gqg~ luminosity shifts far beyond the PDF uncertainties
because anti-quark PDFs at large-x compensate or “fit away” the effect of New
Physics and we would not know in a real fit.

HL-LHC HM DY 14 TeV - charged current - e ch.

Ng
-2.8 0.0 2.8 5.7 8.5 11.3 14.1

ud + dd luminosity

VS =14 TeV ol M
Mw’ = 22.5
31.05- A 1.0 TeV
z Mw’ = 13.8
; oo BRSsEEEEz=z= oo oo 0.8}
S e c
e ’ RSy NS T S e
9 0.95- SN ) y s
2 SM D " 0al This NP-induced
o Mw' = 22.5 NS inconsistency
5 9997 Tev :
2 M’ - 13.8 oo muchy \ Max BSM bias - would
102 103 N . : : :
10 G model by global fit [¢ 1 2 3 4 5 &
x (GeV) XZ
without spoiling fit
quality

E. Hammou, et al 2307.10370



3. Can PDFs absorb New Physics? Yes

* The fit-quality of the global fit is unchanged even with signal from Mw’ = 13.8 TeV
injected in all data (mostly visible in HL-LHC NC and CC Drell-Yan data)

* Once we go beyond this point ,the fit-quality deteriorates due to the HL-LHC neutral
current and charged current Drell-Yan artificial data.

* Already for Mw’ = 13.8 TeV the qg~ luminosity shifts far beyond the PDF uncertainties
because anti-quark PDFs at large-x compensate or “fit away” the effect of New
Physics and we would not know in a real fit.

20l SM PI:I)FS I ® BSMMc:deI,W=8-104_ IBSM l ® BSMMc:deI,W=8-104

@ SM Model, W = 0 @® SM Model, W =0
68% CL
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Consequence #1:
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=
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effect of new physics as we
would find SMEFT bounds
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E. Hammou @HEFT2024



3. Can PDFs absorb New Physics? Yes

* The fit-quality of the global fit is unchanged even with signal from Mw’ = 13.8 TeV
injected in all data (mostly visible in HL-LHC NC and CC Drell-Yan data)

* Once we go beyond this point ,the fit-quality deteriorates due to the HL-LHC neutral
current and charged current Drell-Yan artificial data.

* Already for Mw’ = 13.8 TeV the qg~ luminosity shifts far beyond the PDF uncertainties
because anti-quark PDFs at large-x compensate or “fit away” the effect of New
Physics and we would not know in a real fit.
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4. How to avoid BSM bias in PDFs?

* LHCb on-shell at high rapidity data do not help as quark probed at large x, antiquark at
small x

* If we fit giving more weight (artificially increasing statistics) of fixed-target DY data on
proton/deuteron the BSM-induced inconsistency would be flagged

* Need more accurate low-energy/large-x constraining measurements to really
disentangle such effects

Flat direction in the anti-quark at large-x: FTDY data weighted

e ST Unweighted
= Accommodates PDFs to artificial data mmm Weighted on FTDY data

with BSM injected

Contamination flagged

= Allows for BSM bias in ggbar
luminosity

Including lower-energy large-x data:

o ' - '
Constrain large-x region 0 FTDY HM DY HL-LHC DY

® Safe from BSM contamination [Hammou, MU, 2410.00963]



L4' How to _avoid BSM bias in PDFs?

Kinematic coverage

Observable Naat Vs [GeV] | L [fb™1] I LHC
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0.2f ==~ NNPDF3.1+EIC (optimistic) [ | EIC would provide
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EIC to the rescue

R. A. Khalek et al, 2102.00018




4. How to avoid BSM bias in PDFs?

ud + dd luminosity

-2.8 0.0 2.8 5.7 8.5 11.3

Ng

Vs =14 TeV [77]1 Standard Model
1.2} S Myy= 13.8 TeV
— o2l My = 13.8 TeV + FPF
1.0 — 1ol == My = 13.8 TeV + EIC _
" .
a
a 091 [Hammou, MU, 2410.00963] %0.8 BSM data
= S flagged
Vg o
Q08 g 0.6¢
o —— SM PDFs £
= 1 My = 13.8 TeV (HL-LHC) (68% c.l.) 0.4
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—— My =17.4 TeV (HL-LHC + FPF)
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® Including the EIC artificial data alongside the HL-LHC ones reduces the BSM-bias in PDF
luminosity

® The HL-LHC data with Mw' = 13.8 TeV injected would be excluded from the fit as their
theoretical description with the SM would be too poor and the data would be considered

Inconsistent
® EIC inclusion would push the threshold of BSM bias up to Mw'~20 TeV and would make the
effect on PDFs much smaller



4. How to avoid BSM bias in PDFs? |

v Potential BSM effects, which might otherwise be absorbed into the PDFs, can be
disentangled in high-energy measurements by incorporating EIC measurements in a global

PDF analysis
v This minimises the risk of BSM-induced bias in PDF fits and allow for more consistent
identification of BSM effects in high energy data, which can then be analysed separately.

CC DY HL-LHC ratio over SM predictions
1 1 1

1.3F -
= BSM signal / osy ® fgsm
A A = BSM signal / Osy ® feic + Fer
Opsm X 35}\4 ~ Ogum X fZBSM L2 gswmsignal / eu® fam 1
Statistical uncertainty
1.1k~ SM prediction .
1 O
S
0.9t — -
6gsm ® Zsu F Osy ® ZLprcsrpr 08l - — L i
. BSM deviation
visible %
0.7} i
My, : 13.8 TeV

200 1000 2000 3000 4000
myy [GEV]

25

[Hammou, MU, 2410.00963]



L4. How to avoid BSM bias in PDFs?

ud + dd luminosity

1401 @ BSM Model, W =8-10* _ . Vs =14 TeV '
@ SM Model, W=0 . 7~ Baseline (68% c.l.+10) /I
68% CL '\ | Contaminated W=8e-5 (68% c.l.+10) ,/' ]
120 - +I_ 950/6 CL - 7 Contaminated W=8e-5, Simu fit (68% c.l.+10) ,/'
’ 1.05 - :

¢ 100} i .

L c

3 2 1.00

s 80F - - B

5 Deviation from SM: e

= Ng = 39 o

E 60r 7 - © 0.951

- PDF viewer &J-UJ

40 ]
0.90 A
20 -
] 0.85 - .
1.5 2.0 10! 102 103
W (x.104) . . my (GeV)
E. Hammou @HEFT2024

v Simultaneous analysis of PDFs and Drell-Yan sector Wilson coefficient in the
context of universal parameters of DIS + DY (including HL-LHC projections) using
simuNET method shows that if HL-LHC projections were generated by using a W’
BSM model, the simultaneous fit would be able to find the “true” SM PDFs and the
“true” SMEFT value!

[Costantini, Hammou et al - in preparation]



~Conclusions |

v The fits of the subnuclear structure of the proton involve wealth
of ingredients from low to high energy: non-perturbative effects,
perturbative QCD, experimental measurements, statistical and
mathematical problems, higher order predictions,
phenomenology tools, machine learning

v We reached a precision that was unthinkable and the very same
precision opens deeper problems

v After nearly 30 years spent looking into the proton ...

“The same thrill, the same awe and mystery, come agm’n and again when we look
at any proﬁ(ém afeqofy enougﬁ. With more Enowﬂec{ge comes afeeper, more
wonc[erﬁJ[ mystery, [uring one on to penetrate cfeq}oer still.

Never concerned that the answer may prove c[isajajoointing, but with Jofeasure
and conﬁdénce we turn over each new stone to ﬁncf unimagineaf strangeness
[éadi’ng on to more Wonofmﬁf questions and mysteries -- certain(y a gmncf

adventure! ”
R. P Teynman
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HERA data

QEI) Run 408955 Event 144778 Class: 4578911 1923252829 Date 30/0322005
Neutral
NC : Q**2 = 35000 GeV**2 ; E_e = 300 GeV Current
event
ep > e X

- Q) = 180 GeV

Incident e | y = 0.66
27 GeV -
L : rp = 0.47
;.
A/ R
Scattered e o .

The electron is scattered back

by 160 degree and got an energy
of 300 GeV.

Very virulent scattering !

H1 Events Joachim Meyer DESY 2005




HERA data

¢y  Run 403197 Event 81741 Class: 4 567 8 11 19 25 2829

RunDate 6/222008

CC: Q**2 = B3656 GeV**2; y=0.83 ; P_T=118

I | |
[ . 1 ||

. -
— — )
n
i
— — —
>TTY
_:.,l' -
. u
e -
. ..
- — /_-' £ e

Charged
Current
event

ep > vX

Q) = 289 GeV
y = 0.83
LB — 0.91

Joachim Meyer DESY 2005



Gluon is partially determined by scale dependence of DIS structure functions and
Drell-Yan/Vector Boson production

d
dlog p?

2
g (L
Faw.i?) = SV [Py © Fy(a, 1) + 20 Py © gl )

20 ! 1 1 1 ! 1 1 1 1 | 1
I I I

15 [+ —

10 - —

Mostly determine small-x gluon, large-x gluon hard to determine from DIS+DY only data



Heavy quarks are produced at threshold inside proton
Heavy quark production process (at ep and pp colliders) probe gluon

Dependence on heavy flavour scheme adopted in PDF fitting
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Heavy quarks are produced at threshold inside proton
Heavy quark production process (at ep and pp colliders) probe gluon

Dependence on heavy flavour scheme adopted in PDF fitting
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Charm, Bottom and Top have mass >> Aqcp - heavy quarks (HQ)

The presence of a new scale, mq, makes pert QCD calculations more challenging
Two well understood schemes:

Assume heavy quark effectively massless for Q > mq
HQ becomes active massless parton above threshold

Heavy quarks retain their mass for all Q
HQ is not a parton, it is a final state particle

However in PDF fits we have all scales. General-Mass Variable-Flavor-Number
schemes allow to match between the zero-mass and the massive scheme

. FONLL) __ 4 5 .
Many schemes available oFOMY) = 6 + 5 — double counting

— ,j (x1, X2, // ®Z ((1 “2))
X {ng) <X1 X2, ) ZA(p)( )(X1,X2 ( fgs)(/l2)l_) }

— double counting
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= 0.00010
solid: Massive ;
dashes: MassiveQ
dotted: Massless

dotted: FONLL

lllll

I N BN
- heavy quarks (HQ)

| D calculations more challenging

1 sless for Q > mQ

Many schemes available

B */// ] 'above threshold
7
Z ] Q2
. | s 1 article
= L .~ [-Mass Variable-Flavor-Number
1 2 5 Q/lglc 20 50 100 3nd the massive scheme

o(FONLL) — (%) 4 505) _ double counting

= Lij(x1, %2, p? ®Z( (5) )
- , k
X {ng) (xl,xz, %b) -+ ;}AEP)’(“)(XLxz)(a(ss)(;t2)L) }

— double counting



do/dp;Z [GeV]

Ratio th/exp

Experimental precision < 1% up to pT~200 GeV
Data hugely dominate by correlated systematic uncertainties

Interesting case-study to probe current theory-experiment frontier

1.2<|y,|<1.6

xg(x,Q), comparison

Ratio over NNPDF3.0

| 14— T L R L
66 GeV < M, < 116 GeV 1 -
\ ATLAS,8TeVLHC 13 S HERA
107 NNPDF3.0 ; = S\ HERA + 8 TeV
E ] 12 Q = 1.00e+02 GeV
NNLO — | -
10" NNLO+EW - - - 7 1.1
- Data +—+— ] o)
§ 1
100 ‘ E 09:_
F L 0.8
10" S ——— 07:_
NLO - —100 NNPDF3.0 I
NNLO — -
11 — NNLO+EW--- ] 0.6 1 Ll vl vl Ll 1
107 107 1073 1072 10~
L O O O . O S T X
O A O O O 1
oS T e " Data/Theory comparison not so intuitive for

_ . correlation-dominated data

" Fluctuation in NNLO predictions (0.5 - 1%)
had to be accounted for as extra nuisance

NNPDF3.0 — . .
al BEVLL) S 1 parameter to get a good fit of such precise

SR data




Gluon: direct photon production

* Prompt photon production directly sensitive to the
gluon-quark luminosity via Compton scattering
Isolated prompt photon data known at NNLO [Camphbell
etal 161204332 and accurately measured by ATLAS

ATLAS 8 TeV |'n"| < 0 6

1.20 r—— T
@ Data [ ] CT14
mem NNPDF3.1 BN ABMP16
115 F o MMHTI4 7]

1.04 A

1.00

Ratio to NNPDF3.1

0.96 1

1.02 ¢

0.98 1

789 NNPDF3.1
x99, NNPDF31+ATLASY

200 500

EY [GeV]
g at 100.0 GeV

10~

10-3

106 J

e ZpT
v Inclusive jets
»  Fixed-target lepton DIS

< Fixed-target neutrino DIS

» HERA
» Collider Drell-Yan
= Fixed-target Drell-Yan

* Top-quark pair production
+ ATLAS 8 TeV Direct Photon "~ ¢

g

Compton Annihilation

Fragmentation

Kinematic coverage
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Campbell et al 1802.03021



Parton Luminosities

% of total o (W'+W)

flavour decomposition of W cross sections

100

—
T

0.1

—
o

% of total o, (Z’)

flavour decomposition of Z° cross sections
100 [

0.1

—a
o
LI B I |
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Artificial neural networks are computer
systems inspired by the biological
neural networks in the brain

Data communication pattern
Currently state-of-the-art for several
Machine Learning Applications

Node of
Ranvier

Soma

Schwann cell

Myelin sheath

Logical Unit

At last — a computer program that
can beat a champion Go player PAGE484

ALL SYSTEMS GO




"MHOU in theoretical predictions

MR 12 s o
HE0 o | L
e o (2,2) 8k
° ° ° 3 g 6
03 s |
(1 1) L 4 'LLFO ! .
27 2 ) 2 N
|
>‘ .
E IW/1/ 277720
Increasing order in perturbation s
11 1 M ? ///////
theory reduced “scale” uncertainty §0-9
(or MHOU) in theoretical predictions gl Dulat et al 18

2 3 1
Y



tMHOU in PDF fits

NNPDF3.0, o = 0.118, Q% = 2 GeV?

B0
s NLO
%4 NNLO

xg(x,Qz)

S o N W » 00 OO N

5395908,
SXRRRA

00000000
g

L‘IIIIIIII. IIIIIIIIIIIIIIIIIIII

107 10°* 10° , 10? 10"

Ball et al, EPJC 77 (2017)

1.15

0.95

0.9

PDF fits performed at given perturbative order
PDF uncertainties only reflect lack of information from data
Theoretical uncertainties (dominated by MHOU) ignored so far

At NLO PDF uncertainties and MHOU comparable

Near future: NNLO PDF uncertainties will go down to level of MHOU
Inclusion of theory uncertainties is the next frontier

NNPDF3.1, Q*=10* GeV?

NLO PDF uncertainties

TH error (NLO => NNLO shift)

'_'"l""l'“'l""“I'|I:.‘.I:Il:'lllIlIl.|'Il'"‘|'."i."!".i'”r”f”:f:::F::rl::IrIl.r"'|""|'"'l""l“"l""'"_




LMHOU in PDF fits

® How to estimate MHOU in PDF fits?

¢ Compare fits with varied scales
® Useful to have indication on the size of MHOU in PDFs
® A posteriori combination?

® How to include them in the fitting methodology along with other sources of
theoretical uncertainty? - see tomorrow's lecture

g(x,Q=100 GeV) [NNPDF3.1 NLO DIS] g9(x,@%), NNPDF3.1 NLO

1,3 TTTT L lxtxu(" ”l)-(t‘ a)lv;‘PlaFunc T T =T 30_ — LTt —— T —T T TTT L L] | M
Y1 R P (. )=(2.2) | —— PDF errors, DIS-only -
----------- (pF.;tn)=(1/2.1l2) = -
» 1.2 e (npng)=(1,172) > 20| —— TH errors 7pt, DIS-only ]
3 - e (uo)=(1,2) = -
©1.15F e (Hepp)=(2.1) © _
8 ---------------- e (ps.;l&)=(1/2.1) 'q:) 10 __ ]
T Lo e T i
S105p " teell e S -
O e e 5ottt o 0 __ __
Q 1 g —/ —
) o [ _
- A T o _10F -
a o9 e --:t o - o
0-85 " PRELIMINARY : -20[— PRELIMINARY =
08 | A'.ll.lll“l e sl ol L T 1l Lol 1 Lol | R L1 11T

10 10° 10° 10” 107 10°° 1072 107"
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tE\ectroweak corrections

® Because a(Mz) ~ as(Mz)/10 = NLO EW corrections ~ NNLO QCD corrections

u Y

O(a”) [1]
M M >‘Q~< Virtual corrections O(CVQ) [1 T O(Oé)]
52 1H(M2 ) At large s these logs can become large

I:I > <§ }{ Real corrections - quark initiated

i><é><><



k Flectroweak corrections

* Because a(Mz) ~ as(Mz)/10 = NLO EW corrections ~ NNLO QCD corrections

u 14

W+

* NLO EW corrections become large in the large pT region of lepton but partially
compensated by photon-initiated real corrections

pr,1/GeV 25—00 50—-00 100-00 200—00 500—-00 1000—00
Ot /%0 —5.19(1) | —8.92(3) | —11.47(2) | —16.01(2) | —26.35(1) | —37.92(1)
6N+,,“/% —2.75(1) | —4.78(3) | —8.19(2) | —12.71(2) | —22.64(1) | —33.54(2)
Orec/ %0 —1.73(1) | —2.45(3) | —5.91(2) —9.99(2) | —18.95(1) | —28.60(1)
Onq/% +0.071(1) | +5.24(1) | +13.10(1) | +16.44(2) | +14.30(1) | +11.89(1)

Dittmaier, Kramer



( Flectroweak corrections

® Because a(Mz) ~ as(Mz)/10 = NLO EW corrections ~ NNLO QCD corrections

u Y

W+

14 TeV LHC
T I T T T T I T T T T I T T T T

 pp -> 1+1-

* NLO EW corrections become
large in the large pT region
of lepton but partially
compensated by photon-
initiated real corrections

0.2

NNPDF2.3QED

00— ]

dax/ afull

M:11
Boughezal et al Phys.Rev. D89 (2014)3, 034030



* How are PDFs modified by inclusion of initial photon PDF?

0’ ng(x 0% = D Pya(, @5(QD) ® fulx, 0%) + Pey(x, a5(0) ® ¥(x, 0P,
9.9-8

Q? qu(x 0) = ) Paalx, @5(0%) ® fu(x, Q) + Pgy(x, a5(0%) ® y(x, 07,

9.9:8

0 sz(x 0%) = Py ® y(x, 0) + ) Pya(x,as(Q%) ® fulx, Q7).

9.9-8

» DGLAP splitting functions expanded in powers of as and «

= as (m,n)
By ;(27r) (27r) Fij

2 2 2
P(O 1) _ C] P(l 0) P(O 1) _ q P(l 0) P(O 1) _ q P(l 0)

FEFEOFF




K Moditied DGLAP

QED corrections to PDFs, Q? = 1000 GeV?

* Quark and gluon 0.2
PDFs change up to i :
1% at |arge X Owamn ------------------------------------------------- S ‘ .

0.2 -]
2 04l ;]
s [ —9 vi ]

0.6 - u ]

g d A
-0.8— b
BEEEEE | 1

1L 1 Lol Ll Lol W
107 10 107 107 10 1

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



QED corrections to PDFs, Q° = 1000 GeV?
* Quark and gluon 02—

PDFs change up to

1% at |arge X Ow‘qghn ------------------------------------------------- e .

* How do we

determine the photon
PDF? .04
Qo

AR AN AN B B

IlIIIlIIIIIlIIIlIIIlIII

* Two ways in the next —9 H
slides: from data or 0.6~ - u _
fromtheory [ e d -

* In the best possible 08 s i-
world: theory input I ST R R Ll .
and data input 10° 10 10” N 10° 10” 1

together

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



kPhoton PDFs

* Largest correlations between photon PDFs and pp cross sections are for Drell-Yan
processes, but also for top pair production and VV production

S

I

W-l-

g-i-

Photon-induced Drell-Yan

Correlation Coefficient

Correlation Coefficient

, , - S —

1_ —

- WEEEA,

W HERNY

0.5/ S e T S

- Wl e e G

(] S— e s

0.5 . 3
- ATLAS High Mass DY

-1[: —

Q) = 100 GeV

Correlation between photon PDF and cross sections

10 10* 10° , 10? 10"

Correlation between photon PDF and cross sections

05K
X LHCb Low Mass DY
10° 10 10°  , 10? 107

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



tPhoton PDFs

Data-driven knowledge

Photon PDF at Q? = 2.0 GeV?

— e I T
i FTTET = central value i
_ H \ — 1-g uncertainty band -
S R — — 68% cl. -
~L o\ replicas i
- . \ DIS fit: NLO QCD + LO QED -
a | ) i
o L\ -
X - 3 .
= | 5 .
x i 1 i
0.5 .
: R :
= '.'..\.\—_——-.__ -

0 - - -..._.......,; ..... essseasesseressea -
10° 10 103 . 107 107 1

Photon PDF comparison at 2 GeV?

0.1 d

B e MRST2004QED ]

L Y ND A esseeed NNPDF2.3QED average .|
0.08 A NNPDF2.3QED replicas -
i \ ——— NNPDF 1o ]

i ~—— — NNPDF 68% c.l. i
0.06}- \\ -

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



kPhoton PDFs

» Data-driven approach associated
with a large uncertainty on photon

PDF
» Theory breakthrough: LUX PDF s
[Manohar, Nason, Salam, gi
Zanderighi,1607.04266]
10
102 £
= S
= &
S0 ;
>-
i;*
104 \'\', &
—— LUXgqed .
[ -~ NNPDF30
10-5 PP | Tl REIRRN | .
100 1000 10000
M [GeV]

e*e” production at LHC 13 TeV

pr(e*)>10 GeV, In(e*)l<2.5 3
Lepton PDF from evolution and initial prior ]
(apfel_nn23gednlo0118_lept) Tot. 3

MadGraph5_aMCENLO

100 |

: | L L | 1 : L L
3000 4000 5000

m(e*e’) [GeV]

L | L
2000

Bertone et al, 1508.07002



LPhoton PDFs

» QED is perturbative down to low scales = The photon must be computable is

the input mark substructure is known
* Manohar et al: write the cross section for a chosen BSM process, e.g. production
of heavy supersymmetric lepton L in ep collision (Drees, Zeppenfeld 1989)

T ap- k/ (27r)4 1€on(0°) [47Wo (p, ) L (k, @)] 276((k — q)* — M?)

(k) + p(p) — LK) + X *‘ “‘COZ/ oo St (5547

2.1:m

DT dp [Omex dQ? 0
22
27r z Jqz2. Q2 p( Q) ( 22
2x%m z2Q2 2zQ2 2£U2Q2m2
- Q2p+ Y R VT p)Fz(w/z,Qz)

22 24
+ (—22 — ;]\?2 + 22]\6424) FL(x/zan)] , (3)

Manohar et al 1607.04266 Theory-driven knowledge



Photon PDFs

» QED is perturbative down to low scales = The photon must be computable is

the input mark substructure is known

* Manohar et al: write the cross section for a chosen BSM process, e.g. production
of heavy supersymmetric lepton L in ep collision (Drees, Zeppenfeld 1989)

« Equate the two expressions and find analytically the PDF of the photon

= PDFs expressed in terms of the structure functions integrated over all scales,

including elastic form factors (in the x =1 region)

m.f’y/p(wau'z) —

2wa1(“2) a:;ldz_z{ wzmz %a (Q )

lz
2.2

[(zp,,q<z) + 52 ) Fao/5 Q") - 2 FL(2,Q7)

o az(,u'z)zzF2 (%7“2) } )

Theory-driven knowledge



tPhoton PDFs

(Data+Theory)-driven knowledge

LHC 13 TeV, NNLO pp—ott@ Vs=13TeV
T T T T T T T°7T -— e T [T rrrjrrrrprrro T ;
: | - o — PI3.11luxQED -
2l I LUXqed17 E T -
H . X g PI 3.0QED =
2 115ff S5 NNPDF3.1IuxQED —~ G g PDF errors E
[e] . o — .
§ 1.1 = % 10_155 o "‘g
Tc:: 1.05[ oty © g <
g L e s :
n 1 5 CF
S > E 107 i '
- E- | ) 7 g
2 o5 e £ T 00 //
5 g % 2
09—
: - 1 Il 1 L l 1 L 1 1 l 1 1 1 1 I 1 L L 1
0 85: Ui . o 10°° 500 1000 1500 2000 2500 3000 3500 4000
: M, (GeV
10 102 M, (GeV) 10°  (GeV)
Bertone et al, 1712.07053 PP>HW @ fs=13TeV Top quark pair production
T A RN IR R I I
0.14 — PI 3.1luxQED — u M/
Higgs-W associated production o2l PI3.0QED -
H o PDF errors .
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The charm of the proton

v Common assumption in PDF fits: the static proton wavefunction does not contain charm
quarks: the proton contains intrinsic up, down, strange quarks and anti quarks but no intrinsic

charm quarks

mass—
charge-
spin-

name-

Quarks

charm quarks heavier than the proton itself

2.4 MeV 1.27 GeV 171.2 GeV
%3 %5 %3 t
up charm top
4.8 MeV 104 MeV 4.2 Gev
v A s S ||n
down strange bottom

From J. Rojo’s talk at KIT

1.27 Gev



- The charm ot the proton

v Common assumption in PDF fits: the static proton wavefunction does not contain charm
quarks: the proton contains intrinsic up, down, strange quarks and anti quarks but no intrinsic
charm quarks

v The charm PDF is generated perturbatively (DGLAP evolution from radiation off gluons and
quarks)

2
() _ (n+1) Q n+1) ) _
=0 5 x a,ln =3 P,Q& f; + 0 (as) NLO matching
3FNS charm 4FNS charm ¢ 4FNS gluon

J(x)

4 flavour scheme, Q > m,

u®, 4@ 5@ (D@

E

3 flavour scheme, Q < m,

u®,d® 5@ g®

If charm is perturbatively generated, the charm PDF is trivial

From J. Rojo’s talk at KIT



The charm of the proton

v Common assumption in PDF fits: the static proton wavefunction does not contain charm

quarks: the proton contains intrinsic up, down, strange quarks and anti quarks but no intrinsic
charm quarks

v It does not need to be so, as an intrinsic charm component is predicted in many models.

THE INTRINSIC CHARM OF THE PROTON P(xg)

S.J. BRODSKY!

Stanford Linear Accelerator Center,
Stanford, California 94305, USA

and

P. HOYER, C. PETERSON and N. SAKAI ?
NORDITA, Copenhagen, Denmark

Xg

0 0.5 10

Received 22 April 1980

|p) = P53, | uud)+Ps, | uudce) + ...

Recent data give unexpectedly large cross-sections for charmed particle production at high x in hadron collisions. This

may imply that the proton has a non-negligible uudcc Fock component. The interesting consequences of such a hypothesis
are explored.



- The charm ot the proton

v Common assumption in PDF fits: the static proton wavefunction does not contain charm
quarks: the proton contains intrinsic up, down, strange quarks and anti quarks but no intrinsic
charm quarks

v It does not need to be so, as an intrinsic charm component is predicted in many models.

in this scenario, the charm PDF extracted from data in the global fit is the combination of the
perturbative (DGLAP) and the intrinsic components

c"=(x, Q) ~ ¢ (x, Q) + "V (x, Q)

e (pert) (intr)
Extracted / \
phenomenologically from QCD evolution from intrinsic _ (n/=3)
. c.” (x)#0
from data and matching component (intr)

How to disentangle perturbative from intrinsic components?

nb we define IC as the charm PDF once know perturbative component is removed



The charm of the proton |

0.03
3FNS
(perturbative
0.02 - component removed)
0.01 1

et (x)

0.00 ++=="

_0.01 - Intrinsic Charm, NNLO match (PDF+MHOU)
------ BHPS model
— = Meson/Baryon Cloud model (effective mass)
—0.02 -

0.2 0.4 0.6 0.8
T

R. D. Ball, A. Candido, J. Cruz-Martinez, S. Forte, T. Giani, F. Hekhorn, K. Kudashkin, G. Magni & J. Rojo, Nature 608 (2022)



K Covariance matrix

p
Theory is perturbative expansion to some order: ¢, = Z Cm
m=0
1
Standard case:  P(d|tp) o exp( - §(d —tp)" COVer (d — tp))

2
Aexp

Bayes’ theorem: P(ty|d) = P (d|lip()d l;)(tp) x P(d|t,)P(tp)

Assume Gaussian theory prior:

p
1
P(t,) = H P(¢y) where P(cp,) exp( — §cfncov;1{mcm)

m=0 2
X
Assume MHOUSs due to O(ar+1) terms only = marginalise these terms: t
Ptld) [ degia Pldicys1) Pltys)
X exp ( — %(d — tp)T(COVexp + COVth)_l(d o tp))
2
Xtot

Include higher order terms by induction




t Covariance matrix

N
X°= Y (dm — tm)(COVexp + cOVen)m (dn — ty)

m,n=1
= How to build correlations between different points?

(coven)mn = ((tp(LR, pF) — tp(ﬂ%’,aﬂ%))m(tp(URaﬂF) — tp(ﬂ?f{aﬂ%’))w

» Mr variations correlated across all processes by PDF evolution

» Mg variation correlated by process (hard cross section)

= Several recipes possible (3-points prescriptions, 7-points...)
= Details of correlations are also important
= A lot to be investigated



Covariance matrix

Experiment correlation matrix Experiment + theory correlation matrix for 9 points
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- s | on maa
. - T T ]
_ F Wi ¥ i = - H
0.75 _orem - e i i
B UL = T TR ]
= oimm ! g Eis o
DIS NC- 0.50 DIS NC . l-“" NN‘J " '“! ;
N L[ Bl P
10.25 v — wi = i
10.00 S it N N - wy B
DIS CCH —-0.2¢ DIS CC ! i
i 3 L] fif (N | i
—-0.5¢ jddddds ik B pEED
DY . : i
il gegengsiE B 1 :
-0.7¢ EERRER R INN N .l
JETS Top. . . — |
: ¢ G N &R
-1.0¢ 0\5‘\ 0\9c’ =1




| Hessian < Monte Carlo

" To convert Hessian into Monte Carlo, L
generate multi-gaussian replicas in 0 : SR
the fitted parameters space -2

" Accurate when the number of replicas '/
similar to that that reproduces the

At input scale Qz =1 GeV?

-6 MSTW 2008 NLO (Ay? =1)
data A 40 individual MC replicas
-8 - - - - MC average and s.d.
-5 -4 -3 -2 -1
10 10 10 10 10 1
NNPDF3.0 NLO, 0,,=0.118 @ Q° = 2 GeV? Thorne, Watt, 1205.4024 X
RN | AN RN | L
¥ Monte Carlo "~ To convert Monte Carlo into Hessian, sample the
N\ Hessian replicas f(x) at discrete set of points and construct

the ensuing covariance matrix

>

xg(x,Q)

Eigenvectors of the covariance matrix as a basis in
the vector space spanned by the replicas by the
singular-value decomposition

O O N W &~ O OO N

Generated with APFEL 3.0.0 Web

>

Number of dominant eigenvectors similar to
numbers of replicas for accurate representation

EET |
10°° 107

i |
107

LAl I
1072
X

10~

—_ ;IIIIIIIIIII IIIIIIIIllllllIIIIIIIIlI|llIIIIIII

Carrazza et al 1505.06736



kHessian — Monte Carlo

d( x=0.20, Q=100 GeV )

" —— NNPDF3.0
0.5— —— CT14
" e " Using Monte Carlo conversion of
e %4 e aussian . . .
5 | = Hessian sets, can combine different PDF
)
Q B . . . . .
z F — ] sets, combining MC replicas into a single
o u
5 I
9 o2 f 1 set
g F == S . i s | |
o | Useful for conservative estimate
- |~ =N " Combined set approximatively Gaussian
0o 3025 0.026 003 0038 0034 003 003 004 0042 0% 0046
XPDF(x.Q) NNLO, 0,;=0.118, Q = 100 GeV
PDF4LHC1 5 reCipe 1.25: -CMC-PDFNrep=30C' ek B kL
- Monte Carlo combination of most recent global 21 s NNPDF3.0
PDF sets [Forte, Watt] 115
- Each replica receives the same weight: uncertainty 5 11
smaller than in the envelope, as in the latter outliers !:os
are given a larger weight S
. . . > 1
- New compression studies: N=40 replicas are '
virtually identical to the original 300 replicas from i
the point of view of correlation, standard deviation, 09f-
observables [Carrazza et al.] P - PTTTY B ETTT BT, R
10° 104 w0° 107 107



tHessian method

Pumplin et al, 2-dim (i,j) rendition of d-dim (~16) PDF parameter space

hep-ph/0201195

contours of constant x2 1,4

2
u,: eigenvector in the Il-direction 0 X
p(i): point of largest a; with tolerance T
S,: global minimum

diagonalization and
>

rescaling by
the iterative method

« Hessian eigenvector basis sets

(b)

Original parameter basis Orthonormal eigenvector basis

0_?{ _ (H)ZJ 8ZX 8JX diagonalisation 0_?( — ‘VX‘z

z. eigenvectors of H with unit eigenvalues

= The total uncertainty is the sum in quadrature of the uncertainties due to each
parameter
= Ay?= ) 7.2 the surfaces of constant x2 are spheres in the z space of radius \/Ay2



LHessian method

X% 4
The actual 2 function displays

= A well pronounced global minimum 2

= Some tensions between datasets in the vicinity
of the minimum

= Some dependence on assumptions about flat
directions (= unconstrained combinations of
PDF parameters)

The likelihood is approximately described by a
quadratic x2 with a revised tolerance condition

P. Nadolsky, CTEQ summer school 2009



kHessian method

CTEQG®6 tolerance criterion

= Acceptable values of PDF parameters must agree at ~ 90% C.L. with all
experiments included in the fit, for a plausible range of assumptions about the
PDF parametrisation, scale dependence, systematic uncertainty

= Can be crudely approximated by assuming T ~ 10 for all PDF parameters

Eigenvector 4 Eigenvector 18
40 40
F 0F L o
; . - ) o § ; & g >
20 =& 2 O T w 5 N 20 -~ -~ T v < o
L bt - £ D - - e .ol = — -~ 4 —_ — —_ -
&, - &+ O & o Z S? @) O 4 . 9 ¢ T 2 X <€
S :1: I N % S 2 9 = I N 7 Y 9 F o = a
10 10
NEEEIEED 3 ENUEEER
R | g 0 * —
Z : z g |
= S ’ T = |
=10 ¢ - ' =10 ®
=20 f =20 ¢ ‘
=30 =30




Hessian method

k

MSTWOS8 tolerance criterion

MSTW 2008 NLO PDF fi

/100 (CTEQ)
+\/50 (MRST)

(MRST)
(CTEQ)

\s50
\N100
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| Statistical validation

o Level-0: if pseudo-data are identical to the input theory, then agreement with theory should be
arbitrarily good, i.e. X2 =0 but PDF uncertainty =0 only in the region where there are enough
data

© Level-1: add uncertainty to pseudo data equal to actually experimental uncertainties: replicas
fit same data over and over again, then x?2 =1 and test equivalent minima (parametrisation A)

o Level-2: generate Monte Carlo replicas of pseudo-data with fluctuations, then y2 =2 (data A)

Effectiveness of Genetic Algorithm in Level 0 Closure Tests Ratios of d at different closure test levels
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tBeyond fixed order

® Multi-scale processes: log(Qi/Qj) = L arise, which may spoil perturbative expansion
® |f (as* L) ~ O(1) fixed order perturbative QCD is no longer justified
® Resummation effectively rearranges perturbative series

fixed order all order (L = some large logarithm)
R LO In 2 —qrpntt | LL
ao go

+ciao NLO + o™ L" NLL

+ ... + ...

® Various kinds of logs:

L =log(1-x) threshold (soft-gluon) resummation
L=1log (1/x) high-energy (small-x) resummation
L = log (pT/M) transverse momentum resummation



LThresho\d resummation
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® |n the MSbar scheme PDF evolution does not contain large-x logs and the effect of
resummation can be included in resummed partonic cross sections

® Threshold-resummed PDFs will be suppressed as compared to fixed-order PDFs

® Mostly due to enhancement of NLO+NLL partonic xsecs used in the fit of DIS structure

functions and DY distributions

® Phenomenologically relevant for new physics processes [Beenakker et al. EPJC76 (2016)2, 53]



kPhoton PDFs

* Largest correlations between photon PDFs and pp cross sections are for Drell-Yan
processes, but also for top pair production and VV production
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kPhoton PDFs
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Data-driven knowledge
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» Data-driven approach associated with a large uncertainty on photon PDF

* Theory breakthrough: LUX PDF [Manohar, Nason, Salam, Zanderighi, 1607.04266]



LPhoton PDFs

« QED is perturbative down to low scales = The photon must be computable if

the input substructure is known
* Manohar et al: write the cross section for a chosen BSM process, e.g. production
of heavy supersymmetric lepton L in ep collision (Drees, Zeppenfeld 1989)
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Manohar et al 1607.04266 Theory-driven knowledge



Photon PDFs

« QED is perturbative down to low scales = The photon must be computable if

the input substructure is known

* Manohar et al: write the cross section for a chosen BSM process, e.g. production
of heavy supersymmetric lepton L in ep collision (Drees, Zeppenfeld 1989)

« Equate the two expressions and find analytically the PDF of the photon

= PDFs expressed in terms of the structure functions integrated over all scales,

including elastic form factors (in the x =1 region)
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tPhoton PDFs

LHC 13 TeV, NNLO
- LUXqed17
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