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Open questions in particle physics

The Higgs boson ( £1019 GeV (Planck scale)
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Open questions in particle physics

The Higgs boson

¢ Huge gap between weak and Plank scales?
¢ Compositeness? Non-minimal Higgs sector?

¢ Coupling to Dark Matter? Role in cosmological
phase transitions?

¢ Is the vacuum state of the Universe stable?

Bullet cluster

Juan Rojo

Dark matter
¢ Weakly interacting massive particles?
Neutrinos? Ultralight particles (axions)?

¢ Interactions with SM particles? Self-
interactions?

& Structure of the Dark Sector?

Mass density
contours
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Open questions in particle physics
The Higgs boson Dark matter

¢ Huge gap between weak and Plank scales? ¢ Weakly interacting massive particles?

¢ Compositeness? Non-minimal Higgs sector? Neutrinos? Ultralight particles (axions)?

¢ Interactions with SM particles? Self-
interactions?

¢ Coupling to Dark Matter? Role in cosmological
phase transitions?

& Structure of the Dark Sector?

¢ Is the vacuum state of the Universe stable?

Quarks and leptons

¢ Why 3 families? Origin of masses, mixings?
¢ Origin of Matter-Antimatter asymmetry?
¢ Lepton Flavour Universality?

¢ Origin of neutrino masses? Are neutrinos
Majorana or Dirac? Leptons

Juan Rojo Nuclear Physics Seminar @ UCLA



Luminosity [cm?s]

Open questions in particle physics
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Crucial information on these fundamental questions will be provided by the LHC:
the exploration of the high-energy frontier has just started!
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The Inner life
of protons
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The many faces of the proton

QCD bound state of quarks and gluons
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The many faces of the proton

QCD bound state of quarks and gluons

Origin of mass?
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The many faces of the proton

QCD bound state of quarks and gluons

Origin of mass? Origin of spin?
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The many faces of the proton

QCD bound state of quarks and gluons

Origin of mass? Origin of spin?

Gluon-dominated
matter?
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The many faces of the proton

QCD bound state of quarks and gluons

Origin of mass? Origin of spin?

Gluon-dominated 3D imaging?

matter?
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The many faces of the proton

QCD bound state of quarks and gluons

Origin of mass? Origin of spin?

Gluon-dominated 3D imaging?

matter?

Heavy quark content?
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The many faces of the proton

QCD bound state of quarks and gluons

Origin of mass? Origin of spin?

Gluon-dominated 3D imaging?

matter?

Heavy quark content? Nuclear modifications?
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The proton in the spotlight

THE SCIENCES

Proton Spin Mystery Gains a New After 40 years of studying the strong
Clue nuclear force, arevelation
This was the year that analysis of data finally backed up a prediction,
N u c I eo n p re s s u re 181::1:: gurll ltllzleel:ri(fiotgzos, of a surprising emergent behaviour in the

—~—

The inside of a proton endures
more pressure than anything
else we've seen

Non-zero gluon polarisation
Scientific American (2014)

BFKL dynamics
The Guardian (2017)

FEELING THE PRESSURE Extreme pressures are found within the proton, scientists report. The proton contains three particles called
quarks (illustrated) as well as gluons, which hold the particle together.

Science News (2018)

The proton keeps surprising us as an endless
source of fundamental discoveries
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From colliders to the cosmos

New elementary particles
beyond the Standard Model?

Origins and properties of
cosmic neutrinos?

Nature of Quark-Gluon Plasma
iIn heavy-ion collisions?
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From colliders to the cosmos

New elementary particles
beyond the Standard Model?

Origins and properties of
cosmic neutrinos?

Nature of Quark-Gluon Plasma
iIn heavy-ion collisions?
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Parton Distributions

Proton energy divided among
constituents: quarks and gluons

Parton Distribution Functions
(PDFs)

|

Determine from data:
Global QCD analysis
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Parton Distributions

Proton energy divided among
constituents: quarks and gluons

Parton Distribution Functions
(PDFs)

|

Determine from data:
Global QCD analysis

Lattice QCD starting to also make an impact
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Parton Distributions

Proton energy divided among
constituents: quarks and gluons

Parton Distribution Functions
(PDFs)

|

Determine from data:
Global QCD analysis

/

Mass? Spin?

Heavy quark content?
Novel QCD dynamics?
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Parton Distributions

Proton energy divided among
constituents: quarks and gluons

Parton Distribution Functions
(PDFs)

|

Determine from data:

Global QCD analysis
Mass? Spin? Theoretical predictions
Heavy quark content? for LHC, RHIC, IceCube?

Novel QCD dynamics?
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Parton Distributions

NLHC(H) ~ 8 X g ® gggH

Parton Distributions

All-order structure: QCD factorisation theorems



Parton Distributions

g(z, Q)
\ Energy of hard-scattering reaction:
inverse of resolution length

Probability of finding a gluon inside a
proton, carrying a fraction x of the proton x: fraction of proton
momentum, when probed with energy Q momentum carried by gluon

Dependence on x fixed by non-perturbative QCD dynamics: extract from experimental data

¢ Energy conservation: momentum sum rule

1 ny
J dx x ( Y (4. 03 + gy(x, 03] + g(. Qz)) =1

0 i=1
& Quark number conservation: valence sum rules

1
J dx (u(x, Q%) + i(x,0%) =2

0
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Parton Distributions

g(r, Q)
\ Energy of hard-scattering reaction:
inverse of resolution length

Probability of finding a gluon inside a
proton, carrying a fraction x of the proton x: fraction of proton
momentum, when probed with energy Q momentum carried by gluon

Dependence on Q fixed by perturbative QCD dynamics: computed up to @ (aj )

nld
a(r, 09 = | =P, (=002 ) ¢z 0Y

. Z Z

01ln Q2

¢

DGLAP parton evolution equations
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The Global QCD analysis paradigm

QCD factorisation theorems: PDF universality

Glp—wX — EM}/—Nl ® M(X) * 6pp—>W — guj—)W ® u(x) ® CZ(X)

Q

u(x) —

e —

_a—

Determine PDFs from deep- ... and use them to compute predictions
inelastic scattering... for proton-proton collisions
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A proton structure snapshop
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gluons & sea quarks :

xf(x,u2=10" GeV?):




Why do we need
better PDFs?
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Why do we need better PDFs?

PDF uncertainties in the production of New Physics heavy resonances up to 100%

Due to limited coverage of the large Bjorken-x region

g
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g”"GFG"GTGTG"GFG"

Juan Rojo

gluino-pair production in supersymmetry

28
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Why do we need better PDFs?

PDF uncertainties one of dominant theory errors in Higgs production cross-sections

any small deviations of Higgs couplings from SM predictions: smoking gun for BSM

Inclusive Higgs production rates

Gluon-Fusion Higgs production, LHC 13 TeV
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Why do we need better PDFs?

Snowmass 13

BSM model Deviations in Higgs coupling to

W, Z weak bosons | bottom quarks | photons
New heavy Higgs boson 6% 6% 6%
Two-Higgs Doublet model 1% 10% 1%
Composite Higgs -3% 9% 9%
New heavy top-like quark 2% 2% +2%
Gluon-Fusion Higgs production, LHC 13 TeV
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Why do we need better PDFs?

¢ Heavy bSM physics beyond the direct reach of the LHC can be parametrised in a
model-independent in terms of a complete basis of higher-dimensional operators: this
is the Standard Model Effective Field Theory

Nag Nd8
ﬁSMEFT—QSMJrZAQ -I-Z e

& Some operators induce growth with the partonic centre-of-mass energy:
increased sensitivity in LHC cross-sections in the TeV region

2 2
o(E) = ogy(E) 1+Z o Z"‘CE +0 (A

|

enhanced sensitivity from TeV-scale processes:
unique feature of LHC
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Why do we need better PDFs?

Deviation from SM prediction
in high energy tails?
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CA Lee, HL/HE-LHC Jamboree, 1 March 2019
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Why do we need better PDFs?

Deviation from SM prediction
in high energy tails?

ITTIIIIIIIIIIII]IIT]TTIIII1]1TIIIII]III‘

LA

ATLAS Simulation Preliminary
Vs=14 TeV, 3000 b 1

—
o
w

I IIIUII

Events Above Cut
>
F 9
I IIHIII

— WW'jj (EW)

—
o
n

LI IIIIH]

10

IRRRLLY
/y

1 IHHI

I l | l L1 1 l | l I l Ll L l | - l L1 l | l i1 1

0 200 400 600 800 1000 1200 1400 1600 1800 200
m, Cut [GeV]

CA Lee, HL/HE-LHC Jamboree, 1 March 2019

SMEFT interpretation: from a massive particle at high energies ...
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Events Above Cut

104

10°

102

10

Why do we need better PDFs?

Deviation from SM prediction
in high energy tails?
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CA Lee, HL/HE-LHC Jamboree, 1 March 2019

...or reflecting our limited understating of proton structure?
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Hot and Cold Nuclear Matter

& Cold nuclear matter effects modify the R — Bound Nucleon PDF in Nucleus A
PDFs of bound nucleons as compared to A Free nucleon PDF

the free-proton case |

A

) F i
¢ Rich QCD phenomenology: EMC effect, M§I§2.'~.

shadowing, non-linear evolution, ....

Anti-Shadowing

& Onset of new gluon-dominated state of /\\ /
matter: the Color Glass Condensate Xe—— 001 x =04 R,
x~0.1 EMC
effect

Shadowing
Relativistic Heavy-TIon Collisions

Nuclear PDFs b X

Hadronization

Initial energy

density | ¢ Initial state of heavy-ion collisions:
e o : Quark-Gluon Plasma characterisation

QGP phase ',

)

r
N

/ — ¢ nPDFs also required for ultra-high-energy
colision ¥ astrophysics e.g. neutrino telescopes

overlap zone
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Neutrino telescopes as QCD microscopes

Ultra-high energy (cosmic) neutrino - nucleus scattering:
unique probe of small-x PDFs and QCD

—>— IceCube 6-year HESE showers Bertone et al 18
> N = Free isoscalar
----- N=H,0
-+=N=HO

o [PP]

neutrino

O'CC
(v+

Order = NNLO+NLLx
PDF = NNPDF3.1sx+LHCb

Nuclear corrections = EPPS16

O('\l

-n :
[l . ==
air/water target N s
2 09 s e
é ~ -
X OSI_T I L lIl“lI 1 1 llllllI L 1 lIlllII 1 1 IIlIlll 1 1 lllIllI 1 1 Ilm-il

10* 10° 10° 10 10° 10’ 10"

E _ [GeV]

Sensitive to small-x quarks (and gluons via evolution) pertone, Gauld, JR 18

downtox =108 at Q = Mw
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Machine Learning
In particle physics
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Machine Learning in Particle Physics

¢ Machine Learning: families of computer algorithms that learn how
to excel on a task based on a large sample of examples rather
than on some a priori fixed rules

¢ ML algorithms are nowadays ubiquitous, from driverless cars to
Amazon’s purchase suggestions, to automated medical imaging
recognition to beating the words best players at Go and chess

¢ Nowadays a standard element of the HEP toolbox as well

Jet 0
Et = 311.38 GeV

38
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Artificial Neural Networks

Inspired by biological brain models, Artificial Neural Networks (ANNs) are mathematical
algorithms designed to excel where domains as their evolution-driven counterparts outperforms
traditional algorithms in tasks such as pattern recognition, forecasting, classification, ...

Hidden nodes layer

Input nodes layer

iInput x1 : ’
Input x2 ! ‘

Input x3

—

N\ Output nodes layer
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Artificial Neural Networks and PDFs

£?
¢ Neural Networks can be used universal
£ £® unbiased interpolants to parametrise PDFs
ol
x W
< 5 ol > ¢ Removes model dependence: unbiased
52 62 12 élL
> . learning the physical laws from data
In1/x (&' /0
& & ¢ Highly redundant parametrisation: identical
results if O(10) increase in # free params
ED
Proton PDFs Nuclear PDFs
d _b C ~Y 2 d
TraditiO"a‘ g(x) ~ x72(1—-x) R (x,A) ~ (1 + bx+cx”) x A
a1 Nets g(x) =~ NN(x) R,(x,A) ~ NN(x, A)
Net

X: proton’s energy fraction carried by gluons

A: number of protons + neutrons
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Generative Adversarial Networks

¢ New architecture for an unsupervised neural network training (unlabelled samples)

¢ Based on two independent nets that work separately and act as adversaries:

¢ the Discriminator (D) undergoes training and plays the role of classifier

¢ the Generator (G) and is tasked to generate random samples that resemble real

samples with a twist rendering them as fake samples.

Latent
Space

—

Generative Adversarial
Network

Real
Samples

=

S 18D
‘. Correct?

Generated
Fake
x Samples
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Image generation with GANs

https:/thispersondoesnotexist.com/
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Recurrent Neural Networks

RNNs use as inputs not just the current “training examples” but also what they have
perceived previously: built-in notion of time ordering useful for time-dependent functions

Recurrent network

—— output layer
input layer N (class/target)

hidden layers: “deep” if > 1

The output of a RNN at time time, y(t), depends both on the current input example x(t) as
well as of its previous output y(1-1) (or activation states of hidden neutrons at #-7)
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Al-based artificial text generation

SYSTEM PROMPT
(HUMAN-WRITTEN)

MODEL
COMPLETION
(MACHINE-
WRITTEN, 10 TRIES)

https://openal.com/

In a shocking finding, scientist discovered a herd of unicorns living in a remote,
previously unexplored valley, in the Andes Mountains. Even more surprising to the
researchers was the fact that the unicorns spoke perfect English.

The scientist named the population, after their distinctive horn, Ovid’s
Unicorn. These four-horned, silver-white unicorns were previously unknown
to science.

Now, after almost two centuries, the mystery of what sparked this odd
phenomenon is finally solved.

Dr. Jorge Pérez, an evolutionary biologist from the University of La Paz, and
several companions, were exploring the Andes Mountains when they found a small
valley, with no other animals or humans. Pérez noticed that the valley had what
appeared to be a natural fountain, surrounded by two peaks of rock and

silver snow.

Pérez and the others then ventured further into the valley. “By the time we
reached the top of one peak, the water looked blue, with some crystals on top,”
said Pérez.

Pérez and his friends were astonished to see the unicorn herd. These creatures
could be seen from the air without having to move too much to see them — they
were so close they could touch their horns.

While examining these bizarre creatures the scientists discovered that the
creatures also spoke some fairly regular English. Pérez stated, “We can see,
for example, that they have a common ‘language,’ something like a dialect
or dialectic.”

Juan Rojo Nuclear Physics Seminar @ UCLA



The optimisation conundrum

(Stochastic) Gradient Descent

=

N
“”i S

space (hundreds/thousands free params)
';: S """
o,

& A challenge for any QCD global analysis is
%\“0 Oit'
s “"’ll/’l//
{ Ul ool

the efficient exploration of huge parameter
“:s’o,o &
Ql'l

& Several pitfalls to be avoided: under-fitting,
over-fitting, local minima, saddle points, ....

Genetic Algorithms

Generation 1 Generation 2

Generation 3

& Deterministic algorithms: follow the
gradient of the cost function

Generation 4 Generation 5 Generation 6

¢ Evolutionary algorithms: act on

population of solutions with random
mutations and selection

Juan Rojo 4
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Parton Distributions with
Theoretical Uncertainties

Based on NNPDF Collaboration: R. Abdul Khalek, R. D. Ball, S. Carrazza, S. Forte, T. Giani, Z.
Kassabov, R. L. Pearson, E. R. Nocera, J. Rojo, L. Rottoli, M. Ubiali, C. Voisey, M. Wilson

arXiv:1905.04311, submitted to PRL
arXiv:1906.10698, submitted to EPJC
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PDF uncertainties

PDF uncertainties receive contributions from different sources:

L | IIIIIII| | T Tl | IIIIIII| | [

NNPDF3.0 I LvIO Closure Fit

Closure Tesls I Lvi1 Closure Fit
LvI2 Closure Fit &

ou(x, 0 = 1GeV)

] IIIIII| | | lllllll ] ] lllllll | | Illllll ] |-

10 10 10 1072 10 1

X

extrapolation/
degeneracy

input functional form

(parametrisation)

experimental data
uncertainties

What about theory uncertainties? Parametric theory errors from éas, dmc are

routinely accounted for, but other relevant contributions are missing ....

T/
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QCD uncertainties in PDF fits

Standard global PDF fits are based on fixed-order QCD calculations

_ +1 +2 +3
c=alocy+a op+a" o, + O(a)]"")

The truncation of the perturbative series has associated a theoretical
uncertainty: Missing Higher Order (MHO) uncertainty

How severe is ignoring MHOUSs in modern global PDFs fits?

g(x,Q?=100 GeV?), NNPDF3.1NLO
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A theoretical covariance matrix

Construct a theory covariance matrix from scale-varied cross-sections
and combine it with the experimental covariance matrix

N, dat

N;t Z (D;—T;) (C + )} <Dj - 7})

= L

experimental theoretical

1=

assumption: theory errors are Gaussianly distributed around true value

Formally the theory covariance matrix is defined as

5, = (T, -7, - T)) = (8,4,

7N

true result actual calculation

How to estimate these theory systematic shifts?
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A theoretical covariance matrix

Here we use scale variations to estimate the MHOUSs

A; (Kp k) =T, (K, k) — T; (0,0)
N\ ! N

labels data points

2 2 -
Kqry = In /
in process a f(r,) Heir) 0 central prediction

theory shifts

note: renormalisation scale variations are only correlated within the same process

Sij =n, Z Aia(K'f, K,,a)Aib(Kf, K,,b)

v
m
theory covariance matrix / .

normalisation factor sum over scale variations

Different prescriptions for scale variations possible:
Need to validate which ones exhibit the best performance
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Point prescriptions

symmetric prescriptions

single process

. Kp ~ Ky ~ Ky
® In4 [ J ® L ® L

. . . K f * K f . * ° K f

—In4 In4
—In4 @ ® o o ® ®
5-points 5bar-points 9-points
Ky, .

Ky

Pair of processes Xy
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The theory covariance matrix

covariance matrices

Experimental Covariance Matrix Theory Covariance matrix (9 pt)
2 . '
101 . 10!
100 : 10°
10 ;
Lo 5 10-1
10-2 1072
‘.! =
DIS NC DIS NC
s
o}
0 .g 0
ES
DIS CC DIS CC
-10-?
DY 101 DY : -107*
. -10-1
-10 ; _108
JETS -10' JETS .
TOP -10? TOP __ =10

Rich pattern of theory-induced correlations:

Absent if only experimental errors considered
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The theory covariance matrix

correlation matrices

Experimental Correlation Matrix Experimental + Theory Correlation Matrix (9 pt)

e 1.00
W r o S
::: R ' | ““‘I R i - ] 1.00
(N TN LA R
'-;’-llt:‘- En L L R T T "
TE mEw 0.75 e e B B oEEN
e R WEEREY = o= e 0.75
ST N o e e
’ NYYRYY B o= e
\ — -
\\ ! ! 0.50 S S S - —— — — - —— " ; - — 0.50
DIS NC i i pisnc MEEEEE I - . . P E
TERTTRINT N W1 I " oE
025 LR R 1" o - [ 1 - - 025
EEEfEE R B :E EIE
EEEEEETl B =B 1}
0.00 e e &= = 0.00
--------------------------------- - Ry SR =
o !
3 :E!:E\ i -0.25 gu:i:i?&\ -0.25
DIS CC | DIS CC R
N F | 3 Ei
- =050 W B eI T L ST e BRaee e ) TN ———— -0.50
‘N i T T T " mi it g l‘- =' ;=.
DY ; : i DY Ham
i Nt ! B TRERI R O e - mr s _
| \l.. Ll 0.75 ‘ EE a8 -1 - 0.75
_____ : B LR [ L WREmE
JETS § ifi JETS
TOP fozzzmzmzazemcasnencacene : oot DR _ TOP -
W\ < ot QX 1.00 © < = 1.00

Rich pattern of theory-induced correlations:
Absent if only experimental errors considered
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()

% wrt central theory T.

30

201

=
o

o

I
=
o

_20_

_30_

Validation

Systematic validation of NLO theory covariance matrix on the "exact’ result,
the NLO=>NNLO shift, for O(3000) data points of the global PDF fit

estimate for MHOU at NLO ——> —— MHOU (é pt) .
“true” result —>» —— NNLO-NLO Shift |

i

| (/ | (J 1 ;\ 1 I% 1 IIQ
Q C Q N <O
X & & A

Scale variations: good estimate of MHOU for processes of relevance in PDF fits
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Impact on PDFs

NNPDF3.1 Global, Q = 10 GeV

[EENLO.C
~ NLO, C+5(9pt)

¢ True result (NLO to NNLO shift)
contained within the NLO C+S band

¢ Central value of NLO C+S shifts towards
true result in most cases

& Moderate (but not dramatic) increase in
overall PDF uncertainties

Juan Rojo

NNPDF3.1 Global, Q = 10 GeV

= NLO, C :
1o - NLO, C+S(9pt) | -
q) —
< ]
O 11 —
< ]
W
<1
O 3
¢] N
209 -
pq ]
0.8 ]
|||||| ||||| ||||| ||||| |
1 0—5 1 0—4 1 0—3 « 1 0—2 1 0—1
NNPDF3.1 Global, Q = 10 GeV
1.3 ||| T LI L L L LTI L L LTI /ﬁ
1.25 SR NLO, C %
T 1.2 == NLO, C+S(9pt)
=115 NNLO, C Z
(:5 S S ST S S S S S S S S S S S S S S S S

/
/,

NN\

/
7 /
///////???????;???/////// /,

1073

X
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o [pb]

Impact for LHC phenomenology

Higgs production: gluon fusion

Higgs production: Vector Boson Fusion

4.04 -
dark: PDF uncertainty
50 -
¢ 44 4.02 eft: C
¢ } right: C+S (9pt)
4.00 -
45 =
3.98
) [
40 = — 3.96
e}
¢ ’ 3.94
35 - |
3.92
dark: PDF uncertainty
3.90
30 eft: C
ight: C+S (9pt)
righ pPt) 388 -
T T T T T T
NLO NNLO N3LO NLO NNLO N3LO

Depending on process, main consequence of MHOUSs in PDF fit for LHC
pheno is shift in central values, increase in overall PDF uncertainties, or both

56
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Can New Physics Hide
Inside the Proton?

Based on S. Carrazza, C. Degrande, S. Iranipour, J. Rojo, M. Ubial

arXiv:1905.05215, submitted to PRL
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SMEFT & PDFs

¢ Heavy bSM physics beyond the direct reach of the LHC can be parametrised in a
model-independent in terms of a complete basis of higher-dimensional operators: this
is the Standard Model Effective Field Theory

Nag Nd8
ﬁSMEFT—QSMJrZAQ -I-Z o

& Some operators induce growth with the partonic centre-of-mass energy:
increased sensitivity in LHC cross-sections in the TeV region

2 2
o(E) = ogy(E) 1+Z o Z"‘CE +0 (A

|

enhanced sensitivity from TeV-scale processes:
unique feature of LHC
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GeV?)

95% Confidence Level Bounds (1/TeV?)

® Fixed target DIS
Collider DIS
Fixed target Drell-Yan

>

106 Collider Inclusive Jet Production

Collider Drell-Yan
Z transverse momentum
Top-quark pair production

O Black edge: New in NNPDF3.1

SMEFT & PDFs
NNPDF3.1

10° -
| - : <
104 i o o) o o
] > DIDIDDD>DDDD>DDDD>ID > D o> R o S > L9 o> >
] > > >> DDODDD>DDDDIE > D> D> D > DEDDEDSDODD D> > D O IO B> oD IROMXYDDSNID DUSD DE> > D> D> > >
1 o o) o) o) o 00000« o) o)
1 o0 ©0 O o o
| >
~ ~ ~ ~ ~ ~mime = (o) o)
. SMEFIT analysis of LHC top quark data o o
. - o) o)
I SMEFIT global (marginalised)
mm SMEFT individual Hartland et al 19 Vy

Il | HCtopWG EFT note
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SMEFT & PDFs
NNPDF3.1 Jet production

Fixed target DIS
Collider DIS
Fixed target Drell-Yan
106 _ Collider Inclusive Jet Production
] Collider Drell-Yan
Z transverse momentum
Top-quark pair production
O Black edge: New in NNPDF3.1
10° -
A =10 TeV I = I = [ =
) o o
10 o o o <
. 104 ) o o %0 g _ _
~ ] 515051 >0 e o & DN DO R oD
> ] Lini=3 ab_ §>I>I>l>cl)>l>i>lzci)>ol:tc)) E)>ou:o ougo»gmmbmwbmwbwb D> D>
8 > o0 o © o o
= _ -1 o 00000 @ o o
(\Cl)’ ] Lint=300 b 00 0 .0 0 o
103 4 ’ 1 09 o7 oy oy o
Lillf=100 fb_ Y Vy
Alteetal 17
v
% 1%
1024 25
Q
101! -
] -9
o T 1 T
1072 1071 10°
-10
-2 -1 0 1 2
o)
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Fixed target DIS

Collider DIS

SMEFT & PDFs
NNPDF3.1

<
Fixed target Drell-Yan p <
106 i Collider Inclusive Jet Production i
] Collider Drell-Yan <]<,<1<'<]<]
Z transverse momentum <]<1<'
Top-quark pair production O<1<1<1 <]<1<'<]<1
. ; < <<
. : g
. Black edge: New in NNPDF3.1 4 I3
10° 5
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104 A o o o o oooooo 40 O g <« < < 4
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10° -

10° -

Q2%(GeV?

10° -

10° -

10" -

+ 10 4

Naive approach

Separate LHC data into input for PDF fits and input for SMEFT studies?

O

Kinematic coverage

Fixed target DIS
Collider DIS <
Fixed target Drell-Yan

Collider Inclusive Jet Production dqq
Collider Drell-Yan

Z transverse momentum
Top-quark pair production
Black edge: New in NNPDF3.1

SMEFT

PDFs

v v v
v AV4 v
Vv v
A4 AV v 4 -4 v
Vv v vV W
\ v v
10~ 1073 1072 10°1 100

Can we do better?
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Simultaneous PDF+SMEFT fits

Our goal: constrain simultaneously both the PDFs and SMEFT degrees of freedom

Proof of concept: DIS-only fits where SM augmented by four d=6 SMEFT operators

a —_
Z'SMEFT = Z'sMm Z A2 (ZRV ZR) <QR7’,HR)

qg=u,d,s,c

which can arise e.g. from a Z’boson with non-universal couplings to quarks

These SMEFT operators modify the DIS structure functions and thus affect the PDF fit

,0°

0* _
AFSMEFT 40,022 (1 + 4K sin® O) + 3a2— ) (u+ )
12¢4 A2 Y A4
\ /
SMEFT effects enhanced by Q2 :
constrain from HERA data!
from interference with SM from squared amplitude
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Impact on the PDFs

For a large region of the allowed parameter space,

SMEFT effects can be partially (but not completely) reabsorbed into the PDFs

NNPDF3.1 DIS-only, Q = 10 GeV

- (a,a,a.a)=(0,0,0,0)

/

v — (-
27?/2/2 (au,ad,as,ac) =(-1.3, 1.3,0.0, 0.0)

1.2

/
!

11517~

1.1

1.05

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

4IM

<Z
< 0.95 %&

0.9

/4
/

0.85 c 3
107 107 107 107° 107"
X
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Fingerprinting BSM effects

Tell-tale sign of SMEFT effects: rapid variation with Q (DGLAP evolution slower)

NNPDF3.1 NNLO DIS-only

1.30
1.25 A
§ 1.20
-
~~
(©
NT 1.15
A1
—4- SM: (a,, aq4,as,ac)=1(0,0,0,0)
1.104 —e— SMEFT: (—1.3,1.3, 0, 0) pre-fit
-8 SMEFT: (-1.3,1.3,0,0) post-fit

1.05 1 I 1 I 1 | 1 I
25 50 75 100 125 150 175 200

Qmax (GeV)
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Fingerprinting BSM effects

We can compare bounds on SMEFT degrees of freedom in the joint fit
as compared to the usual approach where PDFs are kept fixed

90%CL allowed region

- == DIS (this work, prefit, marg.) §
- = |Low energy (marg.) SM |
S === DIS (this work, prefit, ind.) -
- === Low energy (ind.) _-=2Z1
- — - LEP dijet (ind.) —=ZJ-""
- === DIS (this work, postfit, ind.) - l
0 - ===« LEP dijet+DIS (postfit, ind.) ]

i ,v”a

P el
A - Vs

;Bc ,—":::”’ ,_.—”’ |
sf=-- ]
-10 - )
| | | | I | | | ] ] | | | | ] 1 |
-2 -1 0 1 2

Ultimate goal (HL-LHC timescale): simultaneous PDF+SMEFT global analysis!
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Neutrino Telescopes
as QCD Microscopes

Based on V. Bertone, R. Gauld, J. Rojo
arXiv:1808.02034 (JHEP)

68
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The small-x gluon from HERA data

& Small-x gluon unconstrained:

information from HERA ends for x<10-4

& Large uncertainties in global fits

¢ Need processes covering x<10-4region

NNLO, a,=0.118, Q = 1.7 GeV
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Iog10(x2)

Forward charm production

pp—Cct, (s =7 TeV

e
pT(Db) <8.0 GeV

40<y(D% <45
<x> =5.1e-02
- <x,> = 1.5e-05

I
| !0.014

0.004
0.002

Charm -
1 0.012
@gLHCgb ........ 1 Jo.o1
3 0.008
4 ~0.006

Juan Rojo

LHC: charm production
from gluon-gluon scattering

LHCb: forward coverage,
Charm probes down to x = 10-6!

D

nb: dependence on D
meson fragmentation

PROSA 14
Gauld et al 15
Cacciari et al 15
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Forward charm production

¢ Include LHCb D meson production at 5, 7,

13 TeV

¢ Fit normalised distributions & ratios

between CoM energies to reduce MHOUs

gluon PDF uncertainties reduced
by factor 10 at x = 106

18
16
14
12
10

xg(x,Q° = 4 GeV?)

o~ O ©

0
10°°

Gauld, JR 16

107

Juan Rojo

L I
- NNPDF3.0 NLO

IIIIIIIIIIIIIIIIIIIIIIIIII—

107

— L
><o| NN ERE

71

vy _
Ny =

]
B dyPd(p);

d*c(X TeV)

dy?d(p7);

/d%(X TeV)

dyfe)fd(p%r) )j |

~ d*o(13 TeV) /d%(x TeV)

dyd(p7);

Excellent description of all LHCb datasets

and ratios (after errata corrected)

Ns(84) N7(79) Ni3(126) Rys/5(107) Rys7(102)

1.97 1.21 2.36 1.36 0.80
0.86 0.72 1.14 1.35 0.81
1.31 091 1.58 1.36 0.82
0.74  0.66 1.01 1.38 0.80
1.08 0.81 1.27 1.29 0.80
1.53  0.99 1.73 1.30 0.81
1.07 0.81 1.34 1.35 0.81
0.82 0.70 1.07 1.35 0.81
0.84 0.71 1.10 1.36 0.81
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BFKL dynamics at small-x

¢ QCD calculations in the DGLAP factorisation framework successful in
describing data from proton-proton and electron-proton collisions

¢ Need to go beyond DGLAP: at small-x, logarithmically enhanced terms in 1/x
become dominant and need to be resummed to all orders

¢ BFKL (high-energy, small-x) resummation can be matched to DGLAP collinear
framework and included into PDF fits

0 dz X
DGLAP w_ [ 9, (X 2\ oo 2
Evolution in Q? 01n Q2 Jilx, Q7) = L 7 Pl] <Z , o(Q )>J§(Z’ Q)
00 2 2
BFKL 0 o [Tdv , ,
Evolutioninx i1/ "¢ = [0 R B LA

ABF, CCSS, TW ngLO-I-NhLLC’? (Qf) — P.NkLO (33) + AkP,ghLLm (QZ‘)

+ others, 94-08 1
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Collider DIS
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BFKL dynamics at small-x

Ball et al 17, xFitter 18

Kinematic coverage

NNPDF3.1sx, HERA inclusive structure functions

1.14 1 |
H --%-- NNLO NNLO quality degrades as more N
B small-x data included A -
112H o i~ ontt e T —
|--®- NNLO+NLLX | . i
e a7 i

- ---"-----

S 1.1 A ]
- i a
~ - "’.‘ |
= osl —

08~ & |
| ‘~.. ¢ _|

..‘ v
I APT. fSSUPT L Abb bbb ‘ """""""" ]
i ¥ S Fooniger v

N 4 36 38 4 42 44 46 48 5 5.2
"..\ \\ i |Og ( Xmin )
100 e NN #
107 107* 1073 1072 1071 10°
X
Monitor the fit quality as one includes Best description of small-x HERA data

more data from the small-x region

only possible with BFKL effects!
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xg(x,Q’=4 GeV?)

Forward charm production revisited

LHCb D meson production included in NNPDF3.1sx (N)NLO+NLLx fits

Similar reduction of gluon PDF errors at small-x + increase in central value

40

-I 1 1 ] 1 LB I | | 1 1 1 LB I 1 1 L 1 LI L L
- NNPDF3.1sx+LHCb -
35E NALOSRLLY 3 BFKL effects
= E u included
R . x X -
30 NLO+NLL —
25F —
NLO -
20 — .
- small-x resummation:
15 —  excellent perturbative
KRR . convergence even for
0F s . = J
RS R - x =10
0.00v0090‘0

RRRRHHHHIHKS
2RRHHHHHHRRLS
HEHHHIRRRRRRRRS

\Z -
OO0 O Oy D O G W —
R R R BT e

SE
0 ; 1 | 1 1 | I . ll 1 1 1 1 1P 1.1 l 1 1 1 1 1. L4
107° 107 107 107>
Bertone, Gauld, JR 18 A
74
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Neutrino telescopes

Ultra-high energy (UHE) neutrinos: novel window to the extreme Universe
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Neutrino telescopes as QCD microscopes

signal: cosmic neutrino - nucleus scattering

neutrino

air/water target j v

Sensitive to small-x quarks (and
thus gluons via evolution) down to
X =108 and Q = Mw

Juan Rojo

background: prompt charm production

- neutrino

D-meson

Sensitive to small-x gluons down
fo X = 10'6 and Q = Mcharm in the
centre-of-mass frame
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Neutrino telescopes as QCD microscopes

signal: cosmic neutrino - nucleus scattering

Fraction of inclusive cross-section within contours

log [Q’]

L L I | L I LI l rrri I L I LI L l rrrir-yrrrryprrinri
Enclosed fraction: 20%
Enclosed fraction: 40%

[ ]
[
|:| Enclosed fraction: 60%
N

et By

CC scattering

ehceccesscscncserasaguascccnccctsscnsassasasans

NNPDF3.1sx NLO

Enclosed fraction: 80%
- Q =2myE, x
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|O>—[\)UJ-I>UIO\\]OO\D

S 8 -7 6 -5 4 -3 -2 -1 0
]

Sensitive to small-x quarks (and
thus gluons via evolution) down to
X =108 and Q = Mw

Juan Rojo

background: prompt charm production

pp—cC, Vs =7 TeV
0 L L L B B

pT(Df’) <8.0 GeV

40<y(D%) <45
<x> = 5.1e-02
- <x,> = 1.5e-05

TR R R R LR R R R R R LR RN N NN r T T

Iog‘IO(XZ)

.............................................................................................................................

BT R T T P S R R R LR R R R R CRR R R LR LR L eI

1
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IlIIIIIIIIIIIIIIIIIlIIII'IIII

1
1

()]
.
1

(UY)

Sensitive to small-x gluons down
fox = 10'6 and Q = Mcharm in the

centre-of-mass frame
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UHE neutrino-nucleus cross-section
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State-of-the-art predictions for ultra-high energy neutrino interactions

¢ BFKL small-x effects in PDFs and deep-inelastic structure functions
& Constraints on small-x PDFs from LHCb charm production

& Accounting for nuclear corrections and heavy-quark-initiated contributions
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UHE neutrino-nucleus cross-section

Comparison with previous results Comparison with IceCube data
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¢ Differences both at intermediate (updated PDFs, improved treatment of heavy
quarks) and high energies (LHCb constraints, BFKL effects)

¢ Nuclear effects important: constrain them with LHCb charm production in p+Pb

¢ IceCube and other neutrino telescopes are the ultimate QCD microscopes!
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Towards Ultimate PDFs
from Collider Data

Based on R. Abdul Khalek, S. Bailey, J. Gao, L. Harland-Land, J. Rojo

arXiv:1810.03639 (EPJC)
arXiv:1906.10127 (Submitted to SciPost)
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Towards ultimate PDFs at the HL-LHC and LHeC

Exploit novel facilities for precision studies of the proton structure

LH-C
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Fully complementary in terms of PDF constraints, possible synchronous operation
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Towards ultimate PDFs at the HL-LHC and LHeC

Exploit novel facilities for precision studies of the proton structure

LH-C

Kinematic coverage
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HL-LHC: generate our own pseudo-data based on extrapolations from Run i
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Hessian profiling

¢ Hessian Profiling: analytic minimisation of the figure of merit:

2
Ndat
1 X X
2 Z O-ie Y + Z er')j pﬁj,exp R O-;'ch + Z Fsl}cl Bk,th +Z 6?,exp+T2 Z 5]%,th
J k J k

exp —
(5tot,z‘> 1=1

X2 (5expa Bth) —

Exp data nuisance Hessian PDF nuisance Effective
parameters parameters Tolerance

& To mimic the effects of the correlation model for the HL-LHC pseudo-data, we rescale the total
experimental systematic error by a suitable factor feorr

56Xp - 56Xp 2 5exp 2 1/2
tot,s — stat,? T fcorr X fred X SyS,1

exp —1/2
5 — (fa,cc X Nev,i) /

stat,?

¢ For the LHeC pseudo-data the correlation model already available for inclusive structure functions

HL-LHC: focus on process where systematics are not already limiting factor
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Towards ultimate PDFs at the HL-LHC and LHeC

Quantify the ultimate PDF constraining power of HL-LHC

PDFs at the HL-LHC (Q =10 GeV ) PDFs at the HL-LHC ( Q=10 GeV)

T | T || T | T l|

B9 PDF4LHC15 B PDF4LHC15
= + HL-LHC (scen A) #++ + HL-LHC (scen A)

1.15 1.3

iy s + HL-LHC (scen C) B 12 s+ HL-LHC (scen C)
q 1.1
1.05 z
I
1 o
s 0.9
0.95 n
0.8
0.9 Ll | S EEET | T \ RN \ 0.7 1 ] ||||||| | 1 IlIIIII 1 1 IlIIIII | 11 1 1111
1075 10-* 107 10°2 10°" 107 107 107 1072 107

X

HL-LHC measurements will be specially useful to constrain gluon and

quark flavour separation, including strangeness

Pinning down antiquarks at large-x seems challenging, suggestions welcome!
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Towards ultimate PDFs at the HL-LHC and LHeC

Quantify the ultimate PDF constraining power of HL-LHC and LHeC

PDF uncertanties in gluon-gluon luminosity
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A reduction of PDF uncertainties by up to a factor 10 could be within reach
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Towards ultimate PDFs at the HL-LHC and LHeC

Quantify the ultimate PDF constraining power of HL-LHC and LHeC

Uncertanties in PDF luminosities @ Vs=14 TeV
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A reduction of PDF uncertainties by up to a factor 10 could be within reach
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Ratio to baseline

PDF uncertainty

Impact on phenomenology

gg => h+jet @ HL-LHC Vs=14 TeV
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Summary and outlook

The accurate determination of the quark and gluon structure of the proton is
an essential ingredient for LHC phenomenology and beyond

¢ Recent progress in longstanding issues: QCD uncertainties on PDFs, lattice QCD
constraints, strange and charm content of the proton, connection with astrophysics, ...

... but also wrapping up: QED effects on PDFs, BFKL dynamics in HERA data, ....

€«

€

Long-term goals of QCD analyses: exploiting future facilities (HL-LHC, LHeC, EIC) and
integrating its multiple dimensions: joint fits of (p)PDFs + FFs + nPDFs + TMDs ...

¢ Simultaneous constraints of both proton structure and BSM effects will play a central
role for the interpretation of the HL-LHC measurements

The fascinating study of the proton structure never stops surprising us, stay tuned!
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Summary and outlook

The accurate determination of the quark and gluon structure of the proton is
an essential ingredient for LHC phenomenology and beyond

¢ Recent progress in longstanding issues: QCD uncertainties on PDF~ 'attice QCD
constraints, strange and charm content of the proton, cor- physics, ...
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... but also wrapping up: QF™ u“ a“e“‘\O“ - ata, ...

¢ Long-t S -‘OT Vo .aues (HL-LHC, LHeC, EIC) and
integrat 1“3“\( .« 0t (p)PDFs + FFs + nPDFs + TMDs ....
¢ Simultane —astraints of both proton structure and BSM effects will play a central

role for the interpretation of the HL-LHC measurements

The fascinating study of the proton structure never stops surprising us, stay tuned!
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