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Precision at hadron colliders®

High-energy lepton colliders involve elementary particles without substructure

Clean initial state, well-behaved perturbative expansion (aggp < 0.01)

Quantum Electrodynamics and lepton colliders are ideal for high-precision measurements
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Precision at hadron colliders®

QED leads to high-precision predictions such as the anomalous magnetic moment of the electron

aexp = 0,00115965218073 £ 0,00000000000023
Ao = 0,00115965218178 4= 0,00000000000077

2 WA\

One of the most accurate predictions ever provided by any scientific theory!

This accuracy could be key for new discoveries!

i.e. muon g-2 experiment @ BNL and FNAL
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Precision at hadron colliders®

Hadron colliders offer
excellent energy reach, but
also very messy environment:

Sherpa artist
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¢ initial state: non-perturbative
proton’s parton distributions
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Precision at hadron colliders®

Hadron colliders offer
excellent energy reach, but
also very messy environment:

¢ initial state: non-perturbative
proton’s parton distributions

¢ quark-gluon hard-scattering:
slow perturbative convergence

& parton showering and
hadronization
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¢ initial state: non-perturbative
proton’s parton distributions

¢ quark-gluon hard-scattering:
slow perturbative convergence
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Precision at hadron colliders®

Hadron colliders offer
excellent energy reach, but
also very messy environment:

¢ initial state: non-perturbative
proton’s parton distributions

¢ quark-gluon hard-scattering:
slow perturbative convergence

¢ parton showering and
hadronization

¢ plus lots of poorly understood
non-perturbative effect:
background noise such multiple
parton interactions, pile-up....

Can we really aim for
precision physics at LHC?
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Precision at hadron colliders®

Hadron colliders offer
excellent energy reach, but
also very messy environment:

¢ initial state: non-perturbative
proton’s parton distributions

& quark-gluon hard-scattering: oA
slow perturbative convergence

& parton showering and
hadronization

& plus lots of poorly understood
non-perturbative effect:
background noise such multiple
parton interactions, pile-up....
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Can we really aim for
precision physics at LHC?
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Why precision at the LHC?

To enhance the discovery potential of new Beyond the Standard Model physics! }

&BSM physics could manifest as subtle deviations wrt to the Standard Model predictions
& Even for high-mass resonances, theory uncertainties degrade or limit many BSM searches

¢ The robustness of global stress-tests of the SM (electroweak fit, SM Effective Field Theory
analysis) relies crucially in high-precision theoretical calculations
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BSM physics might very well hiding itself in the tails of distributions
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Loops and more loops

Perturbative calculations in QCD organised as a series expansion in the strong coupling

1]
|

Leading Order (Born level)
Easy, textbook calculations
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Loops and more loops

Perturbative calculations in QCD organised as a series expansion in the strong coupling
J Next-to-Leading Order (NLO)
' More tricky, now completely automated

//ﬂ

| Leading Order (Born level)
Easy, textbook calculations

o(pp = X)

ol
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Loops and more loops

Perturbative calculations in QCD organised as a series expansion in the strong coupling
J Next-to-Leading Order (NLO)
' More tricky, now completely automated

\

o(pp — X
(PP ) = 1+ oqqo1 + Oéécd 09

g0
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| Leading Order (Born level) ' NNLO: Very difficult, but now
u Easy, textbook calculations becoming standard
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Loops and more loops

Perturbative calculations in QCD organised as a series expansion in the strong coupling

1 Next-to-Leading Order (NLO) N3LO: stop dreaming,
' More tricky, now completely automated . forget about this! (or not?)
\;i \}[

o(pp — X) > 3

= 1+ aqdo1 + agq02 + o q03 + ...

0o
/ﬂ \
| Leading Order (Born level) | ‘:; NNLO: Very difficult, but now
u Easy, textbook calculations becoming standard
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Loops and more loops

Case example: Higgs production in gluon fusion, dominant channel at the LHC

8

Until 2015, cross-section was known up to two loops (NNLO)

Calculation required O(1000) interference diagrams and O(47000) loop and phase space integrals
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Loops and more loops

How ditficult could it be to compute one more perturbative order, i.e., N3LO?
NNLO: O(1000) interference diagrams and O(47000) loop and phase space integrals

N3LO: O(10°) interference diagrams and O(10%) loop and phase space integrals

Hopeless??
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Loops and more loops

How difficult could it be to compute one more perturbative order, i.e., N3LO?
NNLO: O(1000) interference diagrams and O(47000) loop and phase space integrals

N3LO: O(10°) interference diagrams and O(10%) loop and phase space integrals
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Theory error reduced to few-percent: boosting discovery potential of Higgs coupling measurements!
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Pushing the QCD precision frontier

Explosion of (N)NNLO QCD calculations in last years: NNLO is now the standard at the LHC

W/Z total, H total, Harlander, Kilgore VBF total, Bolzoni, Maltoni, Moch, Zaro

H total, Anastasiou, Melnikov

H total, Ravindran, Smith, van Neerven Y-y, Catanietal.
WH total, Brein, Djouadi, Harlander Hj (partial), Boughezal et al.
H diff, Anastasiou, Melnikov, Petriello tbar total, Czakon, Fiedler, Mitov
H diff, Anastasiou, Melnikov, Petriell Z-Y, Grazzini, Kallweit, Rathlev, Torre
W diff. Melnikov. Petriello ji (partial), Currie, Gehrmann-De Ridder, Glover, Pires
) ' ZZ, Cascioliit et al.
W/Z diff., Melnikov, Petriello ) N
ZH diff., Ferrera, Grazzini, Tramontano
H diff., Catani, Grazzini
’ > WW , Gehrmann et al.
WiZ dify: a ttbar diff, Czakon, Fiedler, Mitov
Z-y, W-y, Grazzini, Kallweit, Rathlev
Hj, Boughezal et al.

WH diff., Ferrera, Grazzini, Tramontano
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Wj, Boughezal, Focke, Liu, Petriello N

Hj, Boughezal etal. S

= ///—VBF diff., Cacciari et al. N |
B Zj, Gehrmann-De Ridder et al.
5 ZZ, Grazzini, Kallweit, Rathlev
S Hj, Caola, Melnikov, Schulze

'3‘ Zj, Boughezal et al.
“‘;,\ WH diff., ZH diff., Campbell, Ellis, Williams

: : : : : : : : : : : : : : : N Y-y, Campbell, Ellis, Li, Williams
2002 2004 2006 2008 2010 2012 2014 2016 N WZ, Grazzini, Kallweit, Rathlev, Wiesemann
WW , Grazzini et al.
MCFM at NNLO, Boughezal et al.
Gavin Salam 2017 Pz, Gehrmann-De Ridder et al.
single top, Berger, Gao, C.-Yuan, Zhu
HH, de Florian et al.
ptH, Chen etal.
Pz, Gehrmann-De Ridder et al.
jl. Currie, Glover, Pires
yX, Campbell, Ellis, Williams
yl, Campbell, Ellis, Williams



Theoretical Uncertainties from Missing Higher Orders
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Pushing the QCD precision frontier

Higher order QCD calculations allow a much superior exploitation of the LHC physics output
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LHC phenomenology at 1% precision is within reach!
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Higher order QCD calculations allow a much superior exploitation of the LHC physics output
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Initial state: Parton Distributions

Distribution of energy that quarks and gluons carry inside proton quantified by Parton Distributions

g(x, Q) ~ .
Y, Q: Energy of the quark/gluon collision
<;."’/""//

Inverse of the resolution length

g(x,Q): Probability of finding a gluon \
inside a proton, carrying a fraction x of the
proton momentum when probed at energy Q

x: Fraction of the proton’s momentum

PDFs determined by non-perturbative QCD dynamics
Extract from experimental data within a global analysis

Ulp - 516] (a87 Oé) 0 Q(xa Q) Upp = 5:(](? (a87 C\f) 0 Q<CC17 Q) & Q(fg, Q)

Lept
Lepton ien +

> _Q2 q W U

~ Scattered _
Olq Quark q(z2, Q)

—{ () ==

Extract PDFs from lepton-proton collisions Use PDFs to predict proton-proton cross-sections



Initial state: Parton Distributions

Distribution of energy that quarks and gluons carry inside proton quantified by Parton Distributions

/ g :’E Y, Q \5} Q: Energy of the quark/gluon collision
b

Inverse of the resolution length

g(x,Q): Probability of finding a gluon inside \
a proton, carrying a fraction x of the proton
momentum, when probed with energy Q

x: Fraction of the proton’s momentum

PDFs determined by non-perturbative QCD dynamics
Extract from experimental data within a global analysis

Kinematic coverage
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Why precision PDFs?

Ultimate accuracy of LHC calculations limited by knowledge of proton structure

mq =Mmg=m [GGV]

T T I T T I T T T T I T T T T | T ]

- ATLAS =~ m,, =80.370 £ 0.019 GeV ]

80.5~ Bl m -172.84£0.70 GeV
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80.45— == 68/95% CL of m,, and m, ]

80.4- ]

80.35F -

80.3 = 68/95% CL of Electroweak]
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~ (Eur. Phys. J. C 74 (2014) 3046)
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W mass determination

$19S (I Waam3aq pvaids

Value | Stat. Muon Elec.
[MeV] | Unc. Unc. Unc.

80369.5 | 68 66 6.4

Recoil Bckg. QCD EW (PDF
Unc. Unc. Unc. Unc. {Unc.

2.9 4.5 83 55 | 9.2

[HL-LHC forecast]
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Progress in PDF determination

Many exciting recent developments in global PDF analysis: constraints from LHC measurements,
statistical validation of PDF uncertainties, the strange and charm content of the proton ....

Precision NNLO ¢luon at large-x Photon PDF with few % errors
8 8
from combining top, jet and Z pr LHC data Crucial to complement electroweak calculations
NNLO. Q?=10* GeV? Photon PDF @ 100.0 GeV - total uncertainty
115 T T T TTTT T T T TTTTT T T T T TTTI T T T T T 1717 T N
{ @58 Global I : 1.04 - Manohar et al 2016-17 l
| <<iivs no Z pt data NNPDF 2017 EE% NNPDF 2017 |
. 1_1: <=2 NO fcop data s"”? |
‘*g e No jet data @.‘j ~ 1.02 - |
YO ] i :
O 1.05- /,»,« g _
X ' 2 1.00 -
o S o
- 1 jel
< e I
g "7 < 0.98 A
i</0.95 LUXqed17
) - 0.96 - LUXged16
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0_9_ a ! i LI | i i LI | i i LN | i i L) i i L
Lol 1 Ll 1 Ll 1 Lol 1 10—5 10—4 10_3 10—2 10—1 100

107 1072 « 1072 107"

Progress in PDF determinations allows fully exploiting higher-order QCD calculations
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LHeC: the ultimate proton microscope

HERA DIS structure function measurements provide backbone of modern PDF analyses
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Higher energy lepton-hadron colliders such as the LHeC K tomo
would allow unprecedented precision in our understanding 4’9 gl
of the proton structure 0 To)
s
Gel
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Precision QCD and ... neutrino astronomy?

10—4_53 ca c c ;__
i B Conv. atmospheric v, + 77, (best-fit) i
n _5 | B Prompt atmospheric v, + v, (flux limit) |
— ].O E | /l/e ) _ . E
e : ., | | Astrophysical v, + v, (best-fit) g
K i Zo .
e . s, +++ HESE unfolding: PoS(ICRC2015)1081
- 107° “ 2y
= E| ’bzo,z E
O ] “ 4,
o
~ s
. - e,
o 1077 4 _ s 3
O .-
~ - |_]:_ .
_';_ - —_ —
> 10 8 | Nelltr- T L
"e" . Z”OS ~ . I 1 E
. 4 ﬁ’O}h ~ =
A : hary, , S o L ] ;
10_9 E ~ i 3
10° 10* 10° 10° 10°
Ey,/GeV IceCube 2016

Detection of ultra-high energy neutrinos represents the beginning of neutrino astronomy:
new window to the Universe!

However, the dominant background, prompt neutrinos from charm decays, never been detected...
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Precision QCD and ... neutrino astronomy?

QCD (and the LHC) to the rescue! Include D meson production data from LHCDb into PDF fit to
constrain small-x gluon: precise predictions for signal and background events at neutrino telescopes

g c—>D

+
\v+X
g C

IceCube Ecr =100 PeV

Lorentz boost

~
> LHCb Ej,p=14 TeV
@® CONVENTIONAL NEUTRINOS p/

- Pions and kaons.

--2-body dcay @ COSMIC RA2Y7S

- mostly v, ¢ ~E2
-E< 100 TeV
- ~E37

@® PROMPT NEUTRINOS
- D= mesons

- 3-body decays

- equal vy and ve

- E~ 100 TeV

- ~E27 ==

Juan Rojo

Direct overlap kinematics between charm production

in UHE cosmic rays and at the LHC
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Precision QCD and ... neutrino astronomy?

QCD (and the LHC) to the rescue! Include D meson production data from LHCDb into PDF fit to
constrain small-x gluon: precise predictions for signal and background events at neutrino telescopes
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Machine Learning to Discover New Physics

QCD calculations supplemented by advanced Machine Learning algorithms lead to enhanced
efficiency for a number of crucial tasks such as signal over background discrimination

//b

g s h

/
/ ’ \NT)
A
- — — &«

\ . /

g Higgs self-coupling “h
\\B

Consider Higgs pair production in the 4b final state: unique sensitivity to the (unknown!) Higgs
boson self-coupling, but need to deal with an overwhelming QCD background = 107 times larger
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Machine Learning to Discover New Physics

Input %\ Artificial Neural Network
h u . . e
L ‘. SN . . Post-ANN significance
%§ N\ Trained on signal and background MC events gif
Higgs pr %:{ \ §\\ S
. NONAN A
Higgs m TN § N\ — ~ 4.7 (1.5)
o ESSS X YN N vV By, / ot
di-Higgs m @:}:E TR  Output | ot
ECF - 1 | 1
. -z s .
Subjet pr O —-= 7 ° Signal? a
. Or 7 7 4 ni *
b-tagging © 7 / ‘ Background? Combining state-of-the-art QCD
g; 7 7 | with ML tools boosts LHC |
3? L B rdisgcovery potential
Y
000 Signal events, resolved category, no PU , QCD 4b events, resolved category, no PU
: . . ' ' ' ' ' ' 10% — x . . ' ' '
0.08l — pre-MVA, y,,=0.0 |
==+ post-MVA, y,_,.=0.6
0.07 : e
_,_;—'_'_'_I_‘_‘_I_'_‘_‘_'_I—-— Enhancing sensitivity down
0.06f my =125 GeV 1 10' | mp =125 GeV to truly irreducible
| 0.05¢ 3. — pre-MVA, y_,=0.0 background:
S 5 04l ﬂg --- pPOSt-MVA, y,.,=0.6 i.e. ANN sculpts Higgs mass
peak in QCD events
0.03} 10° -
0.02} 1-- .
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Precision QCD at the LHC

[ Recent progress with theoretical QCD calculation have realised the dream of turning
the LHC into a high-precision experiment

[] Two-loop QCD calculations and beyond are now the standard for LHC processes

[ Detailed mapping of the proton structure: few-percent errors in most PDFs in
relevant LHC range, including gluon and photon

[4 Implications beyond colliders: also for astroparticle, nuclear, and hadronic physics
[ Rich interplay with high-performance computing and machine learning algorithms

[4 Precision QCD could be the key for unravelling new physics at the LHC!
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Fascinating times to explore the high-energy frontier!

pUQO0O

=
-
-
UOQUQ0US

equipped with our high-precision QCD toolbox!
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Fascinating times to explore the high-energy frontier!

equipped with our high-precision QCD toolbox!
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