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Many experiments: one theory of QCD

Two types of challenges for QCD:
» Can it pass all these tests?
» Can we calculate well enough to see what the data is telling us?
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Signs of New Physics?

We now have a few persistent possible signs of new physics
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» Both hint at greater differences between electrons and muons than in
the SM

O O » Both require difficult calculations of hadronic contributions
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But we definitely have many new particles

Exotic New Physics
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Meson-meson molecule or tightly-bound state?
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Strong Coupling

Evaluated in many channels with many
methods with incredible level of
agreement

0,(Q?)

Some are new methods applied to older
data (re-analysis of HERA data)

Tightest constraints currently from lattice

See Camarda and d’Enterria’s Talks
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Perturbative Expansions g

Matrix elements at high energies calculated by expansion in couplings, e.g.
0 = Caa? + Cza’ + Chalaw + Crat + Chalaw + ...

Standard for LHC is Next-to-Leading-Order (NLO) for SM and BSM
Possible due to

» Unitarity revolution » Automation of subtraction
» Combination with parton showers (MC@NLO, POWHEG)

Herwig 7
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A few KEY processes at N3LO

First cross section, 99 — H
Anastasiou, Duhr, Dulat, Herzog, Mislberger arXiv:1503.06056

Now: full gg — H, VBF Higgs, bb — H, Drell-Yan

e Dreyer, Karlberg arXiv: 1606.00840, 1811.07906; Mistiberger arXiv:1802.00833
] Chen, Gehrmann, Glover, Huss, Li, Neill, Schulze, Stewart, Zhu arXiv: 1805.00736
pE— 3 ——— — p— 7 Duhr, Dulat, Hirschi, Mistiberger arXiv:1904.09990, 2004.04752

Duhr, Dulat, Mistlberger arXiv:2001.07717
Chen, Gehrmann, Glover, Huss, Mistlberger, Pelloni arXiv:2102.07607
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https://sherpa-team.gitlab.io
https://launchpad.net/mg5amcnlo
https://herwig.hepforge.org
http://powhegbox.mib.infn.it

Now have specialised calculations for many processes at NNLO (to roughly give %-level

See Grazzini’s Talk

LHC 13 TeV m; = 171.5 GeV
cale: Hy /4 PDF:- NNPDF31

uncertainties), including tt
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Catani, Devoto, Grazzini, Kallweit, Mazzitelli arXiv:2005.00557

The Race for NNLO

+

—— LO —— NNLO
| —— NLO  —— ATLAS

50 100 150
r = pp(ll) |GeV]

Czakon, Mitov, Poncelet arXiv:2008.11133
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Light jet final states more difficult, but have e.g. pp — 7,00 = H + 5,00 = W + j,pp — 2j,pp = 27+ ]

and very recently first study of

Czakon, Mitov, Poncelet arXiv:2106.05331
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The Race for NNLO

Hq 1N°

Two key fronts:

2-loop Amplitudes Cancellation of Divergences

2021 Analytic results for: gm—m% %71 g § LLH %%1
00 +

ud — WTbb, gg — tt, pp — 37, pp — 2v + j
X0 — O = N

Badger, Bayu Hartanto, Zoia arXiv:2102.02516
Badger, Chaubey, Bayu Hartanto, Marzucca arXiv:2102.13450

Abreu, Febres Cordero, Ita, Page, Sotnikov arXiv:2102.13609
Chawdhry, Czakon, Mitov, Poncelet arXiv:2103.04319 Co m peti N g Ap pro ache S

qr Subtraction N-Jettiness

Emphasis now on numerical stability and Antenna Subtraction Forest Formulas
efficiency Nested soft-collinear
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NNLO Plus...

Fast development of methods to match NNLO and parton shower
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NNLO QCD
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Alioli, Bauer, Broggio, Gavardi, Kallweit, Lim,
Nagar, Napoletano, Rottoli arXiv:2102.08390
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Mazzitelli, Monni, Nason, Re, Wiesemann,
Zanderighi arXiv:2102.08390

LFC21 10 Sept 2021

Jenni Smillie




3
N >
E g
ven enerators Hags
&) &y
@ v
1y d 1‘&0\
Event Generators are central to majority of physics analyses at high energy colliders: signal & background
J
And they’re very successful!
Process Generator ME Order PDF Parton Shower Tune
SM process samples
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Current topics of development (driven by
experiment needs):

Merging with higher-order fixed order
Logarithmic accuracy - defining and increasing
Improved colour description

Th rust

max[uB 1]

slice

Nsubjet (kt-alg)

And can require large correction factors

1 BUT MC uncertainties (often differences between tools)
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With a close eye on computational requirements - an issue already for HL-LHC, also for FCC...




The Need to go Beyond Fixed Order @%@@

Parton showers for soft/coll. emissions at all o are perfect example where fixed order not enough
In general:

Multlple scales g Logs See de Florian’s Talk

Disparate scales : Trouble

0.12 RadISH+NNLOJET
13 TeV, pp = Z(— L 07)+ X
0 < |me| < 2.5, p& > 25 GeV
0109 66 GeV< My < 116 GeV
5 NNPDF3.1 (NNLO)
) 0.08 uncertainties with ug, ur, Q variations
R
o 0.06 | NLL+LO
> NNLL+NLO
0.04 B N3LL+NNLO
0.02 -
00.00 . :
-1 1.2
N
=
] 5 \ 5
Og(pT / mH) -
= 1.0
2
2 NANN
& 08 \\\\\\\ — I —
NNLL Cieri, Coradeschi, de Florian arXiv:1505.03162 1 19 100
P1

Bizon, Gehrmann-De Ridder, Gehrmann, Glover, Huss,
Monni, Re, Rottoli, Walker arXiv:1905.05171
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Many coloured-charged, hard particles with pr, s;;, §

Run / Event / LS: 257645 / 1610868539 / 1073

Jets (HEJ)

Image Copyright CERN

12 jets with pt > 50 GeV at CMS (13 TeV)

Simpler form allows inclusion of quark masses in Higgs couplings to
arbitrary multiplicity (fixed order, H+3j LO)

Cuts to study H W W couplings in H ;7 (VBF) require large rapidity and m;;
This exactly enhances the logs!

fh/GeV]

dU/dWhQ

1072

ratio to HEJ my,

Large logs in s;,;/ p3 damage convergence of pert. expansion

Fortunately, the matrix elements of these processes simplify in
the High Energy limit: s;; — oo, |pr;| finite

Can sum up all a2™*log"(§/p%) implemented in High Energy

__J10—2:

- pp— (h—=97)jJ
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[ anti —kt, R =04,p; 1 > 30 GeV, |y;| < 4.4

—— HEJ my,

...... HEJ eﬁ'.
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| | | | | |
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High Energy Logs dloge
ﬁ»{&d NO\»
Sofa, 0 cmmno Ongoing work to combine log treatment with NLO and PS
£ T | -
O s s Essential for large pr
~ 107! .
il At large values of pr Iin this dijet sample, contribution from
: 4j, 5], ... components numerically significant
107 Eop — (W = )+ > 2j
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Andersen, Black, Brooks, Byrne, Maier, JMS arXiv:2012.10310 102 :-: l___,l _____ _
Impact of logs enhanced again with increase to 13 TeV, and "/ —
much more at 100 TeV
. : : 1071 i _______ E
Increased min jet pr controls cross section, but tails fall ;
mUCh IeSS Steeply 10_20 5(1)0 10100 15100 20100 25100 3010() 35100 4000

mjj [GeV]
Plot: Conor Elrick
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Scale uncertainties reduced low enough that other sources of error become very significant
o(pp
S [TeV] | o [pb] | d(scale) [%)] d(PDF-TH) [%] | 6(my) [%]
7 0.172 +2:50 +3.85 o5
8 0.222 2.0 +3.54 toor
13 0.535 e +2.49 Tl
14 0.604 o +2.36 oo
27 1.68 2o +1.22 tios
100 9.21 20 +1.00 005
Duhr, Dulat, Hirschi, Mistlberger arXiv:2004.04752
Within pdf fits, experimental errors now low enough that other sources of error become very significant
E.g. W/Z pr data from LHC causes issues in standard fits: exp error ~0.1%, th. error ~1%
Inclusion of theory errors is subtle, but important Harland-Lang, Thome arXiv:1811.08434

Ball, Pearson arXiv:2105.05114

Nuclear effects also important

+EW
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New PDF Input
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2020 PDFLattice Review arXiv:2006.08636
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E.g. Xiangdong Ji arXiv:1305.1539

Mature enough to compare with state-of-the-art global
fits

Opportunities for approaches to improve each other
(also nPDFs, TMDs, GPDs)

New data from EIC & SMOG2 will add to
existing experiments

EPPS16
BN EPPSI16 + EIC

EPPS16*
B EPPS16* + O

EPPS16* + O+ ogf@™

u? =2 GeV?
A =56

0.01 0.1

EIC Yellow Report arXiv:2103.05419
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Polarised PDFs

Hq 1N°

Quark spin

!

L lAZ +AG+ Lo o o— Angular Where does the proton spin come from?
2 2 T @t momenta
Gluon spin
| | dot™t —do™~ —do~ " +do~ by
Access to the polarised gluon pdf via Arr = o T do Tt do T o o

EIC inclusive jet pro EIC inclusive jet production
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: i i stat errors 03k \/E :]632 GeV | i
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Boughezal, Petriello, Xing arXiv:1806.07311
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Double Parton Scattering (DPS) e
% &
/{Hd N7
_ U —
= F DPS -
. . 12  m=———— SPS: LO kr —‘
DPS: one collision contains two separate hard scatters S| Py R S, NT.O* (O :
_ _ _ Sl = 10— [ ==-=--- SPS: NLO* CS}y, 1 5cav/e —
E.g. Evidence of impact in J/i data from LHCb 2 I L Sps NLOTCs e
o) — 1 ]
S| 8 :
“A fit to the differential cross sections using simple DPS plus SPS models 6F LHCb 13 TeV 3
indicates a significant DPS contribution.” i prlJppIfp) > 3GeVje -
Zp, Invariant mass of boson pair 0: L L "l~ ’_;_‘—.I—.i — -
= 10 2 ] | =~ - L L L O N IR IR 0 0.5 1 1.5 2 2.5
S S - : Ay
s 2 : N LHCb arXiv:1612.07451
N:é: § - .
T 10 3 : — % - _ e - | |
- : —ss+oes - New Monte Carlo implementation of DPS, dShower,
= SPS + DPS | . . .
sl allows combination of SPS and DPS at same time
1074 — - Cabouat, Gaunt, Ostrolenk arXiv:1906.04669, 2008.01442
1.43_.| e WE
12 B
§§Z=’“’ﬂ T N4 . For a process at a fixed scale, increase in collider
(O e R R N R 0.5 L | L1 L1 L1 L1 L 1] L 113
R 0o sk 20 e me o ae a8 9% @gngrgy gives an increase in DPS relative to SPS
Toy model
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Unexpected result from the LHC is the observation of flow-like effects in p-p collisions

Collective Behaviour
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Low pr and multi-particle correlation measurements at ALICE, ATLAS & CMS all well-described by

fluid dynamics
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ALICE arXiv:2101.03110

It’s Important to remember that we can still be caught by surprise!
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We still have a lot to learn from the LHC! At least 15 more years of data, integrated luminosity x 20!

Tantalising programme of different experiments to come

Experimental precision is pushing theory to the limit... and we’re responding!
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Exciting times ahead!



