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Virtually all LHC p-p physics “is” QCD physics

m Proton-proton collision at the LHC = Full QCD at work:

Theoretically: W

i Beam remnants

- Experimentally:r
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m All LHC observables depend chiefly on a precise EXP/TH control of QCD:

1) BSM TeV-heavy objects on precise high-x PDF, instantons on MB,...
i) Higgs b,c partial widths: on accurate jet tagging, precise a._coupling, ...

i) W mass: on precise mid-x PDF, low p. resummations, intrinsic k, ...
Iv) Top mass: on jet grooming, o._coupling, FS colour reconnection, ...
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Topical organization of the talk

m Proton-proton collision at the LHC = Full QCD at work:

Jet
Soft gluon
(4) resurimations MPI, (6) (5) 3
= »  remnants (UE) § Parton showering
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DISCLAIMER: This talk cannot cover all nice hundreds QCD exp. results
presented at ICHEP’20 (but, hopefully, a representative selection of them).
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(1) Strong coupling constant

m Typical proton-proton collision at the LHC:
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Role of the strong coupling a_well beyond QCD

» Impacts all theoretical x-sections & decays (Higgs), top mass extractions:

Process O (pb) day %) PDF +a,(%) Scale(%)
ool 4987 £+ 3.7 6.2 474 261 +032
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New QCD coupling extractions at the LHC

m Extracted o =0.119670°
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m Extracted o =0.119573 7%

cos ¢

(NLO,+8%) via transv. E-E corrs. in multijet evts:
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New QCD coupling extractions at the LHC

m Extracted o ,=0.1175£0.0026 (NNLO,+2.3%) via 12 precise W,Z x-sections:
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m Extracted « =0.1135£0.0020 (NLO, PDF dep.) via precise ttbar+N . X-sections:
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New QCD coupling extraction in DIS

m Extracted «,=0.1150£0.0029 (NNLO,+2.5%) via global H1/ZEUS DIS+jets fit:

H1 and ZEUS preliminary
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(2) Higher-order pQCD corrections

m Typical proton-proton collision at the LHC:
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ZN e FSR (jet substructure)
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Data vs. pQCD at N"LO: Jets, ~, v+jets

m New NNLO jet calc. improve data-theory accord. Scale uncertainties reduced.
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m Recent NLO multijet MC predictions improve data-theory agreement:
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Data vs. pQCD at N"LO: Diphotons

[F.Siegert/ATLAS]
m Multiple differential diphoton distributions: Excellent test-bed for NNLO &
NLO+multileg MCs: Total rate well reproduced by NNLO, soft p. by SHERPA:
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Data vs. pQCD at N"LO: Z+b-jets

m Z+1,2 b-jets is an ideal channel to test 4-,5-flavour fix-order & multi-leg theory:
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© data in the Z+4 > 1 b-jet and Z4 > 2 brjets cases are better _ || O-5FNS SHERPA & MG5 describe well total x-section
described by 5FL prediction and 4FL prediction, respectively. .
— LO 4FNS MCs largely underestimate data.

m Multiple dlﬁerentlal Z+1,2 b-jets distribs. to improve hlgher -order & multileg theory:
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Data vs. pQCD at N"LO: Z+c-jets, Z+b-jets

m Z+c-jets: MG5+PY8 (2)) OK, but MG5+PY8(4j) & SHERPA(4)) overestimate data.

CMS Preliminary 35.91b™ (13 TeV) - CMS Freliminary 35.9 fb' (13 TeV)
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m Z+b-jets spectra vs. theory: R(b/j) and R(c/j) under-estimated. R(c/b) OK.
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(3) Parton densities

m Typical proton-proton collision at the LHC:

Jet

Soft gluon

resummations MPI,

- remnants (UE) LAY r‘ Parton showering

N e (jet substructure)
Parton f2 W =/ A% R : Higher-order
4 = L N parton : g

; : N"LO) corrections
densities {Generallzed} ‘h [SiSTacons ( )

(PDFS Parton ' .Tj:' ‘\\\‘
TMD, ‘qDensity § = %
GPDs) “w=p?:

Hadronization,
Fragmentation

Functions
¥—~Beam remnants
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New PDF constraints at the LHC: Inclusive W,

m ATLAS W, Z data at 2.76 TeV vs NNLO PDFs:

LI I L I e By B LI B |

ATLAS IATL,IqSIIIIII
{s=276TeV, 4.0 pt’ Vs = 2.76 TeV, 4.0 pb”
) —ak—
Ay =y / Ol Rz = cld, / o -
—— — ¥
[0 Data+ total uncertainty P Data + total uncertainty
| Data+ stat. uncertainty il | Data+ stat. uncertainty +i
A ABMP16 A ABMP18
¥ CTi4nnlo 18— v CTidnnic —
m NNPDF3.1 m NNPDF3.1 q faa
® MMHT14nnlo68CL ' ® MMHT14nnlo68CL —T
A ATLAS-epWZ12nnlo A ATLAS-epWZ12nnlo
O HERAPDF2.0nnlo . O HERAPDF2.0nnlo ——
(NNLO QCD mner uncert PDF cnly) {NNLO QCD |nneruncert F‘DF only) | ' |
PP S | RO P AR
1_5 155 16 165 17 175 18 185 1.9 96 98 10 102 104 106 108 11 11.2 11.4 Z/Y*
i i fic fid
GW" / GUVd_ EPJC79 (2019) 901 G\:\F / GZ' g -
— W/Z ratio: Sensitive to strange quark PDFs.

— W*/W- ratio: ABMP16 PDF underestimates (<20) data.
HERAPDF2.0 a bit high & generally different from other PDFs.

m ATLAS W, Z data at 13 TeV vs NNLO PDFs: [K.Lohwasser/ATLAS]
T T T LA R
ATLAS ATLAS
13 TeV, 81 pb™ 13 TeV, 81 pb!
RW/Z:G&?;/ng Rwﬁm—zcﬁ/cﬁ'}! ke
I data + total uncertainty I data + total uncertainty
| data + stat. uncertainty | data stat. uncertainty
A ABM12 A ABM12 =
¥ CTi4nnlo ¥ CTi4nnlo
m NNPDF3.0 m NNPDF3.0
& MMHT14nnlo8BCL ® MMHT14nnlo68CL —et
A ATLAS-epWZ12nnlo A ATLAS-epWZ12nnlo
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PR [N T T W N SN SR T NN SR S W T PR S N TN TR TR NN SO ST N S S T
94 9.6 9.8 10 10.2 104 10.6 108 1.2 1.22 1.24 126 1.28 1.3 1.32  1.34
old. / ol JHEP 02 (2017) 117 oy / ol

— W/Z ratio: Preference for enhanced strange-q content (not visible in 2.36 TeV data)

— W*/W- ratio: Data prefer smaller u/d valence ratio than predicted by most PDFs
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New PDF constraints at the LHC: W (differential)

m High-precision double differential W p_, n, helicity cross sections:
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m Pulls & post-fit constraints -
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Impact: 10-30% improvements
expected on NNPDF3.0 sets.
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New PDF constraints at the LHC: W+jets

T
6 A TLAS

5
@ 10 i rlp(;- g\;‘); =1 ]ets
£ 5 {s=8TeV,20.215 C N NNLO
z anti-k jets, R =0.4 S S Bﬁ+s Excl. Sum
(=Y et jet —a— BH+S
g Pr >30GeV, ly |<44 —¥— SHERPA 2.2.1 NLO
= 16° L) -« SHERPA 2.21 LO
"" . SHERPA 1410
—4— ALPGEN+PY6
10° E —4&— ALPGEN+HERWIG
10 E 3
e,
1 B
==
10" e
107 b &
£ 14
8 12f
3 18
o 08
% 0.6 N 1
§ 4 g =
_% h 1 = = .wl 2 ¢ % ,:’/ edaidat ol le w=|
o 08E 'ﬁ”'".v'*-'- T i é
;?_'2|||i||=iv|v|||‘_\r|_i|||i|\'||I‘\_
g 12 E W o oS SV 7 /
4 15 3
0.8 v 7
o 08 v v L I T T T TS
(4] 0 400 600 800 1000 1200 1400

m Depleted s-quark PDF at large-x:
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m ATLAS W+Jets P, spectrum added to new HERA+W,Z fit:

[M.Sutton/ATLAS]
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m Small changes in Ilght quark PDFs:

Harder dbar
Softer d-val.
Unchanged u-val.
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New PDF constraints at the LHC: W+charm

m Newer CMS W+charm data well reproduced by NLO predictions:

CMS 35.7 fb' (13 TeV) CMS 35.7tb™" (13 TeV)

1000F r [A.StepennovICMS]
= E ® Data §120- ® Dala
a S 120~ R
— w +C + ABMP16 + ATLASepWZi6 — r W + D*(2010 MADGRAPHS_sMC@NLO
E 00— * CT14 ¥ MMHT14 %100—_ ( )— + NNPDF3.0nlo
2 E A NNPDF3.0 W NNPDF 3.1 2 C d AN W
o 600_* # 2 8oL 5,
+ + i * . 8
S ol TP g o
B 00 _}#_‘_‘_ . . ; é : * |
E P’ > 26 GeV, '] < 2.4 —dyen. ¥ o P > 26 GeV, | < 24 T
200 pe > 5 Gev 20 P >5GeV, <24
i i TOCOTOO0 c
G...I...!...I...I...I...I...I...I...I...I...I... G-...I...I...I...I...I...I..I...I..l...l...l...
0 02 04 06 08 1 12 1.4 16 18 2 22 24 0 02 04 06 08 1 1.2 1.4 16 18 2 22 |2.4

m"| m

m Strange-quark PDF & strangeness suppression factor agree with v-scatt.
exps., disagree with previous ATLASepWZ16nnlo (central values):

|m CMS Hessian uncetainties — cmMs Hessian uncerlainties
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distribution
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(Green band: ATLAS uncertainties only,
missing parametrisation ones)
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New PDF constraints at the LHC: ~+jet

m CMS photon+jet spectra compared to NLO pQCD with varying PDFs:

5 CMS Preliminary 2.26 fb" (12 Tev)
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[S.A.Malik/
CMS]

m Mild differences between PDFs within uncertainties. Better exploitation to
provide extra input for global PDF fits with NNLO calculations.
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New PDF constraints at the LHC: Z+jets

m Latest ATLAS Z+jets spectra reproduced by NLO ME+PS & NNLO:

g g 9 g g q
= . — .
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ly.|
o NNLO NNPDF3.1 & CT14 PDFs
C.Vittori/ATLAS -
[ : ] show 2-5% differences
[S.A.Malik/ICMS]

m Measurements exploitable to provide extra input for global PDF fits.
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New PDF constraints at the LHC: c-,b-jets (fwd.)

m Novel forward charm, bottom jet cross sections
(improved 2D BDT fit to separate flavour composition). [L.Sestini/LHCb]
First time charm jets measured in forward direction:

— W T . = 7 — y T
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blr:-llll_— —+— pp — bbX data - = s —+— pp — bbX data E - b
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First differential cc cross section measurement at LHC
5300_ T T T T T T T T T :Iﬂzg T T T T T T T T T s e e e s I T I
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C ] k=) E 3 -
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E E '
% ‘ 03 1 R 50 s F
Ay* dijet invariant mass [GeV/c?] 107
10% ;
m Unique novel constraints of low-x & high-x
gluon PDF phase space covered by LHCbh: =
10!
(Incorporation into global PDF fits will need NNLO s

calculations for charm, bottom x-sections)
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Improved diffractive PDFs at HERA

m New global H1 inclusive diffractive DIS fit at NNLO: [A.Sarkar/H1&ZEUS]
$ H1 Data fs =318 GeV
z % :E-Z e E.H;:,'Lfm?f:fiﬂmo::.:’;i:i" But the fit can also be used to predict

e M [T | e cross sections for diffractive jet production
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_ The NLO PDF overpredicts these
0 .0 A cross sections

m Gluon diffractive PDF reduced by ~25% compared to previous NLO result.
Better agreement with diffractive dijet data.

ICHEP-2020, 4" Aug'20 22/42 David d'Enterria (CERN)




Parton densities (future)

: Unique machine: World 1* polarized e-p,A collider. World 1°' e-A collider
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situation today — after 1st LHeC Run

with further improvements after full

N running period, plus HQs, (DIS jets, ... ) . .
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Generalized parton densities (future)

m COMPASS: Deeply Virtual Compton Scattering (DVCS): I+ p-1U"+p’ + ~
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BNL HIC Science Task Force and NdH update in 2015
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m EIC: Precise study of 3-D & polarization structure of sea-quark & gluons

3D PARTONIC IMAGES OF THE PROTON WITH EIC

Structure in transverse position space and angular momentum

Distribution of gluons
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(4) Higher-order log resummations

m Typical proton-proton collision at the LHC:

Jet

Soft gluon

MPI,
resumm.a-t:?:rs remnants (UE) ¥ \

Parton showering

FSR - (jet substructure)
Parton L ---------------------- R A Higher-order
et fGeneraIIIed} matretl?ar::tmns / (NHLO) corrections

(PDFs, : Parton §' ----- iU @y
TMD, ¢ Density ¢ ' E
GPDs) “w=p?:

Hadronization,
Fragmentation

Functions
‘-‘1‘-‘-_"""'-..._
¥—~Beam remnants
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Logs resummation: Low-p. charm, bottom

m Soft charm & bottom data consistent with but systematically above
FONLL predictions (missing NNLL terms?):

Ky
2

[V.Mariani/CMS]
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Logs resummation: Low-p_ W spectra

m Low-p. W from precise hadronic recoil measurement
(normalized recoil accurately calibrated with soft Z bosons):

0 F Tl T T T =T T LI R PR U R FUREE S R PR R Y B e e e B A A B e e
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e % qa ° EFRE 3
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m Constraints of theoretical models (resummation & PS MCs): [C.Wang/DO0]
- RESBOS+BLNY Wlthln 2% Of data Generator/Model x°/ndf  p-value  Signif.
. RESBOS (Version CP 020811)+BLNY+CTEQ6.6 049 741x10°" 033
— PYTHIAS8 default tune: Good. RESBOS (Version CP 112216)+TMD-BLNY+CT14HERA2NNLO 3.13 139 x 10~ 2.46
. PYTHIA 84+ CT14HERA2NNLO 0.32 8.63x107' 0.17
— PYTHIAS8 tunes excluded: [PyTHIA S+ ATLAS MB A2Tune+CTEQ6LI 12.25 5.84 % 10-° 6.19 ]
PYTHIA 8+ATLAS MB A2Tune+MSTW2003LO 6.17 583 x10~° 4.02
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Other tunes unfavoured. e ——— —

Important ingredient for W mass extractions!
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Logs resummation: Low-p_ DY spectra

m Soft Z spectrum: Clean benchmark for all calculations (NLO+PS, NLO+TMD):

CMS 359" (13 TeV) CMS 35917 (13 Tev) |Bermudez Martinez. A, et al, arXiv:2001.06488 |
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m TMD-based approaches reproduce well Z+N-jets & low-+/s DY:
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(5) Parton shower & jet substructure

m Typical proton-proton collision at the LHC:

Jet

Soft gluon

resummations MPI,
o remnants (UE) 7w, Parton shower
—— FSR =" (jet substructure)

pon ol AR R
N :
densities f’ s J2Y ions \Y / (N"LO) corrections
Generalized): g

(PDFs, ' parton §' ----- L) Qg
TMD, ‘4 Density ¢ : :
GPDs) “=p?:

Hadronization,
Fragmentation
Functions

"““"-Beam remnants
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Parton shower dynamics (Lund plane)

m Advanced studies of energy-angle (sub)emissions within jet,

opened up with modern

jet substructure
techniques, allow to
precisely probe PS

Multiple applications
beyond QCD:

— g/q/Q discrimination
— Boosted objects

A jet may be approximated as soft emissions
around a hard core which represents the
originating quark or gluon

In{1/2)

Emissions may be characterized by
z = relative momentum of emission wrt jet core
AR = angle of emission relative to the jet core

e

zE (1-2)E

AR

[J.RoloffIATLAS]

m ~ z*AR2——— 5 Thejet massis just one

, diagonal line in this space
Regions of the

Lund Jet Plane [ FE T
=: ey B, ™ 8
¥

PN~ F G

“UEMPI

o (1

v
The Lund Plane is the phase space of these

In{R/AR)

— (B)SM resonance jj decays
— Pileup removal, ...

emissions: it naturally factorises perturbative
and non-perturbative effects, UE/MPI, etc.

m Different projections/combinations of Lund plane vars. provide accurate PS
iInfo in various regimes (fixed-order, resumm., npQCD): In(1/z), In(R), jet mass,...
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Jet substructure: Dijet & ttbar events

m Ungroomed vs. groomed jet mass in dijet events: [D.Sunar-CercilCMS]
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Jet substructure: charm jets, dead cone

m Jet grooming applied to study inclusive & charm-tagged jet substructure:

Jet grooming techniques used to count the

it ini i O T T T T T T
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(6) Multiparton interactions, UE, diffraction

m Typical proton-proton collision at the LHC:

Jet

Soft gluon MPI.
resummations :
- o remnants (UE) Parton showering

(et substructure)

Higher-order
(N"LO) corrections

Parton £ 2
" L *i% parton

densities 'fﬁenera"ze n ‘?zmteractlc-ns
(PDFs, ' Parton

: N
TMD, ¢ Density ¢ %?
GPDs) “Y=m?! £ N

T o R

S NS i . -

S N O, extraction Hadronization,
S N Fragmentation
- Functions

¥~—~Beam remnants
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Double Parton Scattering: First evidence of ssWW

m Same-sign WW: Very rare, but historically considered DPS “smoking gun’:

GDES = ;":;B Assuming no parton
e p correlations:
o0 i o o_. directly measures
~ proton transverse
parton profile:
L v -
o , Oeff,pPs = l/dngz(b)]

DPS W W* — £Ev £Zv isvery promising

m 3.90 evidence of DPS ssWW. Effective x-section: o_. = 12.7779 mb

° CMS 7771 (13 TeV) CMS 77 {b (13 TeV)
E 200 Wz Worsww [CInonprompt _; - Observed Predictions: T p—
o 180 Bwz  [rae Ew E Clstat =~ e PYTHIA 8 (CP5) +— Value (standag::i deviations)
— — Factorization approach +—— "'ls%%%,exp 192pb 54
a{;‘lﬁ‘s{’ﬁzﬁ‘fexp 0.87 pb 2.5
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popep- : |—E|—| 1.96 + 0.74 (£ 0.54, £ 0.51) pb Tust 127520 mb —

s 1.36 + 0.46 (+ 0.33, + 0.32) pb Step towards ultimate
wintree :E 141 0,40 (+.0.28, + 0.26) pb accurate determination

E’ é [Mtotal background uncertainty é N I T T e
$ o —0FS Wi - F T B R S S S of proton parton transv.
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EPIC 50,41 2020 Bin number (') [R.SalvaticolcmMs]  at LHC energies.
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Double Parton Scattering: Double Y, Jlpo+W

m DPS production amounts to ~35% of double-7" cross section:

CMS-BPH-18-002
Phys. Lett. B 808 (2020) 135578

35.91b7' (13 TeV) 35.9 b (13 TeV)
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m DPS with J/p+W probes different parton flavour tranvs. proflle than double-QQ:
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Updated MPI settings for NLO+PS. Universal UE.

m ATLAS Z-Jet UE data confirm need of NLO+PY8, SHERPA, HERWIG retuning:
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* NLO dijet ME in Powheg = Interfacing NLO Powheg or Exclusive Jet Multiplicity ® el GV
merged with Pythia 8 MG5_aMCENLO ME with Pythia 8 « NLO ME calculations up to » Checks UE description
2 additional partons at higher scales than MB data

» Tunes based on NLp ag runni_ng = oy = 0.118 + rapidity ordering of ISR MG5 aMCENLO + Herwig 7[FXFX] _
better than tunes with LO running (= CP5 tune) favored - _ o = CHS3 tune describes data well
(lower a 7% - less jet decorrelation)  for Powheg + Pythia 8 ME (PS) dominates at low (high) jet mult. [G VanOnsemICMS]
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Hard diffractive scatterings

m 1% measurement of jet-gap-jet
(Mueller-Tang dijets)

=y

/ jet rapidity gap

cooog gap
BoooE

\ jet

3y
H\e
o

Key process to test BFKL dynamics.

CMS Preliminary 0.66 pb* (13 TeV) CMS Preliminary 0.66 pb (13 TeV) CMS Preliminary 0.66 pb" (13 TeV)
uihw 5‘%‘1‘°~‘ 1‘.4<\Iu g “J"tm ir‘méa, ‘1.4<hﬁ\<h.7 T Ty M x‘rHi(a,‘ 144 \nud.? T T
2Ep,,,>40GeV E 12f- [ Data E i, ,.~40GY []Daa .
18f- E 09
15f[ =] pata 3 1F = BFKL-NLL (RMK) B — BFKL-NLL (RMK)
=z o i 1w
&5 ME__ BFKL-NLL (RMK) 1 Sesf 3 5 + 4 &
E - 3 .
. i + 4 8osf "'\_ E +
Rl t E E IR
osf & 1 L] E osf E
of & * E| 3
02f E
ERE TR R TR T 5 73 EE P P 0 75
A Ag [rad
J PriealOSV] 9 rac]

CMS-PAS-SMP-19-006

m fcse generally increases with increasing An; = |1 — mj2|. Weak dependence of fcse on prj2
within uncertainties. fcsg increases at Ag¢y = ¢ — ¢j2| & m, uniform at Agy < 2.7. Typical
values of fegg = 0.6-1.0%.

m Comparison to Royon, Marquet, Kepka (RMK) model based on BFKL NLL calculations + LO
impact factors (Phys. Rev. D 83.034036), and survival probability |5|> = 0.1.

m Challenging to describe all features of the measurement simultaneously — Guidance for
further theory development.

Rap-gap survival probab.: 0.6-1.0%
Differential distributions not well
reproduced by models.

[C.Baldenegro/CMS]
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m Single-diffraction
dijets with fwd.
proton tag:

P P
o gMS+TOTEM Preliminary 3750k (8 TeV_) _ 9MS+TOTEM Preliminary 37.5nb7(8 TeVJ
; : ggtn;wm (<8%=1) E _.'E, E E
—— POMWIG (<s>=74%) - B [ a
oF I 3 F E
E PYTHIAE DG E R e L s e T T 2 i
P — Exp.fitb=6.6 + 0.6 GeV ™ | ey BEET
1 £ : = 10 e =
B . B HfItB —e— Data E
r B r B2 5 40 Gev —— POMWIG (<S> = 1)
i3 E UE i cas - POUWIG(S = Ta%) 2
E h™<aa 3 E 0<fi<01 s PYTHIAS CUETPBMI B
- 0<E<0d - : F 003<t<10GeV: ... PYTHIAS DG -
1= 0.03 < Itl < 1.0 GeV* L———-—-_; e =
N S WSS
E‘: = —8— Daw/POMWIG (<8%> = 1) i . (-'_,_-.) -
041 E“Q-o—.—v—.—|_._:_’_' '_+-; E
oE z
: 01 02 0.3 04 0.5 08 07 08 K] =
1 (GeV?)
0P =21.7 £0.9 (stat) "33 (syst) + 0.9 (lumi) nb
Test of rap-gap surv. probab. (~7%) in MCs:
PYTHIA 8 DG & Pomwig models: OK
PYTHIA 8 4C & CUETP8ML1 too high
[O.Suranyi/CMS-TOTEM]
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Elastic & soft diffractive scatterings

m Precise single-diffractive data

with forward 5 }x(mx)
proton tagging: g
(ALFA
P &% P tagging)
o ®
o r
E 7f T | | [RRARERRRRN T
< E [}
o o8k O L .
% F ﬁ‘ YE AE:L;ie\f ]
=< os[ 1= 0.016 < | < 043GV
] b Amas i® 40<log E<-18
E f5=8Tev 15
03[ 0.016 <[ < 0.43 GeV* E
0.25_ -4.0 < |0ng,4: -1.6 _E - e Data
E { Data ]
91- — Tripie Regge Fit E i~ —— Exponential fit .
_; L '_3'5""_'3" "_EIS""_IE‘ ": :I|Iill‘lgllllcljlllil’.%&llllolallI'I’-lasl'lllu.lslII'I!-LuJI:

log, & Il (Gev?)
Pomeron intercept:
(0) = 1.07+ 0.02 (stat.) + 0.06 (syst) + 0.06 (o)
PYTHIA 8 A3 (Donnachie-Landshoff): a(0) = 114
PYTHIA 8 A2 (Schuler-Sjostrand): a(0) = 1.00

Elastic slope:

B = 7.60 & 0.23 (stat.) £ 0.22 (syst.) Gev—2

In agreement with Pythia 8 prediction:
PYTHIAS A2: 782 GeV~2, PYTHIA8 A3: 710 GeV 2

[R.Staszewski/ATLAS]
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m DO+TOTEM analysis of elastic p-p:

%\\10 - ‘-:‘\",qr iIDO-TOllEM Prellz'minaré Ve = liag;rl:::;suremmt by DD
E \:\\\+ ——— pp extrapolation by TOTEM
s (4 [C.Royon/CMS-TOTEM] |
05 I 0.6 ‘ 0f7 ‘ 0.8 I 09 ‘ 1
[t (Gev?)
Differences suggestive — {—
of Odderon (3-gluon) Pomeron]

exchange in p-p at LHC: {7

m Other soft diffraction results
(o photoproduction, CEP =,...)

= 2% Hi Shea
= I < 1.5 GeV? o Hhead bt wmees it
< 25f Fit components
= % Fixed target
o !  ZBus
. -]
T  =20f i 2 OMS (pPBb) b
&= 8 | m, < ™y < 10 GeV
= + Data m o]
®  15f kg, + J
Yl s
10} \ ) ,"'-1’5""".@.
kY &
. LERL NI
T,
0% 10

102
Wy [GeV]

[A.Boltz/H1] [R.Sikora,T.Truhlar/STAR]
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(7) Parton hadronization

m Typical proton-proton collision at the LHC:
Jet

Soft gluon
resummations

Za

{2
;::s 1

MPI, ! 4
remnants (UE) ¥ r

Parton showering
(et substructure)

Parton .L" 2 v =/ o\ sr ' Higher-order
densities { i (N"LO) corrections
Generalized): ) 1/
(PDFs, Parton §, ----- T

TMD, 4 Density ¢
GPDs) “m=p?:

Hadronization,
Fragmentation
Functions

¥~—~Beam remnants
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Light-quark & gluon fragmentation functions

RS et al, PRD 101 (2020) 092004
m High-precision BELLE =,K,p FFs: e PP
Default PY8 can reproduce Kk, ‘ j
but proton production remains = : N
challenging for MCS @VEN IN €10,  wiseirirss s e siss srirssss e siss ool

z Zz

doidz [fb]

pied
—— (PYTHIA default) / {data)
£ —— (Belle) / (data)
—— (ALEPH) / (data)
—— (LEP/Tevatron) / (data)
£ ——— (HERMES) / {data)
(old Belle) / (data)

Kt

Cross section ratio
w

[R.Seidl/BELLE]

Bor W b
T T T
LBARM | 1 T T T T

rIrrid

m 7°, n production at the LHC

O 3 200 Gev 02 0 A 0E 0E 07 66 68 0205 04 6508 67 06 08 520564 0506 07 08 0.
overpT
:i: 10!4 T | T =
3 o L e | g L L | T LI L R T
L p_pbAL‘:—(S:E zrslfgl?rir\i B © - - [®] Data e NOrmM. unc. 2.6% pp, \s=8TeV -
@ 10" S erm. unc. 1.9% 2 0 | 5 gl — PYTHIA 8.2, Monash 2013 ALICE Preliminary —|
s =, n“ SRl A= — PYTHIA 8.2, Tune 4C 0 — oy
2 . e n>] 3 S|© | mmNLO, PDFIMSTWO8 - FF:DSS14
mb|‘—h.10 R PP, r 8 TeV 5 2o 0.5p, <n<2p,
olT b norm. unc. 2.6% = -
w 8 n° [5] f

10

x10%m (]
TCM fit - -

IIIHIJ \Hli HIIIJ II\HI\‘ IHIHJ

o T‘ IIIIHI' HIIH HIIIH ill\ﬁ‘\\\l\l‘ HI\IH IIIHI‘ \HIH HIIIW IHHI\1 II\I\H HI\H IIHI\‘ HHI\‘ HIIIW IAII\|H| IHIIFI' IIIIH1

PYTHIA 8 E

—— PDF:EPPS16 B

— PDF:nCTEQ1S = s ey g L e e R e | .

n°NLO E 0.3 1 2 34586 10 20 30 100 200

.- p-Pb, PDF:CT10 - FF:DSS14 N T p_(GeV/c)

102 pp, PDF:MSTWO8 - FF:DSS14 = o T

n NLO =2

---- PDF:CTEQBMS - FF:AESSS b 'B;—g . . . . .
0B il il 4l Difficulties to reproduce meson production with

.3 1 2 345 10 2030 100 200

P, (GeVic) e*e" NLO FFs (or with PY8) over p.=2-20 GeV.

[F.Jonas/ALICE] Gluon — 7 FFs well constrained in e*e? Universal FF?
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Heavy-Q fragmentation functions

m Charm jet FFs with leading D° mesons & A_baryons: [M.Mazzilli/ALICE]

p@\/s—13TeV
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= F chargedjets, antik;, =04, ) < 0. 3 3 ssp charged jets, antiy, 7 =0.4, 7| <0.5 44 = [ A:tand charge conp.) In charged jets with 0.4 < 2 < 1 A
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05 [C1Syst unc. (theory) 3 UE [ Syst. unc. (theory) E e H
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Z
]
PYTHIAG: JHEP 05, 026 (2006)

. . o . _— . . cn _ Pjet " PHF PYTHIAS: Comput. Phys. Commun. 178, 852-867 (2008)
Momentum fraction carried by the D® meson in the direction of the jet axis: z(" = POWHEG: JHEP 11, 040 (2004), JHEP 1200 11, 070 (2007)

Measurements point towards a softer
Good agreement with NLO (POWHEG+PYTHIA6) pQCD predictions for higher prje fragmentation at lower pr e

e el

Plet * Plet

m Ratio of A_,X ,= baryons over D° meson production: [J.ZhulALICE]

2 LS L L B L B % frorrrrTTT T T T T T T T T T T T [ L S e e S S e S .
?‘, 1_21:_ ALCE Prominay  artsysuas <12 f 0.5'_ nLI{C_E ﬁ';e;ur:unary o I ALIGE Preliminar
S ol . (ucicyDo [ R oy ;. oot Y - = usodso)D” Heavy-charm baryon
Un B S pam Sl -ren —fp— [386-152 L — hanash & 1 o +" d
- e e e M:_, ..... . \\ T._"_T;ZW ] 0.6 ~% = - productlon very
on BRI N 1 P senmnec= | enhanced in
E | High T gﬁ: ] °'3._ B 04F cnt;imndlL-gi];}Bx..Jng*zau;.:éu1'si75:1_‘ ennanceda | pp
oo I\ S I I | ' 1 w.r.t. e*e collisions.
_ ] 2 ] 0.2F .
0.4 . [ ] va F -
. _ : N e 1 St 1 ~33% (6%) of charm
e+e_ﬂ.2 M. ....—..'.T S :"" ere .5Msn:::::y oL shown .::..\:::::E; : . | 1 T z . —_— : baryonlze In pp (ee).
W L b ] T e e B e e 0 2 4 6 8 10 12 14 C g
. (GeVic) Py GV - pGeviy  Significant FS color
A/D®~ x10 larger than in e*e", ¥,/D° x20-30 larger than in e*er, =./D° x20-30 larger than in e*e’, reconnection needed.
PYTHIA color reconnectiontune  PYTHIA color reconnection tune PYTHIA color reconnection tune
Mode 2 v/ Mode 0,2 v Mode 2 X
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Summary: Experimental QCD at ICHEP’20

= The precision needed to fully exploit the SM & BSM programs at the
LHC requires exquisite control of pQCD & non-pQCD physics.
¥ \ast number of increasingly precise QCD observables experimentally

studied. Lead to improved analytic & MC models:
(3) Improved PDFs

(1) New o_ extractions (2) Data vs. N"LO & multilegs

w
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_ 2 CMS, this analysis ©=m?
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QCD = Fundamental ingredient at colliders

» Though not being per se main driving force behind current&future colliders,
QCD is crucial for many pp,ee measurements (signals&backgds):

e High-precision o_: Affects all x-sections & decays (esp. Higgs, top, EWPOs).
e N"LO corrections, N"LL resummations: Affect all pQCD x-sections & decays.

e High-precision PDFs: Affect all precision W, Z, H (mid-x) measurements &
all searches (high-x) in pp collisions.

e Parton showering, Q/g/g separation (jet substructure, boosted topologies..):
Needed for all precision SM measurements & BSM searches with final jets.

e Semihard QCD (low-x gluon saturation, multiple hard parton interactions,...):

Leading x-sections in pp collisions (Note: Q ~4 GeV at 14 TeV).

e Non-perturbative QCD: Affects final-states with jets: Colour reconnection,
intrinsic k, parton hadronization,... Impacts My Mg extractions
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Improving PDFs with proton-proton data

m 6 partonic processes in pp at the LHC have provided key PDF constraints:

Top quark pair production W + ¢ production Drell-Yan production
. t ANANANN W it
6 =6 ® PDF 54
Z/y
———
P \"'/P { ooooroon c i~
A O — .
[ Oap \ X Jet production Direct photon production Z pr
P, % ——— N T ———— AW ZSY
P )
&
VCo0000 —————— Vo000 ——————
NNPDF3.1 NNLO, Q = 100 GeV NNPDF3.1 NNLO, Q = 100 GeV
115] B weORs 1 | B 1150 -
m Improved NNLO 5 . g 1
g, u, ... PDFs G rost Grost
P e L L Lt =
alre ady tOday = k. R o s <
] O;O 95 30‘95 -f.f.fJ:.f!J'Iffffffffff‘ﬂfff.ff;!;.ﬂf
using LHC data: - z
0.9 0.9
107 1072 102 107 107 107 Jo* 107"
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Data vs. pQCD at NNLO: Z angular distribs.

Lam-Tung Violation: A, — A,

LO: e : NNLO ;
0:0(«,) 0:0(x)) LICMS]

0.25 I'\l'\l"'fuh‘r pp— Z4X. & 10.0.1.01 : (5= 8 Tev = NNLOJET pp— Z+X, ¥, mclusn’r s=8TeV
- - o~ ) -
. E 4 OMS data ] < F . ATLAS data (reg) .
< 02~ il Lo CMS - ~|tc uz_-{-—ams data + ATLAS &
E B NLo 3 3
0.15F- 2= NNLO ] 0.15F -— . 3
0.1 0.1 —f
005 0.05 .
c'_l ( 1 3
e LB Q 3 T E
= <E g L1 el —]
z E b4 = E
o LSE e .k . -f :.[~ gt 3
z < E E
0..,‘10 ) 500
P, ,1GeV] P,z [GeV]

NLO (CMS):  x*/Nuata = 24.5/14 = 1.75 NLO (ATLAS):  \?/Nuata = 185.8/38 = 4.89 [./ATLAS]
NNLO (CMS):  v%/Nyata = 14.2/14 = 1.01 NNLO (ATLAS):  \2/Nyu. = 68.3/38 = 1.80.

m Blabla
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Parton shower: Radius scan, tri-jet events

m Jet x-section radius (ref. R=0.4) vs. p.  m Tri-jet topologies: data vs. PS
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m Central region |y| < 0.5 (Left) and forward region 1.5 < |y| < 2.0 (Right). m Left: small-angle emissions ARa3 < 1.0 Right: wide-angle emissions ARa3 > 1.0.
m Best agreement achieved by NLO predictions in general R parameter range. w Pouhegt+Pythia8 (NLO2jets+PS) and Pythia8 (LO2jets+PS) are not able to describe data
m NLO predictions slightly overshoot data at larger R values in forward region. for small- and wide-angle emisisons in the soft- and hard-regimes in pr3/pr2.

m MadGray LO4jets + PS) is able to describe pr3/pr2 spectra for wide-angle emissions
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Organization of the talk

m Typical LHC collision: Jet
Soft gluon_ MPI, remnants (UE) :‘
resummations .~ Beam remnants \ &, Parton showering
- ® (jet substructure)
Parton = L S -------- e % ------------------------------- A | Higher-order
densities ¢ \

(Generalized): g (N"LO) corrections

(PDFs, ' Parton [N RNEEE N A . -
TMD, o Density & :

GPDs) V=7 &3 NN
' S "' Jet
Hadronization,
~, W,z Fragmentation
Functions

— Beam remnants

m All LHC observables depend chiefly on a precise control of all these, e.g.:
1) BSM: heavy resonances (Z’): on precise high-x PDF, Instantons on UE,..
i) Higgs: b,c partial widths: on precise o, coupling, ...
lif) W mass: on precise mid-x PDF, resummations, intrinsic k_
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Color reconnection

ICHEP-2020, 4" Aug'20

cluster hadronization
[Webber, Nucl. Phys. B238 (1984) 492]

perturbative QCD provides preconfinernent
colour-anticolour pairs form higly excited

hadronic states = clusters
[Amati, Veneziano, Phys.Lett. B83(1979)87]

Colour Reconnection
partons before hadronizing may be modelled as they exchange
gluons - an extra step to swap the colours

improve description of soft MB events and UE

effectively reduces cluster masses and thus the number of
particles produced in the final state (with higher momentum)

[S. Gieseke, C. Rohr, A. Siodmok, Eur. Phys. J C72 (2012) 2225]
[S. Gieseke, P. Kirchgasser, S. Platzer, A. Siodmok, JHEP 1811 (2018) 149]
[S. Gieseke, P. Kirchgasser, S. Platzer, Eur. Phys. J CT8 (2018) no.2, 99]
[S. Gieseke, P. Kirchgasser, S. Platzer, A. Siodmok, Acta Phys. Polon. B50
(2019) 1871]
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