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From soft to hard (biased selection)

- Cross sections

- Diffractive scattering - Exclusive processes
- Parton distribution functions - PDFs

- Underlying event properties

- Double parton scattering n % 2
- Jet production . _l %i‘
- Prompt photon production Brsd W?"'
- W,Z and jets &
J e e

Follow up in excellent mini-reviews in the Strong Interactions and Hadronic Physics Session
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Motivation

It is all about understanding QCD
- proton structure

- confinement

- origin of mass

- dense matter

and controlling QCD

- to make precision predictions
- to provide input to cosmic ray
physics
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Asymptotic

What it takes to get SM for LHC

Renormalization
group invariance

freedom Conﬁnengt\
: Parton
Hard scattering: Predictions for Soft scattering: distributions
perturbative X-sections [ ™| LHC observables nperturbative input (PDFs)
(N)NLO radiative o '
corrections Factorization to LHC data | functions
- 4 — Global
oot | [ Proof for indvidua analyss ||
P vy observables 4 Power-
NS . suppressed
v - contributions
Combined with S(g:g: Multi-scale ‘[ NOEE—TS
electroweak regimes
corections \ Other experiments:
Parton flavor - HERA, Tevatron,
composition Paﬁomemg fixed target, ...
DGLAP? BFKL? \[ Charm and bottom
ion?
L[S mass eliects from Pavel Nadolsky
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Inelastic cross section

ATLAS - MBTS coverage 2.07<|n[<3.86;

My M, >13 GeV
arXiv:1606.02625 (JHEP) ATLAS Vs =13 TeV, 60.1pub™
CMS - HF coverage 3.0<|n|<5.2 and Data —to+—
CASTOR -6.6<n<-b.2; Kopeliovich et. al [40] PS
Mx>4.1 GeV My>13 GeV Menon et. al [41] ®
CMS PAS FSQ-15-005 oo ot o112 o
Gotsman et. al [43] [ )
A TLA S Fagundes et. al [44] [ )
79.3 £ 0.6 (exp) + 1.3 (lum) + 2.5 (ext) mb Shabelski and Shuvaey [45] ®
CMS preliminary o570 75 80 85

71.3 + 0.5 (exp) + 2.1 (lum) + 2.7 (ext) mb . [mb]
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Elastic and total cross section
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Compilation of cross sections as a function of /s
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Cosmic rays o, —— COMPETE HPR1R2
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CMS-PAS-FSQ-12-004

do/dM [u b/(50 MeV/c?)]

Pomeron and exclusive processes
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Exclusive production and forward physics
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CMS PAS FSQ-16-002

Event characteristics - forward region (13 TeV)

Cosmic ray models Variations of PYTHIA and HERWIG++
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dE /dn(GeV)

Event characteristics - forward region

Feynman's scaling - limiting fragmentation

XF= ZpJ‘JS

CMS PAS FSQ-15-006 arXiv:1507.08765
CMS Preliminary
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Event characteristics - central region (13 TeV)
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Event characteristics - surprises
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The 2D (An, Ag) two-particle correlation functions in pp collisions at /s = 13 TeV
Phys.Rev.Lett. 116 (2016) 172302
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maazes POFS - latest HERA release
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<> available at www.desy.de/h1zeus/herapdf20/ and on LHAPDF:

HERAPDF2.0 at NLO and NNLO
also with a scan of a,(M?,) from 0.110 to 0.130 in steps of 0.001

additional PDF sets :
HERAPDF2.0HiQ2 at NLO and NNLO - Q2 , =10 GeV?

HERAPDF2.0FF3A and FF3B - fixed flavor number schemes at NLO

HERAPDF2.0AG at LO, NLO and NNLO - alternative gluon parameterisation (strictly positive)

Eur.Phys.J. €75 (2015) 580
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Multi-parton interactions

Inherent method to generate the minimum bias and underlying event activities

Single Parton Scattering (SPS) Double Parton Scattering (DPS) Need 3D picture
* one hard parton-parton scatter * two hard scatters within same protons
: p: %/\ o A
, —: i
Parton Distribution Functions Form Factors
A B T(b) is the overlap function that characterizes the transverse area
AB _ M 05pg0sps occupied by the interacting partons

obps = 7 ————
DPS 2 Ooft )

The smaller the o, the larger the probability of DPS - highly packed
partons

Ooft = [/ d2b (T(b))z]_l,

8/10/16 Strong Interactions, HA, TAU 13



Double-parton scattering

DO final state 2y+2jets |oes = 19.3 + 1.4(stat) & 7.8(syst)mb.
at 1.96 TeV

fors= 0.213 + 0.061(stat) + 0.028(syst)
Phys.Rev. D93 (2016) 052008

% —DA‘I“A [ |prompt-fake [ sPs
§1 EWZ .WY' :fake-fake ]
w [Jzz —ops
CMS final state W:W+

2 - 8 % @ ? 9
ST T ey e ey o

£ >D.91 mb (95% CL
at 8 TeV (preliminary) Jetf ( )

Q
T

z:
1025

CMS PAS FSQ-13-001

data/MC
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ATLAS in4jets
at 7 TeV

arXiv:1608.00852
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at 8 TeV
(preliminary)
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fpps = 6.6 + 0.8 (stat) + 0.2 (syst)%
ATLAS-CONF-2016-047

Strong Interactions, HA, TAU
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Experiment (energy, final state, year)

Double-parton scattering

Summary of published and preliminary results

ATLAS (y/s =7 TeV, 4 jets, 2016)

CDF (/5 = 1.8 TeV, 4 jets, 1993)

UA2 (y/s = 630 GeV, 4 jets, 1991)

AFS (/s =63 GeV, 4 jets, 1986)

DO (/s = 1.96 TeV, 2v+ 2 jets, 2016)

DO (/5 = 1.96 TeV, v+ 3 jets, 2014)

DO (/s =1.96 TeV, v+ b/c + 2 jets, 2014)
DO (/5 = 1.96 TeV, v+ 3 jets, 2010)

CDF (y/s = 1.8 TeV, v+ 3 jets, 1997)

CMS preliminary (1/s = 8 TeV, WW, 2016)
ATLAS (/5 = 8 TeV, Z + J /4, 2015)

CMS (v/s =7 TeV, W+ 2 jets, 2014)
ATLAS (/s =7 TeV, W+ 2 jets, 2013)
ATLAS preliminary (y/s = 8 TeV, J/¢¥J /4, 2016)
DO (v/5 = 1.96 TeV, J /i + T, 2016)

DO (v/5 = 1.96 TeV, J/1p + J /4, 2014)
LHCb (v/5 = 7&8 TeV, Y(18)D%F, 2015)
LHCb (/s =7 TeV, J/9AT, 2012)

LHCD (/s =7 TeV, J/¢DY, 2012)

LHCb (v/s =7 TeV, J/yDT, 2012)

LHCD (y/s =7 TeV, J/yD?, 2012)

0O 5 10 15 20 25 30

8/10/16

O [Mb]
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Ocff < Oinel
* Ous < 30 mb expected from gluon form-factor

e non-universal?

Potential source of information about 3D proton
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CMS-PAS-SMP-14-001

as(Q)

pQCD stress test - jet production
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JHEP 1512 (2015) 105

pQCD stress test - multijet production

. HEJ (x 0.9)

l BlackHat/Sherpa (x 1.0)
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Multi-leg/multi-scale final states still
not fully under control
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NLO (scale ® PDF)

- uncertainty
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New predictions
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67 10 20 3040

—— NNLO @ hadr. corr.

Phys. Sev. Lot 117 (2016) 042001

(P7),1GeV)
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pQCD readiness for prompt photons

PROMPT PHOTONS:

not from hadron decays
q L @ q Y = q g
I > X X
S g T . o .
g q 3 g q Y

+ Direct photon
A. Compton

B. Annihilation

+ Fragmentation photon (C)
BUT suppressed with isolation
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Good description for low jet multiplicity (including c and b jets)

W/Z + jets

CMS-PAS-SMP-16-005
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Higher jet multiplicities require more work
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Summary

» Given the complexity of the final states,
all inall a good description of main event characteristics achieved

» Certain regions of phase space still poorly controlled, ex. - forward
energy flow, high multiplicities

» PDFs - HERA data an anchor but not sufficient for low or high x or

3D picture of proton - JLAB might be too low s; next opportunity
EIC/eRHIC

» The role/impact of collective effects not understood

» Main concern - lack of precise SM expectations may hinder searches for
BSM physics unless the new physics is spectacular....
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(a) flavour creation (s-channel) (b) flavour creation (t-channel)

arXiv:1607.08430

_ g b 8 b
+ two jets pt>20 GeV, |n| < 2.5, %’\<'/
b >
g

both tagged as b-jets
pt1 > 270 GeV

enhances gluon splitting and flavour
excitation relative to flavour creation c.f.
previous analyses

cross sections differential in different ranges of measured
several observables: mob, ptb, observables probe different
yB =Yz ly1+y2|, y* = 72 |y1-y2), production mechanisms

Ad, AR

A
8 W‘:W 8
(c) gluon splitting (d) flavour excitation

C. Gwenlan, Jet results from ATLAS and CMS, ICHEP16
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heavy flavour jets: b-bbar dijets

arXiv:1607.08430
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