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Introduction

Event Anatomy

1) hard process 3) ISR 5) underlying event  7) particle decays

2) resonance decays 4) FSR 6) hadronization
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LHCb Event Anatomy

1) production  2) particle decays
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Introduction

LHCb Acceptance [JINST 3 (2008) S08005]
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https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005

Introduction

Tl,lnil].g Paranleters [T. Sjéstrand]

hard process

« PDFs, phase space cut-offs (pr, ), renormalization scale,
factorization scale, SM parameters (CKM, as(Mz), sin 6y )

parton showers
o as(Mjz), scales, pr damping, matching parameters, ordering method
underlying event
o ags(Mjz), hard processes, pr damping, beam profile (shape, impact
parameter), color reconnection
hadronization

« longitudinal momentum sharing, transverse width, flavor
composition, vector to pseudo-scalar composition, baryon and
meson production ratios
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Introduction

Observables

» test non-perturbative « FSR
regimes of QCD + similar to ISR

+ tune multi purpose event  underlying event
generators ¢ onia measurements

« look for new effects to * IR safe energy flow

refine models e hadronization

« final state flavor
composition

« IR sensitive charge
density and multiplicity

* hard process
« onia inclusive
cross-sections
e onia pp distributions
- ISR
« light jet thrust (as(Mz))
o pr from Z — pp
(primordial k)

particle decays
» branching fractions
» mass distributions,
angular distributions,
etc.
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Introduction

LHCb Public RIVET Analyses

analysis

| plugin

reference

inelastic cross-section

LHCB_2015.11333223

charge particle multiplicities and densities | LHCB_2014_11281685

energy flow

prompt charm cross-sections
charged particle ratios

VO ratios

inclusive ¢ cross-sections
prompt Kg cross-sections

inclusive bb cross-sections

LHCB_2013_.11208105

LHCB_2013.11218996

LHCB_2012_.11119400

LHCB_2011_1917009

LHCB_2011_1919315

LHCB_2010.S8758301

LHCB_2010_I867355

JHEP 1502 (2015)
129

Eur. Phys. J. C 74
(2014) 2888

Eur. Phys. J. C 73
(2013) 2421

Nucl. Phys. B 871
(2013) 1-20

Eur. Phys. J. C 72
(2012) 2168

Eur. Phys. J. C 72
(2012) 2168

Phys. Lett. B 703
(2011) 267-273

Phys. Lett. B 693
(2010) 69-80

Phys. Lett. B 694
(2010) 209-216
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Introduction

Cross-Sections

Inelastic

[JHEP 06 (2018) 100]

Ginel [mb]

® LHCb

= TOTEM

10 Vs [TeV]
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Onia Production

Onia Production
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Onia Production

Pro duction 1\/10(161 [hep-ph/0003142]

« onia production typically modeled with NRQCD

do(pp = H+X) = > dé(pp — QQP* ' Ly] + 2)(O >+ L])
s,L,J

» physical state is expanded as Fock states

799000/ /
9
gg — cE[3S§1)]g g9 — c5[35§8)]g 99 — 05[15(()8), 3P§8)]g
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http://arxiv.org/abs/hep-ph/0003142v2

pt Damping

» perturbative short-distance matrix elements, &, diverge at low p
» smoothly re-weight

< PT ) <O‘S(p2ro +p2T)2>
o+ Ph o (pF)

= allow pr to be energy dependent

P10(v/5) = pro(Eo) (Ei)

- fit LHCb data at various 4/s to obtain both py, and ¢
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bduction

LHCb Damping [JHEP 10 (2015) 17

V5 =13 TeV

— data

— 1o damping
— 5im09

— prolpry) fit
-~ Prolpr) fit

- proly) fit

do/dpr [nb/GeV]
2

10
1
10 2 6 8 10 12 14
rr(J/¥) [GeV]
VE=TTeV V5 =8TeV
10° 10°
— data — data
i — no damping | — no damping
w —Sim09 10 —5im09
—6=0.09 —0=0.09
— Olpr.y) Bt T Ol it
2
1§ 102
<
3
10! 10!
o
10 2 G B 12 14 10 2 [3 B 12 1
pr(J/0) [GeV] Pr(J/¥) [GeV)
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Energy Flow

Energy Flow
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hard — soft model (HEP)

soft — hard model (air-shower)

begin with t-channel 2 — 2
QCD

o2(p3)
PT

déa2 o< dpi

divergent in pr, cut-off or damp

2(prd +p%)  ph
a2(pq)  (prd +p3)?

models color screening and
saturation effects

number of interactions also
depends on impact parameter

f(z,b) = f(z)g(b)

begin with Regge effective
field theory

dm?
M2

do x

M is mass of the diffractive system

exchange of color-singlet pomeron
between hadrons

o leading structure is ff or gg
® at high energy primarily gg

include hard structure by resolving
pomeron constituents

requires some smooth transition
between the two regimes
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Energy Flow

LHCb Energy FIOW Analysis [Eur. Phys. J. C 73 (2013) 2421]

» measure charged energy flow
« veto events with more than 1 primary vertex
o use tracks with VELO and IT or OT hits
e 2<p< 1000 GeV
An)
1de 1 [1"&7
Na ~ag\v 2B
N n i=1
» N = number of inelastic pp interactions
« n = number of tracks within bin of An

® unfold detector effects with bin-to-bin corrections
« estimate systematic uncertainty from model bias using various
PyTHIA configurations

® calculate total energy flow using neutral to charged ratio, R

14+ Ry
Ftotal = FVCh&Lrg;ed(1 + Rgen) <TRI\Z?>
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http://arxiv.org/abs/1212.4755

Energy Flow

Event Classiﬁcation [Eur. Phys. J. C 73 (2013) 2421]

Oinelastic = 9SD + 0DD + 0¢cD + OND

hard
’ T - o pr>3GeV
¢ 19<n<49
diffractive
, . , . ® no track with
' . —-3.5 —1.5
single-diffractive (SD) double-diffractive (DD) <<
° = 70% purity with
4 4 4 PyTHIA 6

non-diffractive

- e track with
—35<n<—15
» » » ° =~ 90% purity with
central-diffractive (CD) non-diffractive (ND) PyTHIA 6
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http://arxiv.org/abs/1212.4755

[Eur. Phys. J. C 73 (2013) 2421]

= & 180T T T T T T T T charged
8 8t 2, 0 : 8
& R -3 e PyTHIA 8 and 6 with no CR
° o — SIBYLL2.1
% zizz Inclusive minbias events model data well
£ < 100f
% & % 8oF e PYTHIA 6 under-estimates for
S 5 F large n
fracd LHCb o LHCb
20 = E i - =
it |\HTe|V g I“”el" ¢ EpPoSs and SIBYLL model data

s 4 T Symtemate Uncorany - yn T Sytomaic Uty well
8 12 g 1.2 - ) B .
= — = T * QGSJET uniformly

08 T 08 .

E 1 over-estimates
Ll I I I N I B LU I I I I I B
2 25 3 35 4 45 q 2 25 3 35 4 45 q
[ . A
8 PYTHIAS Lico Basof T 50 10
-€200 PYTHIA6 Perugia 0 — € - - QGSJETO1
o PYTHIAG Perugia NOCR } W 200 QGSVETII03
° PYTHIA 8.135 default ° siBYLL 2.1
2 150[- Inclusive minbias events 2 [ inclusive minbias events
- + 150}
] ] total
12 100| e 100
L]

similar behavior to charged

50
energy flow
£ 14
8
PRE:
H
o8- -
L ST T P PO PO P L T T PO PO P P
728 55 TG E - A )
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Inclusive Monash (A, Grocu]

f

Charged EF - inclusive minimum bias events, Vs =7TeV Total EF - inclusive minimum bias events, /s = 7 TeV'

= i i o B LA WA = I o B ALAR N Ao S
Z T T T\1d Monash) I I I B FTTT ¢ (Monash] I T T ]
X —— MC (Monash+EvtGen) . S 40 [ —— MC (Monash+EvtGen) 3
5 - 5 F ]
~ = =

2 B =5 E ]
= 4 £ E ]
- ] s 1
] B £ C ]
= - z C ]
S E S OF ]
o | — 100 — -]
< | = F 4
& ] 5 L ]
2 4 L ]
5} ] 50 - 4

£ - gl
z E 2 4
a E| a E|
g El 9 El
H E = E
o b b b b 10 4 CEL e b b by 1y 4
25 3 35 4 45 2 25 3 35 4 45
n

» slight overestimate of energy flow, not dependent on decays
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Charge Multiplicity

Charge Multiplicity
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Charge Multiplicity

Hadronization Models

string model (PYTHIA) | cluster model (HERWIG)

* linear confinement ® pre-confinement
¢ clusters independent of hard
V & kr — dos process scale
- 3r ¢ dependent on QCD and shower
scale

° split strings into hadrons ¢ decay clusters into hadrons
° kinematics well modeled ¢ kinematics not as well modeled
° poor final state flavor description * Dbetter final state flavor description
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Charge Multiplicity

LHCb Multlphmty Analysis [BEur. Phys. J. C 74 (2014) 2888]
« visible event » reconstructed event
» at least one charged « at least one track
particle « must traverse all tracking
« 20<n <48 stations
* pr > 0.2 GeV » pass within 2 mm of
o p>2GeV beamline
7 <10 ps » originate from luminous
region

@ correct for sample impurity
o =~ 6.5% fakes, ~ 1% duplicates, ~ 4.5% non-prompt

® account for visible events with no reconstructed tracks
® unfold distribution for pile-up effects

@ apply reconstruction efficiencies
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http://arxiv.org/abs/1402.4430

Density Results

Charge Multiplicity

[Eur. Phys. J. C 74 (2014) 2888]

= F T T T T 7 - 25p T T T 7]
— Data — Y L ", Dat 4
2 OF wLneb 5=7Tev B e COE o Mincasuies ]
o + b - ++ PYTHIA 8.180 default e > r /\ == PYTHIA 8.180 default 1
5 - ) = === PYTHIA 8.145 default 8 2 C 3 ===~ PYTHIA8.145 default ]
o Herwigt+ 2.7.0 UE-EE-5 L Herwig++ 2.7.0 UE-EE-5
r —— — Herwig++ 2.6.3 UE-EE-4 1 ‘_: r —— — Herwig++2.6.3 UE-EE-4 |
4 - S 15F _'
F E - LHCb f5=7TeV
3F E <] b) ]
E ] = 1 ]
F =l b
2 ] r ]
E 05 =
1 1 1 1 0 :I :
3 4 5 6 0 0.5 1 1.5 2
n P, [GeV/c]
® the p requirement causes the falling distribution at low 7
® neither PYTHIA 6 nor PYTHIA 8.145 were tuned with LHC data
* these significantly under-estimate the data
e PvyTHIA 8.180 describes the data well
e HERWIG++ does as well, except for 0.2 < pp < 0.5
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Multiplicity

DeIlSity h’IOllaSh [A. Grecu]

Prompt charged particle density at v/s = 7 TeV' Prompt charged particle density at /s = 7 TeV
s T - T e T e
3 ] \ F ]
g 1 T 2 —— MC (Monash) |
£ 5 - P F —— MC (Monash+EvtGer)
] V] E —— MC (LbPnoCR) ]
4 - 3 = —— MC (LbPy6) !
. s MC (LbPy8) ]

E N

= 5 ]
. T T ]
—— MC (Monash+EvtGen) 3 £ = -
2 —— MC (LbPnoCR) A E ]
—— MC (LbPy6) ] [ ]
. MC (LbPy8) E F N
R R . E
s E s 1af E
2 g £ =
a | IR milf e a D O e o e
1®) I3} T T T T Tt T E|
g 3 o % =]
N RN AR BRI W ol SR I s . A
2 25 3 35 4 45 02 04 06 08 1 12 14 16 18 2
1 poGeV/el

» Monash density in better agreement

p
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Charge Multiplicity

NIU.]tlphClty Results [Eur. Phys. J. C 74 (2014) 2888]
= T T
= f LHCb (=7 TeV e distributions for 2.0 < n < 2.5 and
10 2 40<n<45
L 20<n<25
107 * inclusive, differential pr, and
differential n distributions in
107 F s paa appendix
E PYTHIA 6.426 LHCb
Lot b T A s 1asaen * at low and high 7 all tunes
Eo :3;:2;233:3 \ under-estimate for high multiplicity
by \
0 3 10 15 20 e LHC tunes do slightly better
n N
¢ non-LHC tunes typically
= [ T over-estimate low multiplicity
< 1o il LHCb V5 =7 TeV
n ¢ inclusively PyTHIA 8.180 describes
102E 40sn<4s data well, but under-estimates for
F high multiplicity
10°F
F == b * HERWIGH++ 2.6.3 consistently
10 T2 W tiie s 130 o describes inclusive data well
E 77777 PYTHIA 8.145 default
Jos | o HewiessaToubEES * HERWIGH+ 2.7.0 does not model
5 z m s 20 the range 15 < n < 25 well
n
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Charge Multiplicity

Multiplicity Monash (A. Grecu]

Ch. particle distribution at v/s =7 TeV (2.0 < 5 < 2.5) Ch. particle distribution at /s = 7 TeV (4.0 < 17 < 4.5)
s LT T - ——
= ik ] = o
07 b b
0" - 0T E  MC (Monash)
E 3 —— MC (Monash+Ev
4 [ —— MC (LbPnoCR) +4 2 1TE —— MC (LbPnoCR)
E —— MC (LbPys) ++ El —— MC (LbPy6)
- MC (LbPy8) ++: 107 MC (LbPy8)
,15 3 1072
0k %: £
S - O
14 ‘ ‘ E o fl \
8 12f =i S 12f =i
éI:%th”llllHlll | E §17..”%ll || E
o e e T ]
Bl S e SN PR & o6f im0, ! TERE &
o 5 10 15 20 o 5 10 15 20
n n

» Monash multiplicity in better agreement
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Conclusions

large potential for tuning from LHCb

» onia sector
o forward flavor composition
« forward soft QCD

validates consistency of the MPI and hadronization models at
LHC energies for forward production

no unexpected behavior

non-LHC tunes underestimate forward particle density
PyTHIA 4C performs well, Monash tune does better
HerwiG++ UE-EE-4 tune consistently out-performs UE-EE-5

some more 13 TeV results underway
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Multiplicity

Inclusive Multiplicity Results

F=\ T T T T 1]
-1
LHCb {5 =7 TeV & 10 LHCb {5 =7 TeV
a)
10
BES== Dawa _ | 10° == D
PYTHIA 6.426 LHCb 3 PYTHIA 6.426 (LHCb)

PYTHIA 6.426 default - PYTHIA 8.180 (default)

-+ PYTHIA 6.426 Perugia 0
- PYTHIA 6.426 Perugia NOCR

- PYTHIA 8.145 (default)
Herwig++2.7.0 UE-EE-S

++ PHOJET 1.12 104 — — Herwig++2.6.3 UE-EE-4
1 ! ! ! ) 1 1 1 1
10 20 30 40 50 10 20 30 40 50
n n
Tlten E 3 MB and MC tuning at LHCb [ 1/12



Inclusive Monash

MC/Data

Multiplicity

Full range charged particle distribution at v/s = 7 TeV/
T T

—— MC (Monas|
—— MC (Monash+Ev|
—— MC (LbPo)
—— MC (LbPy6)

MC (LbPy8)

Al L

[A. Grecu]
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Multiplicity

Differential Multiplicity Results ()

- T T T T T -
= s
LHCb {5=7TeV Iy . LHCb {5=7TeV Iy , LHCb {3=7TeV
o 107 @ 3 10° @
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10%fF E 102
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Monash (n)

Multiplicity

[A. Grecu]

Ch partile distribution at v/s = 7 TeV (25 < < 30)

Ch partice distribution at /s = 7 TeV (30 < < 35)

Ch. particle distribution at s = 7 TeV (20 < < 2.5)
z z T T z T T T
£ £ £
10 —~ 10? - 107 -
10! | 101 [ —— MC (Monas | 101 L —— MC (Monas B
—— MC (Monash+Evt —— MC (Monash+Evt
1 L —— MC(bPnocr) Tt —— MC (LbPnoCR) —— MC (LbPnoCR)
—— MC (LbPy6) T —— MC (LbPy6) 1 —— MC (LbPy6)
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Multiplicity

Differential Multiplicity Results (pr)
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Monash (pT) [A. Grecu]

Ch. particle distribution at s = 7 TeV (02 < p. < 0.3 GeV/c) Ch. particle distribution at /s = 7 TeV (03 < p. < 04 GeV/<) Ch. particle distribution at /s = 7 TeV (0.4 < p. < 0.6 GeV/<)
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[Eur. Phys. J. C 73 (2013) 2421]

S T : : ry f’g‘ ASAA MM SRREAAARL MMM charged
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[A. Grecu]

Charged EF - hard scattering events (pr > 3 GeV/c), v/s = 7 TeV/ Total EF - hard scattering events (pr > 3 GeV/c), /s = 7 TeV
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Diffractive Monash [A. Greeu]

Charged EF — diffractive enriched events, /s = 7 TeV Total EF - diffractive enriched events, /s = 7 TeV
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Energy FlOW Non—diffractive [Eur. Phys. J. C 73 (2013) 2421]
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Charged EF - non-diffractive enriched events, /s = 7 TeV'

[A. Grecu]

Total EF - non-diffractive enriched events, /s = 7 TeV'
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