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The underlying event in p-p collisions

e The underlying event (UE) is everything except the hard scattering:
= Initial state radiation (ISR) s .
=» Final state radiation (FSR) hghgp
=» Multiple partonic interactions (MPI)

= Beam remnants ,.\ :
o 238 Ae
e Its understanding is crucial for 2 9 %\
=» precision measurements of the e, Il
Standard Model processes \
=> the search for new physics “”—?o:j‘ ELETL, =
T [N Y ) —o,
e But its dynamics are not well understood — *%f%_\, oo S, S, =t
2 soft & semi-hard interactions
=» can not be fully described with =
perturbative QCD .:,f;) % ,,:g
= phenomenological models in MC Lo v & f\\"{i}-
involve parameters which A AT %

must be tuned using data

e Use LHC data to constrain the existing UE models
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Phenomenology of multi-parton interactions

e The number of interactions depends on
> the p; scale of the event

= the centre-of-mass energy:
increase of particle densities

e Introduce a MPI model to describe the soft interactions:

Minimum bias Hard scale Pr
h > 4
Peripheral collision Central collision
few MPI many MPI

[Phys. Rev. D83 (2011) 054012 ]

extend hard scatter cross section to low p;
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[arXiv:hep-ph/0601012]

> But divergence: 1/p; if p. —0

=» Introduce regularization:
1/ pf =1/ (Pr + Pry)°
= Which is energy dependent:

Pro(Ns) = Pro(\so) (Vs 15, )

= More MPI activity is predicted for
smaller values of p,, and €
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Measurements of the UE

e Study the UE activity as a function of the hard scale of the event,
and at different centre-of-mass energies

¢ Different possibilities

= at central rapidities
M oection Hard scatter & UE are contained in same n range
=» divide ¢ phase space to separate the UE from the hard scatter
=» look at particle densities, energies in the transverse region
=>» As function of the hard scatter p; scale
leading jets, Drell-Yan [ JHEP 09 (2011) 109]

= Use different observables: jet area/median
= no ¢ phase space division needed

= at forward rapidities
UE observables separated with Central hard scatter
large An from hard scatter
No division of ¢ phase space

Possible to study UE @ structure wy
<///\Z\ —

= look at forward energy
densities as a function of
central leading jets

Forward energy density
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Measurements with CMS detector at LHC

e CMS has a very good pseudorapidity coverage: -6.6 < n < 5.2

CMS Detector

Pixels
Tracker
ECAL
HCAL
Solenoid
Muons CASTOR
CASTOR calorimeter
: : gjjil()lelr.l:ThR 6.6 <N < -5.2
GRS 2N / | J ) 14m from IP
ZERO-DEGREE ok i
CALORIMETER tu ng Ste n/q ua rtz

Cerenkov detector
16 ¢ segmentations
14 modules in z

HADRON CALORIMETER (HCAL)

Brass + scintillator

Total weight
Overall diameter
Overall length
Magnetic field
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UE activity in the Drell-Yan process

e Complementary approach to existing central UE measurements

=> clean separation of the hard interaction from the soft components
= Drell-Yan: experimentally clean, theory well understood
= absence of QCD FSR & low probability of photon brehmsstrahlung from muons

e Measure particle & energy densities in central region:

=» average number of primary charged particles
=» average of the scalar sum of p; of the particles
=» central charged particles: pr > 0.5 GeV/c, |[n| < 2 (muons from DY excluded)

Dominated by hardest ISR A “Tovarr —
that balances the di-muon system l “““““

“Transverse” ,+*

> > Sensitive to soft emissions
due to MPI

~,:‘Transvcrsc”
.
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o
o
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0
0
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e Study the UE activity as function of (81 GeV/c? < M, < 101 GeV/c?)
=> the di-muon p;: - to minimize background, study dependence in narrow mass window
- energy scale sufficiently large to saturate MPI
= probes ISR spectrum
= the di-muon mass: - look at wide M, range for di-muon p; < 5 GeV/c
= verify MPI saturation
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UE activity in the Drell-Yan process (II)

e Drell-Yan event selection:

= exactly 2 opposite charge isolated muons with p; > 20 GeV/c, |n| < 2.4
from vertex well centered around the beam-spot

= charged particles for UE: central high purity tracks from primary vertex
pr > 0.5 GeV/c, |n| < 2, o(py)/pr < 5%

e Study energy scale dependence of MPI as function of M, ;:
= limit ISR: di-muon p; < 5 GeV/c

7

e Data CMS Preliminary
E —Pythia-6 22 Py
f Ldt=1.14 b
----- Powheg 72
— Pythia-8 4C \s=7 TeV

—

charged particles
(p; > 0.5 GeVic, ml <2.0, 1Al < 120°)

pﬁ“ <5 GeVic
Il ‘ Il Il Il ‘ Il Il ‘ ‘ ‘

60 80 100 120 140
M, [GeV/c?]

1N, A22pT/An A(A¢) [GeV/c]

1.4F

1.2F

e Data CMS Preliminary
[ —Pythia-622 f Ldt=1.141"
----- Powheg 72
+ . 9 \s=7 TeV
[ — Pythia-8 4C

[ charged particles
[ (p;>0.5GeVic, Inl < 2.0, IA¢l < 120%)

[ p:" <5GeVic

40

OT\\\

60 80 100 120 140
M, [GeV/c?]

= no dependence on M, = saturated MPI

CMS-PAS-QCD-11-012

Look at towards & transverse
region: Ap < 120°

Pythiab Z2 & Pythia8 4C
describe the densities well

Powheg Z2 underestimates
by 10-15%
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g : :é e Data CMS Preliminary g 1 ZE e Data CMS Preliminary
<:‘ ~F  —Madgraph z2 o114t é -8 — Madgraph z2 14" .. .
R e N el [ SV [« | Dependence of UE activity vs di-muon p;
Z 11 — thia- 2 3 — ia-
Jo: E for 81 GeV/c2 < M, < 101 GeV/c?
© £ ,.6 o 12f % - an i
z "% I o )
o Z 0sbas At this energy scale = MPI saturated
0] DI e OSF chuimties o nt<c => p; dependence sensitive to ISR
0.51 81 Gevic* <M, < 101 GeVic? 045 g1 Gevic? <M, <101 GeV/c?
04 20 a0 60 80 100 % 20 40 60 80 100
pi" [GeV/c] p#“ [GeV/c]
g 1 4; ® Data CMS Preliminary .SG 3; e Data CMS Preliminary
< 7L —Madgraph Z2 t=1. -1 o [ —Madgraph z2 114" .
Q § [ ooz o 2es [ Towards & transverse region:
u) = . j — Pythia- 2 r — thia- . . .
59t T2 i =» slow growth in particle & energy density
Z >k - . . i
E = 15 815 with increasing di-muon p;
0.8 F b
© $ 1 . .
= el e o i = Madgraph with tune Z2 describes the data well
O (pr>05GeVie, l <2.0, 60" <ladl < O >0.5 GeV/c, l < 2.0, 60° < IA¢l < 120° . . .
81 Geviet <M, < 101 Gevic Cmeneon oo | =» Powheg Z2 & Pythia8 4C fail to describe the data
0% 20 a0 60 ‘p‘ié([)(."ie‘v‘/::?o % "2 a0 60 ‘p‘:é?(‘aév;l?o (bUt agree at low pT)
= 3r — = 8r
g [ e Data CMS Preliminary S [ e Data CMS Preliminary
g F —Madgraph 2 fl_dt=1_14fb4 & 7— — Madgraph Z2 det=1.14fb"
5 S A VBT TV 2 6 oymaeso T PR
& T Away region:
© % | s mostly sensitive to spectrum of hardest emission
E 150 : af = equally well described by all tunes & generators
1 L charged particles " 2 ; charged particles
€ (p,>0.5 GeVic, i <2.0, 1A¢l > 120°) 1 F . (p, > 0.5 GeVrc, nl <2.0, 1a¢l > 120°)
05k 81 ‘GeV/c2<l\‘/Im‘<1O1 ‘GeV/cz | i ‘81 GeV/(Tz<Mw<‘101 GeV/T;z
O‘ ‘ ‘20‘ ‘ ‘40‘ ‘ ‘60‘ ‘ ‘80‘ ‘ ‘100 00‘ ‘ ‘20‘ ‘ ‘40‘ ‘ ‘60‘ ‘ ‘80‘ ‘ ‘100
p:“ [GeVi/c] p:“ [GeV/c]
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UE activity with jet area/median

e Alternative method to study the UE activity at central rapidity

e Measure the soft hadronic activity by calculating the ratio of the jet p;
and the area covered by this jet in the (n,p) plane for all jets in the event

j Ejets Aj

e Introduce event variable: p = median H@H
]

= median: robust to outliers in the distribution, these can be hard interactions
= p thus naturally isolates UE contributions assuming that the majority
of the event is dominated by soft interactions

= no geometrical slicing of phase space needed

e Use track-jets reconstructed with k; algorithm, R = 0.6 within |n| < 1.8
= input tracks: p; > 0.3 GeV/c, |n] < 2.3
=» on hadron level: stable charged particles with pr > 0.3 GeV/c, |n| < 2.3

e Basic event selection: minimum bias (inclusive) events
= study the jet area/median observable as a function of the leading track-jet
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UE activity with jet area/median (II)

e First look at the inclusive event distributions of the jet area/median

— A5 T T
3 Fows Pythia 6 Z1 ]
O, 40 Vs=900Gev ~  ----e- Pythia6Z72
- H k. =0. . 1
o Eii T — Pythia 6 D6T
E‘g 3.5 :"n_ i< 1.8, P> 03Gev Pythia 8 4C E
g o D
2t 3]  Data
© Bl
o 2.5 | 3
PRl
Z 20fF i .
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150 | 1
W :.-
1.0 =
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F ey E
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p' [GeV]
%3.07””‘””‘\ e  EEmae
_ 0o | CMS Total Syst. |
Z [ Vs =900 Gev Syst. wio Unfd.
o 25 kpR=06 - Pythia 6 Z1
[ mi<18p>03Gev ------ Pythia 6 Z2
N s Pythia 6 D6T
------------ Pythia 8 4C

2.0
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! /dp' [GeV]

ents

1/Nr-zvt-zms ' dNev

4.5 T L L
Fems Pythia 6 Z1 7
4.0FVs=7Tev s Pythia 6 Z2 ]
18, p.> 03 Gov == Pythia 6 D6T
3.5F MSIAPOIEEL Pythia 8 4C ]
e Data
(e g
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p'[GeV]
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| CMS Total Syst. 4
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e Pythia 6 D6T
ook Pythia 8 4C

At 0.9 and 7 TeV.:

= Pythia6 Z1 gives reasonable
description while other
tunes reveal substantial
differences with data

Universiteit Antwerpen U'



UE activity with jet area/median (III)

e Event scale dependency: jet area/median distribution vs leading jet

; 5GCM5\\\\: 5-0;‘0“‘““\““\““\ ““““ ]
8 451 Vs=7TeV 8 451 \s=7TeV
h—t} o track-jets . bt} o track-jets
. - 40p k; R=0.6 - 40F k; R=0.6 )
= both peak values and widths S, asf Y eaew e ] 2y asf VS crrcer o ]
of the distributions change z° 30 1 2° 3 g
©  2s5F 4 ° asfp E
. . . 8 20f 1 § 20f
=>» increase of UE activity with p; 2 s 12 15
1.0F
g _ 1 osf NN
N R -y s o S e ey S e
p'[GeV] p'[GeV]

e Characterize UE behavior by plotting the means as a function of leading jet p;

= amount of events with § 2w T § s T

. . . O 18 ] S 1.8 -
Very hlgh aCtIVIty IS A E\éi:rggggaer\t,icleiets ] A E\(/:ﬁa:r;;ie::laniclejets ]
. ¢ 1.6 k R=06 - ¢ 1.6 k,R=0.6 -
underestimated <18 ] <18 ; 1
1.4; g 1.4; . 1
1.2F 7 1.2f 3
= implications on treatment o E of oo E
. - M i U [_ 1
of jet energy corrections 0.8f- . S S A osf | -
using area-based methods 4 A T sy ] el i Toasyst ]

[ Fier e Pythia 6 Z1 ] oy cieimes Pythia 6 Z1

o4 T Deccer o4 | T P eer

9 Tune Zl, ZZI 4C are to IOW 0_2:—'--'--'—'--'-=ll --------- Pythia 8 4C E 02?:‘."_"! ............. Pythia 8 4C
at 7 TeV ():\ Il Il \é\ Il Il \1‘0\ Il Il Il ‘.\ Il \I:)a\ta‘ Il Il Il Il I: 0:\ Ll \é\ 11 \1‘0\ 11 \1‘5\ Il \.\ ‘I\:)a\ta\ Il ‘ |

15 20 25
leading jet P, [GeV]
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Study of UE activity at forward rapidity

e Measure the Underlying Event (UE) activity by comparing
energy density in CASTOR (-6.6 < n < -5.2) for minimum bias events
w.r.t. events with a hard scale present

- 1 Minimum bias (inclusive events)

600 Pythia6 DT 22223 S energy density not much

- --< -} Pythiaé D6T no;MPI . affected by MPI b
e _——~""71 = non-diffractive dominated

et event sample

dE™/ dn [GeV]

200 p e

{1 Hard scale Pr

- - D6T no MPI, p_>10 GeV/c ] = energy flow strongly affected by MPI

AT, .»25 Gevic - 1 = use the central leading charged jet
PP ] with p; > 1 GeV/c and |n| < 2

600

dE™™ / dn [GeV]

400

200

1 Compute ratio of energy densities
2l 1 =» independent of calibration
157 ] > minimizes systematic uncertainties

1

I\

Look at behavior of ratio as function of p; scale
- N N N B S and at relative energy flow as function of Vs

\'s [TeV]
12 | CMS-PAS-FWD-11-003 Universiteit Antwerpen G
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Study of UE activity at forward rapidity (II)

e Hard-to-inclusive ratio vs leading charged jet p; at Vs = 0.9, 2.76, 7 TeV

At 0.9 TeV: ratio below 1 At 7 TeV well known UE behaviour: fast increase at low
production of central hard jets pr followed by a plateau above p;=8 GeV/c
accompanied with higher UE

activity depletes energy of the At 5 76 Tav the increase of the ratio is much reduced
proton remnant which fragments

in CASTOR
v LA e s = B e PP P s L —
§ - CMS Preliminary ~e— Data 1 § ““F CMS Preliminary ~e- Data 1 3 - CMS Preliminary b
T o \s=09Tev. . Pythia6D6T  § = ,F Vs=276TeV .. PythiasD6T | 2 of \S=7TeV E
o I 52<Inl<6.6 _ - . * 4 u [ 5.2<Inl<6.6 ) . -] i1 B 52<Inl <6.6 _ b
K [ Leading charged jet /'l <2 Pythia6 22 1 o [ Leading charged jet mi®'l < 2 --+- Pythia6 22 1 & [ Leading charged jet /™'l <2 7
< 1.8 - PythiagaC ] X 4 gf beedingchargedijetini< - pytniasac | X 18 T -
5 C .- Herwig++25 J & = .- Herwig++25 1 T A L .
~ - 4 X L - °
§ 16 - T 1.6 4 § 16 : =
u E 1 ‘W - 1 o Eo e ]
=14 4 Z1ap 4 Zaf E
1.2 e I I 1 3 12 i -
¥ B ;ﬂ':""'e"" A o i"&‘i —e— Dat 7:
I iy S o, R s & 1= ata
1?1‘1 ] 1':" L . gﬂl ........ Pythia6 D6T
0.8 iicetp ey ®——y o = 0.8 . 0.8~ ---- Pythia6 22* |
: = C . a -.-. Pythia8 4C ]
0.6 = 6 — 0.6— -..- Herwig++2.5 —|
—— . — = PP .
£ 1.2} £ q12f & 1.2}
ke e} 3
B e l B (EJ
= feeeiien g ¢ =
0.9  TUTVIIT T T s ]
L T A 08[ ] e T N N E A
5 10 15 20 25 5 10 15 20 25 5 10 15 20 25
Leading charged jet p_ (GeV/c) Leading charged jet p_(GeV/c) Leading charged jet p_ (GeV/c)

= Pythia tunes fitted to LHC (Z2*, 4C) & Herwig 2.5 describe data well
= Older tune Pythia6 D6T fails to describe the results
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Study of UE activity at forward rapidity (III)

Normalized energy density vs Vs:
= normalized to 2.76 TeV (minimize systematic uncertainties)
=>» for both inclusive and hard scale (leading charged jet, p; > 10 GeV/c, |n| < 2) events

s — ‘ 1 5 4 T ‘ ] o
2 a5 soomese 1 Gest saemess 0 = Energy density increases much
N~ E  Minimum Bias 1 N E  Leading charged jet p_>10 GeV/c, /'l <2 B . .
8 3f St I T S " - faster in events with a hard scale
- Eoon Pythia6 D6T J = £ Pythia6 D6T B
E 25 Pythia6 Z2* - E a5 ... Pythia6 Z2* =
g FEoo Pythi.aB ac E g FEoo-m Pythi.a8 4c nIininnnininnind . .
0 e g 2 ez A 7 Inclusive events:
° 1'5; B 150 7 = None of the Pythia & Herwig
3 R 3 F 3 models can describe the
| | E "'5';.::7:..'.::::r::.:.'..'.':.':.:::l | E relative increase at 7 TeV
TR 276 Tev TV o T oaTey 276 Tev v o =» QGSIJET describes data,

other tunes underestimate

s 4r T T s 4F T T
] F CMS Preliminary E ] F CMS Preliminary E
© 3.5 52<hl<6.6 - o 35 E.z:_mkg.s et 10 GeVie. 11 < 2 —
S £ Mini Bi 7 N C eading charged jet p_> eV/c, "l < .
N gf e E Y ' 4 Hard scale:
st Eooomm EPOS 1.99 7 s E oo K 7] H
E a5 .. casseTor 4 E 25F pfeen [ I 2 Pyth|a6 D6T & QGSJ ETO1
2 [ e QGSJETI-03 E - T QGSJETIL03 e et
E 2 -o-osBYLL21 = ;; 2 --esBYLL2Y LT E close to the data,
o E { ] F B .
R - Ssp E other tunes underestimate
e E i E the increase
0.5 fmsssnganasand = U] SR =
I I 3 ot I I ]
0.9 TeV 2.76 TeV 7 TeV Js 0.9 TeV 2.76 TeV 7 TeV Js

Increase of the UE activity with centre-of-mass energy very challenging
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Summary

e Study of the Underlying Event activity is done (ongoing) in many ways in CMS

= at central rapidity using leading jets and Drell-Yan as hard scales

to measure particle & energy densities, and novel observables as jet area/median
= at forward rapidity using leading jets to measure the relative energy densities
= at 3 different centre-of-mass energies: 0.9, 2.76 and 7 TeV

e Models tuned to LHC data can describe many aspects of the UE

=» evolution of central & forward energy densities as function of the hard scale
of the event (central leading jets & Drell-Yan process)
= behavior of the jet area/median as a function of the central leading jet p;
= universality of the UE description

e Notable discrepancies

= UE activity in the towards & transverse regions in Drell-Yan at high p;
=> relative increase of forward energy density in inclusive and hard scale events
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Backup slides
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UE activity in the Drell-Yan process
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UE activity in the Drell-Yan process
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UE activity in the Drell-Yan process
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UE activity in the Drell-Yan process
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UE activity in the DreII Yan process
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UE activity with the jet area/median approach
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Study of UE activity at forward rapidity

e Measure the Underlying Event (UE) activity by comparing
energy density in CASTOR (-6.6 < n < -5.2) for minimum bias events
w.r.t. events with a hard scale present

Minimum bias (inclusive events)
= energy density not much affected by MPI
= non-diffractive dominated event sample characterized by € cuts

23 Universiteit Antwerpen w
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Study of UE activity at forward rapidity

e Hard-to-inclusive ratio vs leading charged jet p; at Vs = 0.9, 2.76, 7 TeV

At 0.9 TeV: ratio below 1 At 7 TeV well known UE behaviour: fast increase at low

production of central hard jets pr followed by a plateau above p;=8 GeV/c

accompanied with higher UE

activity depletes energy of the
proton remnant which
fragments in CASTOR

At 2.76 TeV the increase of the ratio is much reduced
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= Cosmic ray models are not tuned to LHC
= None of the tunes can fully describe the data
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