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Introduction: the Underlying Event

Hard scattering In general, the UE is a

Initial and Final State softer contribution but..
Radiation some MPI can be hard!
Multiple Parton Interaction
(MP1) Double Parton
Beam-beam remnants SCatterlng
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€ 40F —e—cMS (W + 2 jets) A og
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Choice of sensitive observables (I): a four-jet scenario

A four-jet final state may arise from one or two chains:
@ the two additional jets may be produced via PS or a 2nd hard scattering

Buiisss j Baas | Various kinematical observables can
discriminate the two processes:

i .
Are/ pr = |PT(_/HJ/<)| i
e < pr G+ [prGie)]
e - ok = J m
e ) Goveore AS = arccos ( prU"J") - prU%J") )

G’ - 1Pl im)]

T(jet 3

pr(et 1) priet 3)
pr(jet2)

pr(jet 4)

I Selection of jet pairs at different scales helps the jet association !
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Choice of sensitive observables (II): a four-jet scenario

Which regions of the phase space are interesting for DPS detection?
Studies of SPS and DPS contributions performed with PYTHIAS:

Selection of a four-jet final state in || < 4.7 at two different pr thresholds (20 and 50 GeV)
A SIMPLE scenario:

@ SPS: MPI contribution switched off
@ DPS: Two hard scatterings at the parton level forced to happen w/o parton shower

Generator Level Generator Level
Z 10:— Z 105
Z | -DPS Z | “DPS
s s
| ~sPs L ~sPS ,
5 sott, st ik I?lfferent
1 Al o = Pr Py EAS=0 -0 regions of the
g coftP; |p5°“1|+| 5"@' r hard-system, ' soft-system, phase space
T T are filled by
. 107 the two
107 i b processes
T — " 10_2_, g g Discriminating
F F power
1075 i
Eo \ ! ! PO | PR U FUTEN PR FT S
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rel
Ascftp-r AS
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Choice of physics channels
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Measureme

Event selection

Exactly four jets in the final state in || < 4.7:
2 jets: pr > 50 GeV (hard), 2 jets: pr > 20 GeV (soft)

CMS,\s=7TeV,L=36pb™, pp— 4j+X CMS, Vs =7TeV, L=36pb?, pp— 4j+X arel |p Ui k)|
k<) APT =
- —— SHERPA o —— SHERPA o ji j
_D-g lnl <47 POWHEG+P6 72 Q ‘m <47 POWHEG+P6 72" ‘pT(J’ ) ‘ + ‘PT(_/[( )l
Eqm 1, 2" jet: - == MADGRAPH+P6 Z2* =) &, 2" jet: - == MADGRAPH+P6 72*
PYTHIA8 4C ~ PYTHIA8 4C = gk - o
2 P, >50GeV  _ _ {ERwiG+ « 10¢ P, >50GeV — = HERWIG++ U Br(',J") - BrU'.J™)
S 10} 41 gthiar. —— POWHEG+P5 zz MPI off g gt powmzewezz MPI off AS = arccos | ——————————————
2 e T Akt BTG, ) - BTG, ™)
T [p>20Gev = %8 Uncertainy 5 p, >20 GeV =5 %5 Uncertainty TV TV,
— — r
~ [ ©
e 4 1 r*
[ F ‘:IEE‘
1= *“'—.'—'-w.—_ﬁsﬂﬁé [ £
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1.2F 1.2F .
1 Soft jets are expected to be
0.8 produced also by a 2nd scattering

‘ PRD 89 (2014) 092010 ‘

25
AS (rad)

AS and A’ pr sensitive to MPI contribution: — ROOM for DPS! ‘

soft
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Measurement of a four-jet final state with b-jets

Event selection

Selection of at least four jets with pr > 20 GeV:
2 b-jets: |n| < 2.4, 2 other jets: |n| < 4.7

3pbl(7 TeV), pp— 2b+2j+X

= S kYL Bl
E 102k CMS MADGRAPH+P6 72* AS — arccos ( PT(J_’?J ) Pr('Jm) )
A A —— CUETPOS1.CTEQGL1 1Br(’, ) - (', im)
0 2b4p.>20GeV, |p <24 — — HERWIGH+ UE-EE-5-CTEQ6LL
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o £ CMS-FSQ-13-010

MC/data

Sensitivity to higher orders..
_but also to MPI! |

3
AS (rad)
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Measurement of a W+dijet final state

Event selection

Presence of a muon with pr > 35 GeV in || < 2.1 and EsS > 50 GeV
+ at least 2 jets: pr > 20 GeV in || < 2.0
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Measurement of a final state with v+ 3 jets

MC / DATA MC / DATA

MC / DATA

Event selection

Selection of a photon and at least three jets in |n| < 2.5:

v+1 jet: pr > 75 GeV, 2 jets: pr > 20 GeV
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Soft jets are expected to be

produced also by a 2" scattering

No difference between predictions with and w/o MPI ‘ Need for improving sensitivity!
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401~ —e— CMS (W + 2 jets)

—— ATLAS (W + 2 jets)
CDF (4 jets)

—7— CDF (y + 3 jets)

—<4— Corrected CDF (y + 3 jets)

—=— DO (y + 3 jets)

—+— UA2 (4 jets - lower limit)
AFS (4 jets - no errors given)

How can one

extract the .
DPS -

O [Mb]

L L B L L B I L L B L L N LA

contribution 20 |
from the 15 ! ij
measured .
observables? e
06401 02 NPT,

s [TeV]

paolo.gunnellini@desy.de MPI@LHC2015 23rd November 2015 11



How to extract g.s: the template method

o Measurement of DPS-sensitive observables

e Definition of signal and background

e Fit the relative fraction of signal and background
e The signal fraction translates into a value for oeg

signal fraction = 0.065640.0037, y*/ndof = 2.33

& MadGr Pl on

dN/N

| Pt istrition

—F'vlmnllll'h'mulml ["l ' W + Jets Channel
®

__ 0OA0OB
Oeff = TDPS

ev
NA

Oeff = jev .. OB
A+B(DPS)

NEV
Oeff = :

~ TorsNgs 78

paolo.gunnellini@desy.de MPI@LHC2015 23rd November 2015



Extraction of g from Wdijet final state (CMS)

CONSIDERED OBSERVABLES: normalized AS and A" pr
BACKGROUND: MADGRAPH+P8 with hard MPI above 15 GeV excluded
SIGNAL: Two mixed independent scatterings generated with P8 and MG+P8
DRIVING UNCERTAINTY: model dependence

cms s=7Tev [Ldl:SYb] cms (s=7Tev [Lm:sm"
> F T T T T si@ F T T T T T T
d2 [ -e-Dpaa F ‘3 F —eDaa o e
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2 0.1 Bl sPs Background [ sPs Background NW+Oj . 0_2 3
£ r . ; J
0.08F 101 fops-Nw 12
’ f 5.5%
. . pu— . o
0.04F 107 bpPs '
0.02f, NW+Oj o 27 8
10° Nw 2j '
£ _Datal(f__* Signal + (1~ f___) * Background £ 22F  Datal(i, * Signal + (-1 ) * Background) ]
& DatalB%ﬁground e & 18- Data/BZ\Pcskground ore =
x T6F E JHEP 03 (2014) 032
1 Aty ks 14 3
8»2— EEEEERL SRS 1
00z 04 06 08 1 50 5 2 25 3
a®p as

T

oer = 20.7 £ 0.8 (stat.) & 6.6 (syst.) mb
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The inclusive fit method

Experimental difficulties of the template method

— How to define the background?
@ Good to exclude hard MPI..but no such possibility in some generators
— How to define exclusive and inclusive events?
@ Nwioj and Ny o) are sensitive to the jet scales
— These issues have an impact on the systematic uncertainty!
Is there a way out?

The inclusive fit method
@ Run predictions for different choices of UE parameters
Fit the MC predictions to the considered observables

°
@ Improve the data description with the examined model
°

(..look at the corresponding oef..)
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Extraction of ge# in four-jet final states
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Where do we stand now?

Channel dependence
Scale dependence
Flavour dependence

@ Observables sensitive to DPS measured
in various final states

@ Values of o extracted in Wdijet,
four-jet and WW

@ Ongoing extraction for the other

channels Large uncertainties
Wi eW() STILL MUCH TO DO!
Benchmal’k fOr PLB 735 (2014) 204
the detection of W(pv)+bb  Z{pp)tbb )
e detection 0 gl ..and it’s not all!
the DPS
bbjj 43]

ssn omorons B WO No extraction of
Double J/¥ a value of o

but indication of
need for DPS !

Scale of secondary scatter(s)

Semi-hard j+UE W+UE Z(pp,)+UE

(Minimum Bias)

Scale of primary scatter
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Inclusive double J /1) production

Event selection

Presence of two pairs of opposite-charge muons in |n| < 2.2; the two
pairs must have invariant mass close to J/1

\s=7TeV,L=4.71fb"
@ Z'SJ‘(‘;M‘SWWH T T T T T
= [ Unpolarized J/ ] .
B npotarized b ] Correction and
5 L Stat. unc. i
E 20 —}— Stat. and syst. unc. | phase_space
r J1p phase space: b extrapolation assuming
r p, > 6.5 GeVic for [y| < 1.2 q I . d d .
15— P, > 6,545 Gevic for 1.2 < |y| < 143" unpolarized production
L p,>4.5GeVic for 143 <|y| <2.2 ]
P + B SPS background
- F ] should dominate the
a(J/vd /Y + X) s o B fall at low Ay
L —I—i
| 1.49:£0.07+0.13 nb | [
3 35 4

ol sy by S P P
05 1 15 2 25 .

| Ay | between J/

o

Useful baseline for building reliable models of J/¢ production
before extracting DPS signal
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What to do next?

| — Measurements for LHC Run 2]

0 Wi{pv)+W(v)

£| Benchmark for

3| the detection of W(v)#bb - Z{pp)+bb
>l theDPS

. bbtjj 143]

c

g aj Wik Zpi
*g Double J/W

(V] .

Tl ommmoss  JPUE WHUE ZueUE
"]

Scale of primary scatter

Energy
dependence

Scale dependence

Channel dependence
Flavour dependence J

— more statistics
— double differential
distributions
— access to diboson
final states
— DPS with Higgs

Joined effort between phenomenological and experimental community

23"d November 2015
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Personal remarks and summary

e Important to study first the sensitivity of the
physics channel and the considered observables

e Important to produce unfolded results in order to
be able to compare predictions from any model

e Double parton scattering is essential for proton structure
as well as for background to physics searches
o Several final states can be used for DPS detection
o WH+jets, four-jets, two b- 4+ two other jets...
e The measured final states clearly indicate the need
for DPS for describing the experimental results
o Future: measure energy dependence
get a unified picture of DPS with UE- and
MB-sensitive measurements
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Personal remarks and summary

e Important to study first the sensitivity of the
physics channel and the considered observables

e Important to produce unfolded results in order to
be able to compare predictions from any model

e Double parton scattering is essential for proton structure

as well as for background to physics searches
o Several final states can be used for DPS detection
o WH+jets, four-jets, two b- 4+ two other jets, v+three jets, WW...

o The measured final states clearly indicate the need
for DPS for describing the experimental results
e Future: measure energy dependence
get a unified picture of DPS with UE- and
MB-sensitive measurements

THANK YOU!
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Determination of g.¢ in the four-jet channel

Tuning the four-jet observables (Phys.Rev., D89, 2014) with PYTHIA8

Parameter | CDPSTP8S1-4;j CDPSTP8S2-4j | 4C
Multiplelnteractions:expPow | 1.16 0.6921 2.0
Multiplelnteractions:ecmPow | 0.19% 0.345 0.19
Multiplelnteractions:pTOref | 2.09%* 2.125 2.09

BeamRemnants:reconnectRange | 1.5% *—unchanged wrt4c | 6.526 1.5
x2/NdF | 0.75 0.42 -

oerr (mb) | 21.3777 [ 19.075% [ 303 ]

Normalized AS in pp— 4j in [7] < 47 at v/ = 7 TeV

Oer = 19.075 mb

Normalized A pr in pp— 4jin || < 47 at /5 = 7 TeV.

— oefr (Tune 4C) ~ 30.3 mb

DPS-based tune

1/0d /d [1/rad)

—e— CMS data
—— CDPSP8S2-4j
—— MG+CDPSP8S2-4j

—— CMS data
—— CDPSP8S2-4j
—— MG+CDPSP8S2-4j

! propagated to

MADGRAPH ME

Simulation of UE
independent on the
used matrix element

.1 LEFT:AS

MC/data

0.6

1

06 |

I L A A B e I
1,40 3 RIGHT: Afpr
EN <[ CMS-GEN-14-001 |

o 0.5

paolo.gunnellini@desy.de
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Choice of sensitive observables

Normalized AS in pp— 4j in |y| < 47 at 5 =7 TeV Normalized A7), pr in pp-> 4jin [g] < 47 at i =7 TeV Normalized A¢/" in pp—> 4] in [y] < 47 at /5 = 7 TeV
Lo B T T s A s e R A AR
L —— P84C —— P84C £ —— P84C
—— P8 4C MPI off Ed —— P8 4C MPI off = —— P8 4C MPI off
4 g
I 3
1= ik EE
R as NN NS ERaaE AR e RS et o O -
1 1 1 1 1 1 W 1 1 1 1 E Mianans: 1 1 1 1 =
. 12 E 12 E
_‘/.—'—'_'_'—_’_‘ Y = = —037 =
N N T N U | o e S R R fd P S U B B B b
o 05 1 15 2 25 3 o 0z 04 06 08 1 o 05 1 15 2 25 3
s Ao agor

...but also the phase space thresholds matter!!

Normalized AS in pp- 2bzj at /5 = 7 TeV

= R B R 10 T T T = T
I AL DA R pp—4djets+ X ls=7TeV
B —mc 3 sl 20<p <100 GeV ]
N —— P8 4C MPI off 3 . . . ~ T
N 1 LEFT: four jets selected applying g Iy <47
4 the same pr - ]
1 . . . >
" 1 RIGHT: four jets with a rapidity ¥
N N NN L cut applied between the most 8" 1
I RN NN EERECUNNARRRRRE -
e E remote Jets —— DPS:LOW - 4);0,=15mb
g E —— arXiv 1503.08022 I SPS:LO[2 > 4) ALPGEN K ARE
3 oE E
E“ = = ; 5 é ; 8 ;
154 SR e D T B P
o 05 1 15 2 25 AY

AS (lfvd)
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DO DPS analysis: y+3jets and v+b/c jet+2jets

SELECTION 1: pT >26 GeV, p’ead > 35 GeV, 15< p%" <35 GeV in || <2.5
SELECTION 2: p} >26 GeV, p§ > 35 GeV, 15 < p™ < 35 GeV in |n| <2.5
CONSIDERED OBSERVABLES: normalized AS btw +-j and dijet systems
BACKGROUND: SHERPA sample with MPI simulation off

SIGNAL: Two independent events recorded from data

DRIVING UNCERTAINTY: model dependence (only samples with MPI off!)

Npi | eop
%106, DO, L=8710" gw“ DO.L-8.71" t Teff X Npp  epy T hard
S e T ot 0 with £27; = 21% and
4 SP mi . 4+ SP model .
10°; ‘Tolalcdel . “ 10 o Total . : f'yD-I—Pb/CJ+ZJ - 17%
" ® " .
~v+3jets
0, b @ e | | Oer = 12.740.241.3 mb |
B B L bl
£ 1 1 £ 1
S S IR R T (Oer = 14.64:0.643.2 mb)|
R ] 85715 228 3 Phys. Rev. D 89, 072006 (2014)
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Recommendations for DPS extraction

CMS ATLAS DO0/CDF

Background and signal should
cover the full phase space X

Use more than one MC event generator

to correctly evaluate the model dependence
and the systematic uncertainty

Use more than one variable
for the DPS determination X X

BUT..difficult to define the background template in
the same way with different generators!
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The proposed new approach

CMS.\E=7TeV, L =36 pb, pp- 4j+X

T —— SHERPA
& <47
S [E2e L RoCRe e 22t Normalized A in pp-» 4] in [y < 47 at v = 7 TeV
= o PYTHIAB 4C =5 =
QIRPS MOV o, ¥ T T a0F . cus el jery
ERRER o = —e— CMS (W + 2 jets)
S [p>20Gev T Total uncertainy . 5 b —v— ATLAS (W +2jets)
2 . L —— CMs data o’ 35| COF (4 jets)
g = corstrssig COF {y + 3
2 —— P84C 30F —@- Corrected CDF (y + 3 jets)
0 —— P8 4C MPI off 0 (v +
E = 0R2' fts - lower iy
= 25[ —+— AFS (4 jets - no errors given)
20 [
15F \
R e R e Rany
E E 10
e = sb
E | | | | | I 04 01 02 1 2345 1
o 05 1 15 B 25 3 (5 [Tev]
85 ()

05 1 15 2 25 3
A5 (rad)

A FEW REMARKS WHEN USING THE TUNING METHOD:

@ Investigation of the contribution of different matrix elements used
with the same UE simulation

Use more than one MC event generator to study the DPS
contribution needed in different models

o
© Use more than one variable for the DPS determination
Q

Check if the new set of parameters spoil description of more
inclusive distribution
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How does the new tune perform in the UE description?

MC/data

(2L p. /dydg) [GeV]

MC/data

5 -

06

fo

s
&

06

paolo.

Measurement of charged particle mult. and p1 sum in hadronic events

Transverse Neng density vs. pi¥1, /5 = 7 TeV.

Toward Neng density vs. pii¥t, /5 = 7 TeV.
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5 12f E
E: —
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= o8 F 3
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Tune | oe (Mb)
pgac | 30.3
copsTpss2 | 19.0757

A tension appears between the
description of "softer” and
"harder” MPI within the same
framework

Charged particle multiplicity (top) and
p sum (bottom) for transverse (left)
and toward (right) regions

CMS-GEN-14-001
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— Attempt to implement in a tune a value of oo+ compatible
with experimental measurements

HERWIG-++ case: oe = 2f—f with g inverse proton radius

Tune UE-EE-5C (arXiv:1307.5015) : gegr = 15 mb (CDF)

Normalized AS in pp— 4j in [7] < 47 at v/ = 7 TeV

Normalized A’ prin pp— 4jin || < 47 at /5 = 7 TeV.

§ T e T T ‘
3 r Herwig++ UE-EE-5
= L CMS data Herwig++ UE-EE-5 MPI off
£y £ Herwig++ UE-EE-5 EES
£ f Herwig++ UE-EE-5 MPI off 18 _| Slight underestimation
[ ] 1 of the low AS region
e 3
F 1 . rel
B o A e RIGHT: AZqpr
g 12f =] E
e =K — —
J E EERe) 4}::'
3 o.sw 3 = E!
= s S e I I B b ol O R B B
0 05 1 15 2 25 3 0 0.2 0.4 06 08 1
AS Al

@ Introduction of x- and

Another approach:
scale-dependence for values of gef

Dynamical approach to MPI contribution
(arXiv:1503.08246) @ Inclusion of 1x2 mechanisms
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It is not all..

@ ATLAS Coll. Associated production of prompt J /1) mesons and W
boson JHEP 04 (2014) 172

@ LHCb Coll. Prompt charm production in pp collisions HEP 1206
(2012) 141

@ ATLAS Coll. Measurement of the cross-section for W boson
production in association with b-jets New J. Phys. 15 (2013) 033038

o LHCb Coll. Study of forward Z+jet production in pp collisions
JHEP 01 (2014) 033

@ CMS Coll. Measurement of the cross section and angular
correlations for associated production of a Z boson with b hadrons
JHEP 12 (2013) 039

@ CMS Coll. Measurement of Prompt Double J/psi Production in pp
Collisions JHEP 1409 (2014) 094

e ALICE Coll. J/psi production as a function of charged particle
multiplicity in pp collisions at 7 TeV Phys.Lett.B 712, 165 (2012)

No extraction of a value of oo but clear indication of need for DPS !
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Cross section measurements sensitive to DPS

@ 077 T 5 £ 20 T T T T
5 | ATLAS Preiminary, Simulation - ATLAS Preiiminarys(s = 7 TeV, [ ot = 4.6 fo!
> 06* 4 SPS template (MadGraph COM NLO) — E & W + prompt iy data
ATLAS Collaboration: 5 o5 e R T S ——
<
"Measurements of 04] 10
W-prompt J/¢ in pp 0 ]
collisions at 7 TeV" 02} 51 ]
JHEP 04 (2014) 172 o + + s
( ) F _‘_,_‘_r’J 0| t
- - L L L 1 L
0 05 1 16 2 25 3 0 05 1 15 2 25 3
A p(W,JAp) AS(W,Jy)
= 20
ﬁ: ATLAS Da‘la 2011,1s =7 TeV
ATLAS Collaboration: S T e e [ Lat=tsw
© 15 ——+—— Muon Channel

—————— MCFM 4FNS + 5FNS.

"Measurement of the cross-section

for W boson production in 10
association with b-jets”

New J. Phys. 15 (2013) 033038

Powheg + Pythia
,,,,,,,,,,,, ALPGEN + Herwig (norm. to NNLO inclusive W)

i

[}
T

Fig

| |
1jet 2jet 1+2 jet

T |

Measurements compatible with a DPS contribution with oo ~15-20 mb
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Short summary

Keypoints of the choice of variables

o Observables which consider the whole final state
are more sensitive to DP

e AS, sum of transverse momenta, energy of the four objects

o A large phase space for additional radiation
reduces the DPS sensitivity

o Better selection with objects close in transverse momentum
e BUT..more complicated migration effects (and unfolding procedure)
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CMS strategy for the DPS measurement

2nd step 3rd step

1st step

Data interpretation
and unambigous
definition
of signal and
background templates

Extraction of the DPS
fraction and study of
the process
dependence

Corrected
distributions
DPS-sensitive
variables

9 ®  AFS{4jets - noemors given)
) o g E 20 lais owin
= s [ Pythia8 Signal DPS o v e
3 S Sherpa W+3jet mpi . 1 o
i 0.2k Sherpa W+2jet mpi ] ;f
= Sherpa W+1jet mpi q 16 * o
< -~ MadGraph W-+4jet mpi 4
= — Pythia8 Inclusive mpi -
B 0.15] 4 12)

10)

> SRR 2 8 B R
;

. &
2 . == 4
ERE ) ATLAS
e bl el
o 2 0
o5 1 15 2 25 8 Ob b b b b b L L] 1 b LU'
0.10203040506070809 1 \s [GeV]

Ap.(1,j2)

o Compare the data to your own favourite predictions!

‘4th (future) step: differential distributions with high luminosities..
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Choice of the physics channel

O.DPS — moa0g Internal structure of the proton
AB 2 O off DPS background for any physics channel J

— Which channels can be used to look for DPS signals?

O W(pv}+Wi(pv)
£| Benchmark for Published by
3| the detection of W(v)#bb Z(pybb  CMS and /or ATLAS
z the DPS :
] bb+i  y+3j Published by
: g DO and /or CDF
g 4 WM 2l
5 Double J/W How can DPS be
T e U WHE 2y detected?
S| inimum gias)
Scale of primary scatte;
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The Compact Muon Solenoid experiment

@ Silicon tracker immersed in
a 3.8 T magnetic field

@ Wide calorimeter coverage Inj< 24

o Excellent jet energy resolutionand | [ HCAL <52

muon detection efficiency Inj<30

@ Particle Flow technique for Ini< 25

jet reconstruction
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Angular correlations in Z+4-b-hadrons final states

Event selection

Presence of two leptons with pr > 20 GeV in || < 2.4 with invariant
mass close to the Z peak and two b-hadrons with pr > 15 GeV in |n| < 2

L
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w&ﬁ,%‘, -g CMS,:.=5,2 ,,Jx‘ "o data ! 2 03 o | !
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Data compatible with predictions at parton level with
DPS contribution (o ~ 25-30 mb) included
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