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What is a proton-proton collision?

Hard scattering

Initial and Final
State Radiation

Multiple Parton
Interaction (MPI)

Beam-beam
remnants

ey

Underlying Event

In general, it is a softer contribution but..some MPI can be hard!

» Double Parton Scattering (DPS)
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Double parton scattering and experimental overview

O.DPS — Moa0p Internal structure of the proton
AB 2 Oeff DPS background for any physics channel l

— What are the different pieces of this formula?
m: symmetry factor (equal to 1 or 2)

oa, og: (partonic) inclusive cross sections for processes A and B

Oeff: We can extract experimentally
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Double parton scattering and experimental overview

O.DPS — Moa0B Internal structure of the proton
AB 2 O off DPS background for any physics channel ’

— What are the different pieces of this formula?

m: symmetry factor (equal to 1 or 2)

‘ oa, og: (partonic) inclusive cross sections for processes A and B ‘

Oeff: We can extract experimentally

BUT..experimental issue: very difficult to define
inclusive cross sections at parton level!

oefr value differs for different definitions of single cross sections!
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Double parton scattering and experimental overview

O.DPS — Moa0B Internal structure of the proton
AB 2 Ocff DPS background for any physics channel l

— What are the different pieces of this formula?

m: symmetry factor (equal to 1 or 2)

‘ oa, o (partonic) inclusive cross sections for processes A and B

Oeff: We can extract experimentally

Example: v+3 jets measured by CDF at 1.8 TeV

Exclusive o4, o Inclusive o4, 05 Assuming unknown
number of scatters

ot ~ 14.5+1.77 3T mb| [oer ~ 10.3 mb | Oer ~ 12.0+1.3713 mb

THERE IS AMBIGUITY!
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Double parton scattering and experimental overview

O-DPS — moapog Internal structure of the proton
AB 2 Ooff DPS background for any physics channel J

— Which channels have been used to look for DPS signals?

—

T ATLAS

g ATLAS (v/s =7 TeV, 4 jets, 2016) —ot—

~ |CDF (/5 =18 TeV, 4 jets,

% UA2 (v/5 = 630 GeV, 4 jets, 1991) F———

= AFS (/s = 63 GeV, 4 jets, 1986) 1 e

B Jnoi-roemw, ot 2 ets 2016 e — Many sensitive channels at
DO (/5 = 1.96 TeV, v+ 3 jets, 2014) PH H .

c

= @ (v/5 = 1.96 TV, 4+ b/c + 2 jets, 2014) —— various energles

= DO (/s = 1.96 TeV, v+ 3 jets, 2010) v

D |CDF (V5 =18 TeV, 7+ 3 jets, 1997) .

g ATLAS (v/5 =8 TeV, Z + 1/4), 2015) [EETTTEETISPIIIES > — Scatter of Va|ues ranging

I} CMS (/5 =7 TeV, W+ 2 jets, 2014)

‘: ATLAS (v/5 =17 TeV, W+ 2 jets, 2013) H—A—+— between ]_0_25 m b

c DO (/5 = 1.96 TeV, J/4 + T, 2016) ]

g LHCb (/5 = 7&8 TeV, T(15)D%+, 2015) WA

= DO (Vs = 1.96 TV, I/ + J /1, 2014) == . . .

Q| LHob (v5 =7 TV, /unt, 2012) et — Large uncertainties, mainly

X LHCb (/5 =7 TeV, J/yDY, 2012) A )

W ihen (vs = 7 Tov, 3/uD, 2012) —k— due to Oeff €xtraction method
LHCb (/s =7 TeV, J/¢D°, 2012) —H

0 5 10 15 20 25 30
o, [mb]
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Double parton scattering and experimental overview

O.DPS —_ Moa0B Internal structure of the proton
AB 2 Ooff DPS background for any physics channel l

— Which channels have been used to look for DPS signals?

In this presentation:

four-jets

two b-jets + two additional jets
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Physics of a four-jet scenario (1)

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

Discriminating observables:

A pr = |{7T(J'/7]k)\ _
f lpr (Nl + |7 Uic)

— Ak = G
AS = arccos ( fT(J/ ’.Jk ) pI(J.TJ.? )
1T’ - [P (7,47

Feellors

I Selection of jet pairs at different scales helps the jet association !
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Physics of a four-jet scenario (Il)

Which regions of the phase space are interesting for DPS detection?
Selection of a four-jet final state in generator level studies performed with PYTHIAS:
@ two jets with pr > 50 GeV
@ two jets with pr > 20 GeV
A SIMPLE scenario:
@ SPS: MPI contribution switched off
@ DPS-NO PS: Two hard scatterings at the parton level forced to happen w/o parton shower
Generator Level

o 10g
< [ ~DPSNO-PS

85 . S (il kY. B (i i
S [ ~sPS AS — arccos fT(i 7_Jk) PI(J'?J'.)
21 1B’ i)l - BT, i)

10
; Discriminating power:
10‘2; g — Different shapes of the two processes
— Specific regions filled by the two
Bl b b b b b 1y
Wo " 05 1 15 2 25 3

AS
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Correlation observables: normalized cross sections

Kinematical topology of the jets of the final state in the transverse plane:

CMS,\Ns=7TeV,L=36pb™, pp 4j+X

=) —— SHERPA
g nl < 4.7 POWHEG+P6 72"
= 2" jet: - === MADGRAPH+P6 22+ —
[ 2P I G — PYTHIA8 4C §
o 10pP,>50GeV  _ _ LERwIGH UE-EE-3 1
% 3¢ 4" jet: —_— BOIWHEG+P6 Z2' MPI off P B
E p, > 20 GeV [EEEEEER] T:tzi Uncertainty ] E .
L i
5 ol POWHEG w/o MPI [ i
— £ . ¢
= =l is far below for AS ;
F = I
i FE AS sensitive to MPI b
107¢ I
£ b t . - :
contribution: S e
[y s I B B B E ;
fE 2F SHERPA ROOM fOI’ DPS!
T E POWHEG+P6 Z2'
Qo 18 - Soft et
.65 i -+ UE-EE- oft jets are
o1 —fmwen ey expected to be
E “TE [ Total Uncertainty d d also
E produce
AS (soft,hard) by a 2
! scattering

AS (rad)
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Correlation observables: normalized cross sections

Kinematical topology of the jets of the final state in the transverse plane:

3pb(7TeV), pp~ 2b+2j+X 3pb?(7TeV), pp— 2b+2j+X
T Fows 4 om 18 foms . om 1 AS (light,bottom)
d 2| 2bjets: MADGRAPH+P8 CUETML | 4 2| 2bjets: POWHEG+P8 CUETS1 MPI off _|
Z;lo E P, >20 Gev POWHEG+PS CUETS1 \‘-’-710 E P, >20 Gev E
< FE <24 1 9 Fhi<24 ] _O—‘i
k] F w: P8 CUETSL 4 B F 4 t §
8 10;’20[her]ets: — — HERWIG++ UE-EE-5C 8 10;’20mer1ets: E! E“*““ _
’a F pT>ZOGeV 3 ’E E pT>ZOGsV 3 E £ N
S [i<ar ped 3 [hi<ar o _
3 Jr.-' E ¥ . * 3
; P ; . ] "
r 1 r [} 1 fre
10k Y e R y e
:_§_.r‘—’——"; ] et E Emm, -
10%¢ 3 107 E 4
Bttt d Lot ii1d Light jets are expected
g168 ' ' ' ' R ' ' ' ' J  to be produced also
Q %‘2‘: _ 30 %‘2‘: i bya 2" scattering
oy SR EERTNR R o R SRR SRR R AR
0.65 4 0.6F E
04F 3 04 3
0.2 ‘ ‘ ‘ ‘ ‘ E 0.28 . ) ) ) ) 3
0 05 1 15 2 25 3 0 05 1 15 2 25 3
AS (rad) AS (rad)
@ Predictions including MPI follow @ POWHEG w/o MPI is far below
the trend of the data for AS: ROOM for DPS!
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How to determine the DPS contribution

Used so far... |

TEMPLATE
METHOD

Construction of two
templates:

SPS background
DPS signal

from exp. data?

cms Vs=7Tev _[Lcnzsm‘
T T T r T 0 T
; —@- Data g ATLAS
DPS Signal % Vs=7TeV,37pb"
Bl sPs Background (0]
T 07 T
JHEP 03 (2014) 032 w
611 (2016) 110
-
10
0
2 2F Dala) <" Signal +(1-1__) * Background)
1.8 - Dal/Background E
1 PP I I | I
1245 s 1 T T T T
126 S RS =, P— ]
o. e o . A
W P E

Some open issues..

— Definition of background and signal can be ambiguous
— MC-dependent background template definition

— Difficult to define experimentally o4 and o in pocket formula

— Difficult to define partonic cross sections from particle-level ones

Paolo Gunnellini

DIS 2017

April 2017




How to determine the DPS contribution from exp. data?

Used so far... |

TEMPLATE
METHOD

Construction of two
templates:

SPS background
DPS signal

Some open issues..

cms Vs=7Tev _[Lcnzsm‘
T T T r T 0 T T
, —e- Data g ATLAS
DPS Signal % Vs=7TeV,37pb"
Bl sPs Background (0]
. T 07 T
10 JHEP 03 (2014) 032 w
EP 1611 (2016) 110
-
10 —
F —Dal/(l,, * Signal +(1-1,) * Background)
£ - DalaBackground | : | I | I
: s ! T T T I
- 1.1]
S el =, P
a . o . A
W TN A I |

— Definition of background and signal can be ambiguous
— MC-dependent background template definition
— Difficult to define experimentally o4 and o in pocket formula

— Difficult to define partonic cross sections from particle-level ones

e INCLUSIVE (TUNING) METHOD
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The inclusive method

Automatized generation of predictions with different UE parameters
Inclusive fits of DPS-sensitive observables O
(MCP—DATAP)?

Minimization of the binned X2 = ZO ZbGO AZ
b

Normalized AS in pp— 4] in || < 4.7 at /5 = 7 TeV Normalized AS in pp— 4] in || < 4.7 at /5 =7 TeV

Envelope (CL 90.0 %) MINIMIZ.

—e— CMS data

- Envelope (CL 90.0 %)
E —e— CMS data

— — — Fit Result

(1/c)do /dAS [1/rad)

o s T s a 5 o s s 2 B
AS (rad) AS (rad)
— The UE parameters obt(ai)ned from the best fit define the value of ge# .
PROs:
ASSUMPTIONS: @ No separation between signal and
@ "Pocket formula” background
@ Uncorrelated uncertainties from data @ Possibility to extract o from any

model / Monte Carlo generator
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Determination of g.¢ in four-jet final states

Fit to the AS correlation observable

MC Generator: PYTHIA 8

Tune | Goodness of fit | ger (Mmb)
P8 4C | - 30.3
CDPSP8S-4j | 0.751 19.07% ¢
Normalized AS in pp— 4j in [57| < 4.7 at \/s = 7 TeV
= [T
g L —e— CMS data -
= —— CDPSTP8S1-4j B
5 —— P84C ]
® —— P8 4C MPI off B
> 4
10 -
SR S S S S S
1.4 I I I I [ =
? 1.2; é
N —=
E 0.8?—Iﬁ—l é
SO bbb b e I
o 0.5 1 15 2 2.5 3
AS (rad)

Paolo Gunnellini

DIS 2017

<+ P8 UE tune
< P8 DPS tune

4C MPI off: bad data
description

4C: improved but not
optimal agreement

CDPSP8S-4j: very good
data description
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Determination of o.¢ in 2b2j final states

Fit to the AS correlation observable

MC Generator: PYTHIA 8

Tune | Goodness of fit | ger (mb)
P8 4C | - 30.3 + P8 UE tune
CDPSP8S-2b2j | 0.352 23.273% | « P8DPS tune
Normalized AS in pp— 2b+2j+X in || < 4.7 at \/s = 7 TeV
U S R R I IR IR
g 4C MPI off: bad data
§ 3 - ggssi‘})t;Sl*szj E description
/;1 —— P84C B
s o e 1 4C: improved but not
N optimal agreement
N vl | | | | i CDPSP8S-2b2j: very
Jwp T good data description
g n.sﬂ’:,—'f' -
Rl N AP e e AN AN NN VRO b

DESY-THESIS-15-010
o 0.5 1 15 2 2.5 3
AS (rad)
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Summary of DPS measurements

g 40F + cms (djets)
= B In pre (2 b +2 ets)
5 gl S ANA v*v% S‘%ts)
o’ 35 ¥ ATIAS (Metd!
- EBE 4J4-e%s)ets)
30 i Corregted DF (y + 3 jets)
r —e— D0§y +3 ets?
L —— UA 4Je ower limit)
25 AFS E4 Jets - no errors given)
Zoi [
15} i 4
T
s Waiting
5¢ for values
:\\\\‘ Il \\\\\‘ Il Il \\\\\\‘ at13TeV!
0.06 0.1 0.2 1 2 3456 10
s [TeV]
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Are soft and hard MPI described in the same framework?

Transverse Nepg density vs. pt

Is the same set of UE
parameters able to describe

o UE data wp

(A Neng /dydg)

06 -
E —— ATLAS data q
o DPS-sensitive e
measurements ? TN ]
Tune O eff (mb) go;: :
0.6
P8 4C 303 i 4‘ ‘ ’L ‘ ‘L I (‘lead\nl‘fmck\‘sl’\evzln
P6 Z2* 33 O Normalized AS in pp—> 4j in || < 4.7 at /s = 7 TeV
T prorrprrrrrT Ty
CUETP8S1-CTEQ6L1 27.8712 O
E E —— CUETP8S1-CTEQ6L1
CUETP8S1-HERAPDF1.5LO 29.0’:2_0 5 T O HERATDRLO
) +4.7 = —— P84C
CDPSTP8S-4j 19.073, 4
CDPSTP8S-2b2j 23.21733
‘4;H{}H{wHH}HH}HH}HHu
. :: ';’FQ— E
Tension between UE-based and = on

Bl b b b b 18

DPS-based tunes N
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Outlook and prospects

Transverse Neyg density vs. piki, /5 = 7 TeV
ETT T e e

— DPS "pocket” formula needs
some improvement
i.e. Parton correlations in initial state
@ double/generalized PDF

@ "dynamic” value of g

H
b3
:
+
*
I

—— ATLAS data
—— CDPSP8S2+

MC/data

1

— Better understanding of the e I I PR e S -
SPS background P s e o

Normalized AS in pp— 4jin |y| < 4.7 at /5 =7 TeV

e L s L B

w

@ kr-factorization scheme

—— CMS data
—— CUETP8S1-CTEQ6L1
—— CUETP8S1-HERAPDF1.5LO
—— CDPSTP8S1-4
—— P84C

Further experimental
measurements will constrain and
refine the various approaches

(1/0)de /dAS [1/rad]
Ty
P

The inclusive method can be
used for any experimental
measurement [ T T R

o 05 1 15 2 25

3
25 (rad)
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o DIS organization committee for this award

e Hannes Jung

e Pierre Van Mechelen

e Richard Field

o CMS groups at DESY and Antwerp university

o Kostas Theofilatos and the CMS QCD and SM group

e MPIGLHC community

o the DIS community for the great work on the QCD sector
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DIS 2017 April 2017



