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FIG. 1: Sketch of the two considered MPI mechanisms: 2@ 2 (left) and 1 ® 2 (right) mechanism.

Basic ideas for calculating MPI cross sections in recent years
1. They are expressed via GPD - BDFS 2010, Diel 2010
2. In addition to conventional 4 to 4 mechanism there is also 3 to 4 mechanism
—Fig.1 b Blok,Dokshitzer,Frankfurt,S trikman (BDFS) 2011,2012,,2013 Ryskin and
Snigirev, 2012 Gaunt and Stirling 2011,2012 Manohar and Waalewijn 2012
3. The 4 to 4 contribution is calculated in a model independent way in mean field

approximation. BDFS 2011
4.Major progress towards factorisation theorem Diehl, Gaunt,Ostermeier,Polessi,Schafer
2015, Diehl,Ostermeier,Schafer 2011

Practically we have to calculate g{?rf}
c-.
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Summing double collinearly enhanced terms

back-to-back kinematics
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2G2 and 1G2 are two parts of GPD ,calculated in two different ways. 2G2-in mean field
approach, using GPD1 from charmonium photoproduction at HERA

9GP Da(z1,23,Q7, Q3,A) = Dg(z1,Q1)Dy(3, Q) Fag(A, 1) Fag(A, 23),
GPDyg(x. Q% A) = Dyg(z. Q) Fagag(A, ).

We use parametrisation due to Frankfurt,Strikman,Weiss (2011)

1G2 is calculated solving evolution equation for GPD

The final answer for effective cross section is convenient to represent as

(0)
Toff

UEH_1_|_RJ

Here r:rg,:%} is the 4 to 4 cross section in mean field approximationwhile the function R

corresponds to contribution due to 3 to 4 mechanism, and is calculated analytically.

Note: only one unknown paramter-QO, separating soft and hard scales, so approach is
practically model independent.



oy (A, ) = exp(—B,(r)A?/2)

By(r)= By + 2K qg-log(xg/x), with 29 ~ 0.0012, By = 4.1 GeV~—2 and Kg=0.14 GeV—2

1 1 1
”i?f 27 By(x1) + By(z2) + By(x3) + By(za)

Dipole parametrisation-same results numerically
BDFS 2013, Gaunt,Maciula,Szczurek 2014, Golec-Biernat-Liewandowsky
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FIG. 10: Values of 0.7 as a function of the scale of the 274 interaction for different scales of the first
interaction, QQ;, and different choices of Q2. The values of the longitudinal momentum fractions correspond

to the maximal transverse momentum exchange.
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Basic Pythia approach: fit the MPI cross section (and other observables) by using only 4 to
4 contribution in mean field approach and fitting the parameters of the corresponding
objects-essentially GPD1. For these GPD1-several ansats,

Simplest-gaussian, more complicated-sum of two gaussians (may be x —dependent).The
parameters however are fixed and do not depend on transverse scale. Their optimal
values-by combining Pythia and Professor. Problem (P. Gunnellini, Ph.D. thesis): can not

have reasonable choice of parameters, valid both for DPS and Underlying event.

The way to solve this problem: include 3 to 4 mechanism, i.e. R not equal to zero, while 4 to
4 contribution will be determined in a model independent way from HERA parametrisation,
and not from fit of pp experimental data as in Pythia

Algorithm: take pythia tune, then rescale it on event to event basis, so
that effective cross section is given by a theoretical number calculated

above.

Several comments:

1. for UE the rescaling coefficients are very small and there is no change (less than 4
percent) for all observables

2.We do not renormalise SPS events.

3.If there are 3 and more dijets in an event, we renormalise as if there are 2 dijets, and take
hardest scales.

4.We assume that there is no difference if we nse differential cross sections and global
ones. ﬂﬂdJDPI

. . - == €
More precisely, one will need  d?dy3 d?da4



Pythla 4 JEt SImUIatlon. We first did conventional

pvthia 8 simulation

PyTHiA 8 Parameter

Value obtained for the UE tune

MultipleInteractions:pJ Ref

BeamRemnants:reconnectRange

2.659
3.540

Reduced y?

0.647

Oesp (7 TeV) (mb)
Oeff (14 TeV) (mb)

20.719
32.235

UE observables:

DPS observables

Transverse N, density vs. pitki, /5 =7 TeV

Transverse Y p | density vs. p't¥!, /5§ = 7 TeV
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Several simulations for 4 jets:

e “UE tune”: predictions obtained with the parameters listed in Table I and without applying
any reweighting of the simulation; this tune uses a constant value of o, following the

standard PyTHIA approach:

e “UE tune Q-dep”: predictions obtained with the UE parameters listed in Table T and by

applying the scale dependence of o.ry with QE =1 GeVZ:

¢ "UE tune z-dep”: predictions obtained with the UE parameters listed in Table 1 and by

applying the 2 dependence of o .

e “UE tune Dynamic o.;¢": predictions obtained with the UE parameters listed in Table I

and by applying both the x and the scale dependence with Q% =1 GeV2.

For the considered “*UE tune Dynamic a.77", predictions using Q‘% values equal to 0.5, 1 and 2

GeV? have been also tested and compared.



Transverse N, density vs. pif*!, /5 = 7 TeV Transverse §_ p | density vs. p'f¥t, /5 = 7 TeV
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FIG. 2: Charged particle density (left) and prsum density (right) as a function of the leading chan
in the transverse regions, measured by the ATLAS experiment at 7 TeV [39]. The data are «
various predictions: the UE tune with constant o, ;; value (red curve), the UE tune with o7 @
applied (blue curve), the UE tune with o, scale dependence with Qﬁzl.ﬂ' GeV? applied (blacl
the UE tune with both o.¢f 2 and scale dependence with Q%zl.[] GeV? applied (pink curve)

panel shows the ratio between the varions nrediction and the experimental noimts.



Normalized AS in pp— 4j in |g| < 4.7 at /5 =7 TeV Normalized AT, pr in pp— 4jin || < 47 at \/5=7 TeV
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FIG. 4: Normalized cross section distributions as a function of the correlation observables AS (left) and
j;;'}t pr (right) measured in a four-jet scenario by the CMS experiment at 7 TeV [38]. The data are compared
to various predictions: the new UE tune (red curve), the new UE tune with the x dependence applied (blue
curve), the new UE tune with only the scale dependence with Qﬁzl.ﬂ GeV? applied (black curve) and the
new UE tune with both r and scale dependence with 3=1.0 GeV? applied (pink curve). The lower panel

shows the ratio between the various prediction and the experimental points.



Normalized AS in pp—+ 4j in || < 47 at /s = 7 TeV Normalized A" prin pp— 4jin || < 47 at 5 =7 TeV
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FIG. 5: Normalized cross section distributions as a function of the correlation observables AS (left) and
ﬂ;;}t-p]" (right) measured in a four-jet scenario by the CMS experiment at 7 TeV [38]. The data are compared
to various predictions obtained with the new UE tune where both 2 and scale dependence have been applied
with Q3 equal to 1.0 (red curve), 0.5 (blue curve) and 2.0 (black curve) GeVZ2. The lower panel shows the

ratio between the various prediction and the experimental points.
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FIG. 6: Absolute cross section distributions as a function of the correlation observables AS (left) and
.&;;iftpjr (right), produced via double parton scattering in a four-jet scenario at 7 TeV. Various predictions
are shown in the figures: the new UE tune (red curve), the new UE tune with the = dependence applied
(blue curve), the new UE tune with only the scale dependence with Q2=1.0 GeV? applied (black curve) and
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Now consider Zjj and Wjj MPI

b oon) . (ot
DPS observables: AS = arccos ( pr(boson) - pr(jets o) ) |

\pr(boson)| x [pr(jety )|

_Jet _ jet,
;"lrde — Pr l T Pr |

_jet _ Jet,
pr |+ [Pp 2

e charged particle multiplicity density (V. ):
UE observables

e transverse momentum sum density (Xpr).
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FIG. 10: Values of g4 as a function of the scale of the 274

mteraction at different collision energies at 7
TeV and 14 TeV for first hard interactions occurring at a scale ¢J; equal to My /2 and Mz /2 GeV for,
respectively, Wjj (left) and Zjj (right) channels. The two values of Q3 equal to 0.5 and 1.0 GeV? are
considered and the longitudinal momentum fractions of the two dijets correspond to the maximal transverse

momentum exchange for both /s = 7 TeV and /s = 14 TeV. Also shown are the values of o for each

energy, as implemented in the PYTHIA 8 UE Tune if no reweighting 1s applied.



Normalized AS in pp— W+2j, /5 =7 TeV
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FIG. 2: CMS data [37] at 7 TeV for the normalized distributions of the correlation observables AS (left)

and A™pp (right) in the W4dijet channel, compared to predictions generated with pyTHIA 8 UE Tune,

MADGRAPH and POWHEG interfaced to pyTHIA & UE Tune.

Predictions obtained with MADGRAPH and

POWHEG interfaced to pyTHIA 8 UE Tune, without the simulation of the MPI are also compared to the

measurement. The ratios of these predictions to the data are shown in the lower panels.



Normalized AS in pp— Z+2j, /5 = 7 TeV Arlprin pp— Z+2j, /5 =7 TeV
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FIG. 4: Predictions at 7 TeV for the normalized distributions of the correlation observables AS (left) and
Arelpp (right) in the Z+dijet channel, of simulations performed with POowHEG interfaced to pyTHIA 8 UE
Tune with different o.g dependence applied: no o.g reweighting applied (red line), z-dependent o.g values
(blue line), - and scale-dependent oo values with Q3 = 0.5 GeV? (green line) and z- and scale-dependent

T values with @2 = 1 GeV? (pink line). Also shown are the ratios of each curve to the predictions of the

UE Tune.



Predictions obtained with the considered tunes are also tested for UE observables i inclusive

W oand ¥ boson events. This kind of events are sensitive to MPI at moderate seales. In Fig. 5,

predictions on charged-particle multiplicity and pr sum densities are shown for inclusive W events

in the transverse region as a function of the W-hoson pr. Curves obtained with POWHEG interfaced

to PYTHIA 8 UE Tune and implementing different o dependence differ less than 2% from each

ather. This effect is very similar to the one observed in hadronic events, documented in [43].

Nihg density in transverse region in W-boson events

= LT T T T T T T T T T T T T3
e

d ]

— i —]

® ]

Z o8 -

o6 [~ —— PH+P8 UE Tune -

L — PH+P8 UE Tune x-dep. ]

g - —— PH+P8 UE Tune Dynamic o5 0.5 GeV?

L —— PH+P8 UE Tune Dynamic o 1.0 GeV? ]

oz - -

: ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] :

a @ E T T T I T T T I T T T I T T T I T T T E

=105 -

% 1o E — =S —

Zogs | =

= o E

u.g C_1 1 1 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1

E
B

Bo 100
PriW} [GeV]

FIG. 5: Predictions for the (left) charged-particle and (right) pr sum densities in the transverse regions as
defined by the W-boson in proton-proton collisions at 7 TeV. Simulations obtained with powHEG interfaced
to PYTHIA 8 UE Tune are considered with different o5 dependence applied: no reweighting applied (red
line), r-dependent oo values (blue line), - and scale-dependent oo values with @3 = 0.5 GeV” (green

line) and z- and scale-dependent oug values with (3

these tunes to the predictions of the UE Tune.
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FIG. 6: CMS data [50] for the (left) charged-particle and (right) pr sum densities in the transverse region as
defined by the Z-boson in Drell-Yan production in proton-proton collisions at 7 TeV. The data are compared
to POWHEG interfaced to PYTHIA 8 UE Tune with different o, dependence applied: no reweighting applied
(red line), z-dependent o.g values (blue line), 2- and scale-dependent o.g values with Q3 = 0.5 GeV? (green
line) and - and scale-dependent o.g values with Q2 = 1 GeV? (pink line). Also shown are the ratios of

these tunes to the data.
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Conclusions

« We can calculate DPS in a model independent way (upto
QO dependence)

« The inclusion of 3 to 4 mechanism improves te agreemnt
between experiment and MC simulations in all
observables. The contribution is negligible for UE but
large for DPS

* Further improvement is possible, in particular moving
from global rescaling to differential one, using differential

distributions @ written in BDFS 2011,2013
(4701347024

The approach can be extended to other processes including charm and
bottom states

http://desy.de/~gunnep/SigmaEffectiveDependence /.



