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At CDF we study charged particle production (pr > 0.5 GeV/c, |n| <
0.8) in proton-antiproton collisions at 300 GeV, 900 GeV, and 1.96 TeV.
The 300 GeV and 900 GeV data are a result of the “Tevatron Energy Scan”
which was performed just before the Tevatron was shut down. We use the
direction of the leading charged particle in each event, PTmax, to define
three regions of 7-¢ space; “toward,” “away,” and “transverse.” The “trans-
verse” region is further divided into the “transMAX” and “transMIN” con-
tributions. The “transMIN” region is very sensitive to the multiple parton
interaction component (MPI) of the “underlying event,” while the “trans-
DIF” (“¢transMAX” minus “transMIN”) is very sensitive to the initial and
final-state radiation. This CDF analysis together with LHC data provides
a detailed study the energy dependence of the various components of the
“underlying event” in hadronic collisions.

Min-bias (MB) is a generic term which refers to events that are selected
with a “loose” trigger that accepts a large fraction of the overall inelastic
cross section. The CDF MB trigger requires at least one charged particle in
the forward region 3.2 < 1 < 5.9 and simultaneously at least one charged
particle in the backward region —5.9 < 1 < —3.2, where the pseudo-rapidity
n = — log(tan(0.y, /2)) and 6, is the center-of-mass polar scattering angle.
The underlying event (UE) consists of the beam-beam remnants (BBR) and
the multiple parton interactions (MPI) that accompany a hard scattering.
The UE is an unavoidable background to hard-scattering collider events.
To study the UE we use MB data, however, MB and UE are not the same
object. The majority of MB collisions are “soft,” while the UE is studied in
events in which a hard-scattering has occurred. One uses the structure of the
hard hadron-hadron collision to experimentally study the UE. As illustrated
in Fig. 1, on an event-by-event bases, a “leading object” is used to define
regions of 7-¢ space, where 7 is the pseudo-rapidity and ¢ is the azimuthal
angle [1, 2]. Here we use the highest transverse momentum charged particle
in the event, PTmax, as the leading object. On an event by event basis, we
define “transMAX” (“transMIN”) to be the maximum (minimum) number
of charged particles or the scalar pr sum of charged particles in the two
“transverse” regions, 60° < A¢ < 120°, 1| < Neuty and 60° < —Ag¢ < 120°,
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Fig.1. (left) Illustration of correlations in azimuthal angle A¢ relative to the
direction of the leading charged particle in the event, PTmax. The relative angle
Ap = ¢ — ¢pmax, Where ¢dyax is the azimuthal angle of PTmax and ¢ is the
azimuthal angle of a charged particle. On an event by event basis, we define
“transMAX” (“transMIN”) to be the maximum (minimum) of the two “transverse”
regions, 60° < A¢ < 120°, |n| < Neut and 60° < —A¢ < 120°, 1| < Neus, Where
we take newe = 0.8. The overall “transverse” region (i.e., “transAVE”) is the
average of the “transMAX” and the “transMIN” regions. (right) Illustration of the
topology of a hadron-hadron collision in which a “hard” parton-parton collision
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has occurred. The “toward” region contains the leading “jet,” while the “away”
region, on the average, contains the “away-side jet.” For events with large initial
or final-state radiation the “transMAX” region contains the third jet, while both
the “transMAX” and “transMIN” regions receive contributions from the MPI and
beam-beam remnants. Thus, the “transMIN” region is very sensitive to the MPI
and beam-beam remnants, while the “transMAX” minus the “transMIN” (i.e.,
“transDIF”) is very sensitive to initial and final-state radiation.

|n| < Meut- Densities are then formed by dividing by the area in 7-¢ space.
“TransMAX” and “transMIN” each have an area of AnA¢ = 21y X 27/6,
where we take 7¢yt = 0.8. The overall “transverse” region (i.e., “transAVE”)
is the average of the “transMAX” and the “transMIN” regions.

Figure 1 illustrates the topology of a hadron-hadron collision in which
a “hard” parton-parton collision has occurred. The “toward” region con-
tains the leading “jet,” while the “away” region, on the average, contains
the “away-side jet.” For events with large initial or final-state radiation the
“transMAX” region contains the third jet, while both the “transMAX” and
“transMIN” regions receive contributions from the MPI and beam-beam
remnants. Thus, the “transMIN” region is very sensitive to the MPI and
beam-beam remnants, while “transDIF” (“transMAX” minus the “trans-
MIN”) is very sensitive to initial and final-state radiation [3].

Figures 2—4 show the preliminary CDF data at 1.96 TeV, 900 GeV, and
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Fig.2. Preliminary CDF data at 1.96 TeV (top row), 900 GeV (middle row), and
300 GeV (bottom row) on the “transMAX” and “transMIN” charged particle den-
sity (left column) and the “transMAX” and “transMIN” charged PTsum density
(right column) as defined by the leading charged particle, PTmax, as a function
of PTmax. The charged particles have pr > 0.5 GeV and |n| < 0.8. The data
are corrected to the particle level with errors that include both the statistical error
and the systematic uncertainty and are compared with PYTHIA 6.4 Tune Z1 and
Tune Z2* at the generator level.

300 GeV on the “transMAX,” “transMIN,” “transAVE,” and “transDIF”
charged particle and PTsum densities as defined by the leading charged
particle, PTmax, as a function of PTmax. The charged particles have pr >
0.5 GeV and |n| < 0.8. The data are corrected to the particle level with
errors that include both the statistical error and the systematic uncertainty
and are compared with PYTHIA 6.4 Tune Z1 and Tune Z2* at the generator
level. QCD Monte-Carlo generators such as PYTHIA [4] have parameters
which may be adjusted to control the behavior of their event modeling. A
specified set of these parameters that has been adjusted to better fit some
aspects of the data is referred to as a “tune” [5, 6]. Tune Z1 (CTEQS5L)
and Tune Z2* (CTEQ6L) are PYTHIA 6.4 tunes that were constructed by
fitting CMS UE data at 900 GeV and 7 TeV [7, 8]. Both tunes do a fairly
good (although not perfect) job in describing the CDF UE data at 1.96
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Fig.3. Preliminary CDF data at 1.96 TeV (top row), 900 GeV (middle row), and
300 GeV (bottom row) on the “transAVE” and “transDIF” charged particle density
(left column) and the “transAVE” and “transDIF” charged PTsum density (right
column) as defined by the leading charged particle, PTmax, as a function of PT-
max. The “transAVE” density is equal to the average of the “transMAX” density
and the “transMIN” density (i.e., overall “transverse” density). The “transDIF”
density is equal to the “transMAX” density minus the “transMIN” density. The
charged particles have pr > 0.5 GeV and |n| < 0.8. The data are corrected to the
particle level with errors that include both the statistical error and the systematic
uncertainty and are compared with PYTHIA 6.4 Tune Z1 and Tune Z2* at the
generator level.

TeV, 900 GeV, and 300 GeV.

Figure 5 shows preliminary CMS data [9] at 7 TeV together with pre-
liminary CDF data at 1.96 TeV, 900 GeV, and 300 GeV for the “transAVE”
charged particle and PTsum densities as defined by the leading charged par-
ticle, PTmax, as a function of PTmax. The “transAVE” density is equal to
the average of the “transMAX” density and the “transMIN” density (i.e.,
overall “transverse” density). Figure 6 shows preliminary CMS data [9] at 7
TeV and 900 GeV together with CDF data at 1.96 TeV, 900 GeV, and 300
GeV for the “transAVE” charged particle and PTsum densities as defined
by the leading charged particle, PTmax, for 5.0 < PTmax < 6.0 GeV/c
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Fig.4. Preliminary CDF data at 1.96 TeV, 900 GeV, and 300 GeV on the “trans-
MAX?” charged particle density (top left), the “transMAX” charged PTsum density
(top right), the “transMIN” charged particle density (middle left), the “transMIN”
charged PTsum density (middle right), the “transDIF” charged particle density
(bottom left), and the “transDIF” charged PTsum density (bottom right) as de-
fined by the leading charged particle, PTmax, as a function of PTmax. The “trans-
DIF” density is equal to the “transMAX” density minus the “transMIN” density.
The charged particles have pr > 0.5 GeV and |n| < 0.8. The data are corrected
to the particle level with errors that include both the statistical error and the sys-
tematic uncertainty and are compared with PYTHIA 6.4 Tune Z1 and Tune Z2*
at the generator level.

versus the center-of-mass energy. Figure 6 also shows the ratio of the data
to the corresponding value at 300 GeV for the “transAVE” charged particle
and PTsum densities. The “transAVE” charge particle density increases
by a factor of about 3.0 in going from 300 GeV to 7 TeV, while the PT-
sum density increase by a factor of about 3.5. This is a reflection of the
fact that the “transverse” average pr of the charged particles is increasing.
Both Tune Z1 and Tune Z2* do a fairly good (although not perfect) job in
describing the energy dependence of “transAVE.”

Figure 7 shows the energy dependence of the “transMIN” and “trans-
DIF” components. The “transMIN” density (more sensitive to MPI & BBR)
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Fig.5. Preliminary CMS data [9] at 7 TeV and preliminary CDF data at 1.96 TeV,
900 GeV, and 300 GeV on the “transAVE” charged particle density (top) and the
“transAVE” charged PTsum density (bottom) as defined by the leading charged
particle, PTmax, as a function of PTmax. The “transAVE” density is equal to
the average of the “transMAX” density and the “transMIN” density (i.e., overall
“transverse” density). The charged particles have pr > 0.5 GeV and |n| < 0.8. The
data are corrected to the particle level with errors that include both the statistical
error and the systematic uncertainty and are compared with PYTHIA 6.4 Tune Z1
and Tune Z2* at the generator level. The predictions at 13 TeV are also shown.

increases much faster with center-of-mass energy than does the “transDIF”
density (more sensitive to ISR & FSR). The MPI increases like a power
of the center-of-mass energy, while the ISR & FSR increase logarithmically.
Tune Z2* predicts that the “transMIN” charged particle density increases by
factor of around 6.6 in going from 300 GeV to 13 TeV, while the “transDIF”
charged particle density is predicted to increase by only a factor of around
2.5. This is the first time we have seen the different energy dependencies of
these two components. Previously we only had information on the energy
dependence of the “transAVE” charged particle density. Both Tune Z1 and
Tune Z2* do a fairly good (although not perfect) job in describing the en-
ergy dependence of “transMIN” and “transDIF.” What we are learning will
allow for a deeper understanding of the BBR and MPI which will result in
better Monte-Carlo model tunes and more precise predictions at the future
LHC energies of 13 and 14 TeV.
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Fig.6. (left column) Preliminary CMS data protect[9] at 7 TeV and 900 GeV (solid
squares) and preliminary CDF data at 1.96 TeV, 900 GeV, and 300 GeV (solid dots)
on the “transAVE” charged particle density (top) and the “transAVE” charged
PTsum density (bottom) as defined by the leading charged particle, PTmax, for
5.0 < PTmax < 6.0 GeV/c versus the center-of-mass energy (log scale). The
“transAVE” density is equal to the average of the “transMAX” density and the
“transMIN” density (i.e., overall “transverse” density). (right column) Ratio of the
data to the corresponding value at 300 GeV for the “transAVE” charged particle
density (top) and the “transAVE” charged PTsum density (bottom) as defined by
the leading charged particle, PTmax, for 5.0 < PTmax < 6.0 GeV/c versus the
center-of-mass energy (log scale). The charged particles have pr > 0.5 GeV and
In| < 0.8. The data are corrected to the particle level with errors that include
both the statistical error and the systematic uncertainty and are compared with
PYTHIA 6.4 Tune Z1 and Tune Z2* at the generator level extrapolated to 13 TeV
(right column).

References

[1] CDF Collaboration, Phys. Rev. D 65, 092002 (2002).
[2] R. Field, Ann. Rev. of Nucl. and Part. Sci. 62, 427-457 (2012).

[3] Using ”transMAX” and ”transMIN” was first suggested by Bryan Webber and
implemented in a paper by Jon Pumplin, Phys. Rev. D 57, 5787 (1998).

[4] T. Sjostrand, Phys. Lett. B 157, 321 (1985); M. Bengtsson, T. Sjostrand, and
M. van Zijl, Z. Phys. C 32, 67 (1986); T. Sjostrand and M. van Zijl, Phys.
Rev. D 36, 2019 (1987); T. Sjostrand, P. Eden, C. Friberg, L. Lonnblad, G.
Miu, S. Mrenna, and E. Norrbin, Comput. Phys. Commun. 135, 238 (2001).

5] R. Field, arXiv:hep-ph/0610012.

[6] P. Skands, The Perugia Tunes, 2009, arXiv:0905.3418.



“Transverse" Charged Particle Density Ratio

"Transverse" Charged Particle Density Ratio|

CMS solid dots.

CDF Preliminary CDF Y Tune 22+ (solid lines) 4
Eostivpentior, CDF solid squares Corected data |, Tune 21 (dashed lines) COF sclid squmres
5 generator leve eory. 5 o - " ‘TransMIN™
EEXY » 5 as
!; 5.0 < PTmax < 6.0 GeVic “TransMIN" , i 5.0 < PTmax < 6.0 GeVic
3 Tune 22+ (solid lines) b 2
S Tune 21 (dashed lines) “TransDIF" 3 Divided by 300 GeV Value %
s 24+ . - s 29 .
o Divided by 300 GeV Value _ ® - H “TransDIF"
& . a
i Charged Particles ([1I<0.8, PT>0.5 GeVic) i Gt Parloled (MRS, RTo0.5 Cav)
01 10 100 01 10 100 1000
Center-of-Mass Energy (GeV) Center-of-Mass Energy (GeV)
"Transverse" Charged PTsum Density Ratio| "Transverse" Charged PTsum Density Ratio
73 .
CDF Preliminary Pr— CDF Preliminary CmS salid dots
;;;;;; ted data COF solid squares. comecied data COF solid squares 4/
generator level theor ‘generator level theory of - -
"TransMIN" * ‘TransMIN'
e . 52 50<PTmax<60GeVic
5.0<PTmax < 6.0 GeVic Tune 22+ solid lines)
Tune 22 (solid lines) SPina X {dashd Wide)
Tune 21 (dashed lines)
s 26 . 31 N L/ -
3 - == . Divided by 300 GeV Value * “TransDIF’
H Divided by 300 GeV Value . = ‘TransDIF" w
P %
Charged Particles ([[<0.8, PT>0.5 GeVic) Charged Particles (]1[<0.8, PT>0.5 GeVic]
10t 10

01

10
Center-of-Mass Energy (GeV)

100

10
Center-of-Mass Energy (GeV)

100 1000

Fig. 7. Preliminary CDF data at 1.96 TeV, 900 GeV, and 300 GeV on the “trans-
MIN” and “transDIF” charged particle density (top row) and the “transMIN” and
“transDIF” charged PTsum density (bottom row) as defined by the leading charged
particle, PTmax, for 5.0 < PTmax < 6.0 GeV/c versus the center-of-mass energy
(log scale). The plots show the ratio of the data to the corresponding value at
300 GeV. The charged particles have pr > 0.5 GeV and |n| < 0.8. The data are
corrected to the particle level with errors that include both the statistical error
and the systematic uncertainty and are compared with PYTHIA 6.4 Tune Z1 and
Tune Z2* at the generator level extrapolated to 7 TeV (left column) and 13 TeV
(right column).

[7] CMS Collaboration, J. High Energy Phys. 09, 109 (2011).

[8] R.Field, arXiv:1110.5530; Proceedings of the 51st Cracow School of Theoretical
Physics: The Soft Side of the LHC, Zakopane, Acta Phys. Pol. B 42, 2631
(2011).

[9] CMS Collaboration, Technical Report No. CMS PAS FSQ-12-020, CERN,
Geneva, 2012.



