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Measurement of CollinearDrop jet mass and its correlation with

SoftDrop groomed jet substructure observables in /s = 200 GeV pp
collisions by STAR
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Jet substructure variables aim to reveal details of the parton fragmentation and
hadronization processes that create a jet. By removing collinear radiation while maintain-
ing the soft radiation components, one can construct CollinearDrop jet observables, which
have enhanced sensitivity to the soft phase space within jets. We present a CollinearDrop
jet measurement, corrected for detector effects with a machine learning method — Mul-
tiFold — and its correlation with groomed jet observables, in pp collisions at /s = 200
GeV at STAR. We demonstrate that the population of jets with a large non-perturbative
contribution can be significantly enhanced by selecting on higher CollinearDrop jet mass
fractions. In addition, we observe an anti-correlation between the amount of grooming
and the angular scale of the first hard splitting of the jet.
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1 Introduction

Jets are collimated sprays of final-state hadrons produced from initial high-momentum transfer par-
tonic scatterings in particle collisions. One class of jet clustering algorithms, sequential recombina-
tion algorithms, relies on recursively recombining two particles/objects into one object by minimizing
a distance metric between the two, mimicking the QCD parton shower pattern [1]. Since jets are
multi-scale objects that connect asymptotically free partons to confined hadrons, jet substructure
measurements can provide insight into the parton evolution and the ensuing hadronization processes.

To enhance perturbative contributions, SoftDrop grooming [2] is often used to remove wide-angle
soft radiation from jets. The procedure, detailed in Ref. [2], starts by re-clustering the jet with an
angular-ordered sequential recombination algorithm called Cambridge/Aachen [3} |4]. Then the last
step of the clustering is undone and the softer prong of the two is removed until the SoftDrop
condition specified by (zeut, §) is met:

_ min(pr 1, pr,2)
¢ Pr,1+ P12

where zcy¢ is the SoftDrop momentum fraction threshold, 3 is an angular exponent, Rje is the jet
resolution parameter, pr 12 are the transverse momenta of the two subjets, and R, is defined as:

> Zcut(Rg/Rjet)Ba (1)

Ry = /(1 —y2)° + (61 — 62)%, (2)
where 112 and ¢; o are, respectively, the rapidity values and azimuthal angles of the two subjets.
zg and Ry describe the momentum imbalance and the opening angle of the SoftDrop groomed jet,
respectively.

Although the SoftDrop groomed jet substructure observables have been extensively studied both
experimentally [5H10] and theoretically [11], the effects of wide-angle and soft radiation which are
suppressed by SoftDrop measurements, have not yet been explored as much. One set of observables
that are sensitive to the soft wide-angle radiation are known as the CollinearDrop jet observables
[12]. The general case involves the difference of two different SoftDrop selections (zeut,1,01) and
(Zcut,2, B2), which reduces the collinear contributions from fragmentation, and the wide-angle con-
tributions from initial-state radiation (ISR), underlying event (UE) and pileup. For this analysis,
the less aggressive SoftDrop grooming criteria is set to no grooming, (zcut,1,81) = (0,0), so the
CollinearDrop groomed observables are the difference in the ungroomed and SoftDrop groomed ob-
servables. This simplification can be made since the wide-angle contributions from ISR, UE and
pileup are not significant for the dataset used in this analysis. Specifically, the contribution of UE
to jet pr for a jet with 20 < pr < 25 GeV/c is less than 1% [13].

As the QCD parton shower is angular ordered [14], the soft wide-angle radiation captured by the
CollinearDrop jet observables on average happens at an early stage of the shower. Unlike the opposite
approach of CollinearDrop, SoftDrop will then capture the late stage collinear splittings. Therefore,
a simultaneous measurement of a CollinearDrop jet observable and a SoftDrop jet observable can
help illustrate the dynamics of the parton shower.

The CollinearDrop jet observable that we focus on is AM or AM/M, defined as:

_ M — Mg
AM/M = ———=, (3)

where M is the jet mass and M, is the SoftDrop groomed jet mass, defined as:

My = = B2 — B2, 4
(&) ’Zie(groomed) jetp (&) |p(g)| ( )

where p; is the four-momentum of the ith constituent in a (groomed) jet, and E(,) and p(g4) are the
energy and three-momentum vector of the (groomed) jet, respectively.
The CollinearDrop groomed mass is also expressed as [12]:

M? — M?
T
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where pZ is the jet transverse momentum squared. While AM is a more straightforward measure
of the amount of wide-angle soft radiation, a is calculable in Soft Collinear Effective Field Theory
(SCET) at the parton level [12].

In these proceedings, we present measurements of the CollinearDrop groomed jet mass, to study
the less-explored phase space of soft and wide-angle radiation; we also measure the correlation
between the CollinearDrop groomed mass with R, and zg, in pp collisions at /s = 200 GeV at
STAR. The measurements are fully corrected for detector effects with MultiFold, a novel machine
learning method which preserves the correlations in the multi-dimensional observable phase space.
We then compare our fully corrected measurements with predictions from event generators.

2 Analysis details

The STAR experiment |15] recorded data from /s = 200 GeV pp collisions during the 2012 RHIC
run. Tracks are reconstructed from the Time Projection Chamber (TPC), and neutral energy de-
posits are measured from the Barrel Electro-Magnetic Calorimeter (BEMC) towers. Events are
selected within £30 cm from the center of the detector along the beam axis, and to pass the jet
patch trigger which requires a minimum transverse energy Er > 7.3 GeV deposited in a 1 x 1 patch
in n x ¢ in the BEMC. The same track and tower selections are applied as in Ref. |7] and |10]. We
reconstruct jets from TPC tracks (0.2 < pt < 30 GeV /¢, with a charged pion mass assignment) and
BEMC towers (0.2 < Er < 30 GeV, assuming massless) using the anti-kt sequential recombination
clustering algorithm [16] with a resolution parameter of R = 0.4. We apply the selections of pr > 15
GeV/e, |n| < 0.6, transverse energy fraction of all neutral components < 0.9, and M > 1 GeV/c?
on reconstructed jets, consistent with the selections in Ref. [10]. We select jets that pass SoftDrop
grooming with the standard cuts of (zcut, 8) = (%cut,2, 62) = (0.1,0).

We measure the following jet observables: pr, z, (defined in Eq. , R, (defined in Eq. , M
(defined in Eq. , M, (defined in Eq. , and jet charge Q"=2. Q"=? is defined as:

L 1
Q== > 4 bR (6)
Pjet

i€jet
where ¢; and pr, are the electric charge and pr of the ith jet constituent, respectively.

Experimentally, jet measurements need to be corrected for detector effects to compare with the-
oretical calculations and model predictions. The traditional correction procedure uses the Bayesian
inference in as many as three dimensions and requires the observables to be binned [17]. A novel
correction procedure, MultiFold [1§], uses a machine learning technique to correct with higher di-
mensionality in an un-binned fashion. Because it preserves the correlation between observables with
high dimensionality, MultiFold is potentially more desirable for this study.

We fully corrected these six jet observables simultaneously for detector effects using MultiFold.
The particle-level prior used for unfolding is jets from events generated with PYTHIA6 [19] with
the STAR tune [20]. This is a single-parameter modification to the Perugia 2012 tune [21] to
better match STAR data. The PYTHIA events are run through GEANT3 [22] simulation of the
STAR detector, and embedded into data from zero-bias events from the same run period as the
analyzed data. The detector-level prior is the jets reconstructed after this embedding procedure and
geometrically matched to the particle-level truth jets. The correction was validated using a Monte
Carlo closure test, which showed good performance of the unfolding among all observables for jets
with 20 < pt < 50 GeV/c. To correct for fake jets, i.e., detector-level jets arising from background,
fake rates were obtained from simulations and used as initial weights for the data as an input to
MultiFold. For particle-level jets that are missed at detector level due to effects such as tracking
inefficiency, an efficiency correction was done post-unfolding in a multi-dimensional fashion.

The fully corrected jet mass distributions for three different pr bins are shown in Fig. (1| using
both MultiFold and RooUnfold [10]. In the top panels, the distributions obtained with MultiFold
are shown to agree with the previously published RooUnfold result; in the bottom panels, the ratios
of MultiFold distributions over RooUnfold distributions are confirmed to be consistent with unity.
These establish further confidence in application of MultiFold to the data.
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Figure 1: Jet mass distributions corrected with MultiFold and RooUnfold.

The dominant source for systematic uncertainty is from unfolding prior variation. For the Mul-
tiFold measurement in Fig. [T} it is accounted for by varying the prior shape of pr and M, as in
Ref. [10]. For the following MultiFold measurements, it is accounted for through simultaneous
reweighting of all six observables based on prior distributions from PYTHIA and HERWIG .

3 Results

Figure [2] shows the distribution of fully corrected CollinearDrop groomed jet masses for jets within
20 < pr < 30 GeV/c. This measurement excludes jets with M = M, (46% of jets in this pr range)
so that the peak in the small but nonzero AM region is visible. Both PYTHIAS8 Detroit tune (tuned
to RHIC kinematics) and HERWIG7 H7.1-Default tune (tuned to LHC kinematics) capture
the qualitative trend of data, although there is some tension with HERWIG in the small AM region.

0.8 . . . . 80 . . . .
—}— PYTHIAS Detroit tune —}— PYTHIAS Detroit tune
%‘ —-$- HERWIG? LHC tune 70t -4~ HERWIGT7 LHC tune 1
A o~ | g . ]
N: 0.6 STAR Preliminary © 60 STAR Preliminary
— p+p VS =200 GeV 3 50k 7 p+p VS =200 GeV
S anti-kr full jets, R=0.4, |n]|<0.6 k) ’ anti-kr full jets, R=0.4, |n|<0.6
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< 10} ]
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Figure 2: CollinearDrop jet mass distributions. The error bands indicate systematic uncertainties.

Figure [3| (left) shows the correlation between the CollinearDrop groomed mass fraction AM /M
and the SoftDrop groomed jet opening angle Rg;. The jet population with M = M, has been
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separated out into the leftmost column. For the M > M, panel, a diagonal trend that indicates
an anti-correlation between the amount of soft radiation and the hard splitting angle is observed,
consistent with the expectation of angular ordering of the parton shower. Figure (3| (right) shows
the projection of AM /M for different selections of R,. We observe that, as shown in the blue data
points, a selection on small R, results in a relatively wide AM /M, suggesting that a small SoftDrop
groomed jet radius appears with a wide range of SoftDrop grooming. On the other hand, as shown
in the orange data points, a selection on large R, results in a sharper AM /M peaked towards small
AM/M values, suggesting that a large SoftDrop groomed jet radius leaves space for little or no
SoftDrop grooming. This measurement demonstrates how early soft wide-angle radiation constrains
the angular phase space of later splittings. PYTHIA and HERWIG predictions, as indicated by the
solid and dashed lines, describe the trends of the data.
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Figure 3: Correlation between the CollinearDrop groomed mass fraction AM/M and the SoftDrop
groomed jet opening angle R,.

Figure |4| shows the correlation between AM /M and the SoftDrop groomed shared momentum
fraction z;. We observe that the more fractional mass that is groomed away by SoftDrop, the flatter
the z, distribution is. Since the perturbative DGLAP splitting function follows the 1/z behavior
[25-27], a more steeply falling z, with small AM indicates a larger perturbative contribution. This
measurement demonstrates how an early-stage emission constrains the momentum imbalance of a
later splitting. Again, PYTHIA and HERWIG are able to describe the data.

10 . . .
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< 20 < pr jor < 30 GeVic
—
2t
8.1 0.2 0.3 0.4 0.5

Figure 4: Correlation between the CollinearDrop groomed mass fraction AM /M and the SoftDrop
groomed jet opening angle z,.

To provide further insight into the relation between the angular and mass scales of a jet, we turn
to another new STAR result which reports the measurement of , an observable that captures
the mass sharing of the hard splitting and is defined as:
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p= M, : (7)
where M o are the masses of the two subjets. Note that this measurement is corrected for detector
effects with a (24+1)D Bayesian unfolding method [29], and does not require M > 1 GeV/c?, but
imposes otherwise identical selection criteria as described in Sec. [2| Figure |5|shows the distributions
of p for various ranges of Rs. We observe that the trend in data is well described by PYTHIA6 STAR
tune [20] and PYTHIAS8 Monash tune [30], and that p has a weaker dependence on R, compared
to AM /M. This measurement offers complementary information to the measurement in Fig.
revealing the correlation between the hard radiation and angle of the hard splitting. The shift of
p to smaller values at smaller R, indicates that a narrower splitting leads to a smaller transfer of
virtuality.
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Figure 5: The p distributions for various R, selections.

4 Conclusions

We have presented measurements of the CollinearDrop groomed jet mass and its correlation with the
SoftDrop groomed observables R, and zg, in pp collisions at /s = 200 GeV at STAR. MultiFold, a
machine learning based unfolding method that enables access of multi-dimensional correlations on a
jet-by-jet basis, has been shown to offer consistent results as RooUnfold in one-dimensional distribu-
tions, and has been applied to correct for the correlation measurements in higher dimensions. These
measurements allow for a better understanding of the soft phase space within jets, and highlight
how early-stage radiation affects the angular scale and momentum imbalance of a later splitting.
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