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ABSTRACT: Jets initiated by energetic quarks carry in an obvious way approximate infor-
mation about the original quark energy and momentum. In a less obvious way, they also
carry information about the quark polarization. Previous works have shown how the polar-
ization information can be extracted by ATLAS and CMS using events in which the quark
hadronizes to an energetic baryon — Ay for b quarks, A, for ¢ quarks and A for s quarks.
In this paper we extend these proposals to ¥ baryons, which can provide sensitivity to
polarizations of s and uw quarks. We analyze the various aspects of how the kinked track
signature of the ¥+ — pr¥ decay can be used for this purpose. We evaluate the feasibility
of such measurements in ¢ samples.


http://arxiv.org/abs/2301.06188v2
mailto:katsye@bgu.ac.il

Contents

1 Introduction and motivation 1
2 Theoretical status 3
3 Experimental opportunities 6
3.1 Kinked track 6
3.2 70 9
3.3 Proposed analyses in tf events 9
4 Summary 11
A Kinematics 12

1 Introduction and motivation

When a baryon is one of the leading hadrons in a jet, it partly preserves the polarization
of the quark that produced the jet. From the theory side, this can be argued rigorously
for heavy quarks, m, > Aqcp [1-4], and it is expected to hold also for light quarks, as
we will review. From the experiment side, the LEP experiments have already observed
the polarizations transferred to the A [5-7] and A [8-10] baryons from the longitudinally
polarized quarks produced in Z decays. In the case of A baryons produced from strange
quarks, the polarization transfer was found to be significant when the baryon carried a
sizable fraction (2 30%) of the quark momentum.

There exist at least two motivations for measuring baryon polarizations in samples of
polarized quarks. First, these measurements contribute to the theoretical understanding,
or at least the phenomenological description, of the spin structure of baryons and the
fragmentation process. This is important both from the purely theoretical perspective and
for tuning Monte Carlo generators. Second, once techniques for measuring the baryon
polarizations, and relations between the quark and baryon polarizations, are established,
it becomes possible to measure polarizations of quarks in new processes.

Measurements of the transverse Ay polarization from QCD production were performed
by CMS [11] and LHCb [12], and similarly for the A by ATLAS [13]. However, extract-
ing information from such measurements is difficult because the transverse polarization of
quarks in QCD samples is an NLO effect, which is sizable only for soft quarks and depends
strongly on the kinematics of the event. Additionally, different from the case of longitu-
dinal polarization, parity invariance allows transverse polarization to be generated in the
hadronization process even for initially unpolarized quarks [14, 15|, further complicating
the interpretation.



Longitudinally polarized quarks produced in electroweak processes can therefore be
a more convenient target. In this regard, it has been argued [4, 16] that meaningful
measurements of the longitudinal Ay, A. and A polarizations due to the b, ¢ and s quarks
from top or W decays in tt samples are possible in the Run 2 datasets of ATLAS and CMS.
The statistics of such polarized quark samples is already comparable to that of the hadronic
Z decays at LEP. The initial quark polarization in the t¢ samples (before the small one-loop
QCD effects [17]) is close to —1, while at LEP it was about —0.94 for the down-type quarks
and —0.67 for the up-type ones. For the Ay it will be the first time to obtain precision of
order 10%, and for the A, the first time to measure longitudinal polarization of energetic
charm quarks [4]. For the A, it will be the first time to experimentally disentangle the
contributions of the different quark flavors [16]. Another promising sample is A. baryons
from W+c production [18]. In the current work we extend these studies to the interesting
case of the X1 baryon.

There are several reasons to consider the X (whose valence quark content is uus)
despite its similarity to the A (uds). First, the probability for a strange quark to hadronize
to a X7 is lower than to a A by only a factor of about 2 (in the relevant range of momentum
fractions, which we will take to be z > 0.3) [19]. Thus, if a spin-sensitive decay of the X1 can
be reconstructed with a sufficiently high efficiency and low background, it will be possible
to reduce the statistical uncertainty of the strange-quark polarization measurement relative
to what can be obtained [16] by using the A alone. The reconstruction efficiency of the
A decays in ATLAS and CMS in the relevant range of pp is somewhat low, O(10%) [13],
due to their very large displacement. The ¥ decays, which are less displaced by a factor
of 3.3, might therefore be competitive. We consider the decay

¥t — pr?, (1.1)

whose branching fraction is about 52% (cf. 64% for A — pr~) and spin analyzing power!

a ~ —0.98 (cf. 0.73 for A — pr~) [20]. The 7° has the disadvantage of not creating
tracks (but only calorimeter deposits). On the other hand, the possibility to measure the
YT track directly presents an opportunity, as we will discuss. The other important decay
mode, X7 — naT, is not useful since it has a much lower spin analyzing power, of about
0.07 [20], and at the same time is not obviously much easier to reconstruct. For the same
reason we do not consider the X7, which decays almost 100% as ¥~ — n7m—, with a spin
analyzing power of about —0.07 [20]. The X° baryon decays almost entirely as X0 — Ar.
Since the resulting prompt photon is very soft, it is difficult to isolate X° events from the
inclusive A events, therefore we do not consider the XV either.

Even in the case that the statistics of the ¥ samples from strange quarks ends up
somewhat lower than for the analogous A samples, an even more interesting reason for
measuring the X7 is that it can provide qualitatively different information, especially in
the context of the u quark polarization. In the naive quark model, the spin of the A is
carried entirely by the s quark, while the v and d form a spin-0 diquark. This suggests

!The spin analyzing power, which is also called the decay asymmetry parameter, describes the sensitivity
of the angular distribution of the decay to the hadron polarization; see eq. (3.1) below.



that A baryons produced in the hadronization of polarized u or d quarks do not retain
much of the polarization. Differently, in the X, still in the naive quark model, the two
u quarks form a spin-1 diquark, so one can expect X" baryons produced from polarized u
quarks to be polarized. As we will review, more sophisticated approaches also predict the
Y. baryons to be much more sensitive to the polarizations of the u and/or d quarks than
the A baryons.

It is also important to note that the experimental question of ¥ reconstruction at the
LHC that we address in this work will be relevant to studies of fragmentation functions
involving the T at the high-luminosity phase of the LHC (continuing and complementing
the LEP program [21-23]), even outside the context of the polarization. In fact, certain
measurements of b-quark fragmentation in ¢ events have already begun in ATLAS [24] and
CMS [25].

Finally, the ¥ decay that we will study here has an interesting signature, a kinked
track, which will require a dedicated reconstruction procedure that is not currently being
employed in any ATLAS or CMS analyses. Kinked tracks may appear also due to particles
beyond the Standard Model (e.g., in various supersymmetric scenarios [26-28]), and the
YT analyses we propose here could lay the ground for future searches for such new physics
scenarios.

2 Theoretical status

The probabilities for a given quark to produce a given hadron with a specific momentum
fraction z are described by fragmentation functions. Polarized fragmentation functions
take the spins of the quark and hadron into account as well (see, e.g., [29]). Analogous to
the parton distribution functions (PDFs), the fragmentation functions are not computable
analytically because they depend on non-perturbative QCD physics. However, they can
be measured in some process and then, again like the PDFs, used for describing another
process after they are evolved to the appropriate scale. The evolution equations are known
from perturbative QCD at the next-to-leading order (see, e.g, [30]). The LEP experiments
measured the fragmentation of quarks from Z decays into X7 [21-23], as well as ¥~ [21,
22, 31] and X0 [22, 23, 32, 33], without measuring the polarization. Unfortunately, even
the unpolarized fragmentation functions for specific quark flavors into the X% cannot be
extracted from these results directly due to the flavor-inclusive nature of the measurements.
Flavor-specific fragmentation functions were extracted [19] from part of these data [22] by
assuming that they behave according to the so-called statistical model. In view of the
reliance on this assumption, one should not necessarily be too discouraged by the result
of [22] that the probability for a u quark to produce a 3T is lower than its probability to
produce a A (in the relevant range of momentum fractions) by a factor of ~ 10. (For the
s quark, the reduction is by a factor of ~ 2.) In any case, as will become clear in the next
section, tt samples at the LHC provide an opportunity to measure these numbers more
directly.

Phenomenological expectations regarding the salient features of polarized fragmenta-
tion functions are usually based on the spin distributions in the hadrons (polarized PDFs).



For the nucleons, the spin distributions are known experimentally [34, 35]. For the A and
¥* baryons that we discuss here, they can be estimated either by applying the SU(3) flavor
symmetry (which is only approximate because m,/Aqcp is non-negligible) to the nucleon
data [36, 37], or from a phenomenological model of QCD, or by a lattice simulation [38, 39].
While one does not expect a simple general relation between PDF's and fragmentation func-
tions since even their renormalization group evolution is different, an approximate relation
at a low scale can be argued to exist [40].

The spin distributions of quarks in a fully-polarized spin-1/2 hadron h are described

at the simplest level in terms of the quantities

Ban= [ do [g](a) - )], 21)

where ¢y (x) describes the probability to find a quark of flavor ¢ and momentum fraction x
in the hadron h, with polarization projection s on the direction of the hadron spin. If the
hadron spin were determined by the valence quark spins alone, one would have > q Agp = 1.
This is the case in the naive quark model, where

4 1
Aup = g 5 Adp = —g s (22)
Aup = Adpy =0, Aspy=1, (2.3)
4 1
AUE+ = g N A52+ = —g . (24)

In reality, Zq Agqp # 1 because orbital angular momentum, gluons, and sea quarks and
antiquarks also contribute to the hadron spin. For the proton, the spin distributions are
measured to be [35]

AU, =0.835+0.015, AD, = —0.435+ 0.015, AS, =-0.095£0.015, (2.5)

where the usage of capital U, D, S symbols indicates that antiquark contributions are
included. The SU(3) flavor symmetry relations [36, 37, 41, 42]

1 2 1
2 1 2
and
AU2+ == AUp, AD2+ == ASp, ASE+ == ADp (28)
then predict
AUA = ADA ~ —0.17, ASA ~ 0.647 (2.9)
AUs+ ~0.835,  ADg+ ~—0.095,  ASsg+ ~ —0.435. (2.10)

Lattice QCD simulations of the proton [43] give

AU, = 0.864 +0.016, AD, = —0.426 +0.016, AS, = —0.046 £ 0.008, (2.11)



in a reasonable agreement with the measured values in eq. (2.5). For the A and ¥,
available lattice results [38, 39] include only connected contributions (i.e. valence quarks)
and they are

AU,A = AdA ~ —0.02, ASA ~ 0.68, (2.12)

Aus+ ~ 081,  Asgr ~—0.25. (2.13)

We see that regardless of the approach taken, the spin distributions differ significantly
between the A and the ¥". The spin of the A is predominantly on the s quark, while
the spin of the T is predominantly on the u quarks. It is reasonable to expect analogous
differences in the polarization transfer in fragmentation. In particular, polarization transfer
from the u quark to the 7T is expected to be more significant than to the A. Note that to
estimate the polarization transfer factor for v — X, one should divide Aus+ by 2 because
there are two valence u quarks in the ¥7. However, even after accounting for that, the
u-quark polarization transfer to the ¥ is expected to be better than in the A case by more
than a factor of 2, or perhaps even a bigger factor if a significant fraction of AU, is due
to antiquarks, which is a plausible scenario [37].2 The s-quark polarization transfer to the
YT is somewhat worse than in the A case, but still sizable and includes a sign flip.

More generally, both the quark spin distributions in hadrons and the quark-to-hadron
polarization transfer in fragmentation depend on the momentum fraction of the quark in
the hadron (x) or the quark momentum fraction taken by the hadron (z), respectively.?
The polarization transfer from the v and d quarks to the A might have a particularly strong
z dependence since the inclusive numbers, as quoted above, are small.* For the polarization
transfer from the u to the 7T, it is likely much less of an issue.

Let us now compile all the theoretical factors to compare the prospects of the ¥ -based
and A-based measurements for identical samples of s and u jets. The statistical significance
of the results will behave as

nU(q’ h) X |Oéh AC.?h| V N(q’ h) ;

where ¢ = s or u, h = A or ¥T, o, is the spin analyzing power of the decay, Ag, is
the polarization transfer factor that we estimate from the spin distributions Ag;, discussed
above, and N (g, h) is the number of decays available for the analysis, which is proportional
to the ¢ — h fragmentation fraction and the h decay branching fraction. Collecting the
numbers quoted above, we obtain

ne(s,2T)
ny(s,A)

ne(u, L)

~ 04
’ ne(u, A)

2For various approaches to estimating the antiquark contributions, see e.g. [44-47].

3For attempts to predict the z dependence of the various fragmentation functions based on phenomeno-
logical models, see [48-55].

“4Since the contributions are bounded between —1 and 1, an O(1) inclusive number would suggest that the
relative variation of the contributions with « is not very large. On the other hand, a small inclusive number
does not preclude significant = dependence. In fact, significant = dependence of the u-quark polarization in
the A, including even a change of sign, is predicted by several phenomenological models (see, e.g., figure 2
in ref. [54]).



We see that the prospects of ¥ -based analyses (at the theoretical level, before accounting
for backgrounds and experimental factors) are comparable to those of A-based analyses,
particularly for u quarks. It is therefore worth exploring the experimental feasibility of both
approaches, especially in view of the fact that they will provide complementary information.

3 Experimental opportunities

So far, neither ATLAS nor CMS have reported any analyses involving a reconstruction of
the ¥ — pr® decays. We hope this work will provide a motivation for such analyses.
Since the ¥ is long-lived (cr & 2.4 cm), its signature would often include a kink in the

0 candidate in the electromagnetic

tracker (formed by the X" and p tracks) as well as a 7
calorimeter. Once the decay kinematics is reconstructed, the 1 polarization, P(X71), can
be obtained using the fact that the angular distribution of the proton momentum in the

>+ rest frame behaves as

1dar 1
I dcos?d 2

(1+aP(Et)cosd), (3.1)

where ¢ is the proton momentum angle relative to the polarization axis and a = —0.982 +
0.014 [20]. For longitudinal polarization, this axis is the X direction of motion in the lab
frame.

3.1 Kinked track

We are mostly interested in ¥ baryons carrying about 30-50% of the jet’s momentum.
Much softer ¥ baryons are common in secondary fragmentation processes, where they
will usually be unrelated to the original quark, while harder ¥ baryons are very rare.
This means that a typical pr of the X, for example in jets from W decays in t samples
(which we will consider in the following), will be pr ~ 15 GeV. Then the kink will occur
at a typical distance of
r=cr 2L <30 cm (3.2)
m
from the beam axis. This falls near the beginning of the SCT (Semiconductor Tracker)
in ATLAS or the TIB (Tracker Inner Barrel) in CMS. A typical 3T track will therefore
pass through all the layers of the Pixel Detector in either ATLAS or CMS, and often also
the first layer(s) of the SCT or TIB.? The proton track will pass through the rest of the
tracker.
While there have been no analyses targeting kinks so far (even though various motiva-
tions exist [26-28] in addition to ours), searches for disappearing tracks are being conducted
by ATLAS [60, 61] and CMS [62-64]. The Run 2 ATLAS searches [60, 61] reconstruct dis-

appearing tracks with Pixel Detector hits alone, similar to what would be required for

®The Pixel Detector layers in ATLAS are positioned at r = 3.3, 5.05, 8.85, 12.25 cm [56], and in CMS
at r = 3.0, 6.8, 10.2, 16.0 cm [57]. The rest of the barrel tracker in ATLAS consists of the Semiconductor
Tracker (SCT) between r = 30 and 52 cm and the Transition Radiation Tracker (TRT) between r = 56 and
107 cm [58]. The rest of the barrel tracker in CMS consists of the strip tracker inner barrel (TIB) between
r =20 and 55 cm and the strip tracker outer barrel (TOB) between r = 55 and 116 cm [59].



reconstructing the ¥ 7 track. The track pr threshold in [60, 61] is 20 GeV, comparable to
the pr of the ¥ in the samples of interest. In the Run 2 CMS searches [63, 64], multi-
ple options for the disappearing track length were addressed, including tracks that extend
beyond the pixel detector, with pr values down to 15 GeV [63]. For muon tracks from
Z decays, with typical pr ~ 45 GeV, the pixel-only tracks in ATLAS have pr resolution
of about 60% [60], so for a pr ~ 15 GeV pixel-only track we should expect ~ 20% reso-
lution in pp. Similar resolution is expected in CMS, where the pixel layers have similar
geometry, and the bigger pixel size than in ATLAS is compensated by a larger magnetic
field.% Significantly better resolution, of ~ 5%, will be obtained for tracks reaching the first
layers of the SCT or TIB, which will be common in our case. Further improvement will
be attained in the high-luminosity phase of the LHC, once the upgrades to 25 x 100 pm?
pixels in ATLAS [65] and 50 x 50 zm? or 25 x 100 m? pixels in CMS [66] are implemented.
The ¥ kink angle ¢ is given by

1 sin v

a v+ E ’
1+ 72 (cos ¥ + 5Ep/17p)2 7 (cos »/Pp)
sin2 ¢

(3.3)

sinp =

where 9 is the rest-frame decay angle from eq. (3.1), 3 is the ¥ velocity, v = 1/4/1 — 32
is the corresponding boost factor, and £, and p, are the energy and momentum of the
proton in the X7 rest frame, where one has E,/p, ~ 5.1 (see appendix A for these and
other details of the kinematics). In the last step in eq. (3.3), we took the ultra-relativistic
limit v > 1. We see that the typical kink angle in our case (y ~ 15) will be ¢ ~ 10 mrad
(see also table 1). It is measurable.” However, since E,/p, ~ 5.1 > 1, eq. (3.3) implies
that the kink angle ¢ is not very sensitive to the forward/backwardness of the proton
(i.e., the sign of cos®). In fact, most values of ¢ can be obtained from two very different
values of cosv with opposite signs. This happens because the proton is nonrelativistic
in the T rest frame. As a result, the longitudinal component (with respect to the X+
direction of motion) of its momentum in the lab frame is dominated by the boost of its
mass (rather than its 3-momentum) from the XF rest frame. Instead of using ¢ itself, it
may be convenient to extract cos v via

Py Py
! plg+

/
cos v = s <p1,)p M+ COS  — Ep> ~ [ <6.3 —-51, (3.4)

cos  — 5.1> ~ 6.3
Pp o+

>+
where the primed (') quantities denote lab-frame momenta, and in the last step we assumed
the 1 to be relativistic. Since the range of cosd is [—1, 1], the momenta of the proton
and X7 need to be measured with precision of ~ 10% in order for them to provide useful

SThe pixel size in the ATLAS Pixel Detector is 50 x 250 um? for the innermost layer and 50 x 400 pm?
for the other layers [56], and in CMS it is 100 x 150 um? [57], where the first dimension is the transverse
one, which is the one relevant for the pr measurement. In ATLAS’s SCT and in the first layers of CMS’s
TIB the pitch is 80 um [58, 59]. The magnetic field is 2 T in ATLAS and 3.8 T in CMS.

"For example, even the Run-1 CMS three-layer Pixel Detector alone was capable of measuring the track
momentum parameters ¢ and 0 with resolutions of roughly 3 mrad and 1 mrad, respectively, for tracks with
pr ~ 10 GeV [59].



Decay (ﬁ) X ¢ [mrad]
¥ = /4 ‘ /2 ‘ 3 /4
»t — prd 10 16 13
St o onnt 29 63 103
7t — ,u+yu 1 3 2
Kt = pty, 13 30 60
Kt o qtq0 12 27 46
St ant 29 65 107
= 5 atA 29 62 88

Table 1. The kink angle ¢ for three values of the rest-frame decay angle ¢ = /4, 7/2, 37/4, where
P is the lab-frame momentum of the mother hadron, which is assumed to be relativistic, v > 1.

information about cos1?. Based on the discussion in the previous paragraph, it seems
realistic despite the shortness of the X track.

There will be background due to kinks produced by other decays of charged hadrons:
Yt =t ot = pty, KT — pty,, KT — atn0, " S ant and =7 — 7tA. We note
that among these, only ¥T — nzt can arise from a primary strange quark. Nonprimary
hadrons (namely ones not carrying the original quark) will typically be soft relative to the
jet, thus not of interest to us in any case. Therefore, for a high-purity sample of strange
quarks, like the one obtained for instance in the tf selection described below, ¥ — nat
will make the dominant contribution to this background. Luckily, this contribution can
be largely eliminated using the fact that the kink angle in this case is usually much larger
than in the decay of interest, as shown in table 1. For a sample of up quarks, the typical
size of the kink angle can also be used to reduce some of the contributions.

Kinks can also be created by interactions of charged hadrons with the detector material—
either an elastic scattering with a large momentum transfer or an inelastic scattering such
as 77 +n — 7%+ p. However, in the elastic scattering case the scattering angle is typically
much smaller than the T kink angle. The width of the scattering angle distribution is

given by (section 34.3 of [20])
13.6 MeV [ =z
Prms = T 2% ) (35)

where P is the hadron momentum and z/Xj is the medium thickness in radiation lengths.
For ATLAS,® in the range 15cm < r < 35cm, we have x/Xg ~ 0.05 [68], thus

15 GeV
Orms ~ < Pe > x 0.3mrad , (3.6)

which is more than an order of magnitude smaller than the kink angle in the ¥T — pr°

decay (see table 1).

8We could not find an analogous number for CMS, but it seems [57, 59, 67] that there is no reason to
expect a significantly bigger number.



Part of the inelastic scattering background can be avoided by requiring the momentum
of the second part of the track to be consistent with the proton produced in the decay,
which is expected to carry between 65%-96% of the ¥ momentum. Both of the material-
induced backgrounds can be reduced significantly, without too much efficiency loss to the
signal, by vetoing kinks occurring near detector layers. A detailed simulation of the ATLAS
and/or CMS detector, which is not available to the author, would be needed to define the
details of this procedure and estimate the background that will remain.

3.2 7Y

It is not straightforward to associate a 7° with a candidate X T decay because the trackless

7Y cannot be assigned to a specific vertex, and there are various ways in which unrelated

7% can be produced inside a jet or from pile-up, especially considering that our =¥ is
0o ~ 3 GeV for pjzf ~ 15 GeV). Note though that if the ¥ and p momenta

are well-measured, measuring the 7" is not essential for reconstructing the decay. Still,
0

very soft (E

™

it may be useful to include a loose requirement that a 7° candidate with the expected
energy? and position in the calorimeter be present in the jet, to suppress backgrounds. For
pjzf ~ 15 GeV, a typical deviation of the 7° from the ©F direction will be 80 mrad.

It is also worth checking whether one can identify the non-pointing and/or delayed
nature of the 7° photons related to the large displacement of the ¥ decay vertex, along
the lines of [73-76], which would eliminate much of the background 7Ys. These analyses
determine the flight direction of the photon based on its shower shape in the electromagnetic
calorimeter [73-75] (or eTe™ tracks in the case of converted photons [76]) and/or measure
the delay in the arrival time relative to a photon that would arrive directly from the primary
vertex [73-75].

In principle, it might also be possible to reconstruct the ¥ 1 decay using just the proton
and the 7°, without relying on a direct measurement of the ¥+ momentum. This was done
(although with relatively low efficiencies) by OPAL [22] and L3 [23] in samples of hadronic
Z decays at LEP and by LHCb (as a control channel for another measurement) in inclusive
QCD samples [77]. However, given the potential difficulty in identifying the relevant soft

7Y, we leave the exploration of this interesting alternative beyond the scope of this paper.

3.3 Proposed analyses in tf events

We propose to measure the polarization transfer from the s and u quarks to the ¥ baryon
using ¢t samples in ATLAS and CMS.

We envision starting with a standard ¢t event selection in the lepton+jets channel.
Such a selection usually requires the event to contain one isolated electron or muon, at
least four jets, one or two of which are required to be b tagged, and satisfy a mild cut

9The electromagnetic calorimeter resolution is given by

oE a b

& dec,
E  \/E/GeV = E/GeV c

where a = 10.1 + 0.1%, b ~ 8%, ¢ = 0.17 = 0.04% in ATLAS [69-71], and a ~ 2.8%, b ~ 12%, ¢ ~ 0.3% in
CMS [72], so the energy of the 7 can be measured with a precision of around 5%.




on the missing energy and/or the transverse mass of the leptonically decaying W. After
a kinematic reconstruction of the event, information about the flavor of the jets from the
hadronic W decay can be obtained using charm tagging. Demanding a charm tag will
produce high-purity and high-efficiency samples of ¢ and s jets from the

Wt —cs (3.7)

decays. For example, charm tagging working points with 40% (or 30%) efficiency for ¢ jets
and ~ 3% (or 1%) efficiency for light jets are possible in both ATLAS [78] and CMS [79].

Events with X% baryons in the s-jet candidates will then allow measuring the
s— X" (3.8)

polarization transfer.
Alternatively, vetoing on a loose charm tag will provide high-efficiency samples of

Wt — ud (3.9)
decays, which can be used for measuring the
u— 2T (3.10)

polarization transfer. The sample will, however, contain a significant contamination from
W* — ¢5. For example, with the charm tagging algorithm of ref. [79], only 80% of the
5 decays will be successfully vetoed while keeping 50% of the ud decays. The impact of
the contamination from c5 will be further enhanced by X% baryons being more readily
produced from ¢ quarks than from u quarks, on which we will elaborate below. Production
from the d or § antiquarks is not an issue: their jets will not contribute many energetic ¥+
baryons because the X% does not contain valence antiquarks. Here we assume that the W
charge, and correspondingly the charge expected for the X7, is determined by the lepton
on the other side of the event.

Let us now estimate the statistics available for these analyses. A standard tf selection
in the lepton+jets channel in the ATLAS Run 2 dataset [80] results in 5.6 x 10° ¢ events
and a background of 1.1 x 10 events from other processes. The CMS analysis in the same
final state [81] also describes how the event kinematics can be reconstructed to determine,
in particular, which of the observed jets come from the W decay. We envision a similar
procedure for our proposed analysis. Charm tagging, which we would use anyway to select
the sample of strange jets that accompany the charm jets in the W' — ¢5 decays, will
aid the reconstruction. Since approximately half of the hadronic W decays produce cs,
and assuming 40% charm tagging efficiency, we obtain a sample of about 1.1 x 105 strange
jets. Based on the fragmentation functions from ref. [19], the probability for a strange
quark to produce an energetic X7, which we define as carrying at least 30% of the jet
momentum (i.e., z > 0.3), is about 1.6%. Taking into account also the branching fraction
for ¥ — pr¥, we are left with about 9000 such decays in the Run 2 samples. Even if only
a fraction of the kinks are reconstructed and certain additional mild cuts are applied to

,10,



reduce backgrounds, there will likely still remain a sizable s — ¥ sample to study even
in the data that has already been collected.

For u — X7, the statistics is more challenging because the corresponding fragmentation
fraction for z > 0.3 is only about 2.2 x 10~* [19]. Estimating as in the previous case and
assuming 50% efficiency for passing the loose charm tag veto, we are left with about 160
decays in the Run 2 dataset before accounting for the kink reconstruction efficiency and
the need to deal with significant backgrounds in this case. As mentioned above, there
is a sizable contamination due to c¢ jets that evade the charm tag veto. They contribute
primarily via AT — ¥ + X. The fragmentation fraction for ¢ — A} is about 6% (at
high pr) [82-84] and the branching fraction of A} — X (+ anything) is about 11% [20].1°
About half of these decays (such as the most common one, Ay — Y TxT7~) produce
only charged particles in addition to the ¥ and can therefore be vetoed via Al mass
reconstruction. This leaves us with a probability of 3 x 1073 for a ¢ jet to contribute a ¥
while evading the charm tag veto and the Al reconstruction veto. A significant fraction
of these ¥ baryons are likely sufficiently energetic to compete with the u — X1 signal
which has a fragmentation fraction of 2.2 x 10=% for z > 0.3. Since the number of ¢ jets
entering the sample after the charm tag veto is smaller than the number of u jets by only
a factor of about 2.5, the c¢-jet background is nonnegligible, but at the same time it is not
prohibitively large. One may consider using the deviation of the ¥ trajectory from the
jet axis as a handle to further reduce such contributions. While the statistics of 160 signal
events (before accounting for the reconstruction efficiency and addressing backgrounds) is
problematic, it will increase by a factor of at least 20 at the high-luminosity LHC, along
with detector upgrades, and then a meaningful measurement may become possible for this

process as well.

4 Summary

Top-quark pair production (pp — tt) samples at the LHC are a high-statistics and relatively
clean source of polarized quarks of various flavors — b, ¢, s, d, u — that can be studied
by ATLAS and CMS. Decay angular distributions of energetic baryons inside the jets are
sensitive to the original quark polarization. Previous proposals focused on the A, and A,
baryons from the b and ¢ quarks, respectively [4], and the A baryons from the s quarks [16].
In the current paper we considered the production of ¥ baryons from the s or u quarks,
which can provide complementary information.

We proposed to use the kinked track signature of the ¥+ — pr¥ decay (possibly along
with the electromagnetic signature of the displaced 7°) to identify the ¥* baryons in s and u
jet candidates and measure their polarization. Measuring the s — X7 polarization transfer

seems feasible with existing data, while the u — X7 measurement, where statistics is lower

Known contributions to BR(AF — S tanything) are BR(A] — ST7T7n7) = (4.50 £0.25)%, BR(AT —
Ytw) = (1.70 £0.21)%, BR(AT — T 7%7%) = (1.55 £ 0.15)%, BR(AL — S19') = (1.5 £0.6)%, BR(AF —
»ha%) = (1.25 £ 0.10)%, BR(AF — %Fn) = (0.44 £ 0.20)%, BR(AT — STKTK™) = (0.35 + 0.04)%,
BR(A; — STK™77) = (0.21 £ 0.06)% [20]. They add up to (11.5 &+ 0.7)%. It is also known that
BR(A} — 2% anything) = (10 + 5)% [85].
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and backgrounds are larger, will probably become possible only at the high-luminosity
LHC.

Apart from measuring polarization transfer, analyses with kink reconstruction could
be useful for measuring fragmentation functions involving the ¥ and other hadrons with
kinked track signatures, as well as searching for certain scenarios in which particles be-
yond the Standard Model produce kinked tracks [26—28]. We hope this paper will further
motivate such analyses.
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A Kinematics

This appendix collects formulas and numbers relevant to the kinematics of the ¥t — pr?
decay. The symbols ¥ and 7 below refer to the ¥ and 7%, respectively. Energies and
momenta in the lab frame will be denoted with a prime ('), so transformations from the ¥
rest frame are written as

E =~ (E—i—ﬁp”) ; ph =7 (pll +6E) , PL=DL, (A1)

where (3 is the X velocity in the lab frame, v = 1/4/1 — 32 is the corresponding Lorentz
factor, || and L denote the momentum components with respect to the boost direction.

Quantities in the X rest frame

The energies and momenta are given by

mQ—l—mQ—m2 mQ—l—mQ—m2
ol —— Ll P ~0.232 GeV, E,= b P T ~0.957GeV, (A.2)
2my, 2my,

Pp =Pr =V E2—m2 ~0.189GeV, (A.3)

where we used the masses [20]

my ~ 1.1894 GeV,  my ~ 0.1350 GeV,  m, ~0.9383 GeV . (A.4)

Proton momentum and pion energy in the lab frame

For a relativistic ¥ (i.e. 8 ~ 1), the proton, which is produced non-relativistic in the ¥ rest
frame (v, = p,/E, ~ 0.20), acquires momentum of roughly

/ /
p p
P, ~=VBE, = m—EEEp ~ 0.80p% ~ 12GeV x <ﬁ> (A.5)

- 12 —



in the lab frame.
The pion energy in the lab frame is

Ep =7 (Er + Bpr) = pE(E + P ) - (A.6)

Since pr || can be both positive and negative and its maximal magnitude is somewhat
smaller than FE, the typical value of the pion energy can be estimated to be

/

Px p/Z
E ~P2F ~29Gev . AT
T my eV x <15 GeV> (A7)

Kink angle as a function of the rest-frame decay angle

Denoting the rest-frame decay angle (direction of proton momentum relative to the boost
direction) by ¥, we have

p;h” =7 (pp cos ¥ + ﬂEp) ) p;;,J_ =Dp sind, (A.8)

which gives the kink angle ¢ as

/

p 1

sinp = Bl - , (A.9)
/
P \/ 1+py H/p \/1 L 22 (cosd + BEy/py)”
2
sin” ¥
where E,/p, ~ 5.1, as we computed above. For v > 1,

in ¢ in ¢

sin @ ~ - S , (A.10)

v (cosV + Ep/pp) 57

where the last expression is a rough approximation.
A similar calculation applies to the pion. Since E;/p. ~ 1.2, a typical angle of the

pion momentum relative to the T momentum will be

1 15 GeV

singy ~ =~ 12 0,08 x ( c > (A.11)

/ /
Y Py Py,

Extraction of the decay angle from the measured momenta

From the Lorentz transformation for p; | = P, €os ¢ we obtain
1 ! cos !
cost) = — (M — ﬁEp> _5 <p—/pmg Ccos p — Ep> . (A.12)
Pp Y Pp \Px

Substituting the numerical values for the fixed quantities, we get
/ p/
cosV =~ 3 < —cosap—5.1> ~6.3 -2 —5.1, (A.13)
Py Py,

where in the last step we assumed the ¥ to be relativistic (so that 8 ~ 1 and cosp ~ 1).
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