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Polarization of strange quarks is preserved to a high degree when they hadronize into Λ baryons, as
observed in Z decays at LEP. This opens up the possibility for ATLAS and CMS to use strange-quark
polarization measurements as a characterization tool for new physics scenarios that produce such quarks.
Measurements in tt̄ samples would be useful for obtaining additional information about the polarization
transfer from the strange quark to the Λ baryon. Already with 100 fb−1 in run 2, tt̄ samples in ATLAS and
CMS become competitive in sensitivity with the Z samples of the LEP experiments. Moreover, while the
LEP measurements were done inclusively over all quark flavors, which makes their interpretation
dependent on various modeling assumptions, tt̄ events at the LHC offer multiple handles for disentangling
the different contributions experimentally. We also discuss the possibility of measuring polarizations of up
and down quarks.
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I. INTRODUCTION AND OVERVIEW

While it is easy for the LHC detectors to reconstruct the
momentum of an energetic quark by measuring the jet it
produces, there is no straightforward way to determine the
quark’s polarization. In general, three obstacles are present.
First, the nonperturbative strong interactions during the
QCD-scale fragmentation process can change the polari-
zation of the quark or perhaps even wash it out completely.
Second, even if part of the polarization survives the
QCD-scale interactions, it is usually impossible to know
which of the many hadrons in the jet carries the original
quark. Third, the polarization can disappear during the
hadron’s lifetime and intermediate decays, before the
electroweak decay that can actually provide information
about the polarization.
For a heavy quark, mq ≫ ΛQCD, such as the bottom

(and to a large extent also the charm), the situation is
simpler [1–4]. First, since the quark’s chromomagnetic
moment is ∝ 1=mq, QCD-scale interactions cannot change
its polarization significantly. Second, the hadron containing
the original quark is typically the most energetic one. The
energy fraction carried by the other hadrons is expected to
be only OðΛQCD=mqÞ at low energy scales [5–7]. At the
electroweak scale, this number is measured to be around
30% in the b-quark case [8–11] and 50% in the c-quark
case [12], consistent with renormalization group evolution
[13]. The third difficulty is largely intact. In most cases the
quark ends up in a meson, which decays down to a ground-
state meson of the corresponding heavy flavor prior to the
electroweak decay of the quark itself. Since the ground-
state mesons are scalars (and the intermediate decays are of
very limited use [3]), the polarization information is lost.
However, the story is different if the quark hadronizes
into a baryon. Since baryons have spin, they can carry

informationabout the initial polarization. In theΛb baryon, in
particular, the light degrees of freedomare in a spin-0 state (in
the heavy quark limit), so the b spin is not subject to any
interactions throughout the Λb lifetime [1–3]. In other
baryons, such as the Σb and Σ�

b whose light degrees of

freedom are spin-1, theb polarization does change. TheΣð�Þ
b s

then decay to the Λb, plus a soft pion, reducing the
polarization of the inclusive Λb sample. But at the end of
the day, the Λb polarization simply gets reduced by a fixed
Oð1Þ factor relative to the originalb-quark polarization [3,4],
allowing for measurements of the latter. Evidence of this
effect has been observed at LEP [14–16]. The precise
polarization retention factor can bemeasured in single-lepton
tt̄ samples at the LHC and then used in b-quark polarization
measurements in new physics samples [4].
The case of the strange quark, whose mass is of order

ΛQCD, naïvely does not look promising. There is no
guarantee that any polarization survives the QCD-scale
fragmentation process. Furthermore, the hadron carrying
the original strange quark is not necessarily the most
energetic one, and, unlike for heavy quarks, secondary
strange hadrons are frequently produced in fragmentation
and dilute the inclusive polarization.
Nonetheless, and despite the lack of good theoretical

control over the processes that affect the polarization of
strange quarks during fragmentation, we argue that reliable
measurements of longitudinal polarization of strange
quarks by ATLAS and CMS, using Λ baryons, are feasible.
It is known experimentally from measurements in Z decays
at LEP [17–19], as we review, that theΛs in fact preserve an
Oð1Þ fraction of the original longitudinal polarization of the
strange quark. Thanks to factorization of short- and long-
distance physics, the fraction measured at LEP will apply to
any measurement in standard model or new physics
processes by ATLAS or CMS, as long as the energy scale
of the process is similar to the Z boson scale. For processes
with a very different energy scale, one only needs to add the*yevgeny.kats@weizmann.ac.il
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effects of renormalization group evolution of fragmentation
functions, which are under good theoretical control [20].
The polarization measurement can be validated, and higher
precision on the spin-dependent fragmentation functions
obtained, using standard model tt̄ events, where polarized
strange quarks are available from Wþ → cs̄ decays.
Eventually, measurements of u and d quark polarizations

might become possible as well. While the proton and
neutron do not decay within the detectors, one may use the
less common events in which the u or d produce a Λ. While
in the naïve quark model the spin of theΛ is carried entirely
by the s quark, data on nucleon spin structure suggest that a
sizable part of the spin in the Λ is actually carried by the u
and d [21]. This may imply that Λs produced in the
fragmentation of u and d quarks preserve some fraction of
the quark’s polarization [21–24]. Furthermore, even in the
naïve picture, the u and d quarks do carry spin in heavier
baryons such as the Σ and Σ�. When these baryons are
produced from a u or d quark and then decay to a Λ, some
of the quark’s initial polarization is expected to be
preserved in the Λ polarization [23,25]. Polarized lepton
or neutrino deep inelastic scattering experiments [26–29]
and polarized pp collisions [30,31] can in principle provide
useful information on this question. However, they are
currently limited by statistics and uncertainties regarding
the strange parton distribution functions [26,31]. ATLAS
and CMS can attempt to observe the effect more directly
using Wþ → ud̄ decays in tt̄ samples.
We note in passing that in principle there is no need in an

electroweakly decaying baryon, like the Λ, to be sensitive
to the quark polarization. Certain observables constructed
from momenta of two or more hadrons in the jet
(“jet handedness”) can have polarization-dependent distri-
butions due to QCD processes alone [32–34]. However, the
size of this effect is unknown, and a significant upper
bound on it was obtained by the SLD experiment [35,36].

II. LEP MEASUREMENTS OF Λ POLARIZATION
IN Z DECAYS

The longitudinal polarization of strange quarks produced
via eþe− → Z → ss̄, including the one-loop QCD effects
[37], is

PðsÞ≃ −0.91: ð1Þ

The LEP experiments ALEPH [17,18] and OPAL [19]
measured the polarization of Λs in inclusive samples of
eþe− → Z → jj events. To reduce the contribution from
the mostly soft Λs produced from secondary strange
quarks, it is useful to apply a lower cut on the energy
(or momentum) fraction z carried by the Λ relative to the
whole jet. For z > 0.4, the experiments report

PðΛÞ ¼ −0.41� 0.07 ALEPH ½18�; ð2Þ

PðΛÞ ¼ −0.46� 0.12 OPAL ½19�; ð3Þ

and for z > 0.3

PðΛÞ ¼ −0.31� 0.05 ALEPH ½18�; ð4Þ

PðΛÞ ¼ −0.33� 0.08 OPAL ½19�: ð5Þ

These results demonstrate that a large fraction of the
original s-quark polarization is retained in the Λs. In fact,
as simulated by ALEPH and OPAL following the approach
of [38] and using Jetset [39], these numbers can be
reproduced, within large modeling uncertainties, even if
one assumes that there is no polarization loss at all for Λs
carrying the primary strange quarks. Instead, PðΛÞ gets
diluted by the partly polarized Λs produced in decays of
other primary strange baryons (most importantly Σ0 → Λγ,
Σ��;0 → Λπ�;0 and Ξ0;− → Λπ0;−) and unpolarized Λs
from nonprimary strange quarks or from decays of
heavy-flavor mesons, and accounts also for Λs from the
parity-violating (electroweak) decays of heavy-flavor bary-
ons and nonprimary Ξs whose contributions are slightly
polarized due to a selection bias.
We note from examining the simulation results of

ALEPH and OPAL that for a sample containing only
strange jets one would have −0.65≲ PðΛÞ ≲ −0.49 for
z > 0.3 and −0.69≲ PðΛÞ ≲ −0.53 for z > 0.4, where the
precise numbers are somewhat uncertain due to modeling
assumptions. The depolarization relative to PðsÞ would be
primarily due to Λ production from the decays of heavier
strange baryons, which is comparable to direct Λ produc-
tion, and to a lesser extent due to Λs with secondary strange
quarks.
The possibility that Λs carrying primary u and d quarks

preserve a fraction of the quark polarization (with an
opposite sign) [21] was examined by ALEPH [18] (see
also [20,23,24]) and found to be allowed by their (flavor-
inclusive) data. As we will see, tt̄ samples at the LHC
provide a great opportunity to explore this question in more
detail by measuring the different quark flavors separately.

III. MEASURING ΛS AT ATLAS AND CMS

Polarization of strange (and possibly also up and down)
quarks can be accessed by ATLAS and CMS by measuring
the polarization of Λ baryons in the jets. The most common
decay of the Λ, with a branching fraction of 64% [40], is

Λ → pπ−; ð6Þ

giving rise to an easily identifiable signature of a pair of
oppositely charged tracks that originates from a highly
displaced vertex (cτΛ ≃ 7.9 cm) and reconstructs the Λ
mass. The background from K0

S → πþπ− decays (which are
also displaced, cτK0

S
≃ 2.7 cm) can be largely eliminated
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by requiring that the tracks do not reconstruct the K0
S mass

if both are assigned the π� mass. The polarization can be
determined from the angular distribution of the decay,

dΓ
d cos θ

∝ 1þ αPðΛÞ cos θ ð7Þ

where θ denotes, in the Λ rest frame, the direction of
motion of the proton relative to the polarization direction,
and [40]

α ¼ 0.642� 0.013: ð8Þ

The same distribution describes the decays of the anti-
particle, Λ̄, of an opposite polarization. The same decay
channel was used at LEP. The only other significant decay,
Λ → nπ0, is more difficult to identify.
In both ATLAS and CMS, several analyses have already

reconstructed Λ → pπ− decays, either for studies of the Λ
itself [41–43] (including a measurement of the transverse
polarization in inclusive production [43]) or for studies of
the Λb using the decays Λb → J=ψð→ μþμ−ÞΛ [44–49].
For Λs with pT ∼ 5 GeV, CMS reported an efficiency of
around 15% in [41], and ATLAS 35% in [42] and roughly
20% in [43]; the differences are primarily due to different
selection requirements. The background under the mass
peak is quite small in all cases. For new physics samples,
much higher values of pT will likely be relevant. The
efficiency will then possibly be significantly lower because
track reconstruction becomes more difficult for larger
displacements. In particular, the Λ efficiency in ATLAS
[42] for transverse flight distances between 10 and 30 cm is
only 10%, and becomes yet lower for larger distances. In
the LEP measurements in Z decays, the efficiencies were in
the same ballpark—varying from 36% for z ¼ 0.15 to 13%
for z ¼ 0.5 in ALEPH [17], and from 25% for z ¼ 0.15 to
10% for z ¼ 0.4 in OPAL [19]. In the future, the situation
in ATLAS and CMS will likely improve significantly with
the planned upgrades to their tracking detectors [50–52].
Before applying the strange-quark polarization measure-

ment to new physics samples, it can be validated on standard
model samples of polarized strange quarks. Such measure-
ments would also be useful for gaining additional informa-
tion about the relevant fragmentation functions, which
describe the abundance and polarization of Λs in jets as a
function of their energy fraction z. Good knowledge of the
fragmentation functions will allow computing the scale
dependence of the polarization transfer effect, as well as
provide further input to the theoretical understanding and
modeling of fragmentation (see, e.g., [20]).
At the LHC, the hadronic decays of the Z suffer from a

very large QCD background, which would make the
measurement more difficult than at LEP. However, the
LHC experiments have the opportunity to use clean tt̄
samples, where longitudinally polarized strange quarks are

produced in Wþ → cs̄ decays. After accounting for the
one-loop QCD effects [37], the s-quark polarization in W
decays is PðsÞ≃ −0.97.

IV. PROPOSED STUDIES IN tt̄ SAMPLES

Let us consider a measurement in the run 2 data, which
we assume will be based on 100 fb−1 of 13 TeV collisions.
The tt̄ production cross section is σ ≈ 800 pb [53,54].
Accounting for the branching fractions for W → cs on one
side of the event andW → lν (with l ¼ e or μ) on the other
(to reduce backgrounds), and assuming this final state will
have an efficiency of about 20% in a standard single-
leptonþ jets tt̄ selection (e.g., [55]), we obtain a sample
containing roughly 2.2 × 106 polarized strange quarks
(including antiquarks). Thus, already in run 2 the statistics
will be comparable to LEP, where each experiment had
about 1.9 × 106 slightly less polarized strange quarks
(including antiquarks) from Z decays [18,19].
A standard kinematic reconstruction of single-leptonþ

jets tt̄ events determines which jets originate from the W
decay, but not their flavor. However, since energetic Λs are
produced much more frequently in s-initiated jets than in
other jets, it would not be unreasonable to even collect Λs
from all jets that originate from a W. Recall that the
measurements at LEP were also done inclusively over
comparable numbers of u, d, s and c jets, and in addition b
jets. Still, for easier interpretation of the results, and more
straightforward application to new physics scenarios,
which may contain only strange quarks, or a different
mixture of several quark flavors, it would be useful to
suppress contributions from jets that do not originate from
strange quarks. To improve the sensitivity to the polariza-
tion, it would also be useful to reduce the contributions
from secondary strange quarks, which produce mostly
unpolarized Λs, in all jets.
One handle readily available in single-lepton tt̄ samples

is the charge of the lepton, which determines whether to
expect aΛ or a Λ̄ on the other side of the event. Without any
cost in the polarized signal efficiency, this reduces the
contribution from secondaryΛs by a factor of 2 and entirely
eliminates the contribution from primary Λc decays in
c jets.
Another handle is charm tagging, which can be used for

distinguishing between the W → cs and W → ud decays,
and between the c and s jets inW → cs. It also reduces the
number of ways in which a radiation jet with g → ss̄ can
contribute to the sample by being misidentified in the
kinematic reconstruction as one of the jets from the
hadronic W decay. ATLAS has already developed a charm
tagging algorithm and used it in run 1 [56–58]. To select a
clean sample of s-initiated jets, one can tag the accom-
panying c jets using, for example, the operating point with
ϵc ≈ 0.20 and ϵudsg ≈ 0.005. The b-jet rejection power of
the operating point is not important to us since bs are not
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produced in W decays. In run 2, the charm tagging
performance is actually expected to be even better than
these numbers thanks to the “Insertable B-Layer” of pixels
that has been added to the ATLAS detector [56,59,60].
Besides the measurement in strange jets, measurements of

theΛ polarization in c jets (fromW → cs),u andd jets (from
W → ud) and b jets (from t → Wb) would also be very
beneficial. They would facilitate the comparison with the
LEP results and provide useful input for possible future
measurements in new physics scenarios inwhich strange and
other quark flavors appear together. Most interestingly,
isolating polarized Λ contributions from u and d jets would
provide a unique input to theory, and open the way for
measurements of u and d quark polarizations in general
settings.
Care must be taken when defining a sample of c jets

using a charm tagging algorithm. A large fraction of Λs in c
jets originates from Λc decays. Since the Λc is not as long
lived as the D mesons (τΛc

≈ τD0=2 ≈ τD�
s
=2.5 ≈ τD�=5

[40]), the tagging efficiency for events with a Λc might be
lower than the inclusive charm tagging efficiency.
Samples enriched in u and d jets can be obtained by

vetoing on a loose charm tag (e.g., defined using the
operating point with ϵc ≈ 0.50, ϵudsg ≈ 0.18 from [56]).
Due to the isospin symmetry, u and d jets are expected to
have approximately the same properties. Still, it may be
useful to separate between them for better control of the
large backgrounds due to W → cs decays that fail charm
tagging. One can use the charge of the lepton on the other
side of the event to determine which of the two, the u or the
d jet, is expected to contain a Λ and which a Λ̄ as a primary
hadron. Then the polarized background for u jets will be
coming from c jets, and for d jets from s jets.
Let us end this section with an estimate of the expected

sensitivity of the strange-quark polarization measurement
in tt̄ in run 2. OPAL [19] reports the number of Λs
(including Λ̄s) in their Z sample, after reconstruction
and background subtraction, to be approximately 8309
for z > 0.3 and 2950 for z > 0.4. Based on OPAL’s
simulation, in both cases roughly half of these Λs come
from strange-initiated jets. Strange jets from tt̄ events will
have approximately the same properties. Corrections due to
renormalization group evolution are expected to be small
because the energies of the strange quarks from Z pro-
duction at LEP and tt̄ production at LHC are comparable.
The Λ reconstruction efficiencies in ATLAS and CMS are
roughly the same as in OPAL, as we discussed. Then, with
the event yield estimated above, and including the charm
tagging efficiency, the polarization measurement samples
will consist of roughly 1000 strange jets with Λs with
z > 0.3. Taking into account that PðsÞ is slightly larger in
the tt̄ case than in the Z case, the Λ polarization is expected
to be PðΛÞ ≈ −0.6. The achievable statistical precision of
the polarization measurement, taking into account the spin
analyzing power from Eq. (8), is then roughly 16% [61]
already in run 2 of the LHC.

V. NEW PHYSICS EXAMPLE

The strange-quark polarization measurement can be used
in any new physics scenario in which such quarks are
produced. It will be most effective in cases where the
current uncertainty on the background estimate in the
relevant searches is large, since that can allow the signal
to be sufficiently large so that enough statistics can be
collected for the measurement after the signal is discovered.
The statistics needs to be large because the probability for a
Λ (with z > 0.3, for example) to be present in a strange-
initiated jet is only Oð3%Þ [62] and the reconstruction
efficiency for high-pT Λs is only Oð10%Þ. Let us present a
simple example of a scenario in which the measurement
would be useful.
Suppose an excess is observed in searches for jets and

missing energy, and it is being suggested, based on the size
and kinematic properties of the excess, that it is due to the
pair production of the right-handed strange squark,
decaying to a strange quark and a stable bino:

pp → ~sR ~s�R; ~sR → s~χ01: ð9Þ
(The same excess cannot be attributed to ~sL, because ~sL
forms a doublet with ~cL, which would have been observed
even earlier in searches that use charm tagging.) A possible
test of this interpretation would be to measure the strange-
quark polarization, which is expected to be right handed,
i.e. PðsÞ ≈þ1, since the bino coupling does not mix
chiralities.
Most sensitive to this scenario are the ATLAS and CMS

searches for jets (or a monojet) and missing energy [57,63–
65]. Consider the case ofm~sR ¼ 200 GeV,m~χ0

1
¼ 150 GeV.

Neither the search [57] (see their Fig. 9, left), nor [63] [see
their Fig. 10(c)] nor [64] (see their Fig. 7, right) excludes this
scenario, while the search [65] [their Fig. 7(a)] does not
present the relevant range of masses. At the same time, the
scenario is close to the regions excluded by these searches, so
it will likely be possible to discover it in run 2.
To estimate the polarization measurement sensitivity for

this scenario, let us consider the most sensitive search
region of [63] for the event selection, even though it was
optimized for the 8 TeV search rather than the future
polarization measurement. It is the 2jetsþ ET loose search
region, 2jl [66], in which 13000� 1000 background events
and about 1300 signal events [67] were expected. For
3 ab−1 of data at 14 TeV, with the crude approximation that
the selection efficiencies remain the same [68] and only the
cross sections get rescaled (by a factor of 4.2 for the signal
[69] and roughly 2 for the background [70], which is
mostly due to Z=γ� þ jets and W þ jets), we obtain 8.1 ×
105 signal events and 3.8 × 106 background events.
The signal events will contain jets due to both the s

(and s̄) quarks from Eq. (9) and initial-state radiation (ISR).
It is a question for a detailed simulation to optimize the
requirement for a jet to be included in the polarization
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measurement (e.g., the three leading jets, all jets with
pT > 30 GeV, or a more sophisticated criterion). Note that
since only about 1=3 of the ISR jets will contain moderately
energetic strange quarks (via g → ss̄), the contribution of
an ISR jet to a sample of high-z Λs will be suppressed, on
average, relative to that of a strange jet. In the dominant
backgrounds, Zð→ ννÞ þ jets and Wð→ τhνÞ þ jets, the
jets are mostly ISR jets, along with a small number of
hadronic tau jets, so their contributions to the sample will
be suppressed as well. Since the s and s̄ jets from Eq. (9) are
relatively soft, suppose that, on average, only one such jet
per event will be included in the sample. With the
assumption justified earlier, that the probability for a
strange jet to contain a reconstructed Λ with z > 0.3 is
similar to OPAL, the sample will contain about 1800 Λs
and Λ̄s from the signal. Background includes jets from the
background processes (suppose three per event) as well as
ISR jets from the signal (suppose two per event). The
abundance of Λs (including Λ̄s) with z > 0.3 in gluon jets

is lower than in s jets by a factor of about 3.3 [62]. Then, for
the purpose of a rough estimate taking all background jets
to be gluon jets, the signal fraction in the sample of Λs
will be about 17%. This would allow us to determine the
s-quark polarization with statistical precision of 30%. If the
Λ reconstruction efficiency with upgraded ATLAS and
CMS tracking detectors ends up being a factor of 5 higher
than the Oð10%Þ efficiency of OPAL, the precision
becomes 13%. The sensitivity could be further improved
by optimizing the event selection and the cut on z and
combining ATLAS and CMS results. This will be espe-
cially important for more statistically challenged new
physics scenarios.
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