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In this paper, some subtleties in the measurement of the transverse polarization of the produced hadrons
on symmetric colliders—such as the Large Hadron Collider when conducting the pp collisions—are
revealed. It can be proved that the transverse polarization of the produced particles with opposite
pseudorapidity takes exactly opposite values if the normal vector of the production plane is defined in a
convention-dependent way, regardless of whether parity is conserved or not in the production process. The
analysis shows that, due to the symmetry of the initial state, the Λb transverse polarization measured by the
CMS Collaboration in Phys. Rev. D 97, 072010 (2018) should be exactly equal to zero. A modified
measurement of the Λb polarization for CMS and ATLAS is proposed, the result of which can be compared
to the LHCb measurement.
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Polarized hadrons have important applications in exper-
imental research. The transversely polarized hyperon, for
example, was used to test the parity violation in its decay
processes [1–3]. The polarization of hadrons is an impor-
tant probe of properties of quark-gluon plasma (QGP)
in heavy-ion collisions [4]. A number of new physics
models are sensitive to the polarization of the particles
involved [5]. Therefore, the production of particles with
large polarization, as well as the measurements of the
corresponding polarization, are experimental tasks of great
importance.
It is well-known that due to the parity symmetry of

the production process, strongly and electromagnetically
produced particles can only have nonzero transverse
polarization for unpolarized initial state [1]. Transverse
polarization of different baryons on several colliders,
such as Λ, Λc, and Λb, was measured by different collabo-
rations [6–10]. Besides, the longitudinal polarization of the
top quark in the pair [11,12] and single production [13,14]
was also measured by the CMS and ATLAS Collabo-
rations. In particular, the transverse polarization of Λb was
measured by LHCb and CMS Collaborations successively
through the decay channel Λb → J=ψΛ. According to the
measurements, the transverse polarization of the produced
Λb is measured to be

PCMS
Λb

¼ 0.00� 0.06� 0.06 ð1Þ

by CMS [10], and was claimed to be consistent with the
LHCb measurement [9],

PLHCb
Λb

¼ 0.06� 0.07� 0.02: ð2Þ

Both of the two aforementioned measurements of the Λb
transverse polarizations are adopted by the Heavy Flavor
Averaging Group to obtain an average value

PHFLAV
Λb

¼ 0.03� 0.06: ð3Þ

While the theoretical prediction for the transverse polari-
zation of Λb in hadron colliders is at the 10% level [15,16].
We want to point out, however, that the measurement of
CMS in Eq. (6) should not be regarded as a cross-check of
the LHCb result in Eq. (8).
CMS is a detector built on the Large Hadron Collider

(LHC), which conducts mainly unpolarized symmetric pp
collisions. LHC is a symmetric collider in the sense that the
initial state pp is unchanged under the parity transforma-
tion centered on the collision point. Moreover, the initial
state is also unchanged under a rotation of an angle π
around any axis intersecting with the beam line at the
collision point that is perpendicular to the beam line. This
has important constraints to the polarization measurement,
which will be shown in what follows.
The transverse polarization of the produced hadrons

is defined along the normal vector to the decay plane,
which is usually chosen by convention. For example, the
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transverse polarization of Λb produced on CMS is defined
along the normal vector

n̂ ¼ p⃗beam × p⃗Λb

jp⃗beam × p⃗Λb
j ð4Þ

to the production plane, where pΛb
is the momentum of Λb

in the laboratory frame and p⃗beam is chosen as the one
which transfers counterclockwise in the beam pipe [17]. It
can be shown that for the same transverse momentum pT ,
the differential transverse polarization of Λb is an odd
function of the pseudorapidity η [18],

Pn̂ðη; pTÞ ¼ −Pn̂ð−η; pTÞ; ð5Þ

where Pn̂ ≡ n̂ · P⃗Λb
is the polarization of Λb along n̂, with

P⃗Λb
being the polarization vector of Λb, and the pseudor-

apidity η is defined as η≡ − ln ½tanðθ
2
Þ�, with θ being the

polar angle of p⃗Λb
with respect to p⃗beam. Since the trans-

verse momentum pT is irrelevant to the main points we
discuss here, we will simply ignore the pT-dependence of
the transverse polarization in what follows.
It should be pointed out that Eq. (5) is always true for a

symmetric collider regardless of whether parity symmetry
is respected in the production process. Proof of this
statement is presented explicitly in the Appendix.
Consequently, the integrated transverse polarization on a
symmetric interval of η should be equal exactly to zero,

hPn̂iη∈ ð−a;aÞ ≡
Rþa
−a Pn̂ðηÞNðηÞdηRþa

−a NðηÞdη ¼ 0; ð6Þ

where NðηÞ is the event yield in the interval from η
to ηþ dη and is an even function of η. One then con-
cludes that the transverse polarization of Λb measured by
CMS in Ref. [10] should equal exactly to zero, since
CMS is a detector covering a symmetric region of pseu-
dorapidity [17], and the contributions with opposite pseu-
dorapidities cancel exactly.
The cancellation problem can be resolved if the chosen

interval of η is not symmetric around 0. One typical
example is the transverse polarization of the forward region
of the pseudorapidity η,1

Pforward
Λb

≡
Rþ∞
0 Pn̂ðηÞNðηÞdηRþ∞

0 NðηÞdη : ð7Þ

In reality, a detector cannot cover the whole η > 0 region.
For example, the LHCb covers a pseudorapidity range of a

very forward region 2 < η < 5 [19], while the inner tracker
system of CMS and ATLAS cover a pseudorapidity range
−2.5 < η < 2.5 [17,20]. Hence, the LHCb is able to
measure the Λb transverse polarization in the very forward
region:

PLHCb
Λb

¼ Pvery forward
Λb

¼
R
5
2 Pn̂ðηÞNðηÞdηR

5
2 NðηÞdη ; ð8Þ

while the CMS and ATLAS is capable to measure the Λb
transverse polarization in the centered pseudorapidity
region,

Pcentral region
Λb

¼
R
2.5
0 Pn̂ðηÞNðηÞdηR

2.5
0 NðηÞdη : ð9Þ

One can see that the measurements of the transverse
polarization of Λb on CMS and ATLAS are mainly
complementary to that on LHCb. To obtain a whole picture
of the transverse polarization of Λb on pp collisions of
LHC, both the measurements of CMS/ATLAS and LHCb
are essential.
The event yields in the backward region (η < 0) can also

be included to the measurement of Pforward
Λb

, thus doubling
the statistics. To do so, one just need to introduce an extra
signature signðηÞ, so that Pforward

Λb
can be expressed as

Pforward
Λb

¼
Rþ∞
−∞ signðηÞPn̂ðηÞNðηÞdηRþ∞

−∞ NðηÞdη : ð10Þ

One see immediately that the transverse polarization of the
forward region can be measured on symmetric detectors
such as CMS and ATLAS with the data of the full
pseudorapidity region included.
The introduction of signðηÞ in Pforward

Λb
is equivalent to

chose the normal vector in a convention-independent way;
for a Λb that is produced, the beam direction is chosen
aligned with the momentum of Λb, p⃗Λb

· p⃗0
beam > 0, and the

normal vector, which will be denoted as n⃗0, is defined as

n⃗0 ≡ p⃗0
beam × p⃗Λb

jp⃗0
beam × p⃗Λb

j : ð11Þ

The difference between the normal vectors n̂0 and n̂ is
illustrated in Fig. 1. One can easily see that the transverse
polarization of Λb along n⃗0, which is defined as
Pn̂0 ≡ n̂0 · P⃗Λb

, is now an even function of η,

Pn̂0 ðηÞ ¼ Pn̂0 ð−ηÞ: ð12Þ

The forward transverse polarization can then be reex-
pressed as

1Strictly speaking, there is no distinction between forward and
backward for a symmetric collider. The “forward region” here
refers to η > 0, where η, as is indicated in the main text, is defined
according to the conventionally chosen beam direction p⃗beam.
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Pforward
Λb

¼
Rþ∞
−∞ Pn̂0 ðηÞNðηÞdηRþ∞

−∞ NðηÞdη : ð13Þ

One can also use the Λ̄b data to further double the
statistics, if CP invariance of the production process is
assumed. It should be noted that the normal vector n⃗0 for the
production plane of Λ̄b is defined as

n⃗0 ≡ p⃗0
beam × p⃗Λb

jp⃗0
beam × p⃗Λb

j ; ð14Þ

with the beam direction chosen according to
p⃗0
beam · p⃗Λb

> 0. If the statistics is large enough, one can
also measure the transverse polarization in even smaller η
intervals, so that Λb with large polarization can be selected
for future use.
In principle, the transverse polarization of the top quark

in the forward region on the pp colliders are also worth
measuring. However, theoretical prediction of the trans-
verse polarization of the top quark in the forward region is
at the level of a few thousandths [21], and is out of the reach
of the current experimental precision.
To sum up, we have revealed some subtleties for the

measurement of transverse polarization of the produced
hadrons in symmetric colliers such as LHC. According to
the analysis, the measurement of the Λb polarization by
CMS Collaboration in Ref. [10] should be exactly equal to
zero, as is indicated by Eq. (5). Moreover, we strongly
suggest our experimental colleagues of CMS and ATLAS
to perform the measurement of the Λb transverse polari-
zation in the forward region of the pseudorapidity. The
results can be compared with the LHCb’s measurement in
Ref. [9]. An improved measurement of the Λb polarization
by LHCb is also expected.
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Appendix: Proof of Eq. (5). In this appendix, we present
the proof of Eq. (5) for a symmetric collider. Although
the proof is quite straightforward, a detailed presence of
the proof and a comparison with asymmetric colliders will
be instructive. As will be seen, one only needs to adopt
the rotational invariance of the production process, which
is always true regardless of the production process being
through weak or strong interactions. The proof is as
follows:
Up to an irrelevant overall factor, the transverse polari-

zation of Λb for a given pseudorapidity η is defined as

Pn̂ðη; pTÞ≡
X

λ;X

λjhΛbðp⃗Λb
; λÞXjT jpðp⃗beamÞpð−p⃗beamÞij2;

ðA1Þ

where T is the transition matrix, λ is the spin quantization
of Λb along the n̂ direction, X represents the collection
of all the particles in the final state except Λb, and the
summation over all the quantum numbers and the integra-
tion over all the momenta of these particles in X is
understood, and is shorthanded by

P
X, the polarization

of the proton in the initial state is omitted since the initial
state is assumed to be unpolarized. Note that although λ
remains unchanged under parity transformation, it will
transform into −λ under the rotation of angle π around
the axis (which will be denoted as the z-axis hereafter)
perpendicular to the production plane and intersecting with
the production plane on the collision point. The transverse
polarization for pseudorapidity with opposite value −η can
then be expressed as

Pn̂ð−η; pTÞ≡
X

λ;X

λjhΛbð−p⃗Λb
; λÞXjT

× jpðp⃗beamÞpð−p⃗beamÞij2: ðA2Þ

FIG. 1. Illustration of two different choices of the normal vectors. After produced, Λb can fly into one of the four quadrants on the
production plane. These two figures show two different choices of the normal vectors in the four quadrants. In the left figure, the normal
vectors n̂ [see Eq. (4)] are always defined according to the beam that flies counterclockwise in the beam pipe, as is indicated by red
arrows. In the right figure, the normal vectors n̂0 that are indicated by red (blue), are defined in Eq. (11) according to the beam in red
(blue). Notice that the pseudorapidity in both cases is always defined conventionally according to direction of p⃗beam.
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One has

Pn̂ð−η; pTÞ ¼
X

λ;X

λjhΛbð−p⃗Λb
; λÞXjR†RT jpðp⃗beamÞpð−p⃗beamÞij2

¼
X

λ;X

λjhΛbðp⃗Λb
;−λÞXRjRT jpðp⃗beamÞpð−p⃗beamÞij2

¼
X

λ

λ
X

X

jhΛbðp⃗Λb
;−λÞXRjT Rjpðp⃗beamÞpð−p⃗beamÞij2

¼
X

λ;X

λjhΛbðp⃗Λb
;−λÞXjT jpð−p⃗beamÞpðp⃗beamÞij2

¼ −
X

λ;X

λjhΛbðp⃗Λb
; λÞXjT jpðp⃗beamÞpð−p⃗beamÞij2

¼ −Pn̂ðη; pTÞ; ðA3Þ

where in the first step the identityR†R ¼ 1 is inserted, with
R being the abbreviation of RzðπÞ which represents the
unitary operator corresponding to the rotation of angle π
around the z-axis. In the second step note that R will
change the signatures of both p⃗Λb

and λ. In the third step the
rotational invariance of T is adopted, and in the fourth
step we have used the fact that both the density matrix
of the initial state and the X part of the final state is in-
variant under RzðπÞ: ½ρ̂;R� ¼ 0, with ρ̂ can be either
jpðp⃗beamÞpð−p⃗beamÞihpðp⃗beamÞpð−p⃗beamÞj or

P
X jXihXj,

in the fifth step λ is replaced by −λ.
It should be pointed out that the above proof also applies

to the case when Λb is produced secondarily.2 In this

situation, the beam line may no longer lie in the decay
plane. Instead, it may parallel to the production plane.
The above proof indicates that Eq. (5) always holds,

regardless if Λb is produced though strong or weak
interactions. In particular, parity conservation is not
required for the production process. Equation (12) can
also be proven in a similar way, one just needs to keep in
mind that the spin quantization along n̂0 is unchanged
under RzðπÞ.
It is interesting to compare the above result with the

transverse polarization of the hyperons in eþe− → ΛΛ̄ pair-
production on an antisymmetric detectors such as BESIII.
Although the transverse polarization of the hyperons are
also odd functions of the pseudorapidity, as has been
observed by BESIII [23,24], this is true only when the
hyperons are produced through pair-productions, as is
indicated theoretically in Ref. [25].
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