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Spin polarization of 
Lambda hyperons
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• Lambdas preferentially emit 
positively charged daughters 
along the direction of their 
spin

(“*” indicates the Lambda rest 
frame)
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than the BBC

East EPD hits rotated by 
Ψ�� ��� ����

 https://drupal.star.bnl.gov/STAR/blog/lisa/subtle-
flow-and-anti-flow-patterns-visible-epd-auau-27-gev
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Measuring Lambda 
Polarization
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��/Λ =  
1
�

1
���

(�) �sin ��� − ��+
∗ ��
Correlates angular 
momentum of the 

system (����) with 
the orientation of the 

Lambda’s spin  

The measured �� 
differs from ��� 

Lambdas do not emit their 
positive daughters exactly along 

the direction of their spins

Nature 548, 62-65



A new method for the 
fixed-target setup 
• Observed polarization is expected to 

follow
   ��

���(�����) =  
�����(�����)��

���� + ����(�����)��
���

• In our case, due to very low background, this is 
dominated by  ��

���

• Instead, ��
���(�����) in fixed target mode 

is more sharply peaked near ��
��� and it 

dips on the sides mass peak
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The cause
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Real 
Lambdas

• The width of the ����� distribution 
depends on the daughter’s azimuthal 
emission angle relative to the � 
(�� − ��

* ; “*” denotes � frame). We 
call this the “azimuthal emission 
efficiency” (AEE)

• Let’s first consider the two cases �� −
��

* > � and �� − ��
* < �



The cause
• The width of the ����� distribution 

depends on the daughter’s azimuthal 
emission angle relative to the � 
(�� − ��

* ; “*” denotes � frame). We 
call this the “azimuthal emission 
efficiency” (AEE)

• Let’s first consider the two cases �� −
��

* > � and �� − ��
* < �

• We see the same effect more clearly 
in embedded �s where there is no 
background; this is obviously a 
reconstruction effect

• Data provided by Yue-Hang Leung
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Embedded 
Lambdas



• The center of the mass peak is 
dominated by �� − ��

* > � and sides 
are dominated by �� − ��

* < �
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• Due to � directed flow, �� and �� 

are correlated (in fixed-target mode, 
we are dominated by �s with �� > 0)
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* < �
• Due to � directed flow, �� and �� 

are correlated (in fixed-target mode, 
we are dominated by �s with �� > 0)
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will therefore depend on �� − ��
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The cause
Real 

Lambdas

• The center of the mass peak is 
dominated by �� − ��

* > � and sides 
are dominated by �� − ��

* < �
• Due to � directed flow, �� and �� 

are correlated (in fixed-target mode, 
we are dominated by �s with �� > 0)

• �� measured using �sin (�� − ��
* )� 

will therefore depend on �� − ��
*  

and is in turn enhanced near the 
center of the mass peak and 
suppressed on the sides

�� ��

Dominant on sides 
of mass peak

Dominant at center 
of mass peak

�sin (�� − ��
* )� < 0 �sin (�� − ��

* )� > 0



The cause
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�� =− 0.19
±1.53%

• Embedded �s have �� = 0 and 
�� = 0 by default 

Embedded 
Lambdas



The cause
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�� = 0 by default 

• When imposing a non-zero ��, we 
see the same �����-dependent �� 
and we measure a false, non-zero 
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The cause
• Embedded �s have �� = 0 and 

�� = 0 by default 
• When imposing a non-zero ��, we 

see the same �����-dependent �� 
and we measure a false, non-zero 
��

• The current method for measuring 
�� is invalid  
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The cause
• Embedded �s have �� = 0 and 

�� = 0 by default 
• When imposing a non-zero ��, we 

see the same �����-dependent �� 
and we measure a false, non-zero 
��

• The current method for measuring 
�� is invalid  

• This does not invalidate previous 
results in collider mode where �� is 
small and acceptance is close to 
symmetric about mid rapidity
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Phys. Rev. C 98, 014910 (2018)

200 GeV



The solution

• Since this effect comes from the 
����� distribution’s dependence 
on  �� − ��

* , if we look at thin 
slices in �� − ��

*  the invariant-
mass method works as expected
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Real 
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The solution

• Since this effect comes from the 
����� distribution’s dependence 
on  �� − ��

* , if we look at thin 
slices in �� − ��

*  the invariant-
mass method works as expected

• The extracted signals are then 
plotted against �� − ��

* , and 
follow a sine curve

• �� drives the correlation between  
�� and ��
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The solution

• Again using embedded Lambdas, 
imposing non-zero �� but leaving 
�� = 0, we see the same 
sinusoidal behavior

2 November 2021 Joey Adams, for the STAR Collaboration - Chirality, Vorticity and Magnetic Field in Heavy Ion Collisions 20

Embedded 
Lambdas



The solution

• Again using embedded Lambdas, 
imposing non-zero �� but leaving 
�� = 0, we see the same 
sinusoidal behavior

• If we instead impose non-zero  
��, but leave �� = 0, we see �� 
vs. �� − ��

*  consistent with flat
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Embedded 
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The solution
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• We then assume true 
polarization of the form:

8
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�  �sin (�� − ��
* )�
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���� + c��sin (�� − ��
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• We then assume true 
polarization of the form:

• Now we impose �� and  ��
���� =

40%. Assuming the form above, 
we extract ��

���� and find it to be 
consistent with the input
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The solution
• We then assume true 

polarization of the form:

• Now we impose �� and  ��
���� =

40%. Assuming the form above, 
we extract ��

���� and find it to be 
consistent with the input

• Using this method on 2018 27 
GeV data set yields the same 
result as previously found and 
shown at Quark Matter  

2 November 2021 Joey Adams, for the STAR Collaboration - Chirality, Vorticity and Magnetic Field in Heavy Ion Collisions 24

8
��

1
���

�  �sin (�� − ��
* )�

���� = ��
���� + c��sin (�� − ��

* )



Further comments on this method

• This method is crucial for 
measuring �� when:

• �� is non-negligible
• acceptance is not symmetric about 

mid rapidity
• comparing �� to ��
• measuring rapidity dependence of 

��

• We will implement this method 
for measuring ���� at ��� =
19.6 GeV  
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• This method removes any 
contributions of production-
plane polarization to the result; 
our result is entirely vorticity 
driven

• This is actually desireable as it 
makes the comparison to theory 
curves (which don’t include 
production-plane polarization) more 
meaningful as well as comparisons 
to collider-mode data



Systematic uncertainties

• We have contributions from the following:
• Uncertainty on the corrective efficiency term �� (*)
• Statistical uncertainty on the corrective decay parameter ��

• Statistical uncertainty on the corrective �� resolution term ���
(�)

• Uncertainty of the dependence of ��
���� on �����

• We add the differences between the �� measurements using the 
“standard” correction values and the adjusted correction values in 
quadrature, with respect to each differential variable

• We searched extensively for systematic mistakes, and adjusted the 
method when required
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Model predictions
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• In general, previous results 
have been reproduced well by 
a number of models with 
differing underlying 
assumptions
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Model predictions
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• In general, previous results 
have been reproduced well by 
a number of models with 
differing underlying 
assumptions

• Several new papers study �� 
at low ���

• 3-Fluid Dynamics
• AMPT
• UrQMD

• Prediction of �� unclear

• Each predict a peak �� in the 
vicinity of ��� = 3 GeV



STAR’s measurement
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�� alongside previous publications 
demonstrates extended trend of 
falling �� w.r.t ���

• �� at ��� = 3 GeV is the largest 
yet observed, with significance 6�

• Huge � is present in heavy-ion 
collisions 

• AMPT underestimates the data at low 
energy, while rough agreement with 
3FD is shown

• Suggests � is affected strongly by the 
state of the system, which is a hadron 
gas at lower energies and fluid-like at 
higher energies; both support � 

arXiv:2108.00044 [nucl-ex]
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• 3FD and AMPT each 
predict rising �� with 
collision centralty

• Observation consistent 
with phenomenon driven 
by angular momentum

Centrality 
dependence

arXiv:2108.00044 [nucl-ex]



Centrality 
dependence
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• 3FD and AMPT each 
predict rising �� with 
collision centralty

• Observation consistent 
with phenomenon driven 
by angular momentum

• Such dependence also 
seen in previous studies

Au+Au at ��� = 27 GeV
0.4 < pT < 3 GeV/c, |η| < 1
STAR preliminary

arXiv:1805.04400 [nucl-ex]



�� dependence
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• AMPT predicts weak 
dependence on 
transverse momentum ��

• No observed �� 
dependence at ��� = 3 
GeV

• At higher �� than what is 
statistically accessible, one 
might expect a supression 
of �� due to hard 
processes

arXiv:2108.00044 [nucl-ex]
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• AMPT predicts weak 
dependence on 
transverse momentum ��

• No observed �� 
dependence at ��� = 3 
GeV

• At higher �� than what is 
statistically accessible, one 
might expect a supression 
of �� due to hard 
processes

• Such lack of dependence 
again seen in previous 
studies

�� dependence

Au+Au at ��� = 27 GeV
15-75% centrality, |η| < 1
STAR preliminary

arXiv:1805.04400 [nucl-ex]
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• Many models predict 
strong dependence on 
rapidity �

� dependence
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• Many models predict 
strong dependence on 
rapidity �

• AMPT

� dependence
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� dependence
• Many models predict 

strong dependence on 
rapidity �

• AMPT
• Viscous hydro
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more dramatic behavior 
at lower ���
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� dependence
• Many models predict 

strong dependence on 
rapidity �

• AMPT
• Viscous hydro
• HIJING
• Geometric with different 

assumptions
• And more!

• Most models predict 
more dramatic behavior 
at lower ���

• Previous studies saw no 
such dependence

Au+Au at ��� = 27 GeV
15-75% centrality, 0.4 < pT < 3 GeV/c
STAR preliminary

arXiv:1805.04400 [nucl-ex]
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� dependence
• Previous studies were 

limited by acceptance
• �s at |�| ≈ |�| > 1 

inaccessible
• At ��� = 3 GeV the � 

distribution is narrow 
enough that even the 
most forward �s are 
reconstructed

Au+Au at ��� = 27 GeV
15-75% centrality, 0.4 < pT < 3 GeV/c
STAR preliminary
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� dependence
• Previous studies were 

limited by acceptance
• �s at |�| ≈ |�| > 1 

inaccessible
• At ��� = 3 GeV the � 

distribution is narrow 
enough that even the 
most forward �s are 
reconstructed

• Still, no observed 
dependence on �

• The STAR forward upgrade 
will provide valuable 
supplemental studies arXiv:2108.00044 [nucl-ex]
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� dependence
• Presumed � dependence sometimes 

used as an explanation for the 
dependence of �� on ���

• After all, system angular momentum 
increases with ��� and therefore so 
should ��

• Very recent study shows such 
dependence due at least in part to 
initial-state fluctuations



Summary
• A generalized invariant-mass method is introduced which is essential 

for STAR’s fixed-target measurements of ��
• This does not invalidate previous studies in collider mode where �� is 

small and acceptance is symmetric in rapidity
• Measurement of �� at ��� = 3 GeV is largest and most-significant 

yet observed
• Measurement of �� vs. �� and centrality are consistent with models, 

expectations, and previous measurements
• Measurement of  �� vs. � is valuable at this collision energy due to 

acceptance of most-forward �
• No dependence seen, despite predictions from a wide variety of models!
• STAR forward upgrade will provide crucial follow-up studies!
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BACKUP
2 November 2021 Joey Adams, for the STAR Collaboration - Chirality, Vorticity and Magnetic Field in Heavy Ion Collisions 50



Trigger efficiency corr.
• Zachary Sweger’s study at 

https://drupal.star.bnl.gov/STAR/system/f
iles/Sweger_3p0GeV_StandardNewest_fcv
2020Nov11.pdf
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• Recall the polarization definition
• Which, upon integration, yields
• Assuming a perfect detector, we get 
• Without that assumption, we have 

�� correction
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• �� depends on ����� as well as 
each differential variable, and 
we correct accordingly

�� correction



� correction
• Using 1M embedded �s, we 

extract �(��, �)
• Embedding sample provided by 

Yue-Hang Leung

• �−�(��, �) is used as a 
weight when filling �� 
profile histograms 

• This needs to be calculated 
separately for every method 
when searching for 
systematic mistakes with 
∆��
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���� ���� �����
 correc.

• ����� causes charged-track 
rotation, an effect for which the 
TPC can correct when 
calculating �� through tracking

• The EPD cannot know ���� and 
therefore suffers a rotation ���; 
this is especially pronounced at 
low energies where produced 
particles are mostly positively 
charged

• When calculating ��� ���, we 
must correct for this effect
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New centrality cut
• When correcting for this effect, 

we see a dependence of the 
correction on centrality, and this 
becomes stronger above 50% 
centrality

• Furthermore, when checking for 
stability in ���

(�) while changing 
TPC reference subevents, we 
noticed instablility above 50% 
centrality

• Lambda yield is anyways very 
low above 50% centrality, so we 
simply tighten the centrality cut

• Previously was 60% for diff. meas.
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New �� cut
• Efficiency corrections for   

�� < 0.7 GeV become very 
large (order of magnitude 
larger than the average) 

• More importantly, when 
checking for systematic 
mistakes through varying the 
Λ-finding algorithm (“manual” 
vs. KFParticle, varying 
topological cuts), �� at �� <
0.7 GeV was unstable

• We therefore require �� > 0.7 
GeV

• Previously no cut, dominated by 
�� > 0.4 GeV
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New � cut
• Efficiency corrections for 

� < 0.2 are large at low ��
• More importantly, 

comparing integrated 0-
50% centrality �� to the 
average obtained by fitting 
differential measurements 
with a pol0, or such pol0 
fits to each other, there 
was a discrepancy when 
including the region       
� <− 0.2

• We therefore require     
� >− 0.2

• Previously used � >− 0.4
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New EPD subevent

• When checking for systematic 
mistakes, we found a significant 
dependence of polarization on 
EPD ring in contrast to our 
expectations

• When looking at �� correlations 
between EPD Rings and the TPC, 
we found a jump between rings 
12 and 13, and a strange 
centrality dependence for rings 
below 13
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New EPD subevent

• Additionally, when checking for 
consistency in ���

(�) while 
switching TPC subevents, rings 
12 and below were unstable

• There is also anomalous 
behavior in dN/dη at Ring 12

• Ultimately this behavior is not 
understood, but particles so far 
forward of ����� may be 
questionable to begin with
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�����
Rings 1-12



New EPD subevent

• For these reasons (and anyways 
because we want a smaller 
subevent to avoid momentum-
conservation effects) we restrict 
ourselves to Rings 13-16

• Previously used −2.9 < � <− 2.6
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�����
Rings 1-12



New TPC subevents
• When choosing TPC subevents, 

we want to avoid non-flow 
correlations

• Absent non-flow correlations, 
���

(�) should not depend on the 
choice of reference subevents

• In the region shown below, ���
(�) 

is stable and the choice is 
therefore arbitrary; we choose 
reference subevents 5 and 8, 
corresponding to −0.5 < � <−
0.4 and −0.2 < � <− 0.1

• Previously used  EPD −3.9 < � <−
3.3 and TPC −0.7 < � <− 0.4
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Further comments 
on the AEE
• Not only do we have broader 

invariant mass distributions for 
�� − ��

* > �, we also measure 
fewer Lambdas

• Since embedded Lambdas have no 
background, we can take a simple 
average of  �� over ����� for all 
Lambdas without doing the invariant-
mass method. This can potentially 
explain why that average is non-zero

• This can potentially be explained by 
the “spin efficiency”
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Further comments 
on the AEE
• We know that this is related 

to the magnetic field
• The effect is exactly reversed 

when looking at the two 
magnetic field orientations at 
27 GeV

• The sharper/brighter 
distributions correspond to 
daughter tracks crossing
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Further comments 
on the AEE
• STAR cannot measure 

production-plane polarization 
without doing careful corrections 
using embedding or other 
methods are developed

• The AEE is measured using the 
same observable as the production-
plane polarization; not only does the 
invariant mass distribution depend 
on emission angle, but so does the 
Lambda yield
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• Embedded Lambdas are given a 
v1 that approximately matches 
the real data
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Event cuts

• The �� distribution is sharply 
peaked about ���� =
100.7 cm. We impose a cut of 
±0.7 cm.  
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Event cuts
•  The beam is steered away 

from (0,0) in order to hit the 
gold foil; we therefore impose 
a cut on �� − ���� (instead of 
��) of 0.5 cm
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Event cuts

• The pileup cut and centrality 
definitions were determined 
by the UC Davis group

https://drupal.star.bnl.gov/STAR/system/files/Daniel2020Apr22_Centrality_3p85.pdf2 November 2021 70Joey Adams, for the STAR Collaboration - Chirality, Vorticity and Magnetic Field in Heavy Ion Collisions



Event cuts

• UC Davis group also leading 
QA study on this data set

•  Nearly finalized
• We implement this bad-run 

rejection
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Event cuts

• We use events triggered on BBC 
East and TOF (trigger ID 
620052)

• 308M readable events, 240M 
used for analysis (after cuts)
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�� determination
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EPD TPC

• We reduce the effects of 
momentum conservation on 
���

(�) by choosing subevents 
with small rapidity widths

•  ���
(�) is reduced in order to 

more accurately describe it

��� ��� =
�cos ���� ��� ��� − ��� ������cos ���� ��� ���  − ��� �����

�cos ���� ��� − ��� ��� �����
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• We reduce the effects of 
momentum conservation on 
���

(�) by choosing subevents 
with small rapidity widths

•  ���
(�) is reduced in order to 

more accurately describe it

• We still have good ���
(�) by 

choosing a region in the EPD 
with large ��

�� determination
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Finding Lambdas

• We use the KFParticle package 
to identify Lambdas, with few 
modifications

•   StKFParticleInterface::instance()-
>CleanLowPVTrackEvents();

•   StKFParticleInterface::instance()-
>SetChiPrimaryCut(10);

• � �X� �X �X < 1 cm (we want 
primary Lambdas) 

• Enforce one Lambda per event 
(“Thunderdome”)
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Thunderdome
• Some events have many, 

many Lambdas
• Pions are being paired up with 

more than one proton in an 
event

• For events with more than one 
Lambda, need to choose best

• Look at all matches and take 
the one with the smallest 
|���� − ��|
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Thunderdome
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• Some events have many, 
many Lambdas

• Pions are being paired up with 
more than one proton in an 
event

• For events with more than one 
Lambda, need to choose best

• Look at all matches and take 
the one with the smallest 
|���� − ��|

• We can see the effects 
on the invariant mass 
distribution and purity
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Correcting for 
momentum 
conservation

• Methods for correcting for 
momentum conservation effects 
on flow and event-plane 
resolution are known [1]

• But the require the knowledge of 
particle ��

[1] N. Borghini, et al. “Effects of momentum 
conservation on the analysis of anisotropic flow”. 
https://arxiv.org/pdf/nucl-th/0202013.pdf

• There’s no way to get this from 
the EPD

• Can’t get around it with anything 
clever, like �� ↔ ����|�
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• When using fast offline 
picoDsts:

• A three-detector method is used 
for the calculation of the event-
plane resolution

• Momentum conservation 
decreases correlation between 
TPC subevents and increases 
correlation between TPC and 
EPD/BBC

��� ��� =
�cos ���� ��� − ��� ��� ������cos ���� ��� − ��� ���� �����

�cos ���� ���� ��� − ��� ��� �����

Using full EPD
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• Lambda yield is influenced by 
the missing iTPC sector

iTPC
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