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Baryon polarization: experimental status 2

* Intriguing results from 90’s: strange baryons produced using unpolarized beams were found polarized

1. 1976: 300 GeV protons on Be target : polarization up to 28% rrrviiasrus-76-157-E

2. 1978: 400 GeV protons on Be target : polarization up to 24% and A0 polarization zero rerviiAB-PUB-78-145-F

Beam .
Baryon System energy Result o S EEC
(GeV ] [GeV/c |
1976 A7 JBo 300 18% 15 Features that seem to emerge:
pBe 400 24% 2N |
pC and pW 920 ~ 0 ~ 0.8
i pN 450 up to 0.29% 0.86 - * Increasing polarization with py
1978 A° pBe 400 0 up to 1.2
p-X 400 0 up to 2.4 * A (not well-defined) target dependence
O pBe 800 ~0 [0.5,1.3]
1993 ©+ pCu 800 16% 1.0 * Different polarization between hyperon
=0 pCu and pBe 400 ~ 20% 116
=+ pBe 800 up to 0.09% 0.76 and anti_hyperon.
1990 E~ pBe 400 up to 10%  1.21
pCu 400 up to 0.07% 0.63
pBe 800 up to 0.1%  >0.8



https://inspirehep.net/files/0039d31f2b126ed540695b9fd6cb167a
https://inspirehep.net/literature/6705

Motivations: magnetic dipole moments (MDM) 3

The measurement of A} polarization at LHCb is a necessary input for a long-term project aiming at
measuring the magnetic dipole moment of charmed baryons

MDM is a fundamental property of particles with spin:

Ti = g% S where g is the gyromagnetic factor

» For elementary particles, classical prediction g = 2. Quantum corrections can slightly modify this value.

e If g # 2 indication of a composite structure (= New Physics)
* Charmed baryons, can be used to measure the charm quark MDM=> py+ = p



Motivations: magnetic dipole moments (MDM) 1

The measurement of A} polarization at LHCb is a necessary input for a long-term project aiming at
measuring the magnetic dipole moment of charmed baryons

MDM is a fundamental property of particles with spin:

Ti = g% S where g is the gyromagnetic factor

» For elementary particles, classical prediction g = 2. Quantum corrections can slightly modify this value.

e If g # 2 indication of a composite structure (= New Physics)
* Charmed baryons, can be used to measure the charm quark MDM=> py+ = p

* Measured using spin precession in a magnetic field

e Method successfully used for muon MDM
g-2 experiment = 4.2 ¢ tension with the SM Phys. Rev. Lett. 126, 141801

e Tau (short ct = 87 um)-> no direct measurements
Indirect measurement not precise enough to compare to SM prediction

Spin precession


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.141801

Magnetic dipole moments (MDM) 5

Baryons MDM. (a)  Science. 358 (6366): 1081-1084.

2 ()  (b) Phys Rev.D.86(1):010001.

3 Hp

* For short-lived baryons harder: strong magnetic field required to make precession happen before the decay
— need for a new technique

* Proton and neutron measured, results in agreement with quark model prediction: u(,i)= —


https://doi.org/10.1126%2Fscience.aan0207
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.010001

Magnetic dipole moments (MDM)

Baryons MDM. (a)  Science. 358 (6366): 1081-1084.

2 (b (b) Phys. Rev. D. 86 (1): 010001.

* Proton and neutron measured, results in agreement with quark model prediction: u(,i)= —3Hp

* For short-lived baryons harder: strong magnetic field required to make precession happen before the decay
— need for a new technique

MDM measurement using bent crystals:

* (Conventional methods: maximum 45.5 T Nature 570, 496-499 (2019)

* Use strong effective magnetic field produced between crystal planes

— 99 2
=——3S
e Used for 2% (1990) and promising for charmed baryons FERMILAB-THESIS-1992-40 1 H 2m
Eur. Phys. J. C (2020) g T
0, ~v(3-1)6

Need initial (£; ) and final (;) A} polarization

g} : measured using dedicated experiment or LHCb

.. Z : produce baryons using a target-crystal before the bending
B rotation axis crystal = measure polarization with LHCDb fixed-target sample

' A} precession in a crystal | which has similar condition



https://www.nature.com/articles/s41586-019-1293-1
https://www.osti.gov/biblio/1425850-measurement-magnetic-moment-sigma-using-channeling-bent-crystals
https://doi.org/10.1140/epjc/s10052-020-7891-0
https://doi.org/10.1126%2Fscience.aan0207
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.010001

The LHCb experiment

Single arm forward spectrometer: acceptance 2 < n < 5... see description from Valernia’s talk here

SMOG:

» System for Measuring Overlap with Gas

» Inject tiny quantities of gas inside the

VELO tank
» Transforms LHCb in a fixed target
experiment
g 102 Beam Energy
g 10 12500 GeV
% B 4000 Gev
gl [l 6500 Gev
o
o 10"
a
10° I H B I

pNe pHe pAr pAr PbAr pHe pHe pNe
2015 | 2016 | 201

protons

2018

» Unique at the LHC

y. 4

[[JMPA 30 (2015) 1530022]
[JINST 3 (2008) S08005]

7
\\\
HCAL
SPDIPS w M 250 mrad
>
" Comnectionto Z

high pressure =

) s
5 " gas (neon, argon, =
K % helium) bottle = 5
o o pecle A



https://indico.in2p3.fr/event/25013/contributions/101019/

SMOG compared to pp data

The 1nitial (a}) A polarization can be measured in SMOG fixed-target sample.

¢ LHCD: pNe sample at /s = 69 GeV, has a similar energy as final set up

Preliminary analysis on the pp sample
to extract a model

Low statistic + pp contamination

30 + Dua LHCDb Unofficial

— Model Run 12016 only

— Background

Events /(1)

LHCDb Unofficial

25 1 pNe +/s = 69 GeV
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Baryon polarization: key concepts 9

 Polarization of spin %2 baryon: one spin projection (+1/2 T or -1/21 ) is more likely than the other.

* How to measure it: angular distribution A7 - X +Y —~

1 dr , . 2Re(ApyApc)
- 2 2
X=(1+aécosB) - [Apy|* + 14pc]
N dcosf 2 Apy = parity violating
0: angle baryon momentum and Af spin Apc = parity conserving

¢: magnitude of the baryon polarization —

I.  The decay asymmetry parameter «: is independent of the production mechanism.

II. The polarization ¢ instead depends on the production mechanism.

a. The larger is a the larger is the sensitivity on the polarization

b. If parity is conserved, &« = 0 > loss of sensitivity: need a weak decay
c. If§ =0, a can only be measured for 3-body decays



Baryon polarization: key concepts

* Polarization of spin 2 baryon: one spin projection (+1/2 T or -1/21 ) is more likely than the other.

« How to measure it: angular distribution A7 - X +Y —~

1 dr , . 2Re(ApyApc)
- 2 2
X=(1+aécosB) - [Apy|* + 14pc]
N dcosf 2 Apy = parity violating
0: angle baryon momentum and Af spin Apc = parity conserving

¢: magnitude of the baryon polarization —

I.  The decay asymmetry parameter «: is independent of the production mechanism.

II. The polarization ¢ instead depends on the production mechanism.

a. The larger is a the larger is the sensitivity on the polarization

b. If parity is conserved, &« = 0 > loss of sensitivity: need a weak decay
c. If§ =0, a can only be measured for 3-body decays

III. For the 3-body decay A —» pK~n™ = compute effective a using method of M. Davier, et al. Physics Letters B, 306,

Decompose the amplitude as:

3-4,1993,411-417

PQ) = f(Q)+&(Q) = F()(1+&w) mmp 5% = /fdQ

Aeffective —

V3
2

S




MDM and the A7 —» pK~n™ amplitude analysis 1

» The error on the gyromagnetic factor is dominated by the knowledge of a and é’ :

AL > A(1232)* K

i 12
Ag = .
77 [ale® \/ I R

JHEP 08 (2017) 120 ]

This motivates the analysis of the AT » pK~nr*
decay to measure precisely its properties and the
production polarization.

» Previous amplitude analysis of A7 —» pK " by E791 0 20 40 50 30
Dataset: 1000 AL and A7 events, in 500 GeV/c ©-N

collisions Phys.Lett.B471:449-459.2000

: : . , After this measurement these
Result: increasing polarization as a function of pr error bands will be reduced

—>the amplitude model used was not correct

LHCb: pNe sample at /s = 69 GeV, has a similar energy as foreseen crystals experiment.

First step: build a model using the higher statistics pp sample.



https://inspirehep.net/literature/1598632
https://arxiv.org/abs/hep-ex/9912003

Amplitude analysis of the AT —» pK ™1™ decays

2. Helicity amplitudes: development of the formalism




The amplitude 13

» How is the 2-body amplitude modified in the 3-body case? Decompose A} = pK~m™ in subsequent decays

N\ . At > ((K'->Knh)p Important differences:
Af - er = 2. Af > (AT prnt) K~ >  » Each chain can interfere with the others
3. Af > (AN - pK)wt » Each chain has a large number of resonances

» Isobar decomposition: factorize the amplitude in angular part (helicity amplitudes) and dynamic part (/ineshapes):

%(ﬁ) — Z wm (Q)Am (mm)



The amplitude 14

» How is the 2-body amplitude modified in the 3-body case? Decompose A} = pK~m™ in subsequent decays

N\ . At > ((K'->Knh)p Important differences:
Af - er = 2. A > (AT 5 prnt) K~ >  » Each chain can interfere with the others
3. Af > (AN - pK)wt » Each chain has a large number of resonances

» Isobar decomposition: factorize the amplitude in angular part (helicity amplitudes) and dynamic part (lineshapes):

AD) =31, (D) A, (1)

> Kinematics of A7 - pK~n™" described by 5 variables : B

2 2
« mi, = (P, +P;) andmZy = (P, + Fx) :
* (6, , ¢p) : polar and azimuthal angle of the S —h

proton at A} rest frame b
* x :angle between the planes formed by the proton K-n+
direction and the z axis and K~ and ™" directions x =Pl

I The 3 Euler angles give the orientation of the plane. |
| Polarization may introduce a non-trivial angular dependence. |



Helicity formalism 15

Helicity operator: invariance under rotations and boosts along p: A — 2P _ (L+5)-p=S-p
121
R rest frame
d Resonance (R) rest frame
024

2" \ //'x » Reached by means of a rotation + boost.

» The new z axis is aligned to the resonance
momentum in the polarization frame.

» Do it for each chain:
. Af>(K'-Knhp
2. At -> AT prt) KT
3. A >N -pK)m*



The total amplitude: spin matching 16

Need to add the 3 chains passing through different paths.
Definition of the helicity changes depending on the path used to reach the helicity frame (of the proton):

1. Af- Res helicity frame
2. Res helicity frame — proton helicity frame

+ * -t
A= (K= Kn™)p Af - (AT prn™) K™ and A - (A > pK )t
b e AT A* rest frame
The proton quantization Ki\_\;ﬁ
axis 1s the direction of
the proton in the AZ rest iaEie
rest frame

At A*

p rest frame

The proton quantization axis
is the direction of the proton
in the A** or A rest frame.

- o+
p Lo A} rest frame

A} rest frame



The total amplitude 17

» Need: Wigner rotation to align the proton projection axis (see backup).

Am () = Ay (o) +ZAA QA*)D(al Bax,bx-) +ZAA>\ (Qa++) D(az2,Bas, dx-) —
Y

A

I 4 P
v
. . A Bs(Mgr) x DY* 0%, <D2 «0,0K+0,0)bay .,
2 if |pp— x| > 2 if |pp— K| > e Zgzo (Mrer) X DS, 08l 6 0) Doy (10, B O) Bt
%xy = Q2 = 1
0 else 0 else +>, Y B Dy », (@2, Ba++, i) Dy Y (0,075 0) Dy s (Do, Oa4+,0) dyren

8 ApAatt

+>° ) Bi(Myk) ><D,\;,,\p(ahﬁm,¢IK)D§;M;(¢ A O)Dm,\A (0a+,0a,0) fys e,

S AL A

» Polarization included via spin density matrix:

1 2 3 l1({ 1+P P, —1iP, x
=3 r) 3ol ) 2 e e i,
m,m’ Ap

P,+iP, 1-—P,

N.B.: The Wigner rotation contains a “21t factor" (a ;) to compensate for the fact that a 27 rotation does not leave the
system invariant.

Di(0,0,27) = (—=1)% ——— Forj= i%aminus sign arises



Benchmark tests 18

Tests used to check the amplitude formalism and assess the necessity of the Wigner rotations and 2m factor

1. Linearity: if only one chain is included, the angular distribution must be linear:

Example for the A" chain:

AT A*7t |9 AT —A*nt |9

dr’ 4 . h A* _ |Hl/:Z,O | _|H—1/2,0 | _
~ — (1 ‘l‘PACOék COSHA*) wihere HNe = |HA;|'—>A*7r+|2 + |HA;|'—>A*71'+|2 -

dcos 3 @ 1/2,0 ~1/2,0

: !

Decomposition in the angular momentum basis (LS-basis)

8000

__________________________________________

Y {hgi%*”*ﬁ(h%a+h%*v) T e

0 o >$:_ +_ A*ot+ s % | aAc = A* A* i
] A > AN*7 __ /1 A* 1A : |h |2-|-|h 2.
v F %%///7 hl1g \/; (hPc hPV) | PC pVIT
.
%%%7% Non zero assymmetry parameter = need both parity
;7 / violating (PV) and parity conserving (PC) amplitudes

7 Z
) —1.00 —.75 —0.50  —0.25 0.00 0.25 0.50 0.75 1.00
cos O



Benchmark tests 19

1. If P = 0 - the angular dependance drops l angular distributions
2. If parity conservation enforced for the A7 decay> a+ = 0 should be flat
= , , . | = s o s & 0
40000| F ' / / 40000| [ , ; 40000
30000 30000 30000
20000 20000 20000
10000 10000 10000
Y
v T s )~ 1) a1 T v ) 0 )
cos 0A++ ¢;+
Example : A** chain angles



Benchmark tests 20

_______________________________________________________________________________________________________________________________________________________________

Test used to assess the need of the azimuthal part of the Wigner rotation,

Without Wigner rotation and 27 condition the angular distributions are not flat

_______________________________________________________________________________________________________________________________________________________________

2. 140000 : = 120000 — =
? 7 o 120000
y / 100000
100000 100000
80000
80000 80000
60000 60000 Ll
40000 40000 40000
20000 20000 20000
4 //
v 2 T e Ty e R 0 = 5
¢A++ cos 0:‘3"'*’ qb;_ +
Example : A** chain angles, without including the 27 condition



Amplitude analysis of the AT —» pK ™1™ decays

3. LHCb data analysis




Introduction 22

Prompt
Goal: measure polarization for promptly produced (i.e. not from B decays) ot on scate i Lp g
A? in pp collisions using the LHCb detector K_ﬂ %m
How: amplitude analysis of the decay mode Af - p K~ nr p Q Ao,
Sample: LHCb Run 2 (only 2016), pp collisions at /s = 13 TeV
Y A, p

Analysis strategy

1. Select signal events to obtain a high purity prompt sample :é I | | *
2. Use the amplitude formalism obtained to fit the data: (i 1.5:—
a) Build a model: assess the presence of resonances E
b) 5 dimensional unbinned likelihood fit T
c) Systematic studies LHChH %
"I Unofficial

2 3



Signal selection 23

» Low background, mainly misidentification and combinatorial (backup) 220F- Sl e
200 D1Mulation
» Most important selection: separation prompt/secondary to0E
Not on scale l _ - 140;
mt P K~ | Af o
. m ) ‘
k A, / na
P v 60—
\NL* L/IPA-CI- 40;
& beam . 20F
p S p >0« %
Ac PV
- Different polarization since | " Quantity used: impact parameter
. different production mechanism !
ZU?)G: * Ky D
a C %
: : : A l: ata
> Signal purity evaluated in log(x%) the range [-6,6] =
Final selection: — ’
log(x%) < —2. T Signal purity
Prompt signal purity: 98.9 % )




Signal selection

» Low background, mainly misidentification and combinatorial (backup)

» Most important selection: separation prompt/secondary

» Residual background taken into account using sPlot technique

Fit after selections: signal purity ~ 97 %

8000
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2000

—+— Data

= Model

= Background
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Events
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1800 F
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24

Signal and background over the phase space variables
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Model choice for amplitude fit 25

* List of known resonances large, all possibly contributing

* Model building: assess which resonances contribute to the fit

List of known resonances

* Strategy:
: . Overall
1. Add resonances which are visible by eye Particle JP  status Particle J¥ overall
A(1116)  1/27  sorxx +
Y F A(1380) 1/2 A(1232)  3/27 ks
Tof A(1405)  1/27 s A(1600) 3/2%  sxxx
S | ﬁﬁgggi ?jii e A(1620)  1/27 sk
v 1.5 kok ok k _
I A(1690) 3/2  wx A(1750) 1/27  «
ik A(L710) 1727« A(1900) 1/27 sk
5 - A(1800) 1/27
A - AE1810§ 1§2+ :: A(1905)  5/27 ok
C LHCH A(1820) 5/2F  wwex  A(1910) 1727 e
0.5 UnOfﬁCial A(1830) 5/2_ AR A<1920> 3/2+ %k 3k
R A(2000) 1/2° x

P.A. Zvla et al. (Particle Data Group),
Prog. Theor. Exp. Phys. 2020, 083C01 (2020) and 2021 update.



https://pdg.lbl.gov/2021/html/authors_2021.html

Model choice

* List of known resonances large, all possibly contributing
* Model building: assess which resonances contribute to the fit
* Strategy:

1. Add resonances which are visible by eye

Wb | | I 40 1. Af - (K> K n™)p:
2k . > K*°(890)
o | i
1.5 —
Y B i T * T T
£ L : - ]
i 1 4000 - + LHCb .
r 7 .+ Unofficial |
L LHCb ] 2000 - * +H"++,, o
05" Unofficial ~
o N B . . -
2 3 4 o, .. | I TN
m? - [GeV?/c'] 05 1 15



Model choice

List of known resonances large, all possibly contributing

Model building: assess which resonances contribute to the fit

Strategy:

.

1.5

m%- . [GeV?/c*

0.5

Add resonances which are visible by eye

[ LHCD
| Unofficial

B | 1 1 1 1 | 1 1 1 1 |
2 3 4

m? - [GeV?/c']

1. Af - (K*> K n™)p:
> K*°(890)

2. At > (AT pnt) K

> At+(1232)

I I BN BN NN
i
+# +H*
I "
i oy
2000 M, s
- i
+++++++++H++++++H+++++ ++
++ t
1
1000~ S
+ +
! LHCDb !
i Unofficial -
U i A D
1 1.5 2.5 3

m? . [GeV?/c']

27



Model choice

List of known resonances large, all possibly contributing

Model building: assess which resonances contribute to the fit

Strategy:

1. Add resonances which are visible by eye

1.5

m%- . [GeV?/c*

0.5

m? - [GeV?/c']

1. At - (K*>K n%)p:

> K*°(890)

2. At > (AT pnt) K

> AY+(1232)

3 At >\ ->pK)nt:

> A*(1520)
> A*(1670)

T L L B A
t
.+ LHCb ]
L 1 . J
IR L ot ]
YA A +++H+++++++ }
t ety h
L )
1000 |- A -
L 5
Ul | ! L
2 3



Model choice 29

* List of known resonances large, all possibly contributing
* Model building: assess which resonances contributes to the fit. Strategy:
1. Add resonances which are visible by eye

2.  Model building, add resonances iteratively:



Model choice 30

* List of known resonances large, all possibly contributing
* Model building: assess which resonances contributes to the fit. Strategy:
1. Add resonances which are visible by eye
2.  Model building, add resonances iteratively:
» Fix polarization to zero—> angles have no influence
» For each model 4 fits with randomized initial values
> Compare y?/ndf: the smallest value preferred

1 N datali] — model]i]

2
ndf = ; '
X"/ N — Npgr —1 ; €TTdata [i]* + errmoder []?




Model choice

* List of known resonances large, all possibly contributing
* Model building: assess which resonances contributes to the fit. Strategy:
1. Add resonances which are visible by eye
2. Model building, add resonances iteratively:
» Fix polarization to zero—> angles have no influence
» For each model 4 fits with randomized initial values
> Compare y?/ndf: the smallest value preferred

1 N datali] — model|i]
N — Npgr—1 ; €TTdata [i]* + errmoder[i]”

X /ndf =

In total 25 models tested=> 3 models retained

31

L

Res MO M1 M2 M3 M4 M5 M6
pK channel

A*(1405) X v v v v v v
A*(1520) v v v v v v v
A*(1600) X X v v v v v
A*(1670) v v Y Vv Vv Vv vV
A*(1690) X X X X X X X
A*(1800) X X X X X X X
A*(1810) X X X X X X X
A*(1820) X X X X X X X
A*(1830) X X X X X X X
A*(1890) X X X X X X X
A*(2000) X v v v v v v
A*(2100) X X X X X X X
A*(2110) X X X X X X X

pm channel

AtT+(1232) v v v v v v v
ATT(1600) X X X X v v v
ATT(1620) X X X X X X v
ATT(1700) X X X X X v v
K7 channel

K*(700) X X X v v v v
K892 v Vv Vv Vv Vv Vv vV
K*(1410) X X X X X X X
K§(1430) X X X v v v v
Fit x?/ndf

Npar 18 26 30 34 38 42 46
mgK 217.17 40.66 9.18 10.80 12.18 12.30 11.85
m¥ . 27.27 25.15 12.32 1243 14.72 13.31 11.60
mfm 55.82 22.64 10.60 12.24 12.50 11.82 11.12
cos(6p) 750 648 6.28 6.62 720 7.73 819
X 6.59 544 550 557 635 6.68 7.05
op 6.27 552 6.08 6.04 656 7.19 8.09
miy,my,  389.18 29.97 7.32 10.38 11.86 11.80 5.04
FF 1.030 0.932 1.100 1.030 1.119 1.102 1.129




2000

Events

1500

1000

500

Nominal Model

The nominal model is (M6)

> Resonances:

1. K*9(700), K*°(890), K*°(1430)
2. A*(1232),A* (1600),At+(1620), A** (1700)
3. A*(1405), A*(1520), A* (1600), A*(1670), A*(2000)

> YFF = 1.13 and y?/ndf=5.04

» Number of parameters 46
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Alternative models

M10: M6 + K*°(1410)
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Different fit categories: Reminder
- TOS = Triggered On Signal
v' At and A7 , can have different polarizations TIS = Triggered Independent of Signal

v Magnet polarities (Up and Down), different reconstruction efficiencies in LHCb

v’ Trigger categories (LO hardware trigger): TOS and TIS, different efficiency effects on ¢,, angle

‘ 8 categories in total, fit separately

Results shown for one category: negative polarity, TIS trigger category, AL — p K~ decays

MagDown MagUp

MC TIS TOS TIS TOS S S . T L
P A 11 le at least 96 % signal purit
AT 34646 27686 35680 27 158 cross all sample at least 96 Yo signal purity

-~ | and ~1% of secondary contamination
A 34398 28523 34488 28643 | 00 tmmmmmmmemmeeoi e

Data TIS TOS TIS TOS
AF 110720 73783 105 426 65 866

A. 108 394 78 340 104 852 70 295




Results

> Fit fractions and effective asymmetry parameter (®es fective) are shown.
The helicity couplings are degenerate for zero polarization, values not shown.

> Results shown for one category: negative polarity, TIS trigger, AL - p K~ decays

» Statistical error ~0.6 %:

» Model choice dominates the systematic uncertainty. Larger systematics on the polarization around 9 %

P, = —0.0233 £+ (0.0046)¢4¢ + (0-034‘1)5315
P, = 0.0560 % (0.0044) ¢4, £ (0.0919) s
P, = 0.0095 £ (0.0063)5¢4¢ + (0.0590)5ys

FF parameter Central value

Statistical uncertainty

Coffective = 0.715 £ 0.005

Reminder

Xef fective —

V3
— S
2

ATF(1232) 0.12245 0.00011
A+ (1600) 0.08202 0.00009
A+ (1620) 0.15003 0.00454
A++(1700) 0.04804 0.00043
K*(1430) 0.00322 0.00005
K*(890) 0.19532 0.00012
A*(1405) 0.19201 0.00056
A*(1520) 0.03197 0.00011
A*(1600) 0.00738 0.00009
A*(1670) 0.06240 0.00059
A*(2000) 0.22201 0.00036
S F, 1.11685 0.00706
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Conclusions and prospects

» We measured the polarization of prompt produced A} baryons by mean of a 5-
dimensional amplitude analysis of the 3-body decay At —» pK~n™

» The result is dominated by the systematic uncertainty (around 6 % for P,)

Results for different categories—>
compatible within maximum 2 o

Paper under preparation and expected soon.

mZ. . [GeV?/c?]

- ' T ] | I T T ]
— —] | ———— Data A B 7
- - | ————— Total fit ] = -
- - ———— K¥,(892) I’ _ —
- - "_ 1<>f=(()1430)0+ _ 0.1
- - ——— A(1232) B T
— — B A(1600) 7] - -1
- B - —  A(1620) N » I -
L - = ———  A(1700) - I
B 7] = ———  A(1405) - B .
| T I — e A(I520) — 0 I I_]
B i = A(1600) - | I i
B i | e A(I670) 4 I I
L i N — A(2000) i ~ I 1
N . 1= — - -
B ] B i -0.1F —
x 1 f ] [ A, i
E . :_ _: - A+ =
] E B C =
; 3 4 g 3 02 2 2 g 2 2 2 2z o
. . . = = = =
27 4 = = = =



Conclusions and prospects 38

» We measured the polarization of prompt produced A} baryons by mean of a 5-
dimensional amplitude analysis of the 3-body decay At —» pK~n™

» The result is dominated by the systematic uncertainty (around 6 % for P,)

> The large measured value of @ ffecrive prove that the Af — pK~n™ decay can be used
to measure the polarization in the context of the MDM experiments using crystals.

Ag Ag 10 years IR8
0.6 0.6
0.5 0.5-
03 0.3-
Improvement thanks to
21 the knowledge of 0.2 \
0.1 0.1 :

10 20 50 102 103 Niin 10 20 50 102 103 N



Conclusions and prospects 39

» We measured the polarization of prompt produced A} baryons by mean of a 5-
dimensional amplitude analysis of the 3-body decay Af —» pK~n™

302_ LHCb Unofficia
» The result is dominated by the systematic uncertainty (around 6 % for P,) s PNe /s = 69 GgV

> The large measured value of @, ffecrive prove that the Af — pK~n™ decay can be used «-
to measure the polarization in the context of the MDM experiments using crystals. o

Prospects. l
i o WM i l

» The equations and the technique developed can be used in other amplitude analysis i
c.g. =F > pK_T[+ . What about hlgher Spin baryonS? R T TR 7 T 2340
my+ [MeV/c?]

» The model obtained will be used to measure A} polarization in the fixed-target sample:
» estimated statistical uncertainty for current SMOG sample: 10 — 14 %

» SMOG?2: would allow to reduce the statistical uncertainty to 0.4 %, the measurement will be limited by the
systematic error due to the model choice
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LHCb performances

41

Efficiency

LHCb
‘{; =

13 TeVv

20

——

—— ¢_._: OO,
——

O O ALLK-7)>0

® W ALLK-n)>5

O e e
—
s O

-
-D-'D'-D-D-D-
_D___D__D.FD-'D'
40 60 80 100

Momentum (MeV/c)

D° decay time resolution

as0f-
a00f-
3s0f
300f
250 —
200
150
100F-

50F

-0.1

0.1

72 I nat 132.8/94

Prob 0.005248

po 3064 = 7.7 E

pt -0.000994 = 0.000808

p2 0.03863 = 0.00131 =.

p3 792:7.0 -

P4 0.0008497 = 0.0020050 b

ps 01021+ 0.0028 [aW
—_

@)

Efficiency

W—r———T Tt * Left: Kaon identification efficiency and

LHCb O O ALL(K-7)>0 . . . ) .
12 o < TeV Data & § R pion misidentification rate Right: same
1 [o-gemertnomeg R O O O Om OO OOy pIOt
[ e e . OOme 0-00'0'-0--000
08 K—K =N 3 ¢ Right: proton identification efficiency
0.6 -, and kaon misidentification fraction.

60
Momentum (MeV/c)

80 100

IP resolution

100 g1 : . S
90} ~2017 S e aa:
80F=2016 = : -
g 41 — 80F=2016 :
0rel 1 % 70} 3
60F~2012 1 & cof ;
50F 1 % 50} ‘ E
, LHCb - , , LHCb -
40 2017 o = 10.8 +23.2/p 7 40 #2017 6 = 11.0 +23.6/p 3
30F 2016: =118 +23.9/p —; 30¢ 2016: 0=12.6 + 24. ()/p_g
20 —2 20E =
107 2012: 0= 112+23.2/p 3 18..,. o 201200=116+234/p
05 1 15 2 25 3 005 1 15 13 2/% v3
I/p, [c/GeV] p, [c/GeV]
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Bending crystal experiment

......................

-----------------------

Bending

crystal :
Target YV . Upper

converter

Crystal 1

......................

Deflected
LHC proton HALO beam CLhen
beam §

-----------------------

________________________

Need initial (&; ) and final (g) A polarization
5 : Produce polarized baryons using a target-
crystal before the bending crystal

g : Measured using dedicated experiment or
LHCb

—



Magnetic dipole moments (MDM): baryons -~

Baryons MDM:

* proton and neutron measured.

 short lived = need for a new technique

Comments g — factor — exp.
p Quark model description + 5.585 694 702 (17)¢
n W, = — ; w,, satisfied - 3.826 085 45 (90)?
xt 2.4 cm Measured using bent crystals + 6.1 £(12)q £(10) 5y

Ag 60 um Not measured -



Decay asymmetry parameters for A: decays 43

PDG average

v A; DECAY PARAMETERS

a FOR A — An* ~0.84 £ 0.09
a FOR A+ = Z+q0 ~0.55 +0.11
a FOR A+ — X0t ~0.73 +0.18
a FOR A+ — Alty, ~0.86 + 0.04
a FOR A} — pKY 0.2+0.5

P.A. Zyla et al. (Particle Data Group),
Prog. Theor. Exp. Phys. 2020, 083C01 (202

Theory predictions

TABLE I: Branching fractions (upper entry) and up-down decay asymmetries a (lower entry) of
Cabibbo-allowed A7 — B + P decays in various models. Model results of E—[ﬁ, [E] have been
normalized using the current world average of 7(A}) [7]. Branching fractions cited from are
for ¢,_,» = —23° and r = [¢P<(0)[2/|¢B(0)]* = 1.4.

0) and 2021 update.

Decay Korner, Xu, Cheng, Ivanov et al Zenczykowski Sharma, Expt.
Krimer (8] Kamal (9] Tseng [10) [11] 12  Verma[13]  [7]
CA Pole
AF = At input 1.62 1.46 0.88 0.79 0.52 1.12 1.30 +£ 0.07
A} — pK© input 1.20 364 126 2.06 1.71 1.64 3.16 £ 0.16
A} - X0t 0.32 0.34 1.76  0.72 0.88 0.39 1.34 1.29 + 0.07
A} - B+q0 0.32 0.34 1.76 0.72 0.88 0.39 1.34 1.24 +0.10
A - Xy 0.16 0.11 0.90 0.57 0.70 +£0.23
AY -ty 1.28 0.12 0.11 0.10
A} - E9K+ 0.26 0.10 0.31 0.34 0.13 0.50 +0.12
AY = Amt —0.70 -0.67 -099 -0.95 —0.95 —0.99 -099 -0.91 +0.15
A — pK?® -1.0 051 -090 -0.49 —0.97 —0.66 —0.99
A} - 2% 0.70 092 -0.49 0.78 0.43 0.39 -0.31
A} - B+qg0 0.70 092 -0.49 0.78 0.43 0.39 —-031 —0.45+ 0.32
A =X 0.33 0.55 0 -0.91
AF -ty —0.45 —0.05 —0.91 0.78
A} - E'K+ 0 0 0 0 0

c

Phys. Rev. D 97, 074028 (2018)



https://pdg.lbl.gov/2021/html/authors_2021.html
https://arxiv.org/abs/1801.08625v2

PDG 2020 Af decays

~ Hadronic modes with a p or n: § = —1 final states

v Hadronic modes with a hyperon: S = —1 final states

111 ng (159 + 008)% Ta2s Ant (1.30 4+ 0.07)% S=1.1 864

s Artr® (7.1+0.4)% s=1.1 844
T, pK-xt (6.28 £ 0.32)%

s Ap* < 6% Cl=95% 636
Ty pK (892)° (1.96 +0.27)% Ta Ar27t (3.64 + 0.20)% 514 807
Iy A(1232) " K- (1.08 +0.25)% e i S o 68

T'n $(1385) 27t , 5~ - An~ (7.6 +1.4) x 10~ 688
T's A(1520)7+ (2.2 +0.5)%

Ts An+p? (15 0.6)% 524
I‘a pK‘ " nonresonant (35 == 04)% Tax 3(1385)7p° , Z*+ — Axt (5+4) x107° 363
- ng ] (197 L 013)% | An—2 7wt nonresonant <11% CL=90% 807

Py A2 7* tokal (2.3 +0.8)% 757
T's nk? x* (1.82 +0.25)%

s Anty (1.84 +0.26)% 691
Ty pK'n (1.6 £0.4)% T 2(1385)*n (9.142.0) x 103 570
T PKY mtm- (1.60 + 0.12)% Ty Artw (1.5+0.5)% 517

Ty Ar-792 7+, nonor 8x10°° Cl=90% 757
T pK-pted (4.46 4 0.30)% : e A o

Pa AK*K (5.7+1.1) x 10~ $=1.9 443
I, PK*(892) 7" (14£0.5)% e Z(1690)°K* , % - AK (1.6+0.5) x 10~ 286
I3 Pl K~7*) nonresonant 7° (4.6 £ 0.8)% T Do+ (1.29 £ 0.07)% S=1.1 825
I, A(1232) K (892) o T Ttad (1.25 +0.10)% 827

T ) (4.442.0) x 10~ 713

— - -3

Ty pK-2ntn (1.4+0.9) x 10 —— R -
' pK-nt2n (1.0£0.5)% Ve Ttatne (4.50 +0.25)% 5=1.3 804

P.A. Zyla et al. (Particle Data Group), Prog. Theor

. Exp. Phys

. 2020, 083C01 (2020) and 2021 update.



https://pdg.lbl.gov/2021/html/authors_2021.html

Magnetic dipole moments (MDM): A7 47

Prediction for AY MDM: suffers from uncertainty on the charm quark mass: m, = 1.27 + 0.02 GeV
e Quark model

) mmp | Har = He

| —

R D
”Aj:<A§§§7+§\(M1+u2+u3)-SZ|A;L;§,+

* Inserting the constituent quark mass:

eh

_ Ye —

* All predictions: [0.15 — 0.52]uy

* Prediction using: radiative charmonium decays: using BES III experimental data
without any charm quark mass uncertainty

FEur.Phys.J.C 80 (2020) 5, 358

8c 2
8¢ —0.76 £ 0.05GeV ™! Hae = e = 5 —Tmpuy = (0.48 £0.03) jy

2m,

Experimental input Prediction


https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%201909.04654

MDM A{ predictions

* Prediction for A MDM

nb.  fiy+[pN] Approach
1 iet0.05 QCD spectral sum rule
2 021-F 002 NNLO in the HHCPT
5 0.33-0.34 Interquark potential and Fadeev formalism
3 0.34 Independent quark model, power-law potential
4  0.369—-0.385 Hyper central Coulomb plus power potential
5 0.36—-0.41 5q components contributions
6 0.37 Chiral perturbation theory
7 0.38 Soliton model and chiral perturbation theory
8 0.392 SU(4) chiral constituent quark| model
9 0.40£0.05 Light cone QCD sum rules
10 0.411 Bag model reexamined
11 0.42-£0.01 Relativistic three-quark model
12 ©48+0.08 Radiative charmonium decays
13 0.52 Dirac point-form dynamics

48



T MDM measurement 49

> SM prediction: a, = 0.0017721(5) — g, = 2.0035442(8) Eur.Phys.J.C 35 (2004) 159-170
» Measurement: —0.052 < a; < +0.013. Measured by DELPHI, process: ete™ - ete 177~

» ytT vertices : MDM is extracted by comparing the measured cross-section with QED expectations

» Other methods proposed : T~ = [Tv; V;y at Super-KEKB JHEP 03 (2016) 140

Use bent crystals: pp — DjX, Dj — 77v,, 77 flight in the crystal, 77 =7 7 7 0,

J. High Energ. Phys.2019, 156 (2019)

Target Silicon Telescope .
i - _‘_‘_::w\\rysta]
L —T e
p —// S~
J D o
\7‘__{_
Ly
. + .
Remove X — 2+~ background (need accurate 1 crystal for channeling DJ” mesons—> constrain momentum

measurement of D and T+ momenta) 2nd crystal to precess the T leptons


JHEP%2003%20(2016)%20140
https://arxiv.org/abs/hep-ex/0406010
https://link.springer.com/article/10.1007/JHEP03(2019)156

SMOG pollution 50

* Data sample: 2.5 TeV protons on Neon, center of mass energy of
68.9 GeV

and empty bunCheS pNe pHe pAr pAr PbAr pHe pHe pNe | pNe || PbNe

2015 | 2016 | 2017 | 2018

ST Beam Energy
* Data are taken simultaneously wit pp collisions at 5 TeV, g 10; P
no special runs. g 15 =;Zgz oo
* Major problem: pollution from pp collisions « ghost charges ». %10{?
¢ pp and p-Gas data are taken at the same time alternating full gw-z J I BB I l J_

** Some debunched protons from the previous beam go to the
following bunch

which 1s supposed to be empty.

Beam 1 Beam 2

Debunched protons

p-empty ) —EE—) im0
Pollution from
previous bunch




SMOG pollution 51

200

Cleaning using the event topology:
e Z coordinate of the PV: SMOG has a larger PVZ region 160 ® o s
140 -

* Number of hits in the Pile Up stations of VELO at z=—-315 and fun g 1 ) = | -
z =—220 mm -2 small for SMOG events which are forward L e Eh

nPUHits

* Number of reconstructed tracks (nTracks) pointing opposite to the LHC

PU
stations - XN
-1000 =500 0 500 1000
pp PV[0] Z (mm)
pollution
—200 < Zpy < —100 | =100 < Zpy < +100 | +100 < Zpy < +200
nPUHits=0 - GC (0.64 + 0.31)% (8.93 +£3.27)% (0.57 £ 0.34)%
nPUHits=0 - SL (24.32 + 1.16)% (31.26 £+ 0.88)% (21.35 +1.28)%
Correction factor 1.235 £ 0.012 1.195 +0.044 1.207 £ 0.013
nPUHits<3 - GC (2.25 £ 0.47)% (29.44 £4.77)% (1.84 +£0.56)%
nPUHits<3 - SL (14.86 + 0.91)% (24.32 £ 0.77)% (1423 +£1.0)%
correction factor 1.123 +£0.010 0.877 = 0.060 1.121 £ 0.012
nPUHits<5 - GC (4.69 + 0.62)% (49.08 £+ 5.35)% (3.76 £ 0.78)%
nPUHits<5 - SL (11.91 £ 0.81)% (21.79 £ 0.73)% (12.17 £ 0.96)%
correction factor 1.067 £0.010 0.620 = 0.065 1.080 £ 0.013

Table 7: GC: Fraction of Ghost-Charge residual contamination after nPUHits cut; SL: fraction of
fixed-target Signal Loss after nPUHits cut. Correction factor is given by (1 — GC) x (1 + SL)

Global event cuts for 2017 pNe SMOG data. Technical report, CERN,
Geneva, Jun 2020. https://cds.cern.ch/record/2720461.



https://cds.cern.ch/record/2720461.
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Helicity formalism 53

' The helicity frame: frame where the particle momentum is aligned to the z-axis and the particle is at rest.
| In this frame the spin projection s, = 4

Polarization frame: polarization expected perpendicular to the
production plane due to parity conservation in strong interactions.

Polarization frame

a

— N N lab ~
Z = DPbeam XD AF r A

v

Y = - D beam

beam 1



From single chain to the total amplitude 54

Amplitude for each chain: lineshape X rotations e N — | JF
\; parametrized by D-Wigner functions: A1
: mA (0' (P; O) i_
1. One rotation to align the resonance helicity frame P 3
K 0
ot 0~
Lineshape
|
Sg** / ’
A-g - (K*—) K_T['l') p AK* (m, ).p) = BK* (mKTC) Z Z DA;{*,O (d) K 6 K 0)

SK* /1K*



From single chain to the total amplitude 55

Amplitude for each chain: lineshape X rotations___ . J’

\ parametrized by D-Wigner functions: A1
j m,1 (6,9, 0) ; 28
1. One rotation to align the resonance helicity frame S
2. One rotation to align proton helicity frame Sy
Tt 0~
1.
¥ o K-t Ag-(m, 1) = By DX (¢', 0k, 0) D2 (Px,0x+,0)
Ac - (K - K™m )p K (mr p) K (mKn') Ag+,0 K»Y K» m:/lK*—/lp K » YK

SK* AK*



From single chain to the total amplitude 56

Amplitude for each chain: lineshape X rotations___ . J’

\ parametrized by D-Wigner functions: 1

, / (6,9,0) | 3

1. One rotation to align the resonance helicity frame ' p %

2. One rotation to align proton helicity frame K 0

3. Helicity couplings A
TS (K'- K nh)p Ak (m Ap) = By (mKn)ZZDSK*O((,b Kk 0'k, 0) DZ ~Ap (i) O :O)bllp AR o

Sg* Ag+



From single chain to the total amplitude 57

Amplitude for each chain: lineshape X rotations | J?
\ parametrized by D-Wigner functions: A1
! m,A (0' P, O) i_
1. One rotation to align the resonance helicity frame -
2. One rotation to align proton helicity frame Ko
.. . mt 0~
3. Helicity couplings
S gk l*
P - (K*_) K_T[-I_) p AK* (m, Ap) — BK* (mKTL') z Z Dllf*,o(qb,l{r H’K) O) DTZn,/lK*—lp(gbK*’ QK*J O )blp a)lK*
SK* AK
> (A prt K- An(m, ) = Ba(Mpr) Z Z D2 *_;1 (¢r, 67, 0) DZ i, (D0, 04,0)d3, 3,
SA /1A
+ _)(A*_)pK—)T[+ AA (m Ap)_ BA*(mpK)ZZDSX**AP((p;’y O)D N ((ISA,QA,O)pre/’[A
Sp* Apr

e

Sum over
the 1sobars




Parity conservation 58

» If parity is conserved, Lagrangian must be invariant

» The terms containing spin and momenta must be invariant A(ﬁ“ Sz’) — A(_ Dy, Sz')
—> the odd terms must have zero expectation value

A¢ production, vectors available: p,, proton momentum, p A baryon direction and P A¥ polarization vector.

Scalar term available which is parity conserving: P+ (ppXpat) Marco quzi. Discret§ |
symmetries and CP violation:

from experiment to theory.

Obs. P C T
Time (t) t t i
Position (7) —7 i F
Energy (E) E E E
Momentum (p) -0 D —p
Angular momentum (J) el e —
Helicity (\) —A A A
Electric charge (e) e —e e



https://cds.cern.ch/record/1087897.

Helicity formalism : Wigner rotation, polar part 59

r_ _+
A_g rest X 4 @ ﬁ rest . p3= T A @ ﬁ rest
. reached from K* py = AF X reached from A
7 p Boost and py=mt :

rotate twice
. f
y - % « —
x Po = A+ ‘\ Z —
+ ? p, = K~ Z
K- " |

(x,z) plane

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Boost along z direction: K” chain : A* chain :
¢ =(t- 32) Af > (K> K™% p A - (N - pKT)m?
Y =y boost frompy+ = 0 alongp; Il z > booﬂfrom Do along A"
7 =7(z—t) pTAJ: | —z Need to rotate >p; -z
77777777777777777777777777777777777777777777777777777777 c

around y axis of
beta angles




Helicity formalism : Wigner rotation, azimuthal part 60

Need also an extra phase for the K* channel Boost to p rest tsame:
. X,y component don’t ) plane
@ K" rest change since the boost y ' (y ! ) p
Af - (K> K™ n™)p t K- is along z K-
P R_l(e;es: Pres, 0) p N
K~ o+
4
A - (AN »pKT)nt @ A" rest N y N
T
’ —>
7T+ -1/’ ’ ‘K_ Z;
R (07'65' §0 res» O) ___________ < >
K~ X
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Events

Model choice

6000

4000

2000

List of known resonances large, all possibly contributing
Model building: assess which resonances contributes to the fit. Strategy:
1. Add resonances which are visible by eye
2. Model building, add resonances iteratively:
> Fix polarization to zero—> angles have no influence
Example: Minimal model, very bad fit for m,x- mass, however angles are well described
! “ el
| 5 - M
o
2 _S5E

m2, [GeV’/c'] )




Other offline selections 63

) ) o . ) Particle Selections
Tighten HLT2 selections: handmade optimization 1s enough - =
. . Az log(xip) < —2.
thanks to high statistics 7 <0.0015ns
2
. . XFD > 40
Three main categories: X2 /ndf < 5

acos(DIRA) > 10mrad

—- S
1. A7 selections: Broton X% > 9

Xfp < 200
Pghost (P) <04
10000 < p < 100000 MeV/c
pr > 1000 MeV/c

* Good vertex quality Kaon Xip > 9
X3 < 200

* Good momentum reconstruction (DIRA) 3000 < p < 150000 MeV/e
pr > 500 MeV/c

2. p/pr selections: better PID performances Pion oo >0

. . . . 2, <2
3. PID: reduce the misidentification probability 3000 < pxipgoo%oo MeV/c

pr > 500 MeV/c
PID (ProbN N, (p) — ProbN Nk (p)) > 0.1

(MC15TuneV1) (ProbNNp(p) —pProbN N (p)) > 0.4
ProbNNgk(K) > 0.1

* Prompt separation

 Reasonable lifetime




Resonances : A* 64

Resonance  Mass (approx)[MeV] Width (approx)[MeV] JF L A+ Lr PDG status

pK channel

A*(1405) 1405.1+13 50.5+2.0 /2~ 01 0 *kkk
A*(1520) 1517 +4 1553 3/2- 312 92 *dokk
A*(1600) 1544+ 3 11212 /ot p1 A *kx
A*(1670) 166973 19+ i/~ 01 0 *hkk
A*(1690) 1697 +6 65+ 14 8/2- 12 2 Hhkk
A*(1800) 1720-1850 200-400 /2= 01 0 kK
A*(1810) 1750-1850 50-250 12 1 A ok
A*(1820) 182477 TT+2 5ot 923 3 kK
A*(1830) 1899 + 40 e B/ 23 2 FAokk
A*(1890) 1850-1910 60-200 3/2t 1,2 1 Ak
A*(2000) 2000 0.150 - o g *
A*(2100) 2090-2110 100-250 7/2- 34 4 *kkk
A*(2110) 2090-2140 150-250 ot 923 3 *kk
¥*(1660) 1660 € [1640—1680] 220 € [100—300]  1/2* 01 1 Kk
¥*(1670) 1675 € [1665 — 1685] 70 € [40— 100] 30> 312 9 *kkk
¥* (1750) 1750 € [1700 — 1800] 150 € [100—200] 1/2= 01 0O Kk
>*(1775) 1775 € [1770— 1780] 120 [105—135]  5/2~ 23 2 *Hkk
¥*(1910) 1910 € [1870—1950] 220 € [150—300]  3/2~ 12 2 Kok
¥*(1915) 1915 € [1900 — 1935] 120 € [80— 160] 5/2F 23. 3 *kkk
¥*(2030) 2030 € [2015 — 2040] 180 € [150—200]  7/2+ 34 3 Kk




Resonances : ATt and K*

pm channel

ATT(1232) 1209-1211 08-102 = Vi S . 1 ¥EXE
ATT(1600) 1460-1560 200-340 = { i AR - 1 Fdokk
ATT(1620) 1590-1610 100-140 1/2= 0,1 0 FEX¥
ATT(1700) 1640-1690 200-300 - 12 2 FEX¥
K7 channel

K*(700) 824+ 30 478 + 50 0 0 0 ¥EX¥
K*(892) 8901.66 +=0.26 50.8+0.9 1= ‘B2 3 ¥EX¥
K*(1410) 1414+ 15 232+ 21 1 - k2 1 ¥EXE
K§(1430) 1425+ 50 270480 0 0 0 ¥EX¥




Fermilab results

Previous analysis from Fermilab

Dataset: 1000 A¥ events , produced in m — N collisions

Result: increasing polarization as a function of pr 100 | 60

50 |
¢! o 20
o ! ! lll'\"‘- ! ! ! \I
ce 055 o 5
= | o
0.6 3 m(KTY) (Ge\//c)
N r
Sou| g
O -+
o

o
N
—_——

ok

Dashed line: e “505”;‘3“”4‘;2
average /;{ g £ m*(pK) (GeV/c®)
polarization. L
-0.8 -
TR TR R N e T S B F
p. (Gev/c) %0 2 4 6 %0 2 4 6
wp (pkﬂ

At LHCb: rate of cc pairs 0.96 Hz = rate of AT - p K™t events ~600 Hz
In total, for Run 2 2016, with 4x103? cm™?s~! - large number of AL - p K™ events expected

Data sample: 1.7 fb~1 (2016 only) at a center of mass energy +/s = 13 TeV
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[LHCDb variables definition

Name Symbol Definition
% or
Vertex quality e x? or x?/ndf of the fit of the decay vertex.
Xyt /DA
Track quality X?r R Quality of the track reconstruction
et prabalilisy Gt Eirtc;bablhty to be a fake track, coming from a random combination of
T N The transverse distance of closest approach between a particle trajec-
s tory and the Primary Vertex (PV), sketched in Fig.|6.2| (right).
XIQP The change in vertex x? when adding or not a track in the vertex fit.
The angle between a line drawn from the PV to the DV of the particle
: : and the sum of the 4-momentum of its decay products, sketched in
DircGhipaLc OIS Fig. (left). One typically uses the cosine of the direction angle in
selections.
Z;lg})lt SHnGE Yot Flight distance of a particle divided by its uncertainty.
Probability of the track a of being a particle of type b, where a can
PID ProbN Ny(a) be p, K, 7, uu,e,d, obtained using a neural network combining the in-
formation from sub-detectors.
PP (b} Same as the prob NN variables, without the neural network training.

Origin Vertex

Pat

IP )+

o

PV

Decay Vertex
(or End Vertex)

1P,

. DIRA

ﬁpK"T[*' = ﬁp + ﬁK“ + ﬁn"'



Selections: HLLT2 68

»> High Level Trigger (HLT)
1. First stage: HLT1 based on generic track information

2. Second stage: HLT2 designed to select the three-body decay AL — p K™ ™ specifically

In general:
Particle Selection ) ) )
* p/pr requirements to remove combinatorial background
Proton p>10GeV/c -
PID, >5 * tracks are required to point away from the PV
PID, —PIDg > 5
Kaon PIDx > 5 —<+— (loose) PID selections
Pion PIDg <5
All tracks pr > 200 MeV/c
p > 1GeV
Xip > 6

A

Xieact/Ddf < 3

At least two tracks pp > 400 MeV/c
Xip > 9

At least one track p7r > 1000 MeV/c
3p > 16

Combination 2211 MeV/c? < m < 2543 MeV/c? < Mass window around PDG mass: my+ = 2286.46 + 0.14 MeV

Zdau hters PT = 3000 MeV/c . .
acos(%iRA) < 0.0l mrad Lifetime TAZ‘ = (202-4‘ + 3-1) fs

7> 0.15ps
Xip > 25

Good track-fit quality




Selections: Trigger 69

» Hardware trigger L0: reduce the 40 MHz collision rate to IMHz.
Select high transverse energy (> 3 GeV) hadrons based on HCAL.

Two L0 hadron trigger categories:
In this analysis the two

1. Triggered On Signal (TOS): trigger fired using signal candidates : categories are studied
2. Triggered Independent of Signal (TIS) events: signal alone not separately
enough, trigger fired by the rest of the event

> Software trigger: High Level Trigger (HLT)

1. First stage: HLT1 based on generic track information

2. Second stage: HLT2 designed to select the three-body decay AL — p K™ ™ specifically



Offline selections 70

x10° — °
r 25

220
200 i S 1mulat10n

180

160
140
120

100
80
60
40
20

&oj T

» Use the simulation to constrain the tails in the fit to the data
> Signal purity evaluated in log(x?) the range [-6,6]

Final selection:

log(xfp) < —2. :
Prompt signal purity: 98.9 % 5°;

6 —4 2 0 2 4 6

log(Xfp) < —2. log(XIZP



Backgrounds

1. Misidentifications: one of the final state particle is wrongly identified
2. Partially reconstructed: 4-body decays with one final particle not reconstructed X? » p K™Y

3. Combinatorial background: random combinations of p, K~ and ™

Example of misidentification:

p—-K*

+ 9t _
At 7 D; K

Such decays will peak outside the mass window, most relevant ones:
D} - K*K~n* with mp+ = 1968.65 £ 0.07 MeV
D" - K*n~n* with mp+ = 1869.65 + 0.05 MeV

However the tails could contribute to the signal.



Backgrounds 72

1. Misidentifications: one of the final state particle is wrongly identified
2. Partially reconstructed: 4-body decays with one final particle not reconstructed X? » p K™Y

3. Combinatorial background: random combinations of p, K~ and ™

Example of misidentification: p — KT mass swap: lines = misidentification contributions
N o ssof U 2350
p—> K > 3000 > [
(9} [®]
= h500 =
A-é_ ? DS+ K~ £ 2300f D000 £ 2300
[ 1500
- 1000 -
n 2250 2250
T : 500 |- st
0 1300 1600 1800 2000
1400 1600 1800 2000 )
My LkHK o [MeV/c’] M Ly o MeViET]
Such decays will peak outside the mass window, most relevant ones: l
+ + =t o _ : :
Dy - K"K m™ with mp+ =1968.65 + 0.07 MeV After selections: residual
D™ - K*n~n* with mp+ = 1869.65 + 0.05 MeV contamination <2 %

However the tails could contribute to the signal.



Calibrating the simulation 73

» Simulations is used to include efficiency effects
» However, it is not perfectly reproducing data = need to correct it in a data-driven way

* Corrections are applied as per-event weights, 3 categories:
1. LO trigger
2. Particle identification (PID)

3. Kinematics: use machine learning techniques hep_ml package, input (A}) variables:
transverse momentum (p), pseudo-rapidity (1), lifetime (7) and number of VELO tracks (nTracks).

0.04 T T y T T N T T T LI

oo6F=——— 7~ T T B ihd & —+— Data: signal 7] n —4— Data: signal _
- —+— Data: signal . B f —+— Data: background 7] L —+— Data: background _

+ —+— Data: background K |+ | ll.?i"'é —+— MC reweighted 1 o008 —— MC reweighted —

B |ll * *: —+— MC reweighted 7] | Nl LJ"”| I+ i MC not reweighted  __| = i MC not reweighted .

L 1 h s <. MC not reweighted i 0.03 B " |+ | . - .
0.04 T — L oL 1 oosH -
i i B 1i %I}‘ ] L _

i i 0.02 |- e — B ]
- . C N 1 oo ]

5-5 H :'5.: — + |T* -1 B -1

0.02 — — - .7 f : . = i
I - i 001 T : i++ ] | _
L N | C NS ] 0.02 B ]

: $ - P Tobytt by . = _

- °.+ 45 ._ - n i +F-’-.*_“M - . | |

T e 10f 0F
0 E :n ™ M np oo oo [T N E E PR e
T b e e T e £ A A
—-10E ) 3 3
0 10000 20000 30000 40000 0 5000 10000 15000

P — PN Meveer o opIMeNel p (1) [MeV/c]



Effective Alpha

74

Asymmetry parameters for single resonance decays are combination of the helicity couplings, for instance:

AT SATTK— At s B
s Hioe™ P IHT 50 _ R - R
Ac ’HAj%AHK—‘zJF‘HA§—>A++K—‘2 |F1 |2 + | F3|?

120

—15/2.0

Asymmetry parameters of the A} decay cannot be expressed easily.

Calculate an effective @effective Using method of M. Davier, et al. Physics Letters B, 306, 3-4, 1993,411-417

Decompose the amplitude as:

P(Q) = f(2)+pg(Q) = f(Q)(1+ pw)

_ g9(9)
where w = ()
PO oc (lAy 4P+ 1Ay 4P+ Ay P44y 4 )
1)
B (|41 P+ P14 g -1

Second order momenta of f

/ 2 2
2 — NLOQ _ <%(Q)> :/9701&2
\ 4

2
S =
Vel



Effects of the log(X%y) on the efficiencies

The log(X#%) selection introduces a non trivial dependence on efficiencies

Verify that the same effect is present in data and simulation.
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Misidentifications 76

* All possible misidentifications:

Mis-1D e Possible decays BR
state

T > KT pK~-KT Af -»pK KTt (1.06 £0.06) x 1073

K- —n~ pr—nt  AY s prntat (4.614+0.28) x 1077

p—mt atK—nt Dt - K-ntat(a?) 9.1340.19 (5.99 £0.18)

Df - KtK—rnt(z%), 5.3940.15 (6.24+0.6)
+ bt 59 ) ’

B4 BYE™T e | g+ K—nt (9.54£0.26) x 1073
- ;|

p— KT & Pt Dt - Ktr—rx™, (5.28 £0.23) x 12 ,

K- —n~ Dt 5 Khgm™ (6.5+0.4) x 10~

p—TT & _ DT s o atnT, (3.1840.18) x 1073,

T rtwt
K™ =7~ Df »atn—nt 1.08+0.04
T i
7;(_1]; _ & pKtn= Af s pKtn~ (1.11£0.18) x 1074
p—7t & PR 2 B
n T iplk AT 5> 1pK 6.28 £0.32

T — D

p—> KT &

K-—-n& KtKtn~ Df s KtKtrn~ (1.284:0.04) x 1074

Tt — KT




Efficiencies

77

Total efficiency comprises acceptance, selection, trigger, PID and reconstruction:

Factorize masses (m,g- ,

ETOT = €acc X €trigger X €sel X €EPID X €rec

m,, .+) and angles (cos6),,¢, and )
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Events/(1.1)

Estimate misidentification residual contribution 78

Estimate the residual contributions:
1. Fit invariant mass to find mean u and standard deviation o
2. Pre-fit data with swapped mass hyptohesis outside the Am5, window, before selections and after selections

3. Extrapolate the number of residual background in the mass window Am

12000 __ %i 1200 1600;
10000 — 1::} 3 EZZ;
8000_— 600? m(p—)ﬁ+)K_7T+ m(p—>K+)K_7r+
6000 :— 2°°;* 2002,
: o 1‘78(‘) ! 1‘80(‘) ! 1‘82(‘] ! %840 1‘866 ' 1‘886 1906 ! 1‘9%(;1;11‘)9:5) [‘Mg/?g] o %88(‘) ! %90!‘) ! 1‘920 1940 ' 1‘96(‘) ' 1‘98(‘) ' éOO(S ' ‘2?"2(:{()2330['\/12(\)/?%
4000 —
2000 — 3 N30’ L= N!30' L X Amgo.
- ) + — +
- D+ /Dy D¥/Ds ™ Amgown + Ay
St
Of .
_sf 2 : il Trigger TIS [%] TOS[%]
2220 2240 2260 2280 2300 2320 2340 Polarity Mag Up Mag Down Mag Up Mag Down
m,. [MeV/c’] Bt 0.85 0.90 0.69 0.80
(=== K- mm - H-=-=-> b2 1807 1.37 1.25 1.35
+
Amgown Ams, Amup % 97.23 97.08 97.27 97.11

Background 2.78 2.92 2.78 2.89




Amplitude fit 79

5D unbinned likelihood fit, minimize the negative log likelihood w.r.t. the fit parameters @ Phase
1 , - Efficienc space
Likelihood: AmplltUde\ J Y " factor
_ (Ol L IM(QUS)[2e(R2) @ (mge—7+)
—2InL = —z;mmg(mw) Piaig(Q]&) = @

Normalization integral

=\ — -\ 12 o
Include signal weights (sw;) and drop terms independent of @. - / [MQUD)"e( )R-+ )d2

Likelihood 1s split into two terms running on different samples:

—2InL = —QS[/VZSU)ZIHV\/l Q) |2+ 25 In 1 () Wit

i \/—J WJ Efficiency folding

MC integration over simulation,
including efficiency effects

Compute this over data

N
1 MC

Z~wMC Z wz]\JC|M(Q;|Q)|2

1

I(J) o



Systematic uncertainties 80

How are the results changing if a different decision was made?
» Simulation:
1. Reweighting: change set of input variables
2. LO trigger: vary the tables within the errors
3. PID correction: use different sample or change the kernel pdf
4. Size of the simulation samples: fit one large toy sample 100 times with different efficiency maps
» Data:
1. Invariant mass fit: change model
2. Model choice: generate with alternative models (M10 and M21) and fit with nominal model
3. Change values of masses and widths of known resonances
» Fit machinery:

Generate 1000 toys, fit it. Compare the result with input value for each fit parameter.



