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Testing CPT symmetry: why does it (anti-)matter?

Among all the discrete symmetries, only the combined CPT symmetry is an exact symmetry of Nature

— 2 consequences.

1. Matter and anti-matter share the same fundamental properties

(mass, lifetime,...)
2. Matter and anti-matter exist in equal amounts

— contradiction with astronomical observations

22/10/2024

Charge conjugation (C)
Parity transformation (P)

Time reversal (T)

Romain Schotter (romain.schotter@cern.ch)

ALICE


mailto:romain.schotter@cern.ch

Testing CPT symmetry: why does it (anti-)matter?

Among all the discrete symmetries, only the combined CPT symmetry is an exact symmetry of Nature

ALICE
— 2 consequences: Charge conjugation (C)

1. Matter and anti-matter share the same fundamental properties . .
o Parity transformation (P)
(mass, lifetime,...)

2. Matter and anti-matter exist in equal amounts
— contradiction with astronomical observations

Time reversal (T)

A violation of CPT symmetry could explain the matter/anti-matter imbalance in the Universe

The most stringent (indirect) test of the CPT symmetry involves the K°-K° mixing process

. —0 _
IM(K®) — M(K")|/Mayg. < 6 x 10719 ID(K®) = T(K')|/Tavg. = (8£8) x 1071°
Phys. Rev. D 86, 010001 (2012) Phys. Lett .B 471, 332-338 (1999)
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Among all the discrete symmetries, only the combined CPT symmetry is an exact symmetry of Nature

ALICE

— 2 consequences: Charge conjugation (C)

1. Matter and anti-matter share the same fundamental properties
(mass, lifetime,...)

2. Matter and anti-matter exist in equal amounts Time reversal (T)

— contradiction with astronomical observations

Parity transformation (P)

A violation of CPT symmetry could explain the matter/anti-matter imbalance in the Universe

The most stringent (indirect) test of the CPT symmetry involves the K°-K° mixing process

. —0 _
IM(K®) — M(K")|/Mayg. < 6 x 10719 ID(K®) = T(K')|/Tavg. = (8£8) x 1071°
Phys. Rev. D 86, 010001 (2012) Phys. Lett .B 471, 332-338 (1999)

18 years ago for =
26 years ago for Q

In the multi-strange baryon sector, the only mass difference measurements date back to
and rely on small statistics

M(E7) = M(E)/Moys. = (—25£8.7) x 107° M(Q7) = M(Q7) /Moy = (—1.44£7.98) x 1077
Events: 2478(2256)| DELPHI, phys. Leit. B 639. 179-191 (2006) | Events: 6323(2607)| E756, Phys. Rev. D 58, 072002 (1998)
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Precision mass measurement: why does it matter?

* Hadron masses are essential physical ingredients to Lattice QCD (IQCD)

ALICE

Borsanyi, Fodor, Guenther, et al.

e Example: prediction of the anomalous magnetic moment of the muon Nature 593. 51-55 (2021)
—— Lattice —&— R-ratio
g'u — 2 SM _ _QED EW hadrons This work
S — a,” =a a a —E
a"u“ 2 K H T H t H Gérardin et al.32 | ——
= 116 591 810(1)(40)(18) x 10~ Davies etal | —e—3
Giusti et al.34 - = :
- e el . . Blumetal.’® - =
® Promising approach: ab-initio IQCD simulations Borsanyi et al. ' | o—
. . . Davier et al.? - ——
— Physical scale is set using 3 hadron masses as anchor | N
points: 1*, K* and a multi-strange baryon (= or Q) Colangelo st al5, | .  Nonewiphysics

Hoferichter et al.®

660 680 700 720 740
aLO-HVP ( %1 010)
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Precision mass measurement: why does it matter?

* Hadron masses are essential physical ingredients to Lattice QCD (IQCD)

Borsanyi, Fodor, Guenther, et al.

e Example: prediction of the anomalous magnetic moment of the muon Nature 593, 51—55 (2021)
—— Lattice —&— R-ratio
g'u — 2 SM _ _QED EW hadrons This work ——
= = a =a a a :
a,, 9 M Iz + K + K Gérardin et al 32 | — 8
= 116 591 810(1)(40)(18) x 10~ Davies et al | —e—3
Giusti et al.3 - = '

Blum et al.’ |

m

® Promising approach: ab-initio IQCD simulations

Borsanyi et al. |

11}

. ) . Davier et al.® | o
— Physical scale is set using 3 hadron masses as anchor Keshaja; :: :4_ -
pOintSZ -n-i-’ Ki and a multi-strange baryon (E or Q) Colangelo et al.5, | - b neprhysics

Hoferichter et al.®

660 680 700 720 740
aLO-HVP ( %1 010)

18 years ago for =

* |n the multi-strange baryon sector, last mass measurements date back to
39 years ago for Q

and rely on small statistics

M(Z7) = 1321.70 £ (stat.)0.08 & (syst.)0.05 MeV /c*, |Events: 2478 M(Q7) =1673+1 MeV/c?, | Events: 100
M(§+) = 1321.73 + (stat.)0.08 % (syst.)0.05 MeV /c?, | Events: 2256 M(ﬁJr) = 1672+ 1 MeV/c?, | Events: 72
DELPHI Bhys. Lett BO39 J70197(2006) L Hartouni et al., Phys. Rev. Lett. 54, 626-630 (1955) o, 15
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Towards more precise values for =* and Q*

* Previous mass and mass difference measurements are between 18 to 39 years old, and suffer RQLICE
from limited statistics

— Reconstructing multi-strange baryons requires excellent detection capabilities

e All the data collected during the LHC Run 2 by ALICE in pp at Vs = 13 TeV

— 2400 000 (=+=*) and 130 000 (Q-+Q*) candidates, with little background

— Objectives:
1. provide new mass measurements of the =* and Q?*,

— unique opportunity to

2. extract mass difference between matter and anti-matter
— direct test of the CPT symmetry

22102024 Romain Schotter (romain.schotter@cern.ch)


mailto:romain.schotter@cern.ch

The ALICE set-up during the LHC Run 2

Inner Tracking System (ITS-1), six layers of silicon detectors

— Tracking
— Vertexing (resolution ~ 50 um)
— Triggering

I Time Projection Chamber (TPC), gas detector I

— Main tracking device (Ap/p ~ 1%) Beam 1
— Robust PID (dE/dx) -

[T
Wil |
il |y

Time-Of-Flight (TOF), gas detector |/ L " | -

— Qut-of-bunch pile up rejection

VO0: VOA and VOC, two arrays of scintillator detectors

— Triggering, multiplicity estimation at forward rapidity
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Dataset and data analysis

All pp collisions at Vs = 13 TeV, collected during the LHC Run 2, are exploited ALICE
— 2.2 x 10° minimum-bias events

The = and Q are studied in their characteristic cascade decay channel:

= > Anm — pw ow Q7 - AK™ - pnm K™
E o Aat o prt ot 0" - AK > prt KT
er(E%) = 4.91 cm cr(QF) = 2.461 cm

22102024 Romain Schotter (romain.schotter@cern.ch)


mailto:romain.schotter@cern.ch

Dataset and data analysis

All pp collisions at Vs = 13 TeV, collected during the LHC Run 2, are exploited ALICE

— 2.2 x 10° minimum-bias events

The = and Q are studied in their characteristic cascade decay channel:

{

T > A7m — prm o Q7 - AK™ - pnm K™
i + O - AKt > pat KT
er(E%) = 4.91 cm cr(QF) = 2.461 cm

(1] [1]

— At — §7r+7r

To distinguish the = and Q from the combinatorial background:
— topological reconstruction

e Selections based on the geometry (vertex position, impact
parameters,...) and kinematics (pr, rapidity,...) of the decay

e PID for each decay daughter

These selections have been tuned in order to reach a high level
of purity
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Mass extraction principle

Statistical identification of = and Q using an invariant mass analysis

— Invariant mass fit with a triple Gaussian + an exponential functions

10°

NQ 1_:| T I T T T T | T T T T I T T TT T T T T l T T T T I T T T T | T T T T l LI |::t (\‘L) | T T | T T T T | T UL | T T T T L T T I T T T T | LU T | T 1 T T I T T 171
> = ALICE preliminary — - S > 4| __ALICE preliminary - - P
C Data (= A . 10" = D Q > AK K
= C pp Vs=13TeV #-DaaE S AT opwT) 2 O Epis-13Tev +Data@ > AK - pirkE
8 10*-0<y,<05;0<n, <08 — Fit — 3 " 0<y, <05;0<n_<08 — Fit 3
= E 2.40 < p_(Z) <5.00 GeV/c -+ Background E = [ 1.40 < p_(Q) <5.00 GeV/c ---- Background ]
g C T ] g T
_,(Q 2 — _ N fﬂ 3 2 — — 1
: [ = _ A W_] ¥2/NDF = 307.93/171=1.801 - 0 [ O — A K_J 72/NDF = 200.69/171=1.174 EE
&) _ p =1321.950 + 0.014 MeV/c“| O E u=1672.593 +0.018 MeV/c“}|
- G, = 1.665 +0.026 MeV/c> B o, = 1.702 £ 0.027 MeV/c®
2 _ — -
10 S=15281.0 £ 127.9 3 o S =10072.0 + 109.8 B
5 B = 543.0 + 23.3 . = B=992.0+315 3
10 ¢ Mot bl Jgén 00 RN RaaNY 2 Z
§ ‘f v n, iy i p Y 8
I_ I 1 | 1 1 I 11 | 1 1 1 TI 11 L1 I 11 1 1 | 1 |+| 1 I 11 1 1 I 10 FI 1 1 1 1 1 11 1 11 1 1 1 1 1 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I+| 11 1 ‘
129 1.3 131 132 133 134 135 136 137 1.38 163 164 165 166 167 168 169 1.7 171 172
(A ) Inv. Mass (GeV/c?) (A K) Inv. Mass (GeV/c?)

e Extracted mass ()

H H ~ o = ~ 0,
= centre of the inv. mass peak * High purity sample (~ 95% for = and ~90% for Q)

= mean of the triple Gaussian functions — good control over the background shape
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Summary of the systematic uncertainties

e Topological and track selections —» Repeat analysis with 20 000 different set of selections
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Summary of the systematic uncertainties

e Topological and track selections —» Repeat analysis with 20 000 different set of selections ﬂ LIC E

e Detector calibration ——» | Residual mis-calibration in azimuth between TPC sectors
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Summary of the systematic uncertainties

e Topological and track selections — » Repeat analysis with 20 000 different set of selections

e Detector calibration ——» | Residual mis-calibration in azimuth between TPC sectors

* Magnetic field ———» | Precision on the magnetic field map of 0.002 T (out of 0.5 T)
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Summary of the systematic uncertainties

e Topological and track selections — » Repeat analysis with 20 000 different set of selections ﬂ LIC E

* Detector calibration ———» | Residual mis-calibration in azimuth between TPC sectors

* Magnetic field ———» | Precision on the magnetic field map of 0.002 T (out of 0.5 T)

e Detector material ——» | Description of the material budget in simulation
............................................................................. 715
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Summary of the systematic uncertainties

&

e Topological and track selections — » Repeat analysis with 20 000 different set of selections ﬂ LIC E

* Detector calibration ——» | Residual mis-calibration in azimuth between TPC sectors So

. g © O

* Magnetic field ————» | Precision on the magnetic field map of 0.002 T (out of 0.5 T) i_’ 3

S
6)

® Detector material ——» | Description of the material budget in simulation ) < %
Q

............................................................................. 715
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Summary of the systematic uncertainties

e Topological and track selections —» Repeat analysis with 20 000 different set of selections
* Detector calibration ———» | Residual mis-calibration in azimuth between TPC sectors S o
. g © O
* Magnetic field ——» | Precision on the magnetic field map of 0.002 T (out of 0.5 T) || © 3.
~
, — . —— © 8
e Detector material ——» | Description of the material budget in simulation ) < =1
Q
* prand opening angles biases
............................................................................. 715
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Summary of the systematic uncertainties

e Topological and track selections —» Repeat analysis with 20 000 different set of selections ﬂ LIC E
* Detector calibration ———» | Residual mis-calibration in azimuth between TPC sectors S o
. g © O
* Magnetic field ———» | Precision on the magnetic field map of 0.002 T (out of 0.5 T) i_’ 3
>
)
e Detector material ——» | Description of the material budget in simulation ) < %
Q
* prand opening angles biases
e Mass extraction procedure
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Summary of the systematic uncertainties

e Topological and track selections —» Repeat analysis with 20 000 different set of selections ﬂ LIC E
* Detector calibration ———» | Residual mis-calibration in azimuth between TPC sectors S o

. g © O
* Magnetic field ——» | Precision on the magnetic field map of 0.002 T (out of 0.5 T) || © 3.

. e 3
e Detector material ——» | Description of the material budget in simulation ) < =1
Q
* prand opening angles biases
e Mass extraction procedure
* Pile-up treatment
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Summary of the systematic uncertainties

Topological and track selections ———»

Detector calibration —
Magnetic field oy
Detector material — >

pr and opening angles biases
Mass extraction procedure

Pile-up treatment

Precision on the tabulated masses

Repeat analysis with 20 000 different set of selections

Residual mis-calibration in azimuth between TPC sectors

Precision on the magnetic field map of 0.002 T (out of 0.5 T)

Description of the material budget in simulation

J
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Summary of the systematic uncertainties

Topological and track selections
Detector calibration

Magnetic field

Detector material

pr and opening angles biases
Mass extraction procedure

Pile-up treatment

Precision on the tabulated masses

Correction on the extracted mass

—

—

Repeat analysis with 20 000 different set of selections ﬂ
Residual mis-calibration in azimuth between TPC sectors 3
Precision on the magnetic field map of 0.002 T (out of 0.5 T) §
Description of the material budget in simulation J %
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Summary of the systematic uncertainties

e Topological and track selections —» Repeat analysis with 20 000 different set of selections
* Detector calibration ———» | Residual mis-calibration in azimuth between TPC sectors = o
. g © O
* Magnetic field ———» | Precision on the magnetic field map of 0.002 T (out of 0.5 T) || © 3.
|
. — ; — ; o
e Detector material ——» | Description of the material budget in simulation ) < =1
Q
* prand opening angles biases )
e Mass extraction procedure
* Pile-up treatment ]
Non-dominant
.. < 2
* Precision on the tabulated masses 20 keVic
e Correction on the extracted mass )
............................................................................. 715
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Validation of the measurements

Validate the measurement using other strange hadrons as standard candles ALICE
Kg — a1t~
e The A, A and K% masses are known very precisely (o ~ few keV/c?)
A— pT o~
* They can be reconstructed in their characteristic VO decay topology, using
A — D T topological selections
Decay Measured mass (MeV/c?) PDG mass (MeV/c?)
KS > 7t 497.604 + 0.257 497.611 + 0.013
A—pn~ 1115.775 + 0.066
— 1115.683 + 0.006
A - pr* 1115.775 + 0.065 *

The measured mass of A, A and K% are in good agreement with PDG values

Decay | Measured mass difference (x107°) ‘ PDG mass difference (x1077)
A-pr | 0.02 + 2.33 | 0.1 +1.1

Measured mass difference between A and A is compatible with 0
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Final results: =t mass values %

Final results rely on ~30 000 (Z-+=*) and ~20 000 (Q-+Q*), with 96% ‘and 90% purities respectively ALICE
Out of the initial 2 400 000 (=-+=*) and 130 000 (Q+Q*) candidates

DEL PHI, Phys. Lett. B 639, 179-191 (2006) ALICE prellmlnary

M(Z7) = 1321.70 £ (stat.)0.08 & (syst.)0.05 MeV/c* | M(E7) = 1321.975 + (stat.)0.026 & (syst.)0.078 MeV /c?

=t 2 =t
M(Z") = 1321.73 & (stat.)0.08 & (syst.)0.05 MeV/c® | M(Z") = 1321.964 =+ (stat.)0.024 = (syst.)0.083 MeV /c?
PDG (2023) PDG (2023)
PL4360(1963)IIH Hlllé“ - T I I
® Precision is now dominated by L5 261 1963)| d m PR 152 1171 (1966) .
the systematic uncertainties - - - _
Dubna Conf. 1 593 (1964) —
= PRL 14 275 (1965) B P n PL 32B 515 (1970) — e
* Improve previous mass L . i |
measurements by 15% for = A * .
PR 152 1171 (1966) —_— NP B45 77 (1972) A
PR D1 1960 (1970) B —_————— ] | |
PL 42B 372 (1972) | —_—— PL B639 179 (2006) .
_ NP B98 137 (1975) — 1 | —
* =andc.c. rr;asses are 2.50 ot 5655 170 2008) | | 7
~ — —{ ALICE preliminary (2024 @~
( 250 keV/C ) larger than the ALICE preliminary (2024) + ’ Ve
PDG mass 13205 {321 13215 1322 13225 1319'5‘1'32'0‘1'9}20‘5'1'32'1'1'3'21 5132213225
Z mass (MeV/c?) =" mass (MeV/c?)

............................................................................. 915
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Final results: O* mass values %

Final results rely on ~30 000 (Z-+=*) and ~20 000 (Q-+Q*), with 96% and 90% purities respectively ALICE
Out of the initial 2 400 000 (=-+=*) and 130 000 (Q+Q*) candidates

Hartouni et al., Phys. Rev. Lett. 54, 628-630 (1985) ALICE prellmlnary

M(Q7) = 1673 + (tot.)1 MeV /c? M) = 1672.511 + (stat.)0.033 & (syst.)0.102 MeV /c?
= =+
M(Q+) = 1672 £+ (tot.)l MeV/c2 M(Q ) — 1672.555 + (stat.)0.034 + (syst.)0.102 MeV/c2
PDG (2023) PDG (2023)
. . . . NC 2 346 (1955) T I'LOLV T tT n I T T TR
®* Precision is now dominated by PRE7 1168 (1058)| . 7
the systematic uncertainties PRL 13670 (1964)| —et | PRL26410(1971) ¢
PL 26B 474 (1968) B —o— N
* 10-fold improvement on the PR 168 1509 (1966) | _ e | N )
Q mass values PL 26B 323 (1968) —— ]
PL 29B 252 (1969) B — @ PRL 54 628 (1985) L 4 : i
NP B61 102 (1973) B —@— B
NP B98 137 (1975) B ——— B [ ]
NP B142 205 (1978) B —@— :
e Mass is consistent with the PL78B 342 (1978)| o | ALGE preliminary (2026 .
PDG maSS PRL 54 628 (1985) o
ALICEpre\imir|ary(2024)_I Le Ly \.. a1 ._ T T
1665 1670 1675 1680 1671 1672 1673 1674
Q mass (MeV/c?) Q' mass (MeV/c?)

............................................................................. 1015
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Final results: =* and Q* mass difference values

DELPHI (LEP-1), Phys. Lett. B 639. 179-191 (2006)

ME"

) = M(Z7)/Mayg. = (2.5 +£8.7) x 107°

E756 (Fermilab), Phys. Rev. D 58, 072002 (1998)

M@

* Improve previous mass diff.
measurements by 40% for =
and a factor 2 for Q

e The mass difference values are
compatible with O

— present results still
consistent with CPT symmetry

Romain Schotter (romain.schotter@cern.ch)
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— M(Q7)/Mayg. = (1.44 4+ 7.98) x 1075

PL B639 179 (2006)

ALICE preliminary (2024)

ALICE preliminary

ALICE

ME

M) = M(Q7)/Mayy, = (3.28 + 4.47)

— M(Z7)/Mayg. = (—1.45+£6.25) x 107°

x 1077

PDG (2023)

| R

T

P v

0

5

pbiny )
10
E relative mass difference (x 10'5)

PR D58 072002 (1998)

ALICE preliminary (2024)

PDG (2023)

N e

R

L

.H_S...

.Ox.

5

Ll
10

Q relative mass difference (x 10

11115
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Conclusion

High-precision mass and mass difference measurements of =-, =*, Q-, Q* have been shown

ALICE preliminary

( M(E7) = 1321.975 £ 0.083 MeV /c?
M(E") = 1321.964 £ 0.087 MeV /2

>

o

M(Q7) =1672.511 + 0.108 MeV /c?

kM(ﬁ*) = 1672.555 + 0.108 MeV /c?

>

o

+

M(E") — M(E7)/Mayg. = (—1.45 4+ 6.25) x 107°

M(Q") = M(Q7)/Mayg. = (3.28 + 4.47)

x 107°

~

J

® Agreement within 2.50 of ALICE measurements with previous values

®* 15% improvement and 10-fold improvement on the mass values of =and Qrespectively

®* 40% improvement and 2-fold improvement on the mass diff. values of = and Qrespectively

— World most precise measurements

22/10/2024 Romain Schotter (romain.schotter@cern.ch)
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Outlook: going below the 100 keV/c? precision

® Precision is dominated by the systematic uncertainties related to the detector calibration ALICE

® If we want to further improve our measurements, we will need more reliable calibrations
Even more true in LHC Run 3+, where there is little possibility for a posteriori corrections

— an accurate alignment and calibration of the detector is more now crucial than ever

® Possible improvements: exploit physical quantities as further constraints on the
alignment/calibration, such as the reconstructed masses of

Kg — Like in CMS or ATLAS with Z° — u* p[1][2]
A— pta™ OR
Ao p 7t in LHCb with J/¢ — p* p[3]

[1] Nucl. Instrum. Methods A 1037 (2022) 166795 S
[2] Eur. Phys. J. C 80 (2020) 1194 Help to identify and

[3] LHCb-PROC-2023-001 eliminate “weak modes”
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Outlook: physics consequences of present results

® Present results are consistent with CPT symmetry, and further constrained its validity

® Lattice QCD (IQCD) uses the = or Q masses to set the physical scale S Latice — 6 Ruratio
This work [ —i—
Gérardin et al.®2 | ———
. . Davies et al.33 | —_—
— Improve input to IQCD calculations St et el | -
Blumetal.’® - =

For the anomalous magnetic moment of the muon, our Q
mass measurements would lead all uncertainties from the

m

Borsanyi et al. |-

physical input to be negligible Pvie el =
Keshavarzi et al.* | =)l '
Borsanyi, Fodor, Guenther, et al. colangeio et als, | . No new:physics
Nature 593, 51-55 (2021) Hoferichteretal®l—._ o s - i
a'\:O—HVP (x1 01[])
2000
. . ] ——Q
— Constrain IQCD predicted hadron mass spectrum 1500 ] =
. . ] ez =T
Predicted and measured hadron spectrum still need to be = ] s E}}A
consistent if our updated and more precise = mass values 2 1000 o
are used as anchor points = ] E},EK* —N
500: Y — experiment
Diirr et al. : T
Science 322.1224-1227 (2008) o . oo
..................................................... O 1415
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https://www.science.org/doi/10.1126/science.1163233

Thank you!
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Mass extraction principle

Statistical identification of = and Q using an invariant mass analysis

— Invariant mass fit with a triple Gaussian + an expo\nential functions

N
&NQ 10° T T T T T T T T T T T T T éQ/@NO 10° T T T T T T T T T T T
> = ALICE preliminary - - . S = ALICE preliminary = = =
2 = pp Vs < 13 Tev —é—D.ata(u—>A7t —>pn7t): o = op Vs < 13 TeV —é—D.ata(: AT >pn n)z
B 40t-0<y_<05;0<n_ <08 —Fit - B j0tb-0<y_<05;0<n,_ <08 — Fit _
5 = 240<p (2)<5.00 GeVe ---+ Background 3 = = 240<p (E) <5.00 GeV/c -- -+ Background 3
Qo — — o - |
% __ B x2/NDF = 307.93/171=1.801 : % :;_ —— x2/NDF = 266.31/171=1.557 :
3 [ = = A } w = 1321.950 +0.014 MeV/c?} 3 3 [ E — A7 ] W = 1321.969 + 0.015 MeV/c?|| 3
- o, =1.665 +0.026 MeV/c® G, =1.693 +0.018 MeV/c* |
10? S=15281.0 + 127.9 E 10% S =14799.0 + 126.0 E
= B =543.0+23.3 . B =536.0+23.2 .
102— ........ l"g :.' f'h "l oL rEETE e r.._ i
§ b T N ﬁ | .' RiLgllI
I_II IIII|IIIII I|IITIIIIIIIIII'II+IIIIIIII IIIIIIII|IIIIIIIIIIIIII|IIII|IIIIIIIII|II+I_I
129 1.3 131 132 133 134 135 136 137 138 129 13 131 132 133 134 135 136 137 138
(A ) Inv. Mass (GeV/c?) (A m*) Inv. Mass (GeV/c?)
e Extracted mass ()
e High purity sample (~ 95%)
= centre of the inv. mass peak
— good control over the background shape
= mean of the triple Gaussian functions
.............................. i BB
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Mass extraction principle

Statistical identification of = and Q using an invariant mass analysis

— Invariant mass fit with a triple Gaussian + an exponential functions
N
NO | T T T T I T 1T | 1T T | LI T T T T 1T | T T T I T T T 7T I T T T T | 1T T é&(\lo I T T | T LI | T T T T | T T T T T LI I T 1T T T | L | T T T T | T T T T
> 4| ALICE preliminary - e > 4|__ALICE preliminary G I
10*E Data (@ — AK K o= Data (@ — AK
2 = pp Vs =13 TeV #-Data(@ > AK - pTr Ky — = pp Vs=13 TeV +Data @ > AK - p ks
3 ~ 0<y <05:0<n <08 — Fit ] 3 C 0<y_<05:0<n <08 — Fit ]
o — @ - da Background n e - g dau ..-. Background .
= | 1.40 < p_(Q) <5.00 GeV/c g ] = | 1.40<p_(Q)<5.00 GeV/c g |
g T 8 T
£ 3l 2/NDF = 200.69/171=1.174 —| £ s (= — 2/NDF = 220.23/171=1.288 —|
= 105[9_—>AK_] % : 17 : 105[Q+—>AK+] 1 =
o = = 1672.593 + 0.018 MeV/c?} 3 o = i = 1672.624 +0.019 MeV/c?| J
B o, =1.702 +0.027 MeV/c® B o, =1.739 +0.024 MeV/c? ]
S =10072.0 + 109.8 S =9840.0 £ 108.5
102 = — 102 = —
g B=992.0+315 = B =968.0 + 31.1 3
10 — -
0 1‘! L1 1 | 111 L1 1 1 | T L1 11 | - | 111 | I | L1 1 10 ‘F 1 | [ | | 1111 | 111 | 1111 | 111 |i 111 | 1111 111
163 164 165 166 167 168 169 17 171 172 163 164 165 166 167 168 169 1.7 171 1.72
(A K) Inv. Mass (GeV/c?) (A K*) Inv. Mass (GeV/c?)

e Extracted mass ()
e High purity sample (~ 90%)
= centre of the inv. mass peak

— good control over the background shape
= mean of the triple Gaussian functions
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Validation of the mass extraction

The measurement is repeated on simulated data (MC) to evaluate the global performance of the
mass reconstruction

— compare reconstructed mass and injected mass (= PDG mass).

Decay T AT = >An’ Q™ - AK™ Q - AK*

(In MeV/c?)

Mass in data 1321.974+0.026 1321.988 + 0.024 1672.616 +0.033 1672.658 £0.034 M=

Mass in MC 1321.709 + 0.040 1321.734+£0.042 1672.555 +0.021 1672.550+0.019 M} -

M~ My, in MC ~0.001+0.040 0.024 +0.042 0.105+0.021 0.100+0.019 5 AM = My’ — Miy;.

Corrected mass 1321.975+0.026 1321.964 +0.024 1672.511 £0.033 1672.558 +0.034 Corrected mass = M2 — AM

rec.

The measured mass in simulation does not agree with the injected mass

Possible origins:

- data reconstruction Negligible for most measurements, but here:
- candidate selections — Offset in MC should be taken into account in the final results
- mass extraction AM = ML — My,

Corrected mass = Md2ta _ A NS

rec.
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Stability of the measurement

Check that the results are stable and do not fluctuate over time, space, pT,...

Different dependencies have been investigated:

e Dependence on data taking periods
* Dependence on decay radius
* Dependence on azimuth angle
e Dependence on longitudinal momentum
e Dependence on opening angles
* Dependence on rapidity
e Dependence on multiplicity
In order to ensure a stable measurement,

— focus on the region where a flat dependence is reached.
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%,

Stability of the measurement with time

Different dependencies have been investigated:

ALICE

e Dependence on data taking periods

I = - s PDG (2023)
& || I | I | I I | I | I I | I | I I | I | I I | I I I 1 | I I | ]
o 19224 [ ALICE preliminary i
2 | ppis=13TeV i
= L ly.1<05;1y,l <055 | <08 i
§ 18222 [—  1.00 <p () < 5.00 GeV/c ]
IS ~  1.00< pT(E") <5.00 GeV/c .
5 n -
0 = .
a 132 + Af + * j + +
©
s n -
s = .
16d 16e 16g 16h 161 16] 16k 161 160 16p 17c 17e 17f 17h 17i 17} 17k 171 17m 170 17r 18b 18d 18e 18f 18y 18h 18 18k 18I 18m 180 18p A” the measurements are
Data taking period .
S 16734 F— 1 I I | | I I I | I I I | | I I I | I I I | | I I | | I I I —
o — ALICE preliminary - In QOOd agreement
D qerapf- PPIE=13Tev =
s = _
= Iy, [<05:lygl<05;mm, <08 -
§ 1673~ 100 <p (@) <5.00 GeV/c ]
£ - 1.00<p,(T) <5.00 GeV/e 3
g 1672.8 [— —
3
@
S 1672
=
1672.
1672.
1672 [ | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | ]

16d 16e 16g 16h 16 16j 16k 16l 160 16p 17¢c 17 17h 17i 17} 17k 171 17m 170 17r 18 18d 18e 18f 18y 18 18k 18/ 18m 180 18p
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Summary of the systematic uncertainties

22/10/2024

Topological and track selections ———»

. . Residual mis-calibration in azimuth between TPC sectors

Detector calibration —> _ _

— Focus solely on the A-side (z > 0), trend belng lower g
Magnetic field ———» | Precision on the magnetic field map of 0.002 T (out of 0.5 T) g

Q

Detector material ———» | Description of the material budget in simulation J 3
pr and opening angles biases —» | prand op. angles selections to ensure stable measurements
Mass extraction procedure — | Fitfunctions, fitting range, invariant mass binning
Pile-up treatment p | Impact of out-of-bunch pile-up rejection

Precision on the tabulated masses — »

Correction on the extracted mass —— »

\

Repeat analysis with 20 000 different set of selections

ALICE

rFinite precision on the tabulated mass of the decay daughters
M (r%) = 139.57039 + 0.00018 MeV/c?

M (p*) = 938.27208816 4+ 0.00000029 McV /c?

M(K*) = 497.677 + 0.016 MeV/c?

\ M(A) = 1115.683 + 0.006 MeV /c?

r . . . . . . .
Precision on mass offset determination in S|mulat|on]

| — related to the size of the MC sample
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Summary of the systematic uncertainties

Systematic uncertainties Repeat analysis with 20 000 different set
Sources On the measured mass (MeV/c?) of selections ﬂ I- I C E
_ =+ - roud
= = £ Q / Residual mis-calibration between TPC sectors
Topological selections 0.024 | 0.028 | 0.027 | 0.034 /
Momentum calibration 0.029 | 0.017 | 0.084 0.081 Repeat analysis with tight and loose selections
pr and op. angle selections 0.016 | 0.028 | 0.008 | 0.010 >
Magnetic field 0.023 | 0.028 | 0.026 | 0.027 Description of the material Precision on
Material budget 0.022 | 0.022 | 0.031 | 0.031 ——® budget in simulation the magnetic
Fitting function 0.009 | 0.009 | 0.007 | 0.007 } fz'egansp of
Fitting range 0.001 | 0.001 | 0.001 | 0.001
Binning 0.001 | 0.001 | 0.001 | 0.001

Out-of-bunch pile-up rejection | 0.006 | 0.006 | 0.004 | 0.003
Precision on the PDG mass 0.011 | 0.011 | 0.018 | 0.018 \

MC mass offset 0.055 | 0.058 | 0.021 | 0.019 Impact of the out-
of-bunch pile-up
Total ‘ 0.07?/\ 0.083 ‘ 0.102 ‘ 0.102
Precision on mass offset determination in simulation

Triple Gaussian+expo
Triple Gaussian+pol1
Bukin+expo
Bukin+pol1

Finite precision on the decay daughter mass
M (7F) = 139.57039 + 0.00018 MeV /c?

— related to the size of the MC sample

. . Ty 2
Total systematic uncertainty % El;{ i>) 9113;87-27727018(1).601:60ﬁzg(;ggm MeV /¢
(

= quadratic sum of all contributions M(A) = 1115.683 4 0.006 MeV /c?

Repeat analysis with 20
000 different fitting ranges

Binning: 1, 0.75, 0.5, 0.25
MeV/c?
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