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Particle ldentification (PID) in High Energy Physics (HEP)

In HEP experiments the capability to identify the nature of final states is fundamental.
To achieve identification different experimental techniques are used depending on the
different particle nature (charged/neutral, hadrons/leptons, stable/unstable) and different
momentum/energy ranges:

e Different particle species (charged/neutral, hadrons/leptons, stable/unstable)

e Different momentum/energy ranges

Different PID techniques allow to cover different momentum range and particle species in a
complementary ways, we briefly go through some of them:
e dE/dx energy loss
Transition Radiation Detector (TRD)
Time Of Flight (TOF)
RICH (Cherenkov radiation) detector
decayment with well defined topological properties (V0s and Cascades)
Calorimetry



Particle Identification (PID) in Heavy lon Collisions (QGP)

Remind that ~95% of the produced particles are “soft’, i.e. have p. <2 GeV/c and many of the
soft probes to characterize QGP depends on:
e hadron quark content
o u,dvss (i.e. strangeness production)
o meson vs baryons (i.e. coalescence vs thermal regime)
e hadron masses (i.e. effect of medium expansion: hydrodynamics, collective flow, ...)
e leptons
— PID plays a crucial role

Different PID techniques allow to cover different momentum range and particle species in a
complementary ways, we briefly go through some of them:
e dE/dx energy loss
Transition Radiation Detector (TRD) 4
Time Of Flight (TOF)
RICH (Cherenkov radiation) detector
decayment with well defined topological properties (VOs and Cascades)
Calorimetry




Particle Identification (PID) in Heavy lon Collisions (QGP)

Remind that ~95% of the produced particles are “soft’, i.e. have p. <2 GeV/c and many of the
soft probes to characterize QGP depends on:

e hadron quark content | assume F. Antinori will
o u,dvss (i.e. strangeness production) convince you about that!
o meson vs baryons (i.e. coalescence regime)

e hadron masses (i.e. effect of medium expansion: hydrodynamics, collective flow, ...)
e leptons
— PID plays a crucial role

Different PID techniques allow to cover different momentum range and particle species in a
complementary ways, we briefly go through some of them:
e dE/dx energy loss
Transition Radiation Detector (TRD) >
Time Of Flight (TOF)
RICH (Cherenkov radiation) detector
decayment with well defined topological properties (VOs and Cascades)
Calorimetry
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Different PID techniques allow to cover different momentum range and particle species in a
complementary ways, we briefly go through some of them (e.g. ALICE)

e dE/dx energy loss
Transition Radiation Detector (TRD)
Time Of Flight (TOF)

RICH (Cherenkov radiation) detector

decayment with well defined topological properties (V0Os and Cascades)

e Calorimetry
Typically, to identify a particle we need to characterize its mass by coupling p and g(v/c), or p and E6



Mass stopping power [MeV cm?/g]

e.g. ALICE TPC — see A. Schmah lecture (and ITS in Run 1 and Run 2)
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Different PID techniques allow to cover different momentum range and particle species in a
complementary ways, we briefly go through~some of them (e.g. ALICE)

e dE/dx energy loss

e Transition Radiation Detector (TRD)
e Time Of Flight (TOF)

e RICH (Cherenkov radiation) detector
[

decayment with well defined topological properties (V0Os and Casc
e Calorimetry

Typically, to identify a particle we need to characterize its mass by coupling p and g(v/c), or p and E7



most probable TRD signal (a.u.)
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Different PID techniques allow to cover different momentum range and particle species in a
complementary ways, we briefly go through some-of them (e.g. ALICE)
e dE/dx energy loss
Transition Radiation Detector (TRD)
Time Of Flight (TOF)
RICH (Cherenkov radiation) detector
decayment with well defined topological properties (VOs and Cascades
e Calorimetry
Typically, to identify a particle we need to characterize its mass by coupling p and g(v/c), or p and E8



Different PID techniques allow to cover different momentum r
complementary ways, we briefly go through some of them (e.g.

— 44~

\ e.g. ALICE HMPID Ring-Imaging Cherenkov Detector
allows to identified charged particles
1 by reconstructing the angle of photons
— emission in a medium when particle
nB move at a speed higher than light
speed in the medium (8 > c/n)

cos(0,) =

J Radiator T

ge and particle species in a

dE/dx energy loss

Transition Radiation Detector (TRD)
Time Of Flight (TOF)

RICH (Cherenkov radiation) detector
decayment with well defined topological properties (V0Os and Cascades)
Calorimetry

Typically, to identify a particle we need to characterize its mass by coupling p and g(v/c), or p and E



VOs (K%, A) and Cascades (=, Q) can be
easily identified through the topology of their
decayment:

secondary vertex reconstruction
pointing angle to the Primary vertex

pca (vo) /KS thanks to their cz of few/several cm
Such cuts allow to strongly reduce the

combinatorial background when building
invariant mass distribution

counts

x10°

10°
T

T T
0-5% centrality
s} 3.0<p_<3.2 GeVic

M = 498.07 + 0.04 MeV/c?
), = 5.34 + 0.06 MeV/c?

counts

0-5% ce‘ntrality ;
3.0<p7<32 GeV/c

M = 1115.96 + 0.01 MeV/c?
G,,=1.96 £ 0.01 MeVic?

55 0.6

:eV/cZ)

1.08 3:1 1.12 1.14
M (prt) (GeV/c?)

Different PID techniques allow to cover different momentum range and particle species in a
complementary ways, we briefly go through some of them (e.g. ALICE)

dE/dx energy loss

Transition Radiation Detector (TRD)
Time Of Flight (TOF)

RICH (Cherenkov radiation) detector

decayment with well defined topological properties (VOs and Cascades)

Calorimetry

Typically, to identify a particle we need to characterize its mass by coupling p and g(v/c), or p and I:Io



ALICE (PHOS, EMCAL, DCAL)

0.2

T T T T T T I
(a) Electrons (b) Pions PP, (Syn = 7 TeV

= EMCAL _ALICE 2.5 <p_(GeV/c) < 3.0
S| . Coomser | — AvicE _ Hadron response (release of

- == Pythia

energy) differs from
only-electromagnetic-interacting
5 _2 particles (lepton and photons)

0.05F

Different PID techniques allow to cover different momentum range and particle species in a
complementary ways, we briefly go through some of them (e.g. ALI
e dE/dx energy loss

Transition Radiation Detector (TRD)

Time Of Flight (TOF)

RICH (Cherenkov radiation) detector

decayment with well defined topological properties (V0Os and Cascades)
e Calorimetry

Typically, to identify a particle we need to characterize its mass by coupling p and g(v/c), or p and I:I1



ALICE and PID

Different and
complementary
techniques in a “low
magnetic field
(B=0.2/0.5 T) —high
acceptance down to
very low momenta

tH

(O(100 MeV))

b. ITS SDD (Drift)
. C. ITS SSD (Strip)
d. VO and TO

e. FMD

74\ a. ITS SPD (Pixel)

CINOUE MR

10. L3 Magnet
11. Absorber
12. Muon Tracker
13. Muon Wall
14, Muon Trigger
15. Dipole Magnet
16, PMD

17. AD

18.ZDC

19. ACORDE

ALICE detector in Run 2 12



x 18} n-K Inl<0.5 ] K-p Inl<0.5 ]

ALICE and PID e} L — e
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Fig. 46: Separation pow
midrapidity.

oI hadron identification in the ITS, TPC, TOF, and HMPID as a function of pr at
eft (right) panel shows the separation of pions and kaons (kaons and protons), expressed as

TOF operates in the
. . rstance between the peaks divided by the resolution for the pion and the kaon, respectively, averaged over
|nte rmedlate momentum [n| < 0.5. For the TPC. an additional curve is shown in a narrower 71 region. The lower panels show the range

= = over which the different ALICE detector systems have a separation power of more than 20.
region (hadron separation

and more) Example from ALICE Performance paper in Run-2
(Int. J. Mod. Phys. A 29 (2014) 1430044)



https://arxiv.org/abs/1402.4476

ALICE-TOF group

The TOF detector was designed and built
by an international collaboration
consisting of:

INFN and University of Bologna,
INFN and University of Salerno,
ITEP (Moscow),

GWNU (South Korea).

Currently, responsibility for TOF is
shared by Bologna and Salerno (both
INFN and University), after ITEP and
GWNU left the collaboration.

Custom cmtes»r:::'

—
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ALICE requirement for TOF

Design requirements
e Large coverage active area (~140 m?)
High det. efficiency (> 95%)
Excellent time resolution (80 ps)
High granularity (~10° channels)

For the technology we adopted Multi-gap Resistive
Plate Chambers (MRPC) (and innovative technology
at that time!) which satisfied all requirements and
limited the overall cost.

HOW DOES IT WORK?

Custom crates~——"
—

15



2mm

MRPC: the idea starting from the RPC
(R. Santonico, R. Cardarelli NIM 187 (1981) 377)

-HV
In the simplest configuration the RPC is composed by two
parallel resistive plates (electrodes), tipically bakelite
A (volumic resistivity p = 10° - 10! Qcm).
9%
E, < Electrodes: cathode (negative)
A anode (positive)

_______ * » The electric field E is uniform and is ~ 50 kV/cm
Readout pad

Typically, the RPC works in streamer mode with the signals
induced on the pickup cells placed externally.

16



2mm

MRPC: the idea starting from the RPC
(R. Santonico, R. Cardarelli NIM 187 (1981) 377)

Streamer/Spark

Readout pad

Charged
particle
Charged =» Gas 3» Coulomb interaction > Electron-ion pairs (n,)

Particle (ionization and
excitation)

17



MRPC: the idea starting from the RPC
(R. Santonico, R. Cardarelli NIM 187 (1981) 377)

-HV

Streamer/Spark

G =n/n,= ead

Raether limit: G = 108

maximum gas gain in an ionization
avalanche at which the avalanche transition
from proportional amplification to a

self -sustaining discharge via streamer

formation occurs.

o = Townsend coefficient

[°°“S‘Z‘K‘Jr_£,'éé‘ ”&“2&5& Coulomb interaction > Electron-ion pairs (n,)
Particle (ionization and 5

excitation)



- ad - _
How RPC works Q" =enge Q"/ Q= 1/ad

Vertical scale 5 mV /div

Horizontal scale 5 us /div
e Sy “HV

it it iy i Gl

X
- k”'\. 1 22mv(15.4pC) - % 'HV

fast

2mm RPC
EPJdirect A1, 1-11 (2003)

Fast signaf! = induced signal from the electrons in number of steps and this is independem‘
v, ~ 5-10° cm/s (the ions induce a slow signal

— v,* two few order of magnitude less) = e ny e /ad b
o€



A_A

i

After a At (of the
order of ps)the
avalanche is large
enough to change the
electric field between
the electrodes.

The electric field

+++--- +++
+ +

The electrons reach the anode
and they locally modify the
charge on the electrode. The
positive ions are much slower
and they take longer to reach
the cathode.

I g

+++ = = = +++1
+

Locally the electric field is
“reversed” and it takes
some time to dissipate the
charge on the electrodes
(RPC: 1~10ms — limiting the
rate capability) 20



From RPC to MRPC

Experimentally good results were obtained by the RPC but with some limitations for our
purposes. We needed to:
e increase the rate capability limit (from few tens to few hundreds of Hz/cm?);
e improve the time resolution;
e increase the gain but at the same time to find a way to stop the growth of the
avalanche (no streamer mode)
e reduce the current across the gas

The competitive requirements for RPCs do not align with our
objectives.

In short, to achieve our goals, we would need to use very small

gaps in avalanche mode. However, this would cause a drop in
efficiency.

[ this led us to the development of the Multigap Resistive Plate Chamber (MRPC)

21



RPC in avalanche mode: G = e® ¢ 108 aD < 18

\J

Q"/ QT ~ 1/ab # 1/18 = 5%
Induced signal Q . =" ~ 8 fC

D=9mm

Q" # 0.16 pC (* 10° electrons)
6, 10°=¢% . d~075D

MIN

A measurable signal is produced only if the avalanche starts in the top part (')
of the gap since we cannot increase the gain enough without streamers

22



Question: can we increase gas gain such that /

avalanche produces detectable sign immediately?

A)

B)

Needed very high gas gain (immediate
production of signal)

Needed way of stopping growth of avalanches

(otherwise streamer/sparks will occur)

\\

Answer: add boundaries that stop avalanche

development. These boundaries must be invisible
to the fast induced signal, induced on external
pickup cells.

23



Multigap Resistive Plate Chamber (MRPC): the idea
NIM A 374 (1996) 132, A. Zichichi et al.

cathode - Stack of equally-spaced resistive plates electrically
floating

SO TTTIIL s * Voltage applied to external surfaces

* Pickup electrodes on external surfaces (resistive plates
transparent to fast signal)

» Avalanche mode.

* The avalanches in the gas gaps are independent.

- The signal is a “sum” over all the micro-avalanches.

v

Stability condition: equal gain in all the gas gaps

VI TITIVY "~ VIV

(2228227022777

(228222222227

A A A A

VOV ITIIIIII4

anode

24



Improvement of the time resolution

D=9 mm

* N.° independent clusters
— high a to have an

avalanche in each gas gap

* The total induced signal is the
“sum” over the 3 gaps

* Better o, because the 3 signals
are independen

MRPC in avalanche mode: 6 = e®®/N9% . 108 _, ap < 18 x .

N)



x

130 mm

active area
74 mm

M5 nylon screw to hold
fishing-line spacer

flat cable
connector for
differential signal
sent from strip to
interface card

10 mm thick PCB with cathode
honeycomb pickup pads
panel

0.55 mm thick

external glass

plates with
acrylic paint

0.4 mm thick

- % internal glass
-~ A plates

PCB with

anode pickup
pads

Connector to bring
cathode signal to
central read-out PCB

5 gaps of 250
micron

PCB with cathode
pickup pads

|

" Double stack MRPC: final geometry

CERN-LHCC 2002-016

Two stacks of resistive plates
10 x 250 um gas gaps
120 x 7.4 cm? active area

Highly-segmented readout pads:
96 pickup pads with 3.5 x 2.5 cm? area



Total charge

1000

/I

100

A

2 mm gap RPC with CoF 4H2 gas mixture
2 mm gap RPC with CoF 5H gas mixture

10 gap (250 micron) double stack MRPC
with C 2F4H2 gas mixture

10
knee of eff. plateau
knee of eff. platea l

Charge produced by through-going charged particle [pC]

10 1 12 13

1 Applied Voltage [kV]

- Average total charge ~ 2 pC

- Slow gain changes with voltage (factor 5 / 2kV)
ILong free-streamer plateau and good rate capability

27



MRPC at the test beams (l)

[ <e> =99.9%

[<0'>"'50ps |

Yo

100 -

80 [

70

| @x=1104y=19%

| Mx=1104,y=225

| [x=829,y=225
L x=529y=190
|0 x=529,y=225

| &x=1429,y=190 |

. =1129,y=190
| Wx=1129y=225
 X=829y=190 |

Lok x=1429=225

EFFICIENCY

1 1
12 125 13 135

14
HV(K

7140 @ x=1104,y=190 |
£ Wx=1104,y=225 |
g L Ax=1129y=190
¥ x=1129,y=225
120°17 CUxE80y=190
| Ox=829,y=225
| x=529,y=190
| 0x=529y=225
2001 CEXE1429y=190
| kx=1429y=225 |
Bo ke
60 -
1

RESOLUTION

| |
12 125 13 135

1
14 145
HV(kV)

With time slewing corrections (next slides)

100
95
90
85
£ 80
g 75 -
8 o -8 Effective voltage 11.4 KV
i -~ Applied voltage 11.4 KV
65
& |ALICE
55 ﬂ
50
0 200 400 600 800 1000 1200 1400 1600 1800
Equivalent fiux of through-going charged particles [Hz/cm?]
90
80
70
& oo
&
£ 50
g 40
g a0 -
= -8 Efrective voltage 11.4 KV
20 -~ Applied voltage 11.4 kV
10
0
0 200 400 600 800 1000 1200 1400 1600 1800

Equivalent flux of through-going charged particles [Hz/cm?]

Fig. 6. Efficiency and time resolution versus equivalent flux of
charged particles for MRPC tested at the GIF.
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At-L/c (ns)

TOF time corrections

-h
°
- N

0.6 -
g 102

10

TIITIITTII1IIIYII]7

P | l 111 i | l L1 1-'r":1 .1."1 ill 1. 1 ilxl [ l P | l L1
10 12 14 _16 18 20 22 24
time-over-threshold (ns)

Ay

Example with cosmics before of the start of LHC

In order to achieve the best
performance we need to
correct the hit time for the
Time-over-Threshold (proxy
for the total charge) since
the rising time,

signal over threshold ) thit’
depends on it. 29



TOF time corrections

threshold

hi

p
At

2

-t

true signal meas, 2

At,
> signal meas., 1

At1 Different corrections needed for
At _ | different charge/ToT
2) For larger ToT signal rises faster

In order to achieve the best
performance we need to
correct the hit time for the
Time-over-Threshold (proxy
for the total charge) since
the rising time,

signal over threshold ) thit’
depends on it.

120 13 kV applied voltage

0 | FEEREEEEEL S AL
0 100 200 300 400 500 600 700 800 30

Charge of input signal (pedestal substracted) [adc bins]




Contribution to the total TOF time resolution

2 _ .2 2 2 2 2
O toF = 9 mrec *'fa oY T ak™ 9ak-em ¥ 9 caL
MEPC In Pb-Pb le ! /
c. Wwith oc 10 ps)
(gE-,IE)Eps) combinational from LH‘S ‘
algorithm to TOF TOF calibration
(5 ps) or crates uncertainties + Time

TO/FTO (15 ps) Walk (30 ps)

31



Contribution to the total TOF time resolution

2 2 2 2 2

=o.2

O roF mrec T T 0t Tkt Tak-Trm T 9 ca
/ / f / * One caveat
RPC Ornre 20
M+ In Pb-Pb . TOF *“TOF-PID
c. Wwith oc 10 ps) Effect of reco
(EE-)laepS) Combina'ﬁonal from LH& ‘ have to be
algorithm to TOF TOF calibration accounted for
(5 ps) or crates uncertainties + Time

TO/FTO (15 ps) Walk (30 ps)

32



ALICE requirement for TOF

Design requirements
e Large coverage (~140 m?)
e High det. efficiency (> 95%)
e Excellent time resolution (80 ps)
e High granularity, ~1600 MRPC
(x96 pads)
—~157k readout channels

TOF geometry
e |[nternal radius ~3.8 m
e |[y|<0.9

e Full azimuthal coverage (but a
hole in front of PHOS detector )

e 18 sectors in ¢ accordingly to
ALICE segmentation in the
central barrel — one
Supermodule per sector Custom crates——0

e 5 Modules per Supermodule




Time Of Flight

Time of flight technique is based on the simultaneous measurement of momentum (tracking) and speed

(TOF detector)

? 1
M=PYyp~ e

m=mass, p=momentum, t=time-of-flight, I=track length
Separation of two mass hypotheses is given by /
22 2~2
mscC ms5C
At:é V1+ 1 -V1+ = ~ (mM? - m2 —Ic2
p 1 2p

As soon as such a difference is larger than (2-3 times the) detector time resolution two species can be

At (ps)

separated

With a 4 m track length to get a 3 sigma x/K separation at
p = 2.5 GeV/c we need 80 ps TOF overall resolution .




Matching tracks at TOF

/

[ TOF SM

ot}

A

Nav

At reconstruction level
charged tracks are defined
based on the information of
tracking detector: ITS, TPC,
(TRD) and then they are
extrapolated and matched to
a TOF signal (if present).

The relevant quantities at
this stage are:

e Spatial residuals
between track and TOF
pad position

e Track length (l) and
expected travel times

35



Matching tracks at TOF The relevant quantities at

this stage are:

e Spatial residuals
/ between track and
TOF pad position
[TOF SM e Track length (l) and

ot

expected travel times
TSRSt
Fired pads P4
TraCk-pad Tradk extffapoldtion
4% residual § %%
In case of multiple matching-pad candidates

a minimization on residuals is applied to
select the better association

=

36



Matching tracks at TOF

/

[ TOF SM

ot

i

Nav

The relevant quantities at
this stage are:

e Spatial residuals
between track and TOF
pad position

e Track length (I) and
expected travel times

Both momentum and track
length are fundamental to
reconstruct the mass — we
need them with high precision!

? 1

37



Matching tracks at TOF

/

I

[ TOF SM

;

—>

B

TPC

A

J

\

The relevant quantities at
this stage are:

e Spatial residuals
between track and TOF
pad position

e Track length (I) and
expected travel times

Actually we do something more
refined. During track propagation we
calculate the travel time for each
mass hypothesis taking into account
also the energy loss along the path
and recomputing momentum at each
step i

= S [T Al
ea:p P; c2

38



Matching tracks at TOF

Therefore, the variable we use to
perform PID with TOF is:

Ar =tror — teg;
or an analogues variable derived
from it (it can be defined for any

particle hypothesis: z,K,p,e, u, light
nuclei).

_ 0
exp tTOF — te:z:p

For instance, if we know the
resolution for Atn —0

. TOF-PID,
we can define:

™ ™
N — ITOFP—tegy  ITOFlegy
L s —

OTOF—-PID

™
OTOoF

For the particle under study it is
expected to have a Gaussian
distribution:

e C(Centered at zero, Mean=0
e Width =1

39



Matching tracks at TOF

Brief recap

If TOF (particle independent) resolution is
given by

2
TOF

o}
o ca

The effective resolution when performing PID
has to include also the uncertainties related
to texp, which are particle and momentum

dependent.

2
TO

2

= o? (o + 0

mree ¥ cLk-TRm ¥

2 - 2 2
(oﬂTOF) = O vor|* (oﬂexp. 'rime:')

For instance, if we know the

resolution for Atn —0

. TOF-PID,
we can define:

™ ™
Ng.. = ITOFP—tegy  ITOFlegy
®  oTOF-PID CFoF

For the particle under study it is
expected to have a Gaussian
distribution:
e C(Centered at zero, Mean=0
e Width =1

40



x10°
80— p > 20 GeV/c

Matching tracks at TOF N e

®
=3

Brief recap j
If TOF (particle independent) resolution is N .

- +—.1.,+
Lo b v v b | %% leie e a0le

given by 0:'363.*‘—‘2{0;” Zio0 0 100" 200 300 %00

tror - foxp - 17 (ps)

2 2 2

:GZ

OZTOF meee Y O 10t %okt Caktrm t Example from 2025_ pp (apass1)
O caL ® 0., ~ 65 ps (including TO)
The effective resolution when performing PID

has to include also the uncertainties related w4

tot,, which are particle and momentum = il

dependent. o

(oﬂTOF)2 = OZTOF * (oﬂexp. ‘rimez;)z b 6";

L L L L
563000 564000 565000 566000
run



Matching tracks at TOF

Brief recap Tror

If TOF (particle independent) resolution is
given by

azTOF = 0Pyt Fro* Tt Caam S 4
o R
Trclg'effective resolution when performing PID
has to include also the uncertainties related Example from 2025 pp (apass1)
to t,,., which are particle and momentum ® Opoe ~ 65 ps (including TO)
dependent. ® 0o times higher at low

. ) momenta and vanishing at
(0% r0r)” = O°ror|* (oﬂexp. fimes) high momenta

® O o times higher for heavier

particle
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Few highlights of TOF perf. and physics

43



TOF performance achieved in Run 2

/U? T T T I T T T | T T T T T | T
-"é' 0.06 — LHC Run2 (2015) ALICE Performance |
S . Pb-Pb, s, =5.02TeV  Time-Of-Flight detector |
2
8 ™ Oeventime = 5 PS TOF calibration |
c_és b P=1.5GeVe || standard
D 0.04- [Jimproved
7}
Gaussian model
—— 6=56ps
0.02 |
0‘

200 0 200 400

TOF -t (ps)

In Run 2 we saw the best TOF
resolution of 56 ps (Gaussian model) in
Pb-Pb collisions when TO contribution is
negligible
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An excellent separation power was reached
for hadrons (but also light nuclei, e.g. d)

allowing a reach physics program with TOF
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Combining multiple-PID info

More advance PID technique were used
to profit from PID infos provide by more
than one detector (e.g. TPC+TOF).

More info in the next lecture
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Precision measurements
RIS nature

OCTOBER 2015 VOL Y1 NO 10
I [

L d +2c TPC dE/dx cut
3L 1.9 GeV/c < p/|z| < 2.0 GeV/c

counts
S
T
counts

10
| P . 1 T ] Bt Y Y B R T
o w y—
b= = 3 ALICE | R N SO
[=} < 102
§ § 0 E He Pb-Pb, {fs,,=2.76 TeV /

10

—
P
==

L L L | E L 1
25 3 3.5 4 4.5 5 1 1.5 2 25 3

(m/z)2__ (GeV?/c?) (m/z2__ (GeV?/c)
Stability of detector was also very good and ROl ay ato
we got a very high control of detector effects ——— ZJiilstesai
— pushing the performance at the limit and T VACANCY CENES

performing high precision measurement. E— 46



-o- ALICE

----- CPT symmetry prediction
L .

% = *He-"He

04 .

\—; ?—d-d

£ TR ST N 1 o 1

Result: mass differences
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Highest precision direct measurements of mass
difference in the sector of nuclei

Improvement by one to two orders of
magnitude compared to previous measurements
obtained more than 40 years ago
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Thanks for your attention!!!



