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TRD installation andrupgrade (9

A Constructionandinstallation offull TRDcompleted RNt .
Fullcentral barrelacceptance .

I improvedp; resolution for global tracks I _‘

i uniform electron and hadrondentification ’
A Readout upgrade 2.125Gbit's - 4 Ghits) S
A Triggerupgrade

-_ ~ ; =
o, TPCTRD matghlng =

efficiency

See talk by J. Klein, Sep 4
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To o I

Counts

Electromagnetic calorimeters
Runl: 67 degrees |

i PHOS: leatlngstate, |h|<0.13, 260< <320 ~ 116 rad

I EMCalleadscintillator,| h|<0.7, 80< <187
DCalcalorimeter installed bacto-back toexistingeMCal

I 0.22<|h| <0.7 260< <320.

i |h|] <0.7,320< < 327.
4" PHOS module + charged particle veto detector installed
Readout upgrade (100kHz readout foreseen in run3)

New trigger system allowing EMCAL, PHOSXalact as a
single trigger detector
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The 19 subsystenof ALICE

Dipole magnet

- EMCAL AN\ 3 L3 magnet

Beam shielding

Muon filter




ALICBDiffractive (AD ) detector

ALICE
. - Scintillator
A Double layers of scintillator counters e
A ADAz=17n,n dcp f ' f <c Do
A ADC:zt mdnblpT dn 48 ' f b
A Increasepseudorapiditycoverage from 8.80 13.2
A Enhancarigger efficiencyat low diffractive masses
A side C side
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TRCandlEHdx performance-ati13eV

ALICE
Gasmixturein TPC changegdom NegCQ (90:10) toAr¢CQ (90:10:

A ensurea more stable response for the high particle flux generated dypin
PbandPb-Pbrunning

A nodegradation of momentunanddEdx resolution
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TOF peiformance:at: IRy

ALICE

ALICE Performance
pp \s =13 TeV
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ALICE
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Chargeebarticle density-atl 13eV

Minimum bias trigger: VO or AD

A V0:-3.7< <-1.7,28< <5.1

A AD:-7.0< <-48,49< <6.3

A About 96.6% of INEL cross section

" [®] ALICE (INEL>0) ------ PYTHIA8 (Monash-2013)
_ [®JALICE (INEL) —— PYTHIA6 (Perugia-2011)
% CMS (INEL)

(dN_/dn)
o

Measuremultiplicity oftrackletsin SPD:
A SPD layet: R=3.9 cm!||<2.0
A SPD laye?: R=7.6 cm!||<1.4

S— ALICE Preliminary
- pp, Vs =13 TeV

-2 -1 0 1 2
n

dN/d' measured fotwo normalisation classes

INEL: Inelastic events

INEL>0eventshaving at least one charged particle in41
ALICEPUBLI€2015005
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Chargeeparticle density ws energ%
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ALICE

Highlights on most recent Runl results
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Theridge

ALICE

@ost pp: 0.0005% MB
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Double ridge in gPb

ALICE

near-side jet away-side jet
correlations correlations

2< p“rig <4 GeV/c p-Pb \Sin = 5.02 Ti

1< pT’assoc <2GeVic

0

A Subtraction of jet correlations reveals
double ridge structure

A Clear indication fomass orderingn p-Pb
A Resemble®bPb
A Collective flow?

60-100%

v,{2PC, sub}

2<p, <4GeVic p-Pb |5, = 5.02 TeV
60-100%
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Phys.Lett. B 719 (2013) 29
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ForwardCentralCorrelattonsin |EPb

Particle fractions vsp-

- ALICE, p-Pb, \ s, = 5.02 TeV, DPMJET+GEANT3

A Trackletsat mid rapidity(|' | <1.0)

tion

A Forward muons(-4< <-2.5) goo coro etoay s ¢
i Compositiorvaries as a function qf; ok T e e ‘3
I Higherp: dominated by heavftavour zz:‘ Othe:r .
A Two beamconfigurations Y
i p-Pb muonsin p-going direction EZ:“’ ¥ 5 '
i Pb-p: muonsin Pb-going direction otb. ® U Y S |

A Event sample split into multiplicity classes defined as a sum of
multiplicitiesin VO rings approximately symmetrrc' :
AVOAHDPYF' FoDd
A VOC_:O CD T<-|2'7 ALICE: arXiv:1506.0803:
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Forwardcentral correlations

ALICE
1 dQNassoc

Y
Nirig dApdAn

0.5 < pi® < 1GeV/c 2360

pP-going
direction

Pbgoing -4
direction >z g

Ridge extends up to
|n =5 and|" |~4 B
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Forwardcentral @mﬁe;laatmns ®

ALICE
1 dzNassoc

Y
Nirig dApdAn

0.5 < pi'e < 1GeV/e

P-going
direction

direction 42l

Ridge extends up to
In =5 and|' |~4
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Forwardcentral @mﬁe;laatmns ®

ALICE
1 dzNassoc

Y
Nirig dApdAn

0.5 < pi'e < 1GeV/e

P-going
direction

Pbgoing - 2s G
direction

Ridge extends up to
In =5 and|' |~4
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Subtracted-correlations

ALICE

(0-20%)(60
Egim ' : Double ridge in
S ! both directions
o

ALICE: arXiv:1506.0803:
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Subtracted correlations

ALICE

ALICE 05< p‘T (GeVic) <1
" p-Pb\s,=95.02TeV  Assoc. tracklets
™ VOS: (0-20%)-(60-100%)

. = Data

a, + Z 2a, cos(nAeg) fit
-1 -0z -3 Double ridge In
| both directions

n=1
n=>2
n=3
Ao (rad)
o ALICE 05<p! (GeVie) <1
g 190 Pb-p\sy=502TeV  Assoc. tracklets
™ g | VOS: (0-20%)-(60-100%)
8 " = Data a, + Z 2a,, cos(nAg) fit
>1.88---n=1 ~-n=2 wn=3 q o
= » 2"d coefficient

dominates

1.84[

ALICE: arXiv:1506.0803:
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V, In p-going andPb-going directions?

ALICE
_Q -
S 0.121- ALICE ,
0 - p-Pb\sy =5.02TeV o Data, p-going
O - VOS: (0-20%)-(60-100%
a 0.1 ( A )
N -
N B
= 0.081
0.06/ 2 )
0.04 ©
0.021- +
0_llll|lllIIIJLIIllIJ[lllI|ll|l|llll]1l|l
0 05 1 15 2 25 3 35 4

_ p_ (GeV/c)
ALICE: arXiv:1506.08032 " T
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V, In p-goingandPb-going directions®

ALICE
-g 0120 ALICE e | Data, Pb-going
@ [ p-Pbsy=502TeV o Data, p-going
O - VOS: (0-20%)-(60-100%
o 0.1 ( H )
N —
SN L
= 0.081
B 4 b =
0.06/— v b
L i
0.04 ¢ E+3
0.021- +
0_llll|lllIIIJLlllllllllllllllIllllllllll
0o 05 1 15 2 25 3 35 4
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V, In p-goingandPb-going direction%

L 120 ALICE "+ ] Data, Pb-going 2,50 ALICE = Data
@ - p-Pb \sy=5.02 TeV o Data, p-going 'S [ p-Pb\sy,=502TeV
O - VOS: (0-20%)-(60-100% @ [ VO0S: (0-20%)-(60-100%
Qo VoS: (0-20%) ) o of V0S: (0-20%) )
S = f
=)= i L
>0.08— ~ 18 |
- ~
L E(:tj E+:I E+:| g 1_6__
0.06/— b . S
I b O 1.4f
0.04( a T
r [qV] L
i + > 1.2
L -1* ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
0_ 11 | | I T | 11 1 1 I 1 1 1 | [ L1 1 | | | I | | j 111 | C | | I 1 [ 1 11 | 1 | j
o 05 1 15 2 25 3 35 4 o 05 1 15 2 25 3 35 4
GeV/e p_ (GeV/c)
ALICE: arXiv:1506.08032 pT ( ) T

V,(Pb-going) > y(p-going)as
gualitatively expected ihydro*

*Bozek Bzdak Ma: arXiv:1503.03655
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V, In p-goingandPb-going i’[&@ﬂﬂﬂ%

ALIGE s Data
- p-Pb \Snn = 5.02 TeV &x AMPT

e ol VOS: (0-20%)-(60-100%) y
g4 |
=" + +

0.12- ALICE | e | Data, Pb-going

T p-Pb \sy,=5.02 TeV o Data, p-going
= VOS: (0-20%)-(60-100%) %y, AMPT, Pb-going
0.1— ' N\ AMPT, p-going

v_(p-going

1.8

//

2

W

1.2

4 0 05 1 15 2 25 3 35 4

ALICE: arXiv:1506.08032 pT ( ) pT (GeVic)
v,(Pb-going) > y(p-going)as Quantitatively different p
gualitatively expected ihydro* dependence in AMPT

*Bozek Bzdak Ma: arXiv:1503.03655

EvgenyKryshen LHCP 2015 19




V, In p-goingandPb-going direction%&

S 0.12 ALICE [ ] Data, Pb-going 2ol ALICE —_—
@ [ pPb\sy,=502TeV o Data, p-going " p-Pb\s,,=5.02TeV N AMPT

O b VO0S:(0-20%)-(60-100%) 777 AMPT, Pb-going o[ VOS: (0-20%)-(60-100%) N\

B Gl | N\ AMPT, p-going n

-, 1.8

.

v,(Pb-going) / v2(p-going

1.2 +
L B
005 T TTs Tz es T3 T Es 4
P, (GeV/c)
v,(Pb-going) > y(p-going)as Quantitatively different p
gualitatively expected ihydro* dependence in AMPT

Possible scenarios pt> 2GeVc (dominated by heavy flavounuons:
A v, (heavy flavour) > 0
A Different composition of the parent distribution and theiy v

*Bozek Bzdak Ma: arXiv:1503.03655 More on ridge inpA: A.Ohlson Sep 1
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LETTER

doi:10.1038/naturel14861

High-precision comparison of the
antiproton-to-proton charge-to-mass ratio

S. Ulmer', C. Smorra™? A. Mooser', K. Franke"?, H. Nagahama®*, G. Schneider™®, T. Higuchi%, S. Van Gorp®, K. Blaum®,

Y. Matsuda®, W. Quint’, J. Walz™® & Y. Yamazaki®

Invariance under the charge, parity, time-reversal (CPT) trans-
formation' is one of the fundamental symmetries of the standard
model of particle physics. This CPT invariance implies that the
fundamental properties of antiparticles and their matter-conjugates
are identical, apart from signs. There is a deep link between CPT
invariance and Lorentz symmetry—that is, the laws of nature seem
to be invariant under the symmetry transformation of spacetime—
although it is model dependent®. A number of high-precision CPT
and Lorentz invariance tests—using a co-magnetometer, a torsion
pendulum and a maser, among others—have been performed®, but
only a few direct high-precision CPT tests that compare the fun-
damental properties of matter and antimatter are available' ® Here
we report high-precision cyclotron frequency comparisons of a sin-
gle antiproton and a negatively charged hydrogen ion (H™) carried
out in a Penning trap system. From 13,000 frequency measurements
we compare the charge-to-mass ratio for the antiproton (q/m),
to that for the proton (q/m), and obtain (q/m),/(q/m),—1=
1(69) x 10~ '2, The measurements were performed at cyclotron fre-
quencies of 29.6 megahertz, so our result shows that the CPT the-
orem holds at the atto-electronvolt scale. Our precision of 69 parts
per trillion exceeds the energy resolution of previous antiproton-to-
proton mass comparisons™ as well as the respective figure of merit
of the standard model extension'® by a factor of four. In addition, we

trapped antiprotons and H™ ions in a Penning trap with magnetic
field By, the TRAP collaboration” achieved a fractional precision of
90 parts per trillion.

In our measurements we also compare the cyclotron frequencies ofa
single antiproton andan H™ ion. H™ is used as a proxy for the proton;
the negative charge facilitates the experiment by eliminating the need
to invert trap voltages. Our advanced Penning trap system enables
adiabatic particle exchange within 15 s, which is much faster than in
previous (g/m)y  comparisons. Qur fast exchange rate allows for
individual particle-to-antiparticle comparison cycles of only four min-
utes. This high-precision mass spectrometry method enabled us to
perform about 6,500 direct frequency ratio comparisons within a total
measuring time of 35 days. Moreover, our measurements have been
carried out in thermal equilibrium with the detection system at
5.2(1.1) K, where systematic frequency shifts are small*".

Our cryogenic Penning-trap system, which consists of a measure-
ment trap and a reservoir trap, is shown in Fig, 1. It is mounted in the
horizontal bore of a superconducting magnet at By = 1.946 T, the axis
of the magnet being oriented at 60° with respect to the Earth’s rotation
axis. Both traps have an inner diameter of 9 mm and are arranged in
the five-electrode orthogonal and compensated design discussed in
ref. 21. Transport electrodes connect the individual traps; they allow
for fast adiabatic particle shuttling along the trap axis. The entire
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High-precision comparison of the
antiproton-to-proton charge-to-mass ratio

S. Ulmer', C. Smorra’?, A. Mooser', K. Franke"?, H. Nagahama®*, G. Schneider™®, T. Higuchi**, S. Van Gorp®, K. Blaum?,

Y. Matsuda®, W. Quint’, J. Walz*>® & Y. Yamazaki®

Invariance under the charge, parity, time-reversal (CPT) trans-
formation' is one of the fundamental symmetries of the standard
model of particle physics. This CPT invariance implies that the
fundamental properties of antiparticles and their matter-conjugates
are identical, apart from signs. There is a deep link between CPT
invariance and Lorentz symmetry—that is, the laws of nature seem
to be invariant under the symmetry transformation of spacetime—
although it is model dependent®. A number of high-precision CPT
and Lorentz invariance tests—using a co-magnetometer, a torsion
pendulum and a maser, among others—have been performed®, but
only a few direct high-precision CPT tests that compare the fun-
damental properties of matter and antimatter are available' ® Here
we report high-precision cyclotron frequency comparisons of a sin-
gle antiproton and a negatively charged hydrogen ion (H™) carried
out in a Penning trap system. From 13,000 frequency measurements
we compare the charge-to-mass ratio for the antiproton (q/m),
to that for the proton (q/m), and obtain (q/m),/(q/m),—1=
1(69) x 10~ '2, The measurements were performed at cyclotron fre-
quencies of 29.6 megahertz, so our result shows that the CPT the-
orem holds at the atto-electronvolt scale. Our precision of 69 parts
per trillion exceeds the energy resolution of previous antiproton-to-
proton mass comparisons™ as well as the respective figure of merit
of the standard modelex‘lension“’b}' a factor of four. In addition, we
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Precision measurement of the mass difference
between light nuclei and anti-nuclei

ALICE Collaboration™

The measurement of the mass differences for systems bound
by the strong force has reached a very high precision with
protons and anti-protons'?. The extension of such measure-
ment from (anti-)baryons to (anti-)nuclei allows one to probe
any difference in the interactions between nucleons and anti-
nucleons encoded in the (anti-)nuclei masses. This force is a
remnant of the underlying strong interaction among quarks and
gluons and can be described by effective theories®, but cannot
yet be directly derived from quantum chromodynamics. Here
we report a measurement of the difference between the ratios
of the mass and charge of deuterons (d) and anti-deuterons (d),
and *He and *He nuclei carried out with the ALICE (A Large
lon Collider Experiment)* detector in Pb-Pb collisions at a
centre-of-mass energy per nucleon pair of 2.76 TeV. Our direct
measurement of the mass-over-charge differences confirms
CPT invariance to an unprecedented precision in the sector
of light nuclei®®. This fundamental symmetrv of nature, which

and specific energy loss (dE /dx) measurements, and the TOF (time
of flight)* detector to measure the time f;; needed by each track
to traverse the detector. The combined ITS and TPC information is
used to determine the track length (L) and the rigidity (p/z, where p
is the momentum and z the electric charge in units of the elementary
charge e) of the charged particles in the solenoidal 0.5T magnetic
field of the ALICE central barrel (pseudo-rapidity |n| < 0.8). On
the basis of these measurements, we can extract the squared mass-
over-charge ratio ,z%n,;zlm/z)emlzz(p/z): [(tros/L)* —1/c*]. The
choice of this variable is motivated by the fact that p?* is directly
proportional to the square of the time of flight, allowing to better
preserve its Gaussian behaviour.

The high precision of the TOF detector, which determines the
arrival time of the particle with a resolution of 80 ps (ref. 20), allows
us to measure a clear signal for (anti-)protons, (anti-)deuterons and
(anti-)*'He nuclei over a wide rigidity range (1 <p/|z| <4GeV/c).
The main source of backeround. which is potentiallv of the same
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Measuring-massidifference

[ 20 TPC dE/dx cut I
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Mass/charge ratialifferencevs rigidity

ALICE
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ALICE, Nature Physics 2015
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