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n  electron and muon reunion at LHC 
n  ALICE muon measurement major upgrade 

– Muon Forward Tracker 

n  physics shopping list and approaches via muons 
– mechanism and prerequisites of phase transition 
–  quark behavior in strong QCD field 
–  quarks interaction in strong QCD field 
–  chiral symmetry restoration 
– more exotics 

n  summary and concluding remarks 

Presentation Outline�
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n  parallel approaches to same physics up to SPS 
– muons at central (CMS) rapidity in fixed target exp. 

n  e.g. NA38/50/51/60 dimuon spectrometer 

n  physics emphasis (and people) separated at RHIC 
–  broad QGP physics with electrons in central barrel 
–  focused topics, e.g. high mass/pT and spin, with muons 

n  e.g. PHENIX “forward” arms 
n  low momentum µ ID technically challenging 

n  reunion at LHC 
–  low pT muons within prolonged central Bjorken plateau 
–  parallel and complementary approaches (again) 

e and µ Reunion at LHC Energy�
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n  muon arms: 1.2 < |η| < 2.4 
n  minimum pT ~ 1.0 - 1.5 GeV/c 

Muon Measurement at PHENIX�
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n  muon arm: 2.5 < |η| < 4.0 
n  MFT: 2.5 < |η| < 3.6 
n  minimum pT ~ 0.5 GeV/c 

Muon Measurement at ALICE�
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n  two interesting regimes of quark-gluon phase 
–  exploration on QCD phase diagram 

n  new opportunity only at LHC energy (and above) 
–  forward enough for (low pT) muon measurement 

n  e.g. |y| above ~ 3.4 for pT < 0.25 GeV/c, p > 4 GeV/c 

–  not too forward for “central” physics 
n  |y| up to ~ 4 at LHC (~ 2 at RHIC) 

New Relation between e and µ at LHC 
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n  vertex and invariant mass resolutions to improve�

Muon Forward Tracker (2021–) 
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n  2.45 < �η < 3.6 
n  0.4 m2 of MAPS silicon pixel sensors 

–  25 µm x 25 µm, 0.7% X0 per disk  

n  5 double sided disks at �z = 460–768 mm 

n  PbPb ~50 kHz, pp ~200 kHz 
n  matching between MFT and muon spectrometer�

Muon Forward Tracker Design�

4 1 Introduction

Figure 1.2: Layout of the active area of the MFT detector, showing the positioning of the
silicon pixel sensors and MFT ladders.

luminosities:176

• 8⇥ 1010 nuclear Pb–Pb collisions (10 nb�1,
p
s
NN

= 5.5 TeV);177

• 1⇥ 1011 nuclear p–Pb collisions (50 nb�1,
p
s
NN

= 8.8 TeV);178

• 4⇥ 1011 inelastic proton–proton collisions (6 pb�1,
p
s
NN

= 5.5 TeV);179

A conservative safety factor of ten is further applied to take into account uncertainties on the180

beam background, possible beam losses, ine�ciency in data taking and data quality require-181

ments. The expected radiation levels corresponding to the sum of Pb–Pb, p–Pb and proton–182

proton integrated luminosities are summarised in Tab. 1.3. As will be explained in chapter 2,183

the pixel chip technology adopted by the MFT shows no significant performance degradation184

when exposed to these radiation levels even when operated at room temperature.185

2018/8/17 �
	�� ALICE 	��������
�ALICE Run 3 ��� µ �������������� 7/39�



n  chip (920)/ladder (280)/zone (80)/half plane (20) 
    /half disk (10) + PS unit (2)/half MFT (2)/MFT (1) 

MFT Structure and Elements�
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n  R&D review mostly passed by 2017 
n  all components prototyped; production started�

MFT Progresses�

2018/8/17 �
	�� ALICE 	��������
�ALICE Run 3 ��� µ �������������� 9/39�



n  new architectures in ALICE run 3 
–  e.g. gigabit transfer slow control adapter (GBT-SCA) 

n  hardware control, finite state machine, interlock 

MFT Control System by Hiroshima�
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n  Hiroshima U, Nara WU, Nagasaki IAS 
n  various key contributions 

–  control system responsibility 
–  ladder production and QA at CERN 
–  physics, especially in low mass and exotics 

MFT Japan�
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n  Subatech, IPN Lyon, LP Clermont, Irfu Saclay 
n  leading roles 

–  sensor, ladder, disks, cone, barrel, read-out, LV, physics 

n  existing muon tracking and trigger detectors 
–  construction, operation, maintenance, analysis, upgrade 

n  joint post-doc and PhD students supervision�

Collaboration with MFT France�
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n  deconfined quark/gluon phase now in hand 

n  quark behavior in strong QCD field 
–  energy loss and redistribution  

n  quarks interaction in strong QCD field 
–  color Debye screening to melt quarkonia 

n  chiral symmetry restoration 
–  hadron mass modification 

n  more exotics 
–  physics under ultra-intense magnetic field and vorticity 

Physics Attacked/Attacking/To Attack�
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n  current interest: difference bet. charm and beauty 
n  note: K. Nagashima (Hiroshima) working on electrons in PHENIX 

n  MFT to provide: 
–  charm/beauty meson separation down to pT = 0 GeV/c�

Open Heavy Flavor�
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Addendum to the ALICE Upgrade LoI 57
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Figure 2.30: Ratio of the nuclear modification factors of open charm and beauty. Comparison
between the uncertainties expected with the new ITS in the central rapidity domain using the non-
prompt and prompt D0 measurement (blue area) [1] and the ones expected using the measurement of
single muon coming from open charm and beauty using the MFT and the upgraded Muon Spectrometer
(red points). Error bars represent the statistical uncertainties, while the boxes show the systematics
uncertainties. The central values of the MFT points are chosen according to a theoretical prediction
using the partonic transport model BAMPS (Boltzmann Approach to Multi-Parton Scatterings) [84],
which is also displayed directly as a dashed line.

ALICE, MFT LOI, 
CERN-LHCC-2013-014 
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n  cc/bb → DD/BB → X e Y µ 
n  long awaited golden channel for open heavy flavor 

–  little physics background 

n  PHENIX data in pp, dAu 

n  independent triggers till ALICE run 2 
n  no triggering for PbPb from ALICE run 3�

e - µ Correlation�

PHENIX, PRC 89, 034915 (2014)�
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n  deconfined quark/gluon phase now in hand 

n  quark behavior in strong QCD field 
–  energy loss and redistribution  

n  quarks interaction in strong QCD field 
–  color Debye screening to melt quarkonia 

n  chiral symmetry restoration 
–  hadron mass modification 

n  more exotics 
–  physics under ultra-intense magnetic field and vorticity 

Physics Attacked/Attacking/To Attack�
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n  current interest: sequential melting thermometer 
n  MFT to provide: 

–  J/ψ down to pT = 1 GeV/c 
–  feed down (e.g. B → ψ + X) identification 

Quarkonia�
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6.6 Physics case review and update 71

the combinatorial pairs are produced at finite distances from the primary vertex, in the direction
of the Muon Spectrometer.
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Figure 6.21: Fit on the total t
z

distribution in the J/ mass window 3.0 < m
µµ

< 3.2 GeV/c2,
in three p

T

bins down to zero p
T

(cfr Figure 2.17 of [4]).

Systematic uncertainty sources for the measurement of the fraction of non-prompt J/ 

Two main sources of systematic uncertainty have been identified for the measurement of the
prompt/displaced J/ ratio:

• the 1% uncertainty on the normalisation of the background component;

• the uncertainty on the shape of the t
z

templates.

The contribution to the systematic uncertainty coming from the first of these two sources has
been estimated by repeating several times the fit on the t

z

, each time fixing a di↵erent normal-
isation of the background, spanning the cited 1% uncertainty range. The di↵erence between the
extreme values obtained for the prompt/displaced ratio is taken as the systematic uncertainty
corresponding to this first source.
In order to study in detail the second source of systematic uncertainty, the discrepancy between

the true and the Monte Carlo t
z

templates has been represented in terms of a Gaussian smear-
ing of the t

z

distribution. The nominal t
z

templates have thus been replaced by modified tem-
plates in which the e↵ect of the experimental t

z

resolution was artificially increased/decreased
by up to 5%. In this case, too, the di↵erence between the extreme values obtained for the
prompt/displaced ratio is taken as the systematic uncertainty corresponding to this systematic
source.
In practice, the impact of this second source of systematic uncertainty can be strongly re-

duced by leaving the experimental t
z

resolution to be optimised by the fit routine itself6. This
can be done by expressing each t

z

Monte Carlo template as the convolution of a template de-
scribing to the ideal detector response, and a Gaussian smearing representing the real detector
response (non-Gaussian parameterisations of the detector-induced t

z

smearing can possibly be
considered). By letting the fit optimise the width of this Gaussian smearing, the residual dis-
crepancies between the Monte Carlo and the real t

z

templates can be reduced by a large extent.
For this reason, we refer to this procedure as “� recovering”. The final values considered in the
following have been estimated by applying this “� recovering” procedure.

6 In addition, it should be mentioned that a tuning of the tz resolution in the Monte Carlo may be possible
considering the tz distribution of prompt dimuon sources, like the dimuons of the ⌥ resonances. For the
tz distribution of the background, furthermore, a cross-check between the mixed-event and the side-band
techniques will also be possible.

ALICE, MFT LOI, CERN-LHCC-2013-014 
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n  deconfined quark/gluon phase now in hand 

n  quark behavior in strong QCD field 
–  energy loss and redistribution  

n  quarks interaction in strong QCD field 
–  color Debye screening to melt quarkonia 

n  chiral symmetry restoration 
–  hadron mass modification 

n  more exotics 
–  physics under ultra-intense magnetic field and vorticity 

Physics Attacked/Attacking/To Attack�
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n  “observations” in finite density regime 
–   φ, ω in nuclei via pA (KEK E325) 

n  though apparent contradiction to CB-ELSA/TAPS and CLAS-G7 

–   π in nuclei via (d, 3He) 

n  no evidence in high temperature regime yet 
–  challenging dilepton measurements 

n  e.g. PHENIX with RICH, hadron blind detector, ... 

Chiral Symmetry Restoration�
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n  first results published from runs 1, 2 
–  pp 7 TeV, 13 TeV, central PbPb 2.76 TeV 
–  very challenging S/B ratio in PbPb 

n  see TPC related presentations at this workshop �

Dielectrons at ALICE�

ALICE, 
arXiv:1805.04407 [hep-ex] 
submitted to Phys. Lett. B�

ALICE, 
arXiv:1807.00923 [hep-ex] 
submitted to Phys. Rev. C�
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n  very clean low mass (φ, ω, ρ) µ+µ� measurement 
–  even further improvement with upgrades from run 3�

Low Mass Dimuons at ALICE�
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n  significant improvement 
– mass resolution by ~4 
–  signal/background ratio by ~10 
–  detailed feasibility study in progress 

Low Mass Dimuons with MFT�

ALICE, MFT LOI, 
CERN-LHCC-2013-014 
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n  deconfined quark/gluon phase now in hand 
– mechanism and prerequisites of phase transition 

n  quark behavior in strong QCD field 
–  energy loss and redistribution  

n  quarks interaction in strong QCD field 
–  color Debye screening to melt quarkonia 

n  chiral symmetry restoration 
–  hadron mass modification 

n  more exotics 
–  physics under ultra-intense magnetic field and vorticity 

Physics Attacked/Attacking/To Attack�

2018/8/17 �
	�� ALICE 	��������
�ALICE Run 3 ��� µ �������������� 23/39�



n  original thought: cold nuclear matter, i.e. 
–  not partonic 
–  not dense 
–  not strongly coupled 
–  not hot 

n  indications of strongly coupled partonic matter?? 
–  see T. Hirano’s presentation at this workshop 
–  note: only in high multiplicity events; still valid reference 

Something Unknown in p(d)A�

AuAu at √sNN = 200 GeV dAu at √sNN = 200 GeV 
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n  partonic hydro-dynamical behaviors already seen 
n  mass dependent spectrum hardening 
n  baryon enhancement (“anomaly”) 

n  medium properties, e.g. strange chemical potential 
n  (multi-)strangeness enhancement 

n  parton energy loss probably hard to observe 
–  path length ~ medium size 

n  thermal radiation? 
n  quarkonia suppression? 

n  high luminosity high statistic data essential 
–  < 1% high multiplicity event selection�

Next Steps with High Multiplicity pp, pA�
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n  deconfined quark/gluon phase now in hand 
– mechanism and prerequisites of phase transition 

n  quark behavior in strong QCD field 
–  energy loss and redistribution  

n  quarks interaction in strong QCD field 
–  color Debye screening to melt quarkonia 

n  chiral symmetry restoration 
–  hadron mass modification 

n  more exotics 
–  physics under ultra-intense magnetic field and vorticity 

Physics Attacked/Attacking/To Attack�
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Ultra-Intense Magnetic Field�

Magnetic Field�

n  U(1) magnetic field 
–  naturally expected with moving charged sources (nuclei) 
–  ~ 1015 T at LHC, ~ 1014 T at RHIC 

n  cf. magnetar surface ~ 1011 T 

–  could be long-lived in “perfect fluid” 

n  possible non-linear QED behaviors 
–  above electron critical magnetic field eme

2 = 4×109 T 

n  various interesting physics under discussion 
–  chiral magnetic effects 
–  quark synchrotron radiation 
–  lower QCD critical temperature 
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n  common approach: cascade models 
–  spectator contribution dominant 

n  1014 – 1015 T at LHC 
n  short life time < 1 fm/c due to Lorentz contraction
n  though still above me

2/e after several fm/c 

Field Intensity and Time Evolution�

URQMD; Au+Au 200 GeV�

JAM; Au+Au 200 GeV 
(A.Tsuji)�
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n  long lived participant contribution in perfect fluid? 
–  “static field” approximation w/ Glauber model 

n  finite baryon stopping taken into account 
n  1013 – 1014 T at LHC 

n  hydro model with local charge nearly available�

Field Possibly Longer Lived�

Pb+Pb 5.5 TeV 
Pb+Pb 2.76 TeV 
Au+Au 200 GeV�

1013 T�

1014 T�

baryon stopping power 
from net baryon distribution�

(A.Tsuji)�
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n  angular momentum transfer to Λ polarization 
–  spin - orbit coupling 

n  magnetic field also possible Λ polarization source 
–  opposite alignment of Λ and Λ 

n  detectable via parity violating Λ decay�

Vorticity (and/or Magnetic Field)�

 T.Niida for STAR, IS’17�
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n  successful example of precision improvement  
–  zero consistent with upper limit at 0.2% in 2007 
–  √sNN dependent polarization found by 2017�

Λ Polarization Measurements�

- Results were consistent with zero, giving an upper limit of 0.2%

B. I. ABELEV et al. PHYSICAL REVIEW C 76, 024915 (2007)

-1 -0.5 0 0.5 1-0.1

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

P
Λ

ηΛ

FIG. 4. (Color online) Global polarization of ! hyperons as a
function of ! pseudorapidity η!. Symbol keys are the same as in
Fig. 3. A constant line fit to these data points yields P! = (2.8 ±
9.6) × 10−3 with χ 2/ndf = 6.5/10 for Au+Au collisions at

√
sNN =

200 GeV (centrality region 20–70%), and P! = (1.9 ± 8.0) × 10−3

with χ 2/ndf = 14.3/10 for Au+Au collisions at
√

sNN = 62.4 GeV
(centrality region 0–80%). Only statistical uncertainties are shown.

Figure 4 presents the ! hyperon global polarization as a
function of ! pseudorapidity η!. The symbol keys for the data
points are the same as in Fig. 3. Note that the scale is different
from the one in Fig. 3. The pt -integrated global polarization
result is dominated by the region p!

t < 3 GeV/c, where the
measurements are consistent with zero (see Fig. 3). The solid
lines in Fig. 4 indicate constant fits to the experimental data:
P! = (2.8 ± 9.6) × 10−3 with χ2/ndf = 6.5/10 for Au+Au
collisions at

√
sNN = 200 GeV (centrality region 20–70%) and

P! = (1.9 ± 8.0) × 10−3 with χ2/ndf = 14.3/10 for Au+Au
collisions at

√
sNN = 62.4 GeV (centrality region 0–80%).

The lines associated with each of the two beam energies are
almost indistinguishable from zero within the resolution of
the plot. The results for the ! hyperon global polarization as
a function of η! within the STAR acceptance are consistent
with zero.

Figure 5 presents the ! hyperon global polarization as a
function of centrality given as a fraction of the total inelastic
hadronic cross section. Within the statistical uncertainties we
observe no centrality dependence of the ! global polarization.

The statistics for !̄ hyperons are smaller than those for !
hyperons by 40% (20%) for Au+Au collisions at

√
sNN =

62.4 (200) GeV. Figures 6, 7, and 8 show the results for the
!̄ hyperon global polarization as a function of !̄ transverse
momentum, pseudorapidity, and centrality (the symbol keys
for the data points are the same as in Figs. 3–5). Again, no
deviation from zero has been observed within statistical errors.
The constant line fits for the !̄ hyperon global polarization give
P!̄ = (1.8 ± 10.8) × 10−3 with χ2/ndf = 5.5/10 for Au+Au
collisions at

√
sNN = 200 GeV (centrality region 20–70%)

and P!̄ = (−17.6 ± 11.1) × 10−3 with χ2/ndf = 8.0/10 for
Au+Au collisions at

√
sNN = 62.4 GeV (centrality region

0–80%).
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FIG. 5. (Color online) Global polarization of ! hyperons as a
function of centrality given as a fraction of the total inelastic hadronic
cross section. Symbol keys are the same as in Fig. 3. Only statistical
uncertainties are shown.

C. Acceptance effects and systematic uncertainties

The derivation of Eq. (3) assumes a perfect reconstruction
acceptance for hyperons. For the case of an imperfect detector,
we similarly consider the average of ⟨sin(φ∗

p − %RP)⟩ but
take into account the fact that the integral over the solid
angle d&∗

p = dφ∗
p sin θ∗

pdθ∗
p of the hyperon decay baryon

three-momentum p∗
p in the hyperon rest frame is affected by

detector acceptance:

⟨sin(φ∗
p − %RP)⟩ =

∫
d&∗

p

4π

dφH

2π
A(pH , p∗

p)
∫ 2π

0

d%RP

2π

× sin(φ∗
p − %RP)[1 + αHPH (pH ; %RP)

× sin θ∗
p sin(φ∗

p − %RP)]. (5)

Here pH is the hyperon three-momentum, and A(pH , p∗
p) is a

function to account for detector acceptance. The integral of this

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5-0.4

-0.3

-0.2

-0.1

-0

0.1

0.2

0.3

0.4

P
Λ̄

pΛ̄
t (GeV/c)

FIG. 6. (Color online) Global polarization of !̄ hyperons as a
function of !̄ transverse momentum p!̄

t . Symbol keys are the same
as in Fig. 3. Only statistical uncertainties are shown.
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T. Niida, Initial Stages 2017

⚫ Λ 200 GeV 
Λ 62.4 GeV

00)�����'�%��%���&��2�'&#�(  0�*  &%

Positive signals in √sNN=7.7-62.4 GeV 
indication of thermal vorticity! 

T. Niida, Initial Stages 2017 8
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Figure 4: The average polarization PH (where H=L or L) from 20-50% central Au+Au collisions

is plotted as a function of collision energy. The results of the present study (
p

sNN < 40 GeV)

are shown together with those reported earlier6 for 62.4 and 200 GeV collisions, for which only

statistical errors are plotted. Boxes indicate systematic uncertainties.

(⇠ 3.5%).

The fluid vorticity may be estimated from the data using the hydrodynamic relation22

w = k

B

T

�
P L0 +P L0

�
/~, (3)

where T is the temperature of the fluid at the moment when particles are emitted from it. The

subscripts (L0 and L0) in equation 3 indicate that these polarizations are for “primary” hyperons

emitted directly from the fluid. However, most of the L and L hyperons at these collision ener-

9

STAR, Nature 548.62 (2017)

syst. uncert.

!T = (
1

2
r⇥ v/T )
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n  ω = (9 ± 1) × 1021 s-1 

–  √sNN averaged 
–  assuming T = 160 MeV 

n  magnetic field? 
–  implied by Λ and Λ difference 
–  though still zero consistent�

Non-Zero (and Large) Vorticity Found�

 T.Niida for STAR, IS’17�
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n  magnetic field not yet caught 
n  long-lived medium rotation; very promising source 

n  higher statistics required (and planned) at LHC�

Implications for Magnetic Field Search�

�&�*&�* ����

��%�(�..

ALICE preliminary results 
are consistent with zero, 
but it seems to follow the 
global trend 
Need more events!

T. Niida, Initial Stages 2017 17

vHLLE+UrQMD: Karpenko and Becattini, EPJC(2017)77:213 
AMPT: H. Li et al., arXiv:1704.01507 
ALICE prelim: M. Konyushikhin, QCD Chirality Workshop 2017
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n  must originate from initial stages 
–  field life time ~ 0.1 fm/c 

n  must be electro-magnetic 

n  ideal probe: direct γ/γ* from pQCD processes 
n  good reference: γ/γ* from later stages 

–  e.g. π0 decay γ/γ* (Dalitz di-electron)�

Experimental Probes of Intense Field�

B > Bc�

electro-magnetic probes�
hadronic probes�

0 fm/c� ~ 10 fm/c�~ 4 fm/c�
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n  anisotropic decay w.r.t. magnetic field 

n  feasibility study based on QED calculations 
–  vacuum polarization tensors under magnetic field 

n  summation for infinite Landau levels 
n  photon momentum up to ~ GeV 
n  ref. K.-I. Ishikawa, K. Shigaki, et al., 
    Int. J. Mod. Phys. A28, 1350100 (2013)  

n  anisotropy ~ o(10�1) 

Direct Photon Polarization�

?
γ*�

l+�

l��γ*�
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n  bending power Bdl ~ 1014 T×10�15 m 
n  → bending angle ~ 3×10�2/p [rad/(GeV/c)] 
n  detectable as opening angle offset 

–  e+/e� bent in opposite way around magnetic field axis 
n  reaction axis from directional flow (v1) in forward/backward 

–  o(1) degree for o(1) GeV/c particles! 

Femto-Spectrometer�
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n  marginal at best, in 2012�2016 
–  4 M.Sc. theses in 2013–2016 

n  T.Hoshino, A.Tsuji, R.Tanizaki, Y.Ueda 

–  5 B.Sc. theses in 2012–2015 
n  A.Tsuji, R.Tanizaki, Y.Ueda, A.Nobuhiro, K.Yamakawa 

n  higher statistics data available/coming in 
–  1 B.Sc. thesis in 2018 

n  T.Osako 

n  ALICE run 3 very promising with ×100 stat. 

Key Issue: Significance, i.e. Statistics�
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n  wide range of interests; not only LPV/CME(/CVE) 
n  field time structure: key for physical significance 

–  longer-lived participant component in “perfect fluid”? 
–  hydro-dynamical model with local charge flow wanted 

n  proposals of experimental detection approaches 
–  seemingly feasible; simulations and real data analysis 

n  direct photon polarization 
n  femto-spectrometer 

n  semi-long term visitor, Q. Y. Shou (SIAP, China) 
n  high prospects in near-future high statistics data 

–  both muons and electrons in ALICE run 3 (2021–) 

Remarks on Intense Field Search�

2018/8/17 �
	�� ALICE 	��������
�ALICE Run 3 ��� µ �������������� 38/39�



n  muon no longer “forward” probe at LHC 
–  electron and muon reunion since fixed target era 

n  parallel and complementary probes 

n  MFT opening new and wide physics windows 
–  open heavy flavor, quarkonia, low mass, and continuum 
–  covering most (if not all) of whole shopping list 

n  even exotics, e.g. intense magnetic field search 

n  time to invest more human resources 
–  balance between hardware and physics 
–  synergistically collaborating with MFT France 
–  effective use of our new grant (JFY’18 - 22) 

Summary and Concluding Remarks�
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