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1.2.2 ࣓৔ͷিಥத৺౓ґଘੑͱ࣌ؒґଘੑ

িಥͷ਺஋γϛϡϨʔγϣϯ֩ࢠݪ [44]ʹΑΓɼ࣓৔ͷিಥத৺౓ґଘੑͱ࣌ؒґଘੑΛࢉܭ

ͨ͠΋ͷΛਤ (1.5)ʹࣔ͢ɽԣ࣠͸࣌ؒͰ t = 0 fm/c͕িಥͨ࣌ؒ͠Ͱ͋Δɽ৭ͷҧ͍͸ɼিಥܘ

਺ b(෇࿥ Aࢀর)ͷҧ͍Λ͓ࣔͯ͠Γɼͦͷ஋͕খ͘͞ͳΔ΄Ͳத৺িಥʹͳΔɽ࣓৔ͷ͕͞ڧ

਺͸ܘ΋େ͖͘ͳΔিಥ࠷ b ≥ 10Ͱ͋Γɼத৺িಥ౓ʹ௚͢ͱ 40%Ҏ্ͷඇத৺িಥͰ࠷େʹͳ

Δ [9]ɽ͜ͷ࣓৔ͷੵݟ΋Γ͸ɼparticipants(൓Ԡؔ༩෦)ͱ spectators(๣؍෦)(෇࿥̖ࢀর)ͷ྆

ʹΔ࣓৔ͷ଍͠߹ΘͤͰ͋Δ͕ɼओ࡞͕ํ spectatorsʹΑΔد༩͕େ͖͍ɽspectators͸ɼ΄΅ޫ

଎Ͱ͢Εҧ͏ͷͰɼিಥ௚ޙʹ͸ඇৗʹ࣓͍ڧ৔Λ࡞Δ͜ͱ͕Ͱ͖Δɽ·ͨɼඇத৺িಥʹͳΔ͸

Ͳɼspectatorsͷ਺͕૿͑ΔͷͰɼͦͷ෼࣓৔΋͘ڧͳΔɽ࣌ؒґଘੑΛݟΔͱɼ1 fm/c΋ͨܦ

ͳ͍͏ͪʹ࣓৔ͷ͕͞ڧਰୀ͢Δ͕ɼϩάεέʔϧͷਤ (1.8)ͰΈΔͱɼ3ʙ4 fm/c·Ͱ͸ྟք࣓

৔ఔ౓ͷ࣓৔Λอ͍ͬͯΔɽߴΤωϧΪʔ֩ࢠݪিಥͷۭ࣌ൃలͱ࣓৔ͷण໋ʹ͍ͭͯͷٞ࿦͸ɼ

1.2.3Ͱ͏ߦɽ
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Time dependence

ਤ 1.5: িಥͷ਺஋γϛϡϨʔγϣϯ֩ࢠݪ [44]ʹΑΔ࣓৔ͷத৺িಥ౓ґଘੑͱ࣌ؒґଘੑɽ

ਤ (1.6)ʹɼάϥ΢όʔ໛ܕʹΑΔ࣓৔ͷিಥத৺౓ґଘੑͱিಥΤωϧΪʔґଘੑΛࣔ͢ɽԣ

࣠͸িಥܘ਺Ͱɼۚ+ۚিಥͱԖ+ԖিಥͷΤωϧΪʔʹ͓͍ͯࢉܭΛͨͬߦɽ͜ͷ݁Ռ͸ɼিಥ

௚ޙ (t = 0 fm/c)ʹ participants͚͕ͩ࡞Δ࣓৔Λͨ͠ࢉܭ΋ͷͰ͋Δɽparticipants͕࡞Δ࣓৔

͸ɼstopping pawer(෇࿥̖ࢀর)ʹΑͬͯ͢Γൈ͚ͣʹͨͬ࢒ཅ͕֯ࢠӡಈྔΛ΋ͭ͜ͱͰੜ੒͞

ΕΔͱ͑ߟΒΕ͍ͯΔɽத৺িಥͰ͸ɼ֯ӡಈྔΛ࣋ͨͣθϩͱͳΔ͕ɼඇத৺িಥʹͳΔʹͭ

Εͯ spectatorsʹҾ͖ͣΒΕ֯ӡಈྔΛ࣋ͭΑ͏ʹͳΔͨΊ࣓৔͸͘ڧͳ͍ͬͯ͘ͱ͑ߟΒΕΔɽ

͜ͷ݁ࢉܭՌͰ͸ɼ࣓৔ͷ࠷͕͞ڧେʹͳΔͷ͸িಥܘ਺͕ b = 8ʙ9 fmͷ࣌Ͱ͋Γɼத৺িಥ౓

ʹ௚͢ͱ 30 − 40%ͱͳΔɽ·ͨɼিಥͰͰ͖ͨߴԹີߴ౓ͷ෺࣭ (fireball)͕๲ுͯ͠ྫྷ͑ͯ͠

·͏·Ͱ͸ͦͷ֯ӡಈྔ͸อͨΕΔ͸ͣͳͷͰɼparticipants͕࡞Δ࣓৔͸ spectartors͕࡞Δ࣓

৔ΑΓ΋௕ण໋Ͱ͋ΔՄೳੑ͕͋Δɽspectartors͕࡞Δ࣓৔ͷ࣌ؒൃలͷࢉܭΛ͏ߦʹີݫʹ͸

ྲྀମྗֶΛྀͨ͠ߟγϛϡϨʔγϣϯΛ͏ߦඞཁ͕͋Δɽ
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Pb-Pb !!! = 2.76 TeV
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• Maximum intensity
~10!" T @LHC in Pb-Pb at centrality 40 - 60%
- Non-linear QED effect

ex. vacuum birefringence, photon splitting
- Chiral magnetic effect

• Lifetime ~ 0.1 fm/c
- Possibly longer lifetime of 𝐵! by QGP rotation
- Vorticity Observed by STAR

B

spectator

participant

zx

y

𝑩 = 𝑩𝐬 +𝑩𝐩
- Virtual photon polarization measurement
- Estimation of polarization significance

ü Numerical QED calculation of polarization
ü Yield estimation of  signals (γ∗ → 𝜇#𝜇$) and 

combinatorial background
- The ultra-intense magnetic field is possibly 

detectable at Run 3

Fig. 1 Illustration of generated ultra-intense magnetic field

Fig. 2 centrality and time dependence[1]

Ultra-intense magnetic field in heavy-ion collisions
𝑩𝐬：magnetic field generated by spectator
𝑩𝐩：magnetic field generated by participant

[1] A.Tsuji master thesis Hiroshima Univ. (2014)

centrality 40 - 60%

Outline
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How to detect ultra-intense magnetic field

𝑁% ： perpendicular to B
𝑁∥ ： parallel to B

Polarization≡[ 𝑁& ≠ 𝑁∥ ]
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Polarization measurement with dimuon

Fig. 5 ALICE detectorFig. 3 Illustration of virtual photon polarization

[2] Jajati K. Nayak. DAE Symp. Nucl. Phys., 58:730‒731, 2013.
[3] M. Wilde, ALICE collaboration, Nucl. Phys. A 904‒905 (2013) 573c‒576c 

Virtual photon polarization
thermal photon photon from initial stage- Effect due to ultra-intense magnetic field

- Anisotropic decay plane of γ∗ → 𝜇"𝜇#

muon detector

Fig. 4 Contribution from different source in Direct 
photon[2] and data from Pb-Pb at 𝑠!!=2.76 TeV [3]

- Direct ⁄γ γ∗ from 
initial stage at high 𝑝$

- rejection of heavy 
quark decay muons
Ø Muon Forward 

Tracker (MFT)

B
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photon propagatorPhoton source Lepton tensor
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- Larger 𝑃%&' in higher 𝑝((
- 𝑃#$% = 0.12 ± 0.03 at 𝑝$ ≅ 3.5 GeV/𝑐
- Expected larger 𝑃%&' for 𝑝$ > 4 GeV/𝑐

Fig. 6 Extrapolation at 𝑝// = 35 GeV/𝑐
with 𝑛012() Fig. 7 Calculated polarization at 𝑀// = 300 MeV/𝑐

Numerical calculation of virtual photon polarization

𝑅K#K$ =
L%

MN& { −𝑔
LO𝑞M + 𝑞L𝑞O C}𝐷KL(𝑞, 𝑒𝐵)𝐷PO

∗ (𝑞, 𝑒𝐵) 𝐿()(𝑝*, 𝑝+)

- Dimuon production rate
Polarization

perpendicular to B
parallel to B𝑅∥:

𝑅4:𝑃<=> ≡
?"@?∥
?"A?∥

[4]K.-I.Ishikawa et al., Int. J. Mod. Phys. A 28, 1350100 (2013)

from 
factor

Calculation resultsCalculation formulae
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- Vacuum polarization tensor in propagator [4]
- Full landau level sum

- Extrapolation to infinity
n,l: landau level

Ø Replaced to 𝑛RST$U and 𝑛RST$ ⁄U M

𝑛012 : upper limit of landau level n

Ø Fit with 1st - 4th polynomial

- Systematic error
Ø Extrapolation variability

𝑛RST$U



Yield estimation of signal and background 𝜇!𝜇"
𝑁𝐒 𝑁𝑩

Run 2
(2015-2018)

All dimuons ~10. ~10*/

𝑝5 > 4 GeV/𝑐 ~100 ~101

Run 3
(2022-2025)

All dimuons ~101 ~10**

𝑝5 > 4 GeV/𝑐 ~10. ~102

Minimum Bias Events

Run 2   ~10)

Run 3 ~10*+

- NY∗→KK in pp 10[ events with PYTHIA (tune: monash 2013) [5]
- η acceptance: -4.0 < η < -2.5
- Photon from parton scattering decay dimuons
- Scaling to stat. at Run 2 or 3 in Pb-Pb with centrality 40-60%

Scaling factor = 𝑁\]^^×
Run 2 or 3 stat.

PYTHIA minimum bias events
×
20[%]
100[%]

Assumption: no detector effect, purity and tracking efficiency 100%

𝑁𝐬/events 𝑁𝑩/events

All dimuons ~10#0 ~10
𝑝5 > 4 GeV/𝑐 ~10#. ~10#3

Number of signals 𝑁C

2022/4/6 Quark Matter 2022/ K.Kimura 4Fig. 8 Range of hadrons decaying as background 

IP

[5]T. Sjöstrand et al, Comput. Phys.Commun. 191 (2015) 159

Number of combinatorial background 𝑁D
- Selected centrality 40 -60 % in Pb-Pb 10_ events 

with PYTHIA Angantyr [5]
- η acceptance: -4.0 < η < -2.5
- Selected decay muons (orange range in Fig.8)
- Scaling to stat. at Run 2 or 3 in Pb-Pb with centrality 40-60%

Scaling factor =
Run 2 or 3 stat.

PYTHIA minimum bias events



Estimation of polarization significance
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𝑃45&6 =
𝑁7 − 𝑁∥
𝑁7 + 𝑁∥

𝑁4 =
1
2
𝑁6 +

1 + 𝑃718
2

𝑁9

𝑁∥ =
1
2𝑁6 +

1 − 𝑃718
2 𝑁9

- Improving about 4.3σwith Run 3 stat. and dimuons for 𝑝$ > 4 GeV/c
Ø Pb-Pb with centrality 40 ‒ 60%

Assumption: no detector effect, purity and tracking efficiency 100%
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Fig. 9 Estimated polarization significance at Runs 2 and 3

Estimated polarization significance

Prospects

- Optimization of dimuon 𝑝& cut
- Decay dimuons rejection 

by MFT
- Analysis data at Run 3 (2022-)

Conclusion

Possible detection of 
ultra-intense magnetic field 
at Run 3

no detector effect no detector effect
-4.0 < η < -2.5 -4.0 < η < -2.5

fixed 𝑃-./ = 0.12


