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Presentation Outline

heavy ion collisions at LHC

field intensity and time structure
- implication of long-lived source via vorticity

experimental approaches
- past attempts and key issues

near-future prospects

- electron and muon reunion at LHC
- muon measurement at LHC/ALICE from 2021

summary and concluding remarks

10 January 2019

28th Heavy Ion Pub at Nara Women’s Univ. / Intense Magnetic Field Search / K. Shigaki

1/30



Pb-Pb at Highest Ever Energy

= Vs, =5.02 TeVin 2015, 2018
- 25 times higher than at RHIC
- design energy at 5.5 TeV

m 2.76 TeVin 2010 and 2011
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m fireball compared to that at RHIC

- energy density x ~3, volume x ~2, life x 1.2-1.3
s ~ 16 GeV/fm?3 (thermalization time ~ 1 fm/c)
s ~300fm3, ~10fm/c

Q1: @ PbPb(0-5 %) ALICE A pp NSD ALICE mg 400: A~ EB%5 ° 2 1JIO T
= e e 3 = ‘ALICEK. Aamodt et al. ) &
\mf * AuAu(0-5%) PHENIX 0 pp NSD UAS o1 o 3ngk O PHE =
S s Dmervem  xBvois - BRL 305, 072002 ( 010) o8-
= F ® ALICE
E: " - 2005 0.6
% s 150 Eiﬁa 3 2 ISR * BRAHMS
R 100F BA& ALICE (K. Aaﬁnodg gtaly), | o o PHENIX | |
2 : ; X = ALICE ¢ PHOBOS
SoF PLB 696, 328 (2011) « STAR
0 tier ettt et IS - v y i 0. L L | L L | ! L
10 10 sy (GeV) ° R NS 23 4 5 6 7 8 9 1 R
¥

s nhet quark (baryon) density ~ O

- anti-proton/proton at mid-rapidity
m p+p 900 GeV: 0.957 = 0.006 (stat) = 0.014 (sys)
m ptp 7 TeV: 0.990 = 0.006 (stat) = 0.014 (sys)
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Playground with Extreme Conditio

s deconfined quark/gluon phase now in hand

s quark behavior in strong QCD field
- energy loss and redistribution

m quarks interaction in strong QCD field
- color Debye screening to melt quarkonia

s chiral symmetry restoration
- hadron mass modification

m Mmore exotics
- physics under ultra-intense maghnetic field
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Ultra-Intense Magnetic Field

s U(1) magnetic field
- naturally expected with moving charged sources (nuclel)
- ~10® T at LHC, ~ 10%“.T at RHIC B T

= cf. magnetar surface ~ O T !

. agnetic Eiel
- could be Iong—llveofvingn er eco{ flui

m possible non-linear )
- above electron crifi
m various interestivg

- chiral magnetic effec
- quark syn rotron radia%ion
- lower QCI\ ritical temperature

behavioars
nefic field em 2 =4x10°T

s under discussion
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Critical Magnetic Field

m critical electric/magnetic field of electron
- energy within Compton radius = own rest mass
- eE.h/m.c=m_?; E,=m_2c3/eh ~ 101" V/m
- eBh/mc=m,.; B,=mjc%/eh~10°T
s Schwinger mechanism in case of electric field
- ete” pair production
- no sense to consider E > E_
s hon-linear QED effects in case of magnetic field
-eg y—vY,Y— ete, birefringence, ...
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Chiral Magnetic Effects

m if strong parity violation and magnetic field

B‘éﬂ ém Bli ;E

o, @)

-
o~

3
s charge separatlon, observed at RHIC and LHC
-~ 0'6><1(i-a3me opp.
A& ® O ALIGEPb-Pb @\ sy =276 TeV *
5 041 4 4 STARAWAU@|s,-02TeV
C\'J@_O.Z | (ALICE) same+opp. mean +*
= Y
Vi
" oegoo o o 9 correlation between particles with different charges
= * o
n -0.2r- *
3 x
~ 041 (©08(9,, + 9, ~ 20 )y Vol2) ¢ ) . .
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06 — CME expectation (Toneever al.)

|
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LPV Domain Size and Observable

m assuming perfect alignment and distribution

m if L domain, [(n,"—n_')/(n, T+ n_1)]?is always 1
m if 2,itis 1 (50%) or O (50%), i.e. average at 1/2
m if 3,itis 1(25%) or 0.11 (75%), i.e. average at 1/3
m # domains <> width of [(n,! — n_!)/n_]? distribution

m large N limit = independent N particle production

m [(n,'—n_Y)/(n,T +n_Y)]?is always O
- note this does mean correlation
m large N limit = independent N particle production
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Field Intensity and Time Evolution

m cascade models: common approach

- spectator contribution dominant but short lived
m 1014 - 10> Tat LHC
m life time < 1 fm/c due to Lorentz contraction
= though still above m_2/e after several fm/c

10° e

)= & Il e—————
bb = 8 fm -eeeemea- .: >_<\10\1\2\ T T p T T T T T T T T I T T T

X3 PR i o T —
AN 2 @400 /Y JAM; Au+Au 200 GeV -
\ 51200 1
91200 [ (A.Tsuji) -
o £1000- b=0fm ]
~ 3 L =1 C B
<3 g / \\ —— b=6fm ]
Q9 el 6001 i \ - b=10fm i
400" \ .
10t b 200 . /\\k -
o | URQMD; Au+Au 200 GeV B U O FUU ST PV FU SO S
= 4 05 1 1.5 5 05 3 02 01 0 01 02 03 04 o'st[fn?l'c?

7(fm)
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Field Sustainability Unknown

m participant contribution in “perfect fluid”?

- “static field” approximation w/ Glauber model

m finite baryon stopping taken into account
m 1013 - 104 T at LHC

Magnetic Field (A.Tsuiji)
Pb+Pb 5.5 TeV baryon stopping p_owc_ar .
Pb+Pb 2.76 TeV from net baryon distribution
1014 T L Au+Au 200 GeV o
13 + " ———c- .
10 TO 2I ¢|1 é é 1‘0 1‘2 1Ll 910 8 6 -4 2 0 2 4 6 8 10
impact parameter b[fm] y

s hydro model with local charge nearly available (!)
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Vorticity (and/or Magnetic Field) r@

s angular momentum transfer to A polarization
- spin - orbit coupling

s maghnetic field also possible A polarization source
- opposite alighment of A and A\

o s

T.Niida for STAR, IS’:I; & .
m detectable via parity violating A\ decay
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N\ Polarization Measurements

m successful example of precision improvement
— zero consistent with upper limit at 0.2% in 2007
- \/SNN dependent polarization found by 2017

STAR, Nature 548.62 (2017)

\ \
S I Au+Au 20-50% |
~— 8 % A this study —
STAR, PRC76, 024915 (2007) IQ’?‘ . ® A this study i
0.1 ¥¢ A PRC76 024915 (2007)
008 6 O A PRC76 024915 (2007) |
o.osi
0.04; 4 — |
0.021 |
< o
0
R . 02; 2 - # % $ |
o0 ) £ 5#3
-0.06] L —
-0.08F ://\\ 622_ 2 23 . [dsyst uncert. |
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m w=(9%+1)x 1021t
— \/SNN averaged R ¥ oo
- assuming T=160 MeV '_:m I ﬂ JX PRC76 024915 (2007)
_ _ é 10 Au+Au 20-50%
| magnetlc fleld" B STAR Preliminary
- implied by A and A difference  ° 4, _ %
- though still zero consistent 0 _dﬂ ________________________ 4&
9;: i H @ this study
10 - O PRC76 024915 (2007)
@, [ syst. uncert.
=. 5L #
T.Niida for STAR, IS'17 O_Im* """ ##Jf """"" HL
10 102

10 January 2019

Isnn (GeV)
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Implications for Magnetic Field Se

sx magnetic field not yet caught
s long-lived medium rotation; very promising source

P, [%]

Nature548.62 (2017)

3 oA oA
PRC76.024915 (2007)

+A & A

STAR prelim. (20-60%)

*A OA

ALICE prelim. (Pb+Pb 15-50%)

+A *A
Of LT 3;---
| VHLLE+UrQMD, A
|  ——primary - - primary+feed-down
| AMPT, A
—— primary - - primary+feed-down HH y
[ 1 Lol | Lol I I T.NlldﬂfOfSTAR,lSl?
10 10° 10°

Vs [GeV]
m higher statistics required (and planned) at LHC
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Direct Probes of Intense Field

s must originate from initial stages
- field life time ~ 0.1 fm/c

m must be electro-magnetic

<€ > electro-maghnetic probes
€ > hadronic probes

= ideal probe: direct y/y* from pQCD processes

m good reference: y/y* from later stages
- e.g. n¥ decay y/y” (Dalitz di-electron)
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m polarization tensor in magnetic field

" . E{EsdNy+ - o pipy + phpt — gzg’“’ o
- modification factor to 7, 5. - i oo o1 OR @)
= ~ -2 Y.Akamatsu, H.Hamagaki, T.Hatsuda, T.Hirano
- seemingly v, 0o(1079) Phys. Rev. C 85, 054903 (2012)
Photon vacuum polarization tensor
1.1
- — B=0
"'__,‘ ) Bfm_*pi"Z'A
5 1.05 — B=107m_pi"2 \ Au+Au 200 GeV (PHENIX)
< 20-40% centrality direct y v,
X 7 — N [ E——
N 025 I PH-<ENIX
S i 02 1 |3
© - 015 4
2 0-95— 01 g_ {E 1 *
" k;=0(k//B) oes : M }{H 1
0.9 (K.Ishikawa and A.Tsuji) 00: - J
100 150 200 250 300 o0z e e s e
k [MeV/c] o

m obvious existence of other contributions to v,
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Reaction Plane

m feasibility study based on QED calculations

- vacuum polarization tensors under magnetic field
= summation for infinite Landau levels ~~ Arsoopyofvimalphorotg e

s photon momentum up to ~ GeV
m ref. K.-l. Ishikawa, K. Shigaki, et al.,
Int. J. Mod. Phys. A28, 1350100 (2013)

— M,.=100 (MeV/c?) ]
— M_,.=200 (MeV/c?) 3
= M,=300 (MeV/c?)

m anisotropy ~ o(1071) Ve e

pr(GeV/c)
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Preliminary Analysis in ALICE Run

m intermediate mass region containing direct y*
- though combinatorial dominant

s low mass region as reference
- Dalitz decay dominant

g0-3_'"'I""I'"'I""I""I'"'I""I""I""I""_ 5 03T T T T T T )
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N - - N . -
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[} N ] Q N ]
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Preliminary Analysis in ALICE Run

m intermediate mass region containing direct y*
- though combinatorial dominant

s low mass region as reference
- Dalitz decay dominant

g0-3_""|""|""|""|""|'"'|""|""|""|""_ S AN LR LA MRS RARAE LR LARES RARAE LR LA
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Proposal 3. Femto-Spectrometer ﬁ

s bending power Bdl ~ 101 Tx101° m
s — bending angle ~ 3x1072/p [rad/(GeV/c)]
m detectable as opening angle offset

- e*/e” bent in opposite way around magnetic field axis
= reaction axis from directional flow (v,) in forward/backward

- 0o(1) degree for o(1) GeV/c particles!

3 SO0F T T T

< 450_

ore. = 2 GeVic
BL=10"T-1fm
—— without magnetic field
—— with magnetic field

150

100

n‘." 400
o F
2 350
° E
S 300F
€ E
= -
Zz 250
200 E_ JJ’\I‘L ere- = 300 MeV/02
E .

50

ob—o» 1 ] L
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Not Even Preliminary

m intermediate mass region containing direct y*
- though combinatorial dominant

s low mass region as reference
- Dalitz decay dominant
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Not Even Preliminary

m intermediate mass region containing direct y*
- though combinatorial dominant

m stronger deflection expected at low p;

m R. Tanizaki, master’s thesis, Hiroshima U., 2015
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Key Issue: Significance, i.e. Statis {@

s marginal at best, in 2012-2016

- 4 M.Sc. theses in 2013-2016
m T.Hoshino, A.Tsuji, R.Tanizaki, Y.Ueda

- 5 B.Sc. theses in 2012-2015
m A.Tsuji, R.Tanizaki, Y.Ueda, A.Nobuhiro, K.Yamakawa
m higher statistics data available/coming in
- 1 B.Sc. thesis in 2018
m T.0sako; continuing, e.g. ATHIC 2018
m ALICE run 3 (2021-2023) even more promising
- x10 (di-) muons
- x100 minimum bias (di-)electrons
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e and gy Reunion at LHC Energy ﬁ

m parallel approaches to same physics up to SPS
- muons at central (CMS) rapidity in fixed target exp.
m e.8. NA38/50/51/60 dimuon spectrometer
s physics emphasis (and people) separated at RHIC

- broad QGP physics with electrons in central barrel
- focused topics, e.g. high mass/p; and spin, with muons
m e.8. PHENIX “forward” arms
x low momentum p ID technically challenging
m reunion at LHC
- low p; muons within prolonged central Bjorken plateau
- parallel and complementary approaches (again)
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Muon Measurement at PHENIX

m muonarms: 1.2<|n| <24
= minimum p; ~1.0-1.5GeV/c

1200 T T T T T T T T T T [T T T [ T T 1T [T 11| LI LI B R
AutAu [0.2 TeV[PHOBOS | ! Au+Au@+s = -

A 0-6% data (Profduct: 1) 300 . ) —
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£ 5 %\ 200 i i

23 6001 . 2

o - o I . |
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100 - I . =
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Muon Measurement at ALICE

= muonarm:2.5<|n| <4.0
m MFT:2.5< |n| <3.6
= minimum p; ~ 0.5 GeV/c

N T T T . . T — 2500 =
ST ALICE, 0-5% 1h-Pb /A — 5.027Tev = Vo = 5.02TeV
é ~
N - [ z 0-5% Pb-Pb
Sao00 Z 2000 [—
B‘EEQ - e —— Data (symmetrised)
1500 f— \ \\ — —
HIJING 1283 Data (syrjmetrised) 1200 = peflected
_— | v LS —-— ala \.V CLrse
oo — 7 — HIING21  —o Reflected 1 Uncorr. syst. unc.
EPOS-1HC [] Uncorr. sypt. unc. | - Corr. syst. unc.
i - KILN Bl Corn systfunc. 4000 Y
l..! — 1 . . ) . , N — Gaussian fit
a ey __— ] _\ 500 (— RS Double-Gaussian fit
E VV\ """ Landau-Carruthers
-
| | | | —— | | | L | | S,
5 a3 2 1 0 1 2 ; 4 3 . 0 5 4 3 2 1 0 1 2 3 4 5 Landau-Wong
y
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New Relation between e and p at

m two interesting regimes of quark-gluon phase
- exploration on QCD phase diagram

Pb-Pb,/sny = 2.76 TeV
1 0-5%
- 5-10%
| mm— 10-20%
1 mm 20-30%
T mmmm 30-40%
1 40-50%

LY Byorkew Plateau
Al —
L

(\ / | AN /\ 50-60%
-3 -4 CEENEN 4~

Py - 4 mm 60-70%

¥, L.HM‘}‘\ ~ ~ ~ ‘:/ {;;W/L‘ _ 70_80%
| 66 W65 | ac — 102 | | s 80-90%
| = s wannnratieyg, =1 —e— FORWARD
3 F "% 1 mE  Uncorr.syst.unc.
N T ‘ — 1 =z Corr‘(s:ysl.unc.s
: r o = “# | —a— TRACKLET
% =—= Uncorr.syst.unc.
| [ 1 ANNNNNNNY C

XXX Corr.syst.unc.
& sy @z | —— PLB 726,610 (2013)
10 e ey - —#— PRL 106,032301 (2010)
5 4 3 2 -1 0 1 2 3 4 5 ——= Corr.systunc.

m hew opportunity only at LHC energy (and above)

- forward enough for (low p;) muon measurement
m e.g8. |y| above ~ 3.4 for p; < 0.25 GeV/c,p > 4 GeV/c

- not too forward for “central” physics
m |y| upto~4atLHC (~ 2 at RHIC)
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o vertex an‘d Invariant mass resolutlons to Improve
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Another Obvious Stage: RHIC BES

s 2019-2021, STAR only
n sy =7.7-19.6 GeV, 3.0-7.7 GeV (fixed target)

RUN17 | 500 GeV p+p

54 GeV Au+Au
RUN18 | 200 GeV Zr+Zr, Ru+Ru STAR detector upgrade
27 GeV Au+Au for BES-II

Fixed-target test run
RUN19 | 14.5-20 GeV Au+Au
RUN20 | 7-11 GeV Au+Au

RUN21 | Fixed-target runs Event Plane Detector (EPD)

Outer Fixld Cage

& Support Tube —__ — |
. 15‘_ 3
iTPC e
upgrade
EPD
TPC inner sector readout Endcap Time-of-Flight I Fixed-target mode I
with more segmentation (eTOF) from FAIR-CBM

m STAR starting to look into deflection
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Summary, Conclusions, and Rem

s wide range of interests; not only LPV/CME(/CVE)

m field time structure: key for physical significance
- longer-lived participant component in “perfect fluid”?

m proposals of experimental detection approaches
- seemingly feasible, statistics permitting

- simulations and real data analysis
m direct photon polarization
s femto-spectrometer

s high prospects in near-future high statistics data
- both muons and electrons in ALICE run 3 (2021-2023)
- RHIC BES-Il (2019-2021) at STAR
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