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QED and STARLight are scaled to match measured a(yy — e*e™)
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Daniel Brandenburg

o Data are well described by
leading order QED
calculation (yy — ete™) with
quasi-real photons

o STARLight predicts significantly
lower (P, ) than seen in data

o STARLight calculations do not have
centrality-dependent P|
distribution

o Experimentally investigate
Impact parameter dependence :

—Compare UPC to peripheral
collisions (come back to later)
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[Enterria, Silveira (2013)]
[Klusek-Gawenda, Lebiedowicz (2016)]
[3EE&: ATLAS Collaboration (2017)]

. EZHERATOER Sy e e o
= B4 VERz 'BWS0OYIE ORBSE L THRBTSE 5084
IERHVERE: BRMIE. MIZEEDHE. cosQAP)UNDEAE. etc

7] ,r 5 )LB’\? )_TL,}-ij% (3255 A48, ILFF, .. SABIOH LU

[Hirono, Hongo, Hirano (2014)] [Voronyuk, Toneev, Voloshin, Cassing (2014)]

S ~
3EF Ch a rged V1 _ﬂ OW [32E&: STAR Collaboration (2016), FiffEHZ A D EFL UL

s (BT RILF—BFZLETOEZEFRIE (~Schwingeriéig)

[Review: Rafelski, Kirsch, Muller, Reinhardt, Greiner (2014)]
BEFRIC LB EREBRADRIDIESR: Maltsev et al (2019)]
[JZ7x> TOELDOEAR: Wang et al. (2013)]
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Quark-gluon
T plasma

/A hyperon
A
Nuclear fragment /
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Vorticity by global angular momentum

Time dependence Energy dependence
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Vorticity See also: Becattini etal EPJC2015, Csernai etal PRC2013,
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ZicHh EAfFI NS D
QGPIIRERHET S

[Liang, Wang (2005)]
[Voloshin (2004)]

v spin-vorticity coupling E > E — w-s (~LSforce 6E < L -s)
- DEEEA LCE/r) - (=) LEBIND

T

Vilenkin (1980)]
Hehl, Ni (1990)]
Matsuo et al. (2011)]

L B s T s B s T s B ey |

fT — fl Beccatini (2012)]
= P= = 0(%/r) = 0(0.1 — 1%) Beccatini et al, (2013)]
fT + fl Hattori et a/. (2019)] ...

» AEVNOZO R T FOT W &RENA

b Liquid flow c [TRESEN)

=rotv
& ®

[Takahashi et a/(2015)]
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[STAR Collaboration (2018)] [$iHEHIAD b —7 HEE]

1= STAR Au+Au '||5"H =200 GeV
i Inl=1, 0.5=p_<6 GeVic
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FIG. 5. A (A) polarization as a function of the collision cen-
trality in Au-tAu collisions at /&7 — 200 GeV. Open boxes
and vertical lines show systematic and statistical uneertain-
ties. The data points for A are slightly shifted for visibility.

%%ﬁﬁ%%tat w = 0(1020 Hz) = 0(1 ~ 10 MeV)%a_:ﬂéE
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Ny =
%ﬁ L/ L) EE /,H\IJ ==}
[22E&: STAR Collaboration (2008), (2019)]

- Vector meson (e.g., ®, K*) @ spin alignment =& alick collaboration (2020}
A UMKRTFELE/NROUNE (57 et al (ExHICP Collaboration) (2020)]
_ L I ~ = [Becattini, Karpenko (2018)]

HUBKEFRE L DMocalZmB [ openke 07

y Fﬁ k= (/\15@@75&%1&7?&) [32E&: STAR Collaboration (2018)]
- hH1=>)L /IE!h ;‘b%(CVE) (25: &40, K5, .. SABIOHELLY]
o ZEVTRIRTIZE  fent rorkonis rrmon pon sperames oy
[1st order: Hattori, Hongo, Huang, HT, Matsuo (2019)]
C A TIVIEBER S e e e
- AEFE/AE \/G)ﬁj\ﬁ’q’: B 0L Lo L. Fekushima, u (20207
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v QGPODEEIIRIBNETEICIBRTSES
=> A VEER L 7-QGPOREELH RAEIFENEIIENZS S
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v QGPODEEIIRIBNETEICIBRTSES
=> A VEER L 7-QGPOREELH RAEIFENEIIENZS S
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A RIEDIRIR

v QGPODEEIIRIBNETEICIBRTSES
=> AE VR L T-QGPOREBH RIENENE RN ENTEA D

v X EREV S RE S FRFISF
3

BiE

4B X 5 HY
BEICEESL L TUW B (e.g. micropolar fluid) [Eringen (1998)] [Lukaszewicz (1999)]

- RIFOYIBIRRDECICHFINL TULVS eg spintronics: [Takahashi et al. (2015)]
« AEVIIRELLBEV.FREITIDE. 2AEFE-HELEHE+ AL




A RIEDIRIR

v QGPODEEIIRIBNETEICIBRTSES
=> AE VR L T-QGPOREBH RIENENE RN ENTEA D

v BXERNB A RIFIEREEL
FEME X EmAY

BEICEESL L TUW B (e.g. micropolar fluid) [Eringen (1998)] [Lukaszewicz (1999)]
¢ %B%@#%EEIEQQUDEEEL:%EEIJJL’CL% e.g. spintronics: [Takahashi et al. (2015)]
c ABVIIMFREFELEVLREITIDE. £2AEHE=-HEHESH=+ A

FE I 5w EY

EE_AI_L LT \o\tﬁ\o\ [Florkowski, Ryblewski, Kumar, ...]
- “ideal @ REV RFIEHEMN EHEHLAE VR FEFELBEVDTE,
- LIFLIFBICT 3" ;.AZIUJ%@%&{E#%"LL;Z[:D BHEEIFAS>TLAEL

( REV DY A>TV RWE B D RKZ f#E< — Freeze-out T?D(thermal) vorticityz 515
— Cooper-FryeL:spin -vorticity coup.ZF TANT. AEVICKEFELERAIZZHT)
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2 e — RERE-FABERODSZ1FIIX
UEF = saaysan am(EFT)
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FEDE w/o AV DEH

ipas — BEEE—FRBEROF(FIIZ
MANF = ity saMEBEF

 EFT a’gfa:%thl [textbook by Landau & Lifshitz]
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ipas — BEEE—FRBEROF(FIIZ
MANF = ity saMEBEF

 EFT a’gfa:%thl [textbook by Landau & Lifshitz]

ATv7T1:
ATY T2

ATv73:




TIEHE w/o REDEH

B = RERE—R(RIEZEHR)DFALF=ZIORX
”"' %nal’_‘?éﬁ% nHH(EFT)

 EFT a’g@%ﬂj [textbook by Landau & Lifshitz]
27T BEAEBETT 0= 0,
AT 72

ATv73:




TIEHE w/o REDEH

o= — — EI&E:E h(,;uule@fﬁ)d)ﬁ‘ﬁkﬁz
niENF = 509 5B NIEEH(EFT)

 EFT a’gfa:%thl [textbook by Landau & Lifshitz]

ATv 7. ZEFZESTFI 0=0,T"
ATYT2. T Z"RBEH'TESIET (B AHIE)

ATv73:
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niENF = 509 5B NIEEH(EFT)

 EFT a’gfa:%thl [textbook by Landau & Lifshitz]
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ik — RREE—FGRABERO
MANF = ity saMEBEF

HA1FZUR

 EFT gg;;,;gﬂj [textbook by Landau & Lifshitz]
ATv 7. ZEFZESTFI 0=0,T"
ATYT2: T Z"REZER"TESIET (lEETE)
c "RIEZH ZEERT B {B,ul} ~ ProtERT U v (

ATv73:

ub = y(l,v/c))
u?=-1
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— RERE-FRAZER)DHAFZIOX

2 Ry —
MBNF = pomszmm

SR (EFT)

 EFT a’gfa:%thl [textbook by Landau & Lifshitz]

ATv 7. ZEFZESTFI 0=0,T"
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\ . Y
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u? = -1
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ATv73:
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- BE/IREZEWVWT. TV ILESEZBEL

1) XIFNE
(2) Power counting = BJEZRER: ox—Euler, 1x—Navier-Stokes
(3) ftDPENEF = BANFDER: ds = pde, 0<9,5* =09,(su* + 0(3))

ATv73:
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MANF = ity saMEBEF

 EFT a’gfa:%thl [textbook by Landau & Lifshitz]

ATv 7. ZEFZESTFI 0=0,T"
ATYT2. TH Z"REEH"TESZEY (I8 HTEIN)
C SREEREEBT B (B ub) ~ proteerryoen (VY

u? =-1
c TWDRBER T VUV ILIBEE IRTESTT
T("(‘); = eutu” + p(g*’ + utu")

bulk viscosity

1Y = —2x (Dut + ot g~ ) u® — 200 u"> — ¢ (9, uk) A
heat current shear viscosity

R/REZEWVWT. ToVILiEEZB{EL

1) XIFNE
(2) Power counting = BJEZRER: ox—Euler, 1x—Navier-Stokes
(3) ftDPENEF = BANFDER: ds = pde, 0<9,5* =09,(su* + 0(3))
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ipas — BEEE—FRBEROF(FIIZ
MANF = ity saMEBEF

 EFT a’gfa:%thl [textbook by Landau & Lifshitz]

ATv 7. ZEFZESTFI 0=0,T"
ATYT2. TH Z"REEH"TESZEY (I8 HTEIN)
C SREEREEBT B (B ub) ~ proteerryoen (VY

u? =-1
c TWDRBER T VUV ILIBEE IRTESTT
T("(‘); = eutu” + p(g*’ + utu")

bulk viscosity

1Y = —2x (Dut + ot g~ ) u® — 200 u"> — ¢ (9, uk) A
heat current shear viscosity

R/REZEWVWT. ToVILiEEZB{EL
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(2) Power counting = BJEZRER: ox—Euler, 1x—Navier-Stokes
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[Hattori, Hongo, Huang,
HT, Matsuo (2019)]

ATV 7. ZEFAHZESTYT

ATy T2: TH yrab ek EZ R TESE

B9 (18 ATER)

27w 73 EEEN = (R7FH + ERAER




~ BEUCEFT

A NFE w/ AEVDEH o

14 E HbHA]EE

ATV 7. FZEFHZESTYT

0 = d,TH

ichzx 0 = a,MMF =

Y@ - S(PAT)
8,(L@F 1 1/ ) = g, gnab = Taf _ ha

ATy T2 T Lyt P " R EH TESEY (IBHHIER)

27w 73 EEEN = (R7FH + ERAER




A NFE w/ AEVDEH o

B CEFTHGEH D ATEE
2Ty : GENEESTY iRl
0=209,T* icmzx 0=4a,M**F =9,(Lr*F + ) = a,zmF = T — TP

AT Y T2 T Lt B " RAEETH TESIET (BHAIER)
c AR EEERT D (Buf, o'V} ~ PR R VBB ~ —u, 5P
DIEFERT>OvIL (W oY = —w)
c TWEISHABDAERER T VYV IILEEZ IARNTESTTT
c BR/REZBEVT. TUVILIEEEEEL

(1) W#E ) WEEME (3) BHFEDER]: ds = f(de — w,,do™)
0 < d,5* = 9,(su* + 0(d))

27w 73 EEEN = (R7FH + ERAER
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_ B CEFTRIAREH DRI EE

27y FEAEESTY i aC
0=209,T* icmzx 0=4a,M**F =9,(Lr*F + ) = a,zmF = T — TP

ATV T2 TH 3t B " RAEER ' TESIET (1B HIER)
"“TMEER'ZEEIT D {f,ut, o} ~PrrREVBEEM ~ —u, ZHF
DILFERT > vIL (W o’ = —w'H)
c TWEIHABDAEIRER T VYV ILIBEE IANTEST T
- BER/AREZEV T, T VILBEZEEIL

(1) W#E ) WEEME (3) BHFEDER]: ds = f(de — w,,do™)
0 < d,5* = 9,(su* + 0(d))

+ wv _ nt ccos\tY - ccos'Y
¥aR: T = eulu” +p(gh +uktuY) eat curre™ car visC bu\\‘\,\sc

Tt =~ (Du + pol"g 7 )ul) — 2o —c(QuAY | NEwy]
5—2,1( —pult + paltp-1 4 4upwp[#) v] 5
' “boost heat current”

Z’(“‘O‘)xﬁ = uhgh

- JEFBER MY A micropolar fluid D —H&4L (Eringen (1998)] [Lukaszewicz (1999)]
- Chiral kinetic theory THEH AJHE [shi, Gale, Jeon (2020)]
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_ B CEFTRIAREH DRI EE

27y FEAEESTY i aC
0=209,T* icmzx 0=4a,M**F =9,(Lr*F + ) = a,zmF = T — TP

ATV T2 TH 3t B " RAEER ' TESIET (1B HIER)
"“TMEER'ZEEIT D {f,ut, o} ~PrrREVBEEM ~ —u, ZHF
DILFERT > vIL (W o’ = —w'H)
c TWEIHABDEIRER T VYV ILIBEE IANTES T
- BER/AREZEV T, T VILBEZEEIL

(1) W#E ) WEEME (3) BHFEDER]: ds = f(de — w,,do™)
0 < d,5* = 9,(su* + 0(d))

+ wv _ nt ccos\tY - ccos'Y
¥aR: T = eulu” +p(gh +uktuY) eat curre™ car visC bu\\‘\,\sc

Tt =~ (Du + pol"g 7 )ul) — 2o —c(QuAY | NEwy]
5—2,1( —pult + paltp-1 4 4upwp[#) v] 5
' “boost heat current”

Z’(“‘O‘)xﬁ = uhgh

- JEFBER MY A micropolar fluid D —H&4L (Eringen (1998)] [Lukaszewicz (1999)]
- Chiral kinetic theory THEH AJHE [shi, Gale, Jeon (2020)]

27w 73 kG EN = (R7FH + ERAER




iﬁ L— Fﬁ L T&- j ° iEJE (EARICRISE )
[Liang, Wang (2005)]

%ﬁ L/ L \EE//\J
[32E&: STAR Collaboration (2008), (2019)]

- Vector meson (e.g., ®, K*) @ spin alignment  (=s: Alice collaboration (2020)]
- AEMREFEL /N RO YNE  HT etal (ExHICP Collaboration) (2020)]

[Becattini, Karpenko (2018)]

- HTTL% 1&75?1“_1[ & b‘localtﬁ% [Xia, Li, Tang, Wang (2018)]

“ff-ij. % Fl:ﬁ ;Eé" (MBRED I B ERIE) [328&: STAR Collaboration (2018)]

jj ’f 3 } l/il% Fggh‘\j] %(CVE) B25: A8, LF, .. SABREODFLL]

°
[FEABXFER: “micropolar fluid”; Eringen (1998), Lukaszewicz (1999)]
e X t //}IL{ZEjj% lideal: Florkowski, Friman, Jaiswal, Speranza (2018)]
[1st order: Hattori, Hongo, Huang, HT, Matsuo(2019)]
& S SO N EESSHL | - RS
= Ei’rj/d)iﬁ,g‘%nﬂﬁd)n&nﬂﬁﬂ X E }E@J:
— S A 5 S BE
e'g" _/kljll-'1$' $HUJ\%1¥\‘MI M{I— ] h @% XX
— N2 =\ Son, Yamamoto, Stephanov, Yang, Hattori, Hidaka, Huang, Memeda, ...
¢ jj /r 7 } L@@J nfd [(RE>IRIRDEH: Shi, Gale, Jeon (2020)]
o \N&77  [PQIDPHETVAVEEENHZ.
¢ % E@JE/Z t /0) ﬁ B DLE1—r L T: Fukushima, Pu (2020)]
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