
電磁プローブ
(フォトン＆レプトン対)

⼭⼝頼⼈
理研BNLセンター

Heavy Ion Café & Pub合同研究会@名古屋⼤



フォトン & レプトン対
• 重イオン衝突でできる媒質に対して透過的
• 特にQGPからの熱放射：熱光⼦

ü 温度が⾼いほど⼤きな放出レート
－QGP初期からの⼤きな寄与を期待(低横運動量領域)

ü スペクトルの傾き(~e-E/T)からQGP温度測定
－QGPライフタイムや温度変化を考慮する必要あり

• カイラル対称性回復によるベクターメソンの質量変化
ü 低質量電⼦対のcontinuum成分

T

1
nphard:

/g-E Tethermal:
Decay photons
(p0→g+g, h→g+g, …) 

8 Ralf Rapp

realizes that with a sufficiently small opening angle cut, a substantial low-mass enhance-
ment could be observed. But even with a large opening-angle cut, the peak-reduction of the
in-medium prediction by a factor of 2 as compared to the vacuum spectral function persists.
The situation is very similar at 40 AGeV (not shown).

3.3. Improved Predictions for RHIC
Before RHIC started operation, the common belief was that an enhanced particle pro-
duction entails significantly longer fireball lifetimes than at SPS. Hadronic observables
at RHIC show that dNch/dy at

√
s = 200 AGeV is indeed by a factor of 2 larger than at

SPS (
√
s = 17 AGeV), but, surprisingly, the HBT source radii do not change much [ 24].

Although hydrodynamic simulations are currently not able to explain this feature, it can
be easily incorporated in a suitable fireball parameterization of the expansion. We have
employed such a phenomenologically improved description to assess the effect on dilep-
ton spectra. In addition we have also incorporated antibaryon number conservation until
thermal freezeout as delineated in Sect. 3.1. The resulting low-mass spectra are compared
to the earlier prediction of ref. [ 15] in Fig. 7. As to be expected, the reduced fireball
lifetime decreases the hadron gas yield somewhat [ 15], but, more importantly, the im-
proved hadro-chemistry reinforces baryonic effects in terms of resonance broadening and
low-mass enhancement.
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Fig. 7. Left panel: Hadron Gas emission at RHIC comparing the results of ref. [ 15] with
those using an improved fireball evolution including chemical off-equilibrium and reduced
lifetime; right panel: corresponding thermal spectra compared to hadronic cocktail and
open-charm decays [ 25] as well as Drell-Yan annihilation.

The most severe physics background for dilepton spectra at collider energies are open-
charm decays [ 26]; while those are subleading at SPS energies they may become dominant
at RHIC, at least at intermediate masses, cf. right panel of Fig. 7.

The charm production cross section at RHIC energies is rather uncertain; first indirect
evidence that it complies well with pp-based extrapolations from lower energies is provided
by single-electron spectra measured by PHENIX at

√
s= 130 AGeV: charm decays nicely

account for the excess over observed sources at pet ≥ 1.5 GeV. At the same time, the thermal

R.Rap, nucl-th/0204003



熱光⼦：低横運動量直接光⼦



QM前の理解：DIRECT PHOTON PUZZLEDirect photon v2 puzzle

Feb. 10, 2017 Sarah Campbell 13

Fireball

Semi-QGP 
w.o viscous

PHSD

Yields/Theory

Difficult for theory to reproduce 
large low pT yields and large vn

vn is the weighted 
average of source vn’s

Need a large amount of photon production 
late in the collision after the anisotropic 

pressure gradients have developed 

Each theory curve has 
multiple contributing 
direct photon sources

• 期待通りの⼤きな収量＆予期していなかった⼤きなv2
ü ⼤きな収量 → 温度の⾼いearly stageからの寄与？
ü ⼤きなv2 → フローが発達したlate stageからの寄与？
→新たな光⼦源の導⼊：

Photon emissions at 1) Glasma & 2) meson production
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[1–3], it is reasonable to take

(8)xG
(

x,Q2) = 0.5 ln
(

Q2

Λ2
QCD

)

,

with ΛQCD = 200 MeV, such that xG(x,Q2) ≃ 2
at Q2 = 2 GeV2, and at the reference energy of
130 GeV (at x = 0.02). It agrees with various gluon
structure functions compiled in [23], and with the
gluon distribution in the proton obtained from HERA
data [24], which all increase with Q2.
(vi) The strong coupling constant is

(9)αs

(

Q2) ≃ 1
β0 ln

( Q2

Λ2QCD

)

,

with β0 = (11 − 2nf /3)/4π for Nc = 3; we take
nf = 3.
(vii) Using (7) together with the above choices

for αs and xG(x,Q2), one finds for central Au–Au
collisions at RHIC (at

√
s = 130 GeV), taking for

the moment K = 1: $Q2
s (b⃗ = 0) ≃ 0.63 GeV2, using

ρpart(b⃗ = 0) = 3.06 fm−2, as quoted in Table 2 by [1].
For larger values of b⃗, $Q2

s becomes even smaller, e.g.,
for b = 10 fm, $Q2

s ≃ 0.32 GeV2! This casts some
doubts on the applicability of this model, even for
central collisions at RHIC energies.
As already noticed, the missing factor 12 in KLN and
a larger value used for αs , namely αs(Q

2) = 0.6 at
Q2 = 2 GeV2, allows them to get larger values of Q2

s ,
i.e., Q2

s ! 2 GeV2 for the central collisions.
Taking in the following an optimistic point of view, we
use (7) with a multiplicative K factor of order O(1),
explicitly K ≃ 1.6, such that for b⃗ = 0, $Q2

s (b⃗ = 0) =
1 GeV2. Our use of K is to a large extent cosmetic.
This factor only appears in calculating Q2

s , but does
not change (6) or (18). Such a factor will affect the
average transverse momentum per produced gluon but
not the total number of produced gluons. The differ-
ence between $Qs(b⃗ = 0) = 1 GeV and $Qs(b⃗ = 0) =
0.8 GeV, corresponding to K = 1.6 and K = 1, re-
spectively, has little effect on the equilibration temper-
ature Teq and time τeq quoted later in this Letter.
(viii) Finally, there is an equality assumed between

the number of partons in the final state and the number
of observed hadrons (“parton-hadron duality” [25]).

Let us now turn to the “bottom-up” scenario
[17–19], which in contrast to the KLN [1–3] prescrip-

Fig. 1. Characteristic momentum scales for the “bottom-up” sce-
nario.

tion, does not relate the multiplicities to the initial con-
dition only, but also to the way gluons are thermalized.
In the framework of perturbative QCD the time

evolution of the gluonic system, when described by
a non-linear Boltzmann equation based on 2 ↔ 2
processes, a relatively long time (∼ Q−1

s exp(α−1/2
s ))

is required for the approach to kinetic equilibration
[11,26]. Fast and efficient thermalization occurs when
inelastic processes, namely gluon splittings 2↔ 3 are
taken into account, and kinetic equilibration occurs
much faster at times ∼ α

−13/5
s Q−1

s [17–19]. In this
“bottom-up” scenario the time evolution of the system
proceeds through several regimes (Fig. 1), withQsτ ∼
α

−3/2
s ,α

−5/2
s and α

−13/5
s .

The difference between the “bottom-up” and the
KLN picture is schematically illustrated in this Fig. 1.
Under the KLN assumption the hard gluons (on the
momentum scale Qs ) are conserved in number, i.e.,
nhardτ = const, and they finally hadronize, after pass-
ing through a hydrodynamical stage. The “bottom-up”
scenario is characterized by the fact that hard gluons
are degrading, soft ones are formed and start to dom-
inate the system. As a result the interactions of glu-
ons in this kinetic scenario modify strongly the initial
gluon spectrum. The gluons are redistributed and ther-
malizing, such that a quark gluon plasma is formed.
The number of gluons, together with the entropy [19],

1) PHOTONS FROM GLASMA
• Bottom-up thermalization scenario (丹治さんの発表)

ü 前熱平衡状態＝Glasmaからの放射を含む計算
R.Baier et al., Phys. Lett. B 539, 46 (2002)

i. Hard gluon scatterings
ii. Soft gluon bath
iii. Heat-up by remaining hard gluons

i ii iii



1) PHOTONS FROM GLASMA
• Bottom-up thermalization scenario (丹治さんの発表)

ü 前熱平衡状態＝Glasmaからの放射を含む計算

¾ Bottom-up thermalization scenario: 
Glasma (i), (ii), (iii) + Thermal (               )

¾ Hydro scenario that assumes early-thermalization: 
Early-hydro (                        ) + Thermal (               )   

12/16

Bottom-up scenario vs. Early-hydro scenario

QGP lifetimeQGP lifetime

• QGP@LHC energyはより⻑いLifetime
ü RHIC energyではGlasmaからの放射の割合が増加
ü Peripheral collisionについても同様

Bottom-up
Early-Hydro



1) PHOTONS FROM GLASMA
• Bottom-up thermalization scenario (丹治さんの発表)

ü 前熱平衡状態＝Glasmaからの放射を含む計算

• Glasmaの光⼦⽣成率に強いQs
2依存性

ü Small Qs:  Early-Hydro scenarioとconsistent
ü Large Qs: Glasmaからのより⼤きな寄与

→⼤きなv2を作る機構を別に⽤意する必要あり

Bottom-up scenario vs. Early-hydro scenario

For this value of the saturation scale (                           for the RHIC most central collision),
the two scenarios give the comparable photon yields.

For larger value of the saturation scale…

13/16

Bottom-up scenario vs. Early-hydro scenario

For a larger value of the saturation scale (                        for the RHIC most central collision),
the bottom-up thermalization scenario gives more photons.

14/16



2) PHOTONS AT MESON PRODUCTION
• ReCombination model + photon emission (板倉さんの発表)

ü メソン⽣成時のフォトン → メソンと同じ⼤きさのv2
ü Recombination時のエネルギー保存を保証

ReCo with photon emission

quark

antiquark meson

g quark

antiquark meson

g

Resonance-like 
state (P, M*)

ReCo model Resonance decay

Interpret the previous ReCo model 
as  the production of preformed “resonance-like” states

Assume a two-step process:
photons are produced from the decay of resonance-like states

• パイオン⽣成のみを考慮(QM’17の時点)
ü Temperature@Hadronization: Th=175MeV
ü p0のcentrality dependenceを再現 (pT<4GeV/c)

Numerical result
We use almost the same parameter set as in the previous ReCo.
Consider only the contribution from M*=600MeV and pions

RHIC

Can describe centrality dependence
of pion spectrum reasonably well

vT=0.52

Th=175MeV

gu,d =1, gubar,dbar=0.9

Hadronization temperature

Transverse flow

Fugacity



2) PHOTONS AT MESON PRODUCTION
• ReCombination model + photon emission (板倉さんの発表)Photon’s pt distribution @ RHIC

Overall factor  k = 0.2 determined at central collision

Slope (from 2-5 GeV)
Resonance: 0.328
Meson: 0.340
Gamma :0.320 

Slope (from 2-5 GeV)
Resonance: 0.328
Meson: 0.340
Gamma :0.320 

k = 0.2 

Consistent with 
numerical result 
340/320 ~ 1.06

Rough estimate

Slope of 320MeV is consistent with data for pt from 2 to 4 GeV.
Photon’s effective temperature decreases with increasing M*.

• pT spectra：データを再現
ü Low pTでのGapはより重いメソンの寄与で説明可



2) PHOTONS AT MESON PRODUCTION
• ReCombination model + photon emission (板倉さんの発表)

• pT spectra：データを再現 & v2：データを再現
ü Low pTでのGapはより重いメソンの寄与で説明可
ü ALICEの結果も再現

→時空発展を考慮したより本格的な計算に期待

Photon’s elliptic flow @ RHIC
Assume parton v2 (a source of flow)  GeV3.1     ,

)/(1
1)( 03

0
2 


 p

pp
pv

T
T

q

Photon’s v2 has the same magnitude and same shape as v2 of pions. 
Small momentum difference consistent with scaling (TM/Tg=1.06).

Cf: violation of  NCQ
scaling appears 
in high pt region



NEW DATA FROM EXPERIMENTS
• New data from PHENIX

ü 検出器による外部光⼦変換を利⽤した測定
－Au+Au: 62.4(0-20,20-40,MB), 39(MB)GeV

ü 仮想光⼦による内部光⼦変換を利⽤した測定
－Cu+Cu: 200(0-40,MB)GeV

 [GeV/c]
T

p
0 0.5 1 1.5 2 2.5 3

]
-2

dy
 [(

G
ev

/c
)

T
N

/d
p

2
 d T

 pπ
1/

2

-410

-310

-210

-110

1

10

]eff/T
T

 Exp[-p∝Fit 

 0.037 GeV± 0.028 ± = 0.210 effT

 + X,   |y|<0.35γ →Au+Au 

 = 62.4 GeVNNs0-20%,   
PH ENIX
preliminary

 [GeV/c]
T

p
0 0.5 1 1.5 2 2.5 3

]
-2

dy
 [(

G
ev

/c
)

T
N

/d
p

2
 d T

 pπ
1/

2

-410

-310

-210

-110

1

10

]eff/T
T

 Exp[-p∝Fit 

 0.023 GeV± 0.030 ± = 0.193 effT

 + X,   |y|<0.35γ →Au+Au 

 = 62.4 GeVNNs20-40%,   
PH ENIX
preliminary

62.4GeV
0-20%

62.4GeV
20-40%



NEW DATA FROM EXPERIMENTS
• New data from PHENIX

ü 検出器による外部光⼦変換を利⽤した測定
－Au+Au: 62.4(0-20,20-40,MB), 39(MB)GeV

ü 仮想光⼦による内部光⼦変換を利⽤した測定
－Cu+Cu: 200(0-40,MB)GeV

 [GeV/c]
T

p
0 0.5 1 1.5 2 2.5 3

]
-2

dy
 [(

G
ev

/c
)

T
N

/d
p

2
 d T

 pπ
1/

2

-410

-310

-210

-110

1

10

]eff/T
T

 Exp[-p∝Fit 

 0.044 GeV± 0.024 ± = 0.211 effT

 + X,   |y|<0.35γ →Au+Au 

 = 62.4 GeVNNs0-86%,   
PH ENIX
preliminary

 [GeV/c]
T

p
0 0.5 1 1.5 2 2.5 3

]
-2

dy
 [(

G
ev

/c
)

T
N

/d
p

2
 d T

 pπ
1/

2

-510

-410

-310

-210

-110

1

10

]eff/T
T

 Exp[-p∝Fit 

 0.068 GeV± 0.031 ± = 0.177 effT

 + X,   |y|<0.35γ →Au+Au 

 = 39 GeVNNs0-86%,   
PH ENIX
preliminary

62.4GeV
MB

39GeV
MB



NEW DATA FROM EXPERIMENTS
• New data from PHENIX

ü 検出器による外部光⼦変換を利⽤した測定
－Au+Au: 62.4(0-20,20-40,MB), 39(MB)GeV

ü 仮想光⼦による内部光⼦変換を利⽤した測定
－Cu+Cu: 200(0-40,MB)GeV (広島⼤星野くんの結果)
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dN/dy : NPART DEPENDENCE
• 超過収量に明らかなNpart依存性

ü A x Npart
a Fit: a=1.35

ü 2体のパートン散乱による放射を仮定した(単純な)計算と
無⽭盾：𝑅" ∝ 𝑁%& 2⁄ 𝑉⁄ * 𝑇 ※Npart~2-3Nqp

partN10 210

dN
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y
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TEFF : 𝑺𝑵𝑵
� DEPENDENCE 

• Teff ≠ ⽣成物質の平均温度
ü Radial flowによるBlue-shift → Teff > T0
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b-CORRECTED TEFF : 𝑺𝑵𝑵
� DEPENDENCE

• Radial flow(𝛽)補正：𝑇011 = 𝑇3 1 + 𝛽 1 − 𝛽⁄�

ü 𝛽はp, K, pの測定結果にBlast-wave fitで算出したもの
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●: b補正前
◯: b補正後

• T0~150MeV(~Tc) & 弱い 𝑠88� 依存性
→ Late stageからの寄与が⽀配的？初期温度への感度は？



今後期待される測定 (フォトン)
• A+A data 

ü PHENIX: VTX導⼊後の外部変換光⼦測定。統計も10倍以上
改善される⾒込み。

ü STAR: 内部変換光⼦測定結果(投稿済)
ü ALICE: RUN-3での測定に期待(外部＆内部変換光⼦測定)
ü Low-pT photonが初期温度に敏感でない場合、thermal di-

electron(1<mee<3GeV)測定がより重要 (PHENIX&ALICE)
ü 光⼦偏極測定？(強磁場のピュアな信号)

• Small system (p+p & p+A)
ü PHENIX: d+Au, He3+Auなどのmost-central eventsの解析

が進⾏中
ü ALICE: p+p high-multiplicity events(東⼤村上さん)



レプトン対：低質量電⼦対



QM前の理解：r MASS BROADENING

09/30/2015 Shuai Yang, Quark Matter 2015 17

InIn@17.3 GeV: NA60, AIP Conf. Proc. 1322 (2010) 1

• 低質量電⼦対について系統的な測定に成功
ü 広範囲のシステムサイズ＆衝突エネルギー
－ 17.3-200GeV (SPS&RHIC)

ü r mass broadeningで説明できる
－⽣成媒質のライフタイム依存性



HADES:Au+Au@√sNN=2.4GeV

• Hot baryonic matter
• Mee>150MeVに⼤きな超過収量



HADES:Au+Au@√sNN=2.4GeV

• Hot baryonic matter
• Mee>150MeVに⼤きな超過収量

ü r-baryon interaction + r
mass broadeningで説明で
きる (Coarse-grained 
transport model)



HADES:Au+Au@√sNN=2.4GeV

• Hot baryonic matter
• Mee>150MeVに⼤きな超過収量

ü r-baryon interaction + r
mass broadeningで説明で
きる (Coarse-grained 
transport model)

ü Exponential fit: 
Tslope=71MeV



BULK VISCOSITY EFFECT ON DI-LEPTONS
• Bulk viscosityを計算に⼊れたモデル

ü IP-Glasma + Viscous Hydro + UrQMD [PRL115,132301]
ü ハドロンの実験結果(dN/dy, 𝑝: , vn)を記述
ü Hadronic matter(HM)からのdi-leptonを新たに導⼊

Charged hadron v2 <pT> for p, K, p



BULK VISCOSITY EFFECT ON DI-LEPTONS
• Bulk viscosityを計算に⼊れたモデル

ü IP-Glasma + Viscous Hydro + UrQMD [PRL115,132301]
ü Bulk viscosityを考慮すると、HMでの温度降下が緩やかに



BULK VISCOSITY EFFECT ON DI-LEPTONS
• Bulk viscosityを計算に⼊れたモデル

ü IP-Glasma + Viscous Hydro + UrQMD [PRL115,132301]
ü Bulk viscosityを考慮すると、HMでの温度降下が緩やかに
→ HMからのdi-lepton収量＆v2が増加

QGP

HM

QGP

QGP+HM

v2dN/dy



今後期待される測定 (レプトン対)
• 𝜌 mass broadeningのより系統的な測定

ü STAR BES-II & ALICE RUN-3
－ √sNN, pT依存性

ü Di-muon測定も (ALICE: 広島⼤志垣さん)



まとめ

• 新しいデータ、モデル計算が出てきた。今後も活発な議論が期
待出来る。(特にフォトン)
ü Photons at Glasma & meson production
ü √sNN, Npartに対する系統的な測定
→Thermal di-lepton (IMR)がQGP初期温度決定の決め⼿にな

ると思っている。
• 実験、理論ともに⽇本グループの活躍が⽬⽴っている。

ü 今後もより頻繁に議論する機会を持てると良い。


