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Outline

■ Direct-photon v2 at the LHC 

■ Statistical Methods (correlated uncertainties, Bayesian approach) 

■ Towards quantifying the statistical significance of the direct-photon puzzle 

■ Reducing systematic uncertainties 

■ Thoughts on the puzzle
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Why Heavy-Ion Collisions?

■ Particle physics: reductionism 

■ Heavy-ion physics: 
Emergent properties of QCD

�3

viscosity?

temperature?

sound velocity?

source: urqmd.org

Quark-Gluon Plasma

„More is different“
Philip W. Anderson,  
Science, 177, 1972, p. 393

equation of state?

phase transition?

More precisely:  
"Material properties" of the QGP?
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An Iconic Figure from Another Field

�4

Recipe: Good data + well understood theory

CMB black-body spectrum (COBE)

Mather et al., 1994
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 = 2.76 TeV
NN

s0-20% Pb-Pb 

direct photons (ALICE)

scaled pp with nPDF
direct photon NLO pQCD

 41 MeV± 12 ±T = 297

/T)
T

 exp(p∝exponential fit: 

A Candidate for an Iconic Figure from Heavy Ions: 
Planck-like Photon Spectrum
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ALICE, arXiv:1509.07324

�direct := �incl � �decay

Current proxy (here 
from the LHC) looks 
already OK, but 
statistical significance 
needs to be improved
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Direct-Photon vn: An additional Handle to Check Our 
Understanding of Photon Production 

■ Photons produced over the 
entire duration of the 
collision 
‣ Test understanding of the 

space-time evolution and 
production mechanisms 

‣ Access to initial TQGP 
‣ Expect more photons per 

pion at low pT than in pp 
■ But: Slope Teff > TQGP due 

to blue shift

�6

τ = 1.2 fm/c τ = 4.1 fm/c

τ = 7.0 fm/c τ = 10.1 fm/c

QGP photon rate rγ:

Total emission rate:
r� / T 4

E�
dr�
d3p

/ ↵↵sT
2e�E�/T log

E�T

k2
c



Direct-photon v2 at the LHC
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The Master Formula

�8

R� =
�incl
�decay

= 1 +
�dir
�decay

photon excess:

v2 of all photons  
("inclusive photons") calculated v2 of  

decay photons
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Rγ at the LHC (Pb-Pb at √sNN = 2.76 TeV)
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+ PHOS calorimeter measurement

■ Low-pT excess in Pb-Pb 
■ No low-pT excess in pp 
■ But: Low significance of 
Rγ makes extraction v2,dir 
challenging 

ALICE, arXiv:1509.07324

R� =
�incl
�decay
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Inclusive Photon v2: Scalar Product Method

�10

K. Reygers, K. Schweda | QGP physics SS2013 | 11. Thermal photon and Dileptons 27 

Comparison of Inclusive Photon v2 and Decay Photon v2 in 
Central Pb+Pb Collisions at 2.76 TeV (ALICE)

 Event plane from particle anisotropy 
in VZERO detectors

2.8 < η < 5.1 -3.7 < η < -1.7

 Inclusive photon v2 compared with 
decay photon v2 calculated based on 
measured pion v2

 v2(inc) ≈ v2(decay) for pT < 2 GeV/c:

 Thus, if we there are direct photons 
their v2 must be similar to the decay 
photon v2

Reference particles in VZERO-A and VZERO-C:

For each photon:

Advantage over event plane method: result not sensitive to event plane resolution
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v2,inc and v2,dec Systematic Uncertainties

�11
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Agreement between v2,inc from PCM and PHOS

�12

Statistical uncertainty starts to be dominant for  pT > 2 GeV/c

ALICE arXiv:1805.04403
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Inclusive Photons: v2,inc ≈ v2,dec

■ Either Rγ small or v2,dir ≈ v2,inc ≈ v2,dec 
■ Model comparison: important two compare inclusive and direct photon v2

�13

ALICE arXiv:1805.04403
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Decay Photon Cocktail: π0, η, ω relevant

�14
ALICE, 1509.07324
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Calculated Decay Photon v2

■ Input: Measured π±, K±,0 v2 
■ Scaling of v2 in transverse kinetic energy mT – m for η and ω

�15

ALICE arXiv:1805.04403
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Large Direct Photon v2 (but take error bars seriously)

■ v2,dir larger than models predictions (in qualitative agreement with PHENIX) 
■ But: null hypothesis v2,dir = 0 not inconsistent with the data

�16

error bars = statistical uncertainties, boxes = total uncertaintiesALICE arXiv:1805.04403
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v2,dir(LHC) ≈ v2,dir(RHIC)

�17

ALICE arXiv:1805.04403



Statistical Methods
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Correlated Systematic Uncertainties

�19

�i ,stat, �i ,A, �i ,B , �C ,rel ,
Uncertainties categorized as A - point-by-point uncorrelated 

B - correlated, size of relative error 
      varies point-by-point 
C - constant fractional error

�2 =
nX

i=1

(ỹi � µi )2

�̃2
i

+ "2B + "2C

�̃2
i =

�2
i ,stat + �2

i ,A

y2
i

· ỹ2
i

ỹi = yi + "B�B,i + "C�C ,relyi

"PHENIX system":

Quite useful, but often more flexibility needed
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Correlated Uncertainties: Covariance Matrix

�20

14 9 Results
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Figure 4: Higgs boson production cross section as a function of p
H
T , after applying the unfold-

ing procedure. Data points are shown, together with statistical and systematic uncertainties.
The vertical bars on the data points correspond to the sum in quadrature of the statistical and
systematic uncertainties. The model dependence uncertainty is also shown. The pink (and
back-slashed filling) and green (and slashed filling) lines and areas represent the SM theo-
retical estimates in which the acceptance of the dominant ggH contribution is modelled by
HRES and POWHEG V2, respectively. The subdominant component of the signal is denoted as
XH=VBF+VH and it is shown with the cross filled area separately. The bottom panel shows the
ratio of data and POWHEG V2 theoretical estimate to the HRES theoretical prediction.

To measure the inclusive cross section in the fiducial phase space, the differential measured
spectrum is integrated over p

H
T . In order to compute the contributions of the bin uncertain-

ties of the differential spectrum to the inclusive uncertainty, error propagation is performed
taking into account the covariance matrix of the six signal strengths. For the extrapolation of
this result to the fiducial phase space, the unfolding procedure is not needed, and the inclu-
sive measurement has only to be corrected for the fiducial phase space selection efficiency efid.
Dividing the measured number of events by the integrated luminosity and correcting for the
overall selection efficiency, which is estimated in simulation to be efid = 36.2%, the inclusive
fiducial sB, sfid, is computed to be:

sfid = 39 ± 8 (stat) ± 9 (syst) fb, (4)

in agreement within the uncertainties with the theoretical estimate of 48 ± 8 fb, computed inte-
grating the spectrum obtained with the POWHEG V2 program for the ggH process and includ-
ing the XH contribution.
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Figure 5: Correlation matrix among the p
H
T bins of the differential spectrum.

10 Summary
The cross section for Higgs boson production in pp collisions has been studied using the
H ! W+W� decay mode, followed by leptonic decays of the W bosons to an oppositely charged
electron-muon pair in the final state. Measurements have been performed using data from pp
collisions at a centre-of-mass energy of 8 TeV collected by the CMS experiment at the LHC and
corresponding to an integrated luminosity of 19.4 fb�1. The differential cross section has been
measured as a function of the Higgs boson transverse momentum in a fiducial phase space,
defined to match the experimental kinematic acceptance. An unfolding procedure has been
used to extrapolate the measured results to the fiducial phase space and to correct for the de-
tector effects. The measurements have been compared to SM theoretical estimations provided
by the HRES and POWHEG V2 generators, showing good agreement within the experimental
uncertainties. The inclusive production sB in the fiducial phase space has been measured to be
39 ± 8 (stat) ± 9 (syst) fb, consistent with the SM expectation.
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Correlation matrix ρij of the pT bins:

arXiv:1606.01522v1 Vij =

(
�2
i i = j

⇢ij�i�j i 6= j

Covariance matrix:
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Significances from Covariance Matrix

�21

Translating statistical and type A, B, C systematic uncertainties into  
a covariance matrix:

My preference: full covariance matrix V

�2 = (~x � ~µ)TV�1(~x � ~µ)

The other way round (e.g. for plotting purposes) is not straightforward 
→ That's why ALICE error boxes = total errors

model predictiondata

Vi ,j = V stat
i ,j + V A

i ,j + V B
i ,j + V C

i ,j =

(
�2
i ,stat + �2

i ,A + �2
i ,B + y2

i �
2
C,rel, if i = j .

�i ,B�j ,B + yiyj�2
C,rel, if i 6= j .
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Combining PCM and PHOS v2,inc

�22

Correlated uncertainties in pT for PCM and PHOS, but no correlation 
between PCM and PHOS;

Covariance matrices from estimating the correlations coefficient.

Better, but more work: covariance matrices from toy Monte Carlo studies

(linear combination with the smallest χ2)
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Error Propagation:  
Small measured Rγ Requires Special Consideration

�23
ALICE arXiv:1805.04403
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Bayesian Approach

�24

P(R�,t|R�,m) / L(R�,m|R�,t)⇡(R�,t), ⇡(R�,t) = ⇥(R�,t � 1)

Bayes:

Posterior distribution of Rγ:
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v2,dir Calculation: One pT bin

■ The formula for v2,dir is only defined for Rγ > 1:

�25

v2,dir =
R�v2,incl � v2,decay

R� � 1

■ The measured value of Rγ can be below unity. Same problem in MC error 
propagation for Rγ  slightly larger than 1. How to handle this case? 

■ Bayes: P(~✓|~m) / L(~m|~✓)⇡(~✓)

■ In our case: ~✓ = (v2,inc,t, v2,dec,t,R�,t) ~m = (v2,inc,m, v2,dec,m,R�,m)

⇡(R�,t) = ⇥(R�,t � 1)

L(~m|~✓) = L(v2,inc,m|v2,inc,t) L(v2,dec,m|v2,dec,t)L(R�,m|R�,t)

L(R�,m|R�,t) = G (R�,m;R�,t,�(R�,t))
Likelihoods modeled as 
Gaussians, e.g.:

■ We obtain a posterior distribution for v2,inc,t, v2,dec,t, and Rγ,t from which we 
obtain a posterior distribution for v2,dir,t 
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v2,dir Calculation: Several pT Bins

�26

multivariate Gaussianlikelihood covariance matrix
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v2,dir Posterior Distribution for One pT Bin

�27



Towards quantifying the statistical significance of the 
direct-photon puzzle 
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Hypothesis Testing / Significance  

�29

p-value =

1Z

tobs

p(t|H) dt

t := Lm(x |s) =
Z

L(x |⌫, s)⇡⌫(⌫) d⌫
integrate over nuisance 
parameter ν:

prior knowledge about ν:

(frequentist concept)

One way to handle nuisance parameters: marginal likelihoods

Need a test statistic t that quantifies deviation/di↵erence between a hypothesis and
the data.

Further information: lecture G. Cowan (especially p. 88ff.): 
-  http://www.ippp.dur.ac.uk/~ross/invisibles13/school/talks/GlenCowanStatisticalandDataAnalysis.pdf 
- 1307.2487 (section 5.2)

Q: Significance of the di↵erence between data and a certain v2,dir hypothesis?

Often used test statistics: likelihood L(x ; ✓) and �2

http://www.ippp.dur.ac.uk/~ross/invisibles13/school/talks/GlenCowanStatisticalandDataAnalysis.pdf
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Likelihood Function (One pT bin)

�30

v t
2,inc ⌘ v t

2,inc(v
t
2,dir, v

t
2,dec,R

t
�) =

(R t
� � 1)v t

2,dir + v t
2,dec

R t
�

L(vm
2,inc, v

m
2,dec,R

m
� ; v t

2,dir, v
t
2,dec,R

t
�) =G (vm

2,inc; v
t
2,inc,�v2,inc)·

G (vm
2,dec; v

t
2,dec,�v2,dec)·

G (Rm
� ;R t

� ,�R� )

Here v t
2,inc is a function of the other three parameters:

G(x; μ, σ): 1d Gaussians

Likelihood function (note that we use v t
2,dir as parameter):
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Marginalized Likelihood (I)

�31

Treat v t
2,dec and R t

� as nuisance parameters:

Lm(v
m
2,inc|v t

2,dir) =

Z
dv t

2,decdR
t
� L(v

m
2,inc|v t

2,dir, v
t
2,dec,R

t
�)⇡(v

t
2,dec)⇡(R

t
�)

⇡(v t
2,dec) / G (v t

2,dec; v
m
2,dec,�v2,dec), ⇡(R t

�) / G (R t
� ;R

m
� ,�R� )✓(R

t
� � 1)

L(vm
2,inc|v t

2,dir) =

0.5Z

�0.5

dv t
2,dec

1Z

1

dR t
� G (vm

2,inc; v
t
2,inc,�v2,inc) · G (v t

2,dec; v
m
2,dec,�v2,dec)·

G (R t
� ;R

m
� ,�R� )

v t
2,inc ⌘ v t

2,inc(v
t
2,dir, v

t
2,dec,R

t
�) =

(R t
� � 1)v t

2,dir + v t
2,dec

R t
�

This gives:
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Marginalized Likelihood (II)

�32

MC sampling instead of solving the integrals  histogram of vm
2,inc values:

• Draw v t
2,dec and R t

� from the corresponding Gaussians

• Calculate v t
2,inc from these values and the given v t

2,dir hypothesis

• Generate vm
2,inc pseudo-data

L(vm
2,inc|v t

2,dir) =

0.5Z

�0.5

dv t
2,dec

1Z

1

dR t
� G (vm

2,inc; v
t
2,inc,�v2,inc) · G (v t

2,dec; v
m
2,dec,�v2,dec)·

G (R t
� ;R

m
� ,�R� )

From previous slide:
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Significance of the Deviation from the  
Null Hypothesis v2,dir ≡ 0 

�33

pseudodata for null 
hypothesis v2,dir ≡ 0

measured v2,inc

For both centralities: 
Significance O(1σ) 



The Direct Photon Flow at the LHC | K. Reygers | 28 November 2018

Significance of Puzzles

�34

Another example:
https://home.cern/news/news/experiments/lhcb-finds-new-hints-possible-standard-model-deviations

"While potentially exciting, the discrepancy with the Standard 
Model occurs at the level of 2.2 to 2.5 sigma, which is not yet 
sufficient to draw a firm conclusion."

What is the statistical significance of the direct-photon puzzle?  

In a joint effort, we could come up with a statement.
[reasonable timing: as spectra at v2 at RHIC and the LHC are now published]



Reducing systematic uncertainties
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Reducing the Material Budget Uncertainty in the 
Photon Conversion Method: Weights

�36

wi =
(N rec

� (ri )/N rec
� (rref))data

(N rec
� (ri )/N rec

� (rref))MC

"rec� (pT ) =

P
i wiN rec

� (ri , pT )

Nprod
� (ri , pT )
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MC conversion candidates
MC true primary conversion
MC true secondary conversion

 Dalitz0πMC true 
 DalitzηMC true 

MC true combinatorics
MC true hadronic bck

ALI−PUB−72610

Reference material: 
‣ TPC gas (need to keep 

track of pressure) 
‣ tungsten wires (Run 3)
Might reduce current 
material budget uncertainty 
of 4.5% by more than a 
factor 2



Direct-Photon Puzzle



The Direct Photon Flow at the LHC | K. Reygers | 28 November 2018

Birth of the Direct Photon Puzzle

�38

PHENIX, Quark Matter 2011

■ Quark Matter 2011 
■ "Data a challenge to theory" or 
■ "Theory a challenge to the data"
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Direct-Photon Puzzle: Status

�39

9

in c and [cmin, cmax] is the final (large) centrality class
in which the measurement is reported. At the LHC the
sub-bins are [64] 0 � 5%, 5 � 10%, 10 � 20%, 20 � 30%
and 30� 40%, while 10% bins are used at RHIC [65].

The quantity v�
n
{EP}[cmin, cmax] — Eq. (27) — is the

one that should be compared to PHENIX and ALICE
measurements. All photon anisotropy calculations pre-
sented in this paper are computed with Eq. (27) using
the bins just listed.

VI. RESULTS AND DISCUSSION

We now show and discuss the result of integrating the
photon rates discussed in Sections III B and IV, with the
hydrodynamic approach discussed in Section II. Prior to
doing this, an important clarification is needed. The
model used here is a hybrid approach, in the sense that
it is not purely hydrodynamics: it has a viscous fluid-
dynamics stage that is followed by a transport phase –
modelled with UrQMD – with dynamic decoupling. The
UrQMD afterburner is important to a successful theoret-
ical interpretation of the measured proton spectra and
v2 [8, 66]. However, extracting the photons via the vec-
tor meson spectral density [26] from a transport model
is still very much a topical subject of current research.
More generally, electromagnetic emissivities are typically
calculated in conditions near thermal equilibrium, as dis-
cussed earlier in this paper, and a knowledge of the lo-
cal temperature and of other thermodynamic variables is
usually absent from most transport formulations. One
resolution of this situation has been to coarse-grain the
transport final states, and to assign local temperatures
to cells on a space-time grid using the equation of state
[67, 68]. Such procedures are numerically-intensive, but
will be studied within our framework in detail in the fu-
ture. The point of view adopted in this work is that,
apart from proton observables, hydrodynamics does pro-
vide a realistic environment for the bulk of hadronic ob-
servables, especially if the bulk viscosity is included [8].
Therefore, for the calculation of photons, the contribu-
tion of the UrQMD phase of the spatiotemporal evolu-
tion is modelled by letting the fluid-dynamical evolu-
tion proceed past the switching temperature from hy-
dro to UrQMD (the “particlization temperature” [69]),
Tswitch = 145 MeV, down to a more typical hydro freeze-
out temperature of T = 105 MeV. In hydrodynamical ap-
proaches in general, the freeze-out temperature is a free
parameter of the model: more words about the depen-
dence of the photon signal on this parameter will appear
later in this section.

A. RHIC

The direct photon spectrum and v2 were measured
at RHIC by the PHENIX collaboration [10–12, 70].
These measurements were made in Au-Au collisions at
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FIG. 4. The result of a hydrodynamic calculation of direct
photon spectra, for Au - Au collisions at RHIC, in the 0 - 20
% (top panel) and 20 - 40% (bottom panel) centrality range.
The di↵erent curves are explained in the text, the data are
from Ref. [11].

p
sNN = 200 GeV for centralities 0-20% and 20-40%.

Comparison of the hydrodynamical model’s results for
direct photon spectra are shown in Fig. 4. The prelim-
inary, minimum-bias direct photon spectrum measure-
ment from STAR [71] is shown in Fig. 5, and is com-
pared with both the hydrodynamical calculations and the
PHENIX measurements from Ref. [11]. The dashed lines
represent the thermal contributions, that is the sum of all
contributions of thermal origin. The prompt photons are
calculated in NLO QCD, as explained earlier. The con-
tribution of non-cocktail photons (Section III C) is also
shown.
The curves labeled “direct” represent the sum of all

10

FIG. 5. The result of a hydrodynamic calculation of direct
photon spectra, for Au - Au collisions at RHIC, in minimum
bias centrality range. The data are from Refs. [11, 71].

sources considered in this work (Section III). One ob-
serves that the calculation, with the contributions enu-
merated in the text, and the experimental tend to con-
verge for values of pT & 2.5 GeV. There, the calcula-
tion almost entirely consists of the pQCD component.
For intermediate transverse momenta (as defined by this
figure, pT ⇡ 1.5 GeV), the calculation underestimates
the PHENIX data central points roughly by a factor
of 3. Agreement of the calculations with the preliminary
STAR data (Fig. 5) is considerably better, well within
systematic uncertainties.

In the low pT region, calculation and data are reunited
again, but bear in mind the strong caveats regarding the
trustworthiness of the pQCD calculations at such low
transverse momenta. As supported by a direct compari-
son with pp photon data, the prompt photon curve shown
in Figs. 4 and 5 should hold down to pT ⇡ 1 GeV. While
one does not expect a sudden breakdown of the formalism
used here, it does becomes less predictive as the photon
momentum goes down. The theoretical interpretations
of photon production in nucleus-nucleus collisions would
rest on much firmer ground if a fundamental measure-
ment of soft photons from pp collisions, extending to val-
ues of transverse momenta compared to those in Figs. 4
and 5 existed. Such a measurement, while challenging,
would provide a valuable baseline for phenomenological
modelling, and would further our understanding of QCD
in its strongly coupled regime.

Figure 6 shows the calculated photon elliptic flow, com-
pared with data measured by the PHENIX collaboration.
The photon anisotropy was evaluated with Eq. (27). The
elliptic flow shows the now characteristic shape, with the
turnover at pT & 2 GeV driven by the pQCD photons.
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FIG. 6. Hydrodynamic calculation of the direct photon v2,
for Au - Au collisions at RHIC, in the 0 - 20 % (top panel)
and 20 - 40% (bottom panel) centrality range . The data are
from Ref. [12].

As was the case for the photon spectra the calculation of
the photon elliptic flow systematically undershoots the
central data points. However, and this also holds for
the spectra, taking into account the statistical and sys-
tematic uncertainties greatly reduces the tension between
theory and experiment. Thermal photons, represented by
the dashed curves, are shown separately to highlight that
the thermal contribution does exhibit a large v2, but that
this momentum anisotropy is then suppressed by prompt
photons.
As can be expected from their small contribution to

the direct photon spectra (Fig. 4), non-cocktail photons
do not contribute significantly to the direct v2. They are
not shown in Figure 6.

B. LHC

The direct photon spectrum and v2 in Pb-Pb colli-
sions at

p
sNN = 2760 GeV are presented in Figs. 7 and

dn�/d� / 1 + 2v2 cos(2�)

■ Challenging for hydro models to 
describe v2 and yield 

■ ALICE γdir and v2: 
"No puzzle with current errors" 

Paquet et al.,  
 arXiv:1509.06738
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EMMI Rapid Reaction Task Force on 
the Direct Photon Flow Puzzle
■ Feb. 2014, 25 participants (theory + experiment) 
■ Open Symposium:  

https://indico.gsi.de/conferenceDisplay.py?confId=2662 
■ Detailed discussions on 
‣ Averaging of vn over large centrality bins,  

definition of vn in models 
‣ Definition of decay photon cocktail in experiment and  

models, contribution from short-lived resonances 
‣ Comparison of the space-time evolution  

(hydro models, PHSD, parameterized fireball evolution) 
‣ pQCD contribution in various models 
‣ Initial flow, near Tc enhancement of photon rates, bremsstrahlung photons in 

the hadrons gas, Glasma photons, role of fragmentation photons, … 
■ Puzzle remains after checking various aspects of the data/theory 

comparison
�40
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Resolution of the 
direct photon puzzle

-decay photon cocktail? 
-…

theory

early stage 
-Glasma? 
- transport models 

(e.g. BAMPS) [2] 
- Initial B field?

experiment

late stage (T ≈ Tc) 
(→ large Teff due to blue shift) 
-π+π ➞ π+π+γ (e.g. PHSD model [1]) 
- "radiative hadronization"?  
-…

?

Possible paradigm shift concerning role of photons as QGP messengers?
[1]: O. Linnyk et al, 1512.08126  
[2]: M. Greif et al, 1612.05811 
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RHIC: Two Methods, Same Answer

�42

PHENIX, arXiv:1405.3940

conversion method
virtual photon method

q γ*

g q

e+
e−

γ*

γ

π0
e−

e+

QGP

q

π± π+γ γ

ρ0

π± ρ0

ρ0ρ0π± π±π−

qq gγ γ

γ

γ

g g gq qq

hadron
gas

Real photons (through  
conversion):

Virtual photons 
(at mee ≳ mπ 
extrapolated to mee = 0): 

R� =
�incl
�decay

= 1 +
�dir
�decay
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Decay Photon Cocktail:  
Beyond mT scaling for η, ω, η', …

�43
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 / (GeV / c)

T
p
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0.6

0.7π
 / η

-ScalingTm

 RatioπK / 

Two Component Model

 Ratioπ / ηMeasured 

mT scaling  
(used, e.g,  
by PHENIX)

ALICE η/π0 (doctoral 
thesis L. Leardini)

Know your baseline!
bachelor's thesis Ilya Fokin

ISOQUANT 

SFB1225 

1

pT

dn

dpT
/ f (mT ), mT =

q
m2 + p2T

mT scaling often used to model spectra of η, ω, …: 

→ Include effect of radial flow (which breaks mT scaling)

�decay
�decay,mT scaling

Two-component model: 
blast-wave + hard scattering
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Early Stage: Glasma Contribution to Total 
Photon Yield Might be Sizable 

�44

0
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dNch/dη = 687 at Npart = 353

RHIC
√

sNN = 200 GeV
thermal
Glasma

early-hydro

current hydro models: 
early-hydro + thermal 
 

consistent weak coupling 
approach:  
Glasma + thermal

arXiv:1701.05064 (J. Berges, 
KR, N. Tanji, R. Venugopalan) 

dn/dy: pT integrated 
number of photons

"bottom-up thermalization"  
[R.Baier et al.]

ISOQUANT 

SFB1225 

Parametric estimate
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Late Stage: Radiative Recombination?

■ Large Teff due to blue 
shift

�45

Fujii, Itakura, Nonaka, Nucl.Phys. A967 (2017) 704-707  
Young, Pratt, 1511.03147

■ Naturally:
v2(�) ⇡ v2(hadron)

■ "Saves" energy 
conservation in 
recombination models

Te↵ ⇡

s
1 + �

1� �
T
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Late enhancement

Early or Late Stage Production: 
Constraints from Photon HBT?

�46

with additional late time 
source (enhanced photon 
rate near Tc)

without additional 
late time source

■ Photon rate around Tc 
increased to describe 
data 

■ Narrower correlation for 
scenario with enhanced 
photon rate near Tc 

■ Will be hard to measure, 
even in future high-
statistics runs at the LHC

ISOQUANT 

SFB1225 

KT = 0.5MeV

N. Löher, O. Garcia-Montero, A. Mazeliauskas,  
J. Berges, KR, J. Stachel, in preparation

C2 =
f (~p1,~p2)

f (~p1)f (~p2)

x

z

~p2

y ~p1

projection of momentum 
difference onto z axis

�1
�2



The Direct Photon Flow at the LHC | K. Reygers | 28 November 2018

Do the Data Speak for Themselves? Universal Scaling?
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Filling up the multiplicity gap 

8 

0≈η
 |η/dchdN10 210 310

 >
 1

.0
 G

eV
/c

)
T

/d
y 

 (p
γ

dN

4−10

3−10

2−10

1−10

1

10

210
 + X

dir
γ →p(d,A) + p(A) 

 = 2760 GeVNNsPb+Pb, 
 = 200 GeVNNsAu+Au, 
 = 62.4 GeVNNsAu+Au, 
 = 39 GeVNNsAu+Au, 
 = 200 GeVNNsCu+Cu, 

 = 200 GeVNNsd+Au, 
 = 200 GeVNNsp+Au, 

 = 200 GeVsp+p, 

 scaled prompt photonscollN
 = 200 GeVsp+p fit, 
 = 2760 GeVspQCD, 
 = 200 GeVspQCD, 
 = 62 GeVspQCD, 

 = 1.25α
PH ENIX
preliminary

The new data fill up the gap! 

03/10/2018 Norbert Novitzky 

■ Rather universal 
scaling with α ≈ 1.25 

■ Onset for 
dNch/dη = 10–20

photons related to initial parton scattering?

PHENIX, Hard Probes 2018

Ceres  
(S-Au, 200 A⋅GeV)

WA98 
(Pb-Pb, 158 A⋅GeV)

α = 1.25  ≙ Ncoll scaling ⇒

[also STAR data 
lower than PHENIX]



The Direct Photon Flow at the LHC | K. Reygers | 28 November 2018

Conclusions

■ ALICE: Large v2,dir ( ≈ v2,dec), but also large uncertainties 

■ Direct photon puzzle mostly at RHIC 

■ Quantifying the statistical significance of the puzzle would be a nice joint 
project 

■ Possible paradigm shift: 
Photon production dominated by late stage around Tc?

�48
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Extra Slides
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Jean-François Paquet (Stony Brook) 11

Direct photons

Prompt 

photons “Thermal” photons

Decay photons

  (e.g.            )

Late stage emission

(e.g.              )
Pre-equilibrium emission

π0→γ γ

Also: photons from jet-plasma interactions, B-field, ...

πρ→π γ

pre-equillibrium 
stage QGP hadron gas freeze-out

thermalization: ⌧th = 1–2 fm/c

hadronization: ⌧c ⇡ 10 fm/c (LHC)

QGP → hadron gas at 
T ⇡ 155MeV

figure credit: Jean François Paquet
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Improved Cocktail: Au-Au at 200 GeV

�51

Au-Au at 200 GeV

PHENIX data
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WA98 Data
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Larger Teff at the LHC

■ Teff LHC 
‣ 0-20% Pb-Pb@2.76 TeV 
‣ without pQCD subtraction: 
Teff = 304 ± 11stat ± 40sys MeV 

‣ with pQCD subtraction: 
Teff = 297 ± 12stat ± 41sys MeV 

■ Teff RHIC 
‣ 0-20% Au-Au@0.2 TeV 
‣ Teff = 239 ± 25stat ± 7sys MeV  

(pp parameterization 
subtracted)
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(Conjectured) QCD Phase Diagram
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1st order phase transition

"Cross-Over"

early universe, 
RHIC, LHC

Ding, Karsch, Mukherjee 
1504.05274 
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What is the question?

■ hotter and hotter? 
■ denser and denser?

�55

What happens if make nuclear 
matter

solid → liquid → gas → plasma → hadron gas → QGP 
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Let the data Speak:  
Empirical Scaling Law for nγ vs nhadron ?

�56

Bjorken expansion  
(only QGP):

Realistic hydro model: 
(pT,γ > 1 GeV/c) ↵ ⇡ 1.6–1.7

Jean-François Paquet,  
Hard Probes 2018 

n� / n↵h

↵ ⇡ 2

Parameterization:

QGP at fixed temperature T

In recombination 
models: n� / nh
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Direct Photons: PHENIX vs. STAR
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A. Drees, Hard Probes 2018
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Direct Photons: PHENIX vs. STAR
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Elliptic Flow

�59

11

Expansion In Plane

Hiroshi Masui (2008)

spatial

anisotropy

momentum

anisotropy

ε2

v2

spatial 
anisotropy

momentum 
anisotropy

dN

d'
= N0 (1 + 2v2 cos(2'))
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What’s actually so puzzling?
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Hydro model by R. Chatterjee, D. Srivastava

Elliptic flow builds up gradually with time in hydro models: 

Expect bulk of hadrons to 
be produced at late times 

Expect large fraction of 
thermal photons from 
early times 
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1–2 fm/c 10 fm/c ffigure credit: Chun Shen


