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Heavy Ion Collisions

Relativistic heavy-ion collision experiments at RHIC and LHC open an unprecedented window
for studying strongly interacting nuclear matter under extremely hot and dense conditions.

Soft physics: QCD phase diagram, Hydrodynamics
(macroscopic), transport theory (microscopic) · · · ;
Hard Probes: Jet quenching, dijets, · · · ;
Initial States: Small-x gluon distributions, gluon
saturation in heavy nuclei, · · · ; Chiral effects.
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CLVisc: CCNU + LBNL (3+1)D viscous hydrodynamics

∇µTµν = 0, with Tµν = εuµuν−P(gµν−uµuν)+πµν .

πµν = ηvσ
µν − τπ
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ε: energy density, p: pressure, uµ: fluid four-velocity and ∆µν = gµν − uµuν : projection
operator which is orthogonal to the fluid velocity, πµν : shear stress tensor, Ωµν : vorticity.

Parallelized on GPU to solve the 2nd order relativistic hydrodynamics.

Match perfectly with the conformal exact solution assuming conformal symmetry.

Efficient to simulate actual event-by-event relativistic heavy ion collisions. 60x faster.

Publicly available: https://gitlab.com/snowhitiger/PyVisc.

L.-G. Pang, H. Petersen, X.-N.Wang, arXiv:1805.03762, accepted by PRC; L.-G. Pang, Y.
Hatta, X.-N.Wang and B.-W.Xiao, PRD91 (2015) no.7, 074027; L.-G. Pang, Q. Wang,
X.-N. Wang, PRC86 (2012) 024911.

New development: HuiChao Song et al arXiv:1801.03334: Applications of deep learning
to relativistic hydrodynamics.
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Relativistic Hydrodynamics

Anisotropic flow of particles in terms of Fourier expansions

E
dN
d3p
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Prehistory RHIC turns on Vicous hydro Small systems Kinetic theory vs. hydrodynamics Exact BE solutions Summary

Hybrid (hydro+cascade) approaches work even better:v2(pT) in PbPb@LHC: ALICE vs. VISHNU
Data: ALICE, preliminary (Snellings, Krzewicki, Quark Matter 2011)

Dashed lines: Shen et al., PRC84 (2011) 044903 (VISH2+1, MC-KLN, (⌘/s)QGP=0.2)

Solid lines: Song, Shen, UH 2011 (VISHNU, MC-KLN, (⌘/s)QGP=0.16)
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VISHNU yields correct magnitude and centrality dependence of v2(pT ) for pions, kaons and protons!

Same (⌘/s)QGP = 0.16 (for MC-KLN) at RHIC and LHC!

U. Heinz Kruger2012, 12/07/2012 33(47)

VISHNU yields correct magnitude and centrality dependence of v2(pT ) for
pions, kaons and protons!

Ulrich Heinz (Ohio State) Hydrodynamics for HICs Hot QFTs, 7/10/17 16 / 49

Viscous hydrodynamics
correctly yields elliptic flow v2

and higher harmonics for pion,
kaon and proton in the soft
momentum region.

[Huichao Song, Shen, Heinz,
2011 (VISHNU)]

[Shen et al., PRC84 (2011)
044903 (VISH2+1)]
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QCD phase diagram

RHIC Beam Energy Scan Program: study of
phase diagram and search for the critical point in
QCD.

8

Figure 1. Cartoon of the RHIC BES program coverage of the QCD Phase Diagram. Yellow trajectories

represent schematics of the collision evolutions at different energies of BES program. Red circle symbolizes

the critical point.

[S. Gupta, X. Luo, B. Mohanty, H. Ritter, N. Xu,
Science 332, 1525 (2011).]

The transition between QGP and
hadronic states is conjectured to be a
crossover at small density (small µ),
and first order at moderate density
(moderate µ).

Similarly, water at high pressure and
high temperature, the transition between
gas-liquid becomes crossover with
smooth thermodynamic quantities.

3

formation that contains hidden correlations. These hidden correlations can be sensitive to

physical properties of the system but independent of other model parameters.
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FIG. 1. Conjectured QCD phase diagram and equations of state for the crossover and the first

order phase transition.

The aim of the present exploratory study is a first step in directly connecting QCD

bulk properties and raw data of heavy-ion collisions using state-of-the-art deep-learning

techniques. We use the relativistic hydrodynamic model which has been very successful in

simulating heavy-ion collisions and connecting experiments with theory [19–23]. We find

unique encoders of bulk properties (here we focus on the EoS) inside ⇢(pT ,�) in terms of

high-level representations using deep-learning techniques, which are not captured by conven-

tional observables. This is achieved by constructing a convolutional neural network (CNN)

and training it with labeled ⇢(pT ,�) of charged pions generated from the relativistic hydro-

dynamic program CLVisc [24, 25] with two di↵erent EoSs as input: crossover [26] and first

order [27]. The CNN is then trained with supervision in identifying di↵erent EoSs. The

performance is surprisingly robust against other simulation parameters such as the initial

conditions, equilibrium time ⌧0, transport coe�cients and freeze out temperature. The su-

pervised learning with deep CNN identifies the hydrodynamic response which is much more

tolerant to uncertainties in the initial conditions. ⇢(pT ,�) as generated by independent

simulations (CLVisc with di↵erent setup parameters and another hydrodynamic package

iEBE-VISHNU [30] which implements a di↵erent numerical solver for partial di↵erential
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Equation-of-state-meter using deep learning

LongGang Pang               Deep learning the E-B-E relativistic hydrodynamics

FC NF?QC QRPSARSPC GQ CLAMBCB GL RFC CTM SRGML FGQRMPW

 15
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Given equation-of-state, CLVisc simulations of heavy ion collisions can produce
momentum distribution of final state hadrons; It is difficult to determine the QCD EoS and
phase transition type from QGP to hadronic matter.

Deep learning is used to classify crossover and 1st order phase transition in the QCD EoS
with 95% prediction accuracy, given the final spectra (simulation data).

The study demonstrated that a traceable encoder of the QCD phase structure survives the
dynamical evolution and exists in the final snapshot of heavy ion collisions, one can
decode these information from the highly complex output using machine learning.

[L.-G. Pang, K. Zhou, N. Su, H. Petersen, H. Stocker, X.-N. Wang, Nature Commun. 9 (2018)
no.1, 210]
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Vortical fluid in quark gluon plasma and Λ polarization

8

• Non-central collisions produce global orbital angular 
momentum 

Qun Wang (USTC, China), Global and local spin polarization in heavy ion collisions

Global OAM in HIC

Liang & Wang, PRL 94, 102301(2005); PLB 629, 20(2005); Gao, Chen, Deng, Liang, QW, Wang, 
PRC 77, 044902(2008); Huang, Huovinen, Wang,PRC 84,054910(2011); Jiang, Lin, Liao, PRC 
94,044910(2016); Deng,Huang, PRC 93,064907(2016);  many others ……

x L

Vorticity in QGP (trans. plane)

10

vx, vy

Lambda spin correlation
• (a) Polarization are 

stronger at lower beam 
energies and peripheral 
collisions. 

• (b) The longitudinal spin 
correlation is coupled to the 
transverse collision 
geometry  

• The beam energy 
dependence for longitudinal 
spin is weak.

15

The most vortical fluid: ω ∼ 9× 1021s−1 [STAR collaboration, Nature 548, 62 (2017)].

Correlation between polarization of Λ hyperon and global orbital angular momentum.
[Z.t. Liang and X.n. Wang, PRL 94,102301(2005), Q. Wang, Quark Matter 2017 plenary
talk];

CLVisc reveals vortex pairs in transverse plane and vortex rings along the beam direction
in E-B-E simulations of heavy ion collisions.

The longitudinal polarizations are coupled to collision geometry, which is shown in the Λ
spin-spin correlation.

[R.-H. Fang, L.-G. Pang, Q. Wang, X.-N. Wang, PRC94 (2016) no.2, 024904; L.-G. Pang, H.
Petersen, Q. Wang and X.-N. Wang, PRL 117 (2016) no.19, 192301; H. Li, L.-G. Pang, Q.
Wang and X.-L. Xia, PRC96 (2017) no.5, 054908.]
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Progress in Quantum Transport Theory

Progress	on	Quantum	Transport	Theory	

1 

Why	we	need	QTT? 

 
Non-equilibrium effects:    
pre-equilibrium, system evolving …�
�

       
     Quantum effects� 
Global polarization, CME, CVE … ��
�

Use	QTT:		can	describe	global	polarization,	CME,	CVE		in	a	covariant		
																		and		consistent	way. 

Promote	QTT:	have	reduced	16	Wigner	functions	and	32	Wigner	equations	to		
																																			1	distribution	function	and	1	Boltzmann-like	equation	
																																			(background	field	approximation	and	chiral	limit).	 

J.	H.	Gao,	S.	Pu,	Q.	Wang,	Phys.Rev.	D96	(2017)	no.1,	016002		
J.	H.	Gao,	Q.	Wang,	Phys.Lett.	B749	(2015)	542-546	. 

J.	H.	Gao,	Z.	T.	Liang,	Q.	Wang,		X.	N.	Wang,	arXiv:1802.06216	. 

This will  significantly  simplify the  description and simulation of QTT 

Progress	on	Quantum	Transport	Theory	

1 

Why	we	need	QTT? 
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�

       
     Quantum effects� 
Global polarization, CME, CVE … ��
�

Promote	QTT:	have	reduced	16	Wigner	functions	and	32	Wigner	equations	to		
																																			1	distribution	function	and	1	Boltzmann-like	equation	
																																			(background	field	approximation	and	chiral	limit).	 

J.	H.	Gao,	Z.	T.	Liang,	Q.	Wang,		X.	N.	Wang,	arXiv:1802.06216	. 

This will  significantly  simplify the  description and simulation of QTT 

QTT can describe global polarization, Chiral Magnetic effct, Chiral Vortical
effect in a covariant and consistent way.

[J. H. Gao, S. Pu, Q. Wang, Phys. Rev. D96 (2017) no.1, 016002;J. H. Gao, Q.
Wang, Phys. Lett. B749 (2015) 542-546.]

Simplified QTT: have reduced 16 Wigner functions and 32 Wigner equations to
1 distribution function and 1 Boltzmann-like equation (background field
approximation and chiral limit).

[J. H. Gao, Z. T. Liang, Q. Wang, X. N. Wang, arXiv:1802.06216.]

8 / 24



Soft Physics in HIC
Jets in HIC

Nucleon Structure

QGP medium modification of jets

Jet and QGP medium interactions are characterized by the momentum broadening
and energy loss:

q̂ ≡ Momentum transfer squared
Length

, −dE
dx

=
αsNc

4
q̂L.

q̂ and dE
dx are two sides of the same coin.

Reflect the strength of the medium response to traversing jets.
q̂ from JET collaboration[Phys.Rev. C90 (2014) no.1, 014909]:

Models: Recoil

�12

Monte-Carlo models for jet with recoil partons

- Sampling of partons from thermalized medium for collisions
- Add the recoiled partons to the jet

Parton in Jet

Partons in Jet

JEWEL

Linearized Boltzmann Transport (LBT) Model

MARTINI

K. C. Zapp,  R. Kunnawalkam Elayavalli, J. G. Milhano, U. A. Wiedemann,…

T. Luo, S. Cao, Y. He, X.-N. Wang, S.-L. Zhang, G.-Y. Qin, Y. Zhu,…

C. Park, S. Jeon, C. Gale, B. Schenke,…
[Talk by C. Park]

[Talk by X.-N. Wang and S.-L. Zhang] [Poster by T. Luo and G.-Y. Qin]

- Far enough from thermalization in medium response (hard)

11

peratures reached in the most central Au+Au collisions
at RHIC, and 2.2±0.5 GeV2/fm at temperatures reached
in the most central Pb+Pb collisions at LHC. Values of q̂
in the hadronic phase are assumed to be proportional to
the hadron density in a hadron resonance gas model with
the normalization in a cold nuclear matter determined by
DIS data [81]. Values of q̂ in the QGP phase are consid-
ered proportional to T 3 and the coe�cient is determined
by fitting to the experimental data on RAA at RHIC and
LHC separately. In the HT-M model the procedure is
similar except that q̂ is assumed to be proportional to the
local entropy density and its initial value is q̂ = 0.89±0.11
GeV2/fm in the center of the most central Au+Au colli-
sions at RHIC, and q̂ = 1.29±0.27 GeV2/fm in the most
central Pb+Pb collisions at LHC (note that the values
of q̂ extracted in Sec IV are for gluon jets and therefore
9/4 times the corresponding values for quark jets). For
temperatures close to and below the QCD phase tran-
sition, q̂ is assumed to follow the entropy density, and
q̂/T 3 shown in Fig. 10 is calculated according to the pa-
rameterized EOS [96] that is used in the hydrodynamic
evolution of the bulk medium. In both HT approaches,
no jet energy dependence of q̂ is considered.

Considering the variation of the q̂ values between the
five di↵erent models studied here as theoretical uncer-
tainties, one can extract its range of values as constrained
by the measured suppression factors of single hadron
spectra at RHIC and LHC as follows:

q̂

T 3
⇡

⇢
4.6 ± 1.2 at RHIC,
3.7 ± 1.4 at LHC,

at the highest temperatures reached in the most central
Au+Au collisions at RHIC and Pb+Pb collisions at LHC.
The corresponding absolute values for q̂ for a 10 GeV
quark jet are,

q̂ ⇡
⇢

1.2 ± 0.3
1.9 ± 0.7

GeV2/fm at
T=370 MeV,
T=470 MeV,

at an initial time ⌧0 = 0.6 fm/c. These values are very
close to an early estimate [6] and are consistent with LO
pQCD estimates, albeit with a somewhat surprisingly
small value of the strong coupling constant as obtained
in CUJET, MARTINI and McGill-AMY model. The HT
models assume that q̂ is independent of jet energy in this
study. CUJET, MARTINI and McGill-AMY model, on
the other hand, should have a logarithmic energy depen-
dence on the calculated q̂ from the kinematic limit on the
transverse momentum transfer in each elastic scattering,
which also gives the logarithmic temperature dependence
as seen in Fig. 10.

As a comparison, we also show in Fig. 10 the value
of q̂N/T 3

eft in cold nuclei as extracted from jet quenching
in DIS [81] . The value of q̂N = 0.02 GeV2/fm and an
e↵ective temperature of an ideal quark gas with 3 quarks
within each nucleon at the nucleon density in a large
nucleus are used. It is an order of magnitude smaller
than that in A+A collisions at RHIC and LHC.
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FIG. 10. (Color online) The assumed temperature depen-
dence of the scaled jet transport parameter q̂/T 3 in di↵er-
ent jet quenching models for an initial quark jet with energy
E = 10 GeV. Values of q̂ at the center of the most central
A+A collisions at an initial time ⌧0 = 0.6 fm/c in HT-BW
and HT-M models are extracted from fitting to experimental
data on hadron suppression factor RAA at both RHIC and
LHC. In GLV-CUJET, MARTINI and McGill-AMY model, it
is calculated within the corresponding model with parameters
constrained by experimental data at RHIC and LHC. Errors
from the fits are indicated by filled boxes at three separate
temperatures at RHIC and LHC, respectively. The arrows
indicate the range of temperatures at the center of the most
central A+A collisions. The triangle indicates the value of
q̂N/T 3

e↵ in cold nuclei from DIS experiments.

There are recent attempts [92, 97] to calculate the jet
transport parameter in lattice gauge theories. A recent
lattice calculation [97] found that the non-perturbative
contribution from soft modes in the collision kernel can
double the value of the NLO pQCD result for the jet
transport parameter [98]. In the HT models such non-
perturbative contributions could be included directly in
the overall value of q̂. They can also be included in the
CUJET, MARTINI and McGill-AMY models by replac-
ing the HTL thermal theory or screened potential model
for parton scattering with parameterized collision kernels
that include both perturbative and non-perturbative con-
tributions.

One can also compare the above extracted values of q̂
to other nonperturbative estimates. Using the AdS/CFT
correspondence, the jet quenching parameter in a N = 4
supersymmetric Yang-Mills (SYM) plasma at the strong
coupling limit can be calculated in leading order (LO) as
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There are recent attempts [92, 97] to calculate the jet
transport parameter in lattice gauge theories. A recent
lattice calculation [97] found that the non-perturbative
contribution from soft modes in the collision kernel can
double the value of the NLO pQCD result for the jet
transport parameter [98]. In the HT models such non-
perturbative contributions could be included directly in
the overall value of q̂. They can also be included in the
CUJET, MARTINI and McGill-AMY models by replac-
ing the HTL thermal theory or screened potential model
for parton scattering with parameterized collision kernels
that include both perturbative and non-perturbative con-
tributions.

One can also compare the above extracted values of q̂
to other nonperturbative estimates. Using the AdS/CFT
correspondence, the jet quenching parameter in a N = 4
supersymmetric Yang-Mills (SYM) plasma at the strong
coupling limit can be calculated in leading order (LO) as
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Medium response due to jet propogation

[Y. Tachibana, N.B. Chang, G.Y. Qin,
Phys.Rev. C95 (2017) no.4, 044909]

Structures of medium response
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<latexit sha1_base64="YHLyWfatNARABZr7yl8CSU2VaX4=">AAACH3icdVDLSsNAFJ3UV31XXboZLKKC1KQIuiyI6LKCrYUmlMnkRsfOJGFmItSQT/Aj/Aa3unYnbrv0T5zUCj4PDHM4517uvcdPOFPatodWaWJyanqmPDs3v7C4tFxZWW2rOJUUWjTmsez4RAFnEbQ00xw6iQQifA4Xfv+o8C9uQCoWR+d6kIAnyGXEQkaJNlKvsuX6IpPBcS9zpcDXoPO9QAa3ubu7PVJOoL0XinynV6natbpdAP8mTm3021U0RrNXeXODmKYCIk05Uarr2In2MiI1oxzyOTdVkBDaJ5fQNTQiApSXjQ7K8aZRAhzG0rxI45H6tSMjQqmB8E2lIPpK/fQK8S+vm+rw0MtYlKQaIvoxKEw51jEu0sEBk0A1HxhCqGRmV0yviCRUmwy/TfFFbjL5PBz/T9r1mmPXnLP9asMep1NG62gDbSMHHaAGOkVN1EIU3aEH9IierHvr2XqxXj9KS9a4Zw19gzV8B2RFowE=</latexit><latexit sha1_base64="YHLyWfatNARABZr7yl8CSU2VaX4=">AAACH3icdVDLSsNAFJ3UV31XXboZLKKC1KQIuiyI6LKCrYUmlMnkRsfOJGFmItSQT/Aj/Aa3unYnbrv0T5zUCj4PDHM4517uvcdPOFPatodWaWJyanqmPDs3v7C4tFxZWW2rOJUUWjTmsez4RAFnEbQ00xw6iQQifA4Xfv+o8C9uQCoWR+d6kIAnyGXEQkaJNlKvsuX6IpPBcS9zpcDXoPO9QAa3ubu7PVJOoL0XinynV6natbpdAP8mTm3021U0RrNXeXODmKYCIk05Uarr2In2MiI1oxzyOTdVkBDaJ5fQNTQiApSXjQ7K8aZRAhzG0rxI45H6tSMjQqmB8E2lIPpK/fQK8S+vm+rw0MtYlKQaIvoxKEw51jEu0sEBk0A1HxhCqGRmV0yviCRUmwy/TfFFbjL5PBz/T9r1mmPXnLP9asMep1NG62gDbSMHHaAGOkVN1EIU3aEH9IierHvr2XqxXj9KS9a4Zw19gzV8B2RFowE=</latexit><latexit sha1_base64="YHLyWfatNARABZr7yl8CSU2VaX4=">AAACH3icdVDLSsNAFJ3UV31XXboZLKKC1KQIuiyI6LKCrYUmlMnkRsfOJGFmItSQT/Aj/Aa3unYnbrv0T5zUCj4PDHM4517uvcdPOFPatodWaWJyanqmPDs3v7C4tFxZWW2rOJUUWjTmsez4RAFnEbQ00xw6iQQifA4Xfv+o8C9uQCoWR+d6kIAnyGXEQkaJNlKvsuX6IpPBcS9zpcDXoPO9QAa3ubu7PVJOoL0XinynV6natbpdAP8mTm3021U0RrNXeXODmKYCIk05Uarr2In2MiI1oxzyOTdVkBDaJ5fQNTQiApSXjQ7K8aZRAhzG0rxI45H6tSMjQqmB8E2lIPpK/fQK8S+vm+rw0MtYlKQaIvoxKEw51jEu0sEBk0A1HxhCqGRmV0yviCRUmwy/TfFFbjL5PBz/T9r1mmPXnLP9asMep1NG62gDbSMHHaAGOkVN1EIU3aEH9IierHvr2XqxXj9KS9a4Zw19gzV8B2RFowE=</latexit><latexit sha1_base64="YHLyWfatNARABZr7yl8CSU2VaX4=">AAACH3icdVDLSsNAFJ3UV31XXboZLKKC1KQIuiyI6LKCrYUmlMnkRsfOJGFmItSQT/Aj/Aa3unYnbrv0T5zUCj4PDHM4517uvcdPOFPatodWaWJyanqmPDs3v7C4tFxZWW2rOJUUWjTmsez4RAFnEbQ00xw6iQQifA4Xfv+o8C9uQCoWR+d6kIAnyGXEQkaJNlKvsuX6IpPBcS9zpcDXoPO9QAa3ubu7PVJOoL0XinynV6natbpdAP8mTm3021U0RrNXeXODmKYCIk05Uarr2In2MiI1oxzyOTdVkBDaJ5fQNTQiApSXjQ7K8aZRAhzG0rxI45H6tSMjQqmB8E2lIPpK/fQK8S+vm+rw0MtYlKQaIvoxKEw51jEu0sEBk0A1HxhCqGRmV0yviCRUmwy/TfFFbjL5PBz/T9r1mmPXnLP9asMep1NG62gDbSMHHaAGOkVN1EIU3aEH9IierHvr2XqxXj9KS9a4Zw19gzV8B2RFowE=</latexit>

0 2 4-4 -2

-2

0

2

4
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x (fm)
<latexit sha1_base64="WboAWFBBOc1MwJh57/nmpMtPgE0=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkpGWYf7Ab3Cra3fi1p9w6Z+YaStYHwdCDufcy733BDGjSrvuu1VYW9/Y3Cpul3Z29/YP7MNyW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gcpX7nTsiFY3ErZ7FpM/RSNCQYqSNNLDLfsDTaeafV1Nfchjy7GxgV1yn5uaAv4nnzH+3ApZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Od8/gqVGGMIykeULDufq9I0VcqRkPTCVHeqx+ern4l9dLdHjZT6mIE00EXgwKEwZ1BPMg4JBKgjWbGYKwpGZXiMdIIqxNXCtTAp6ZTL4Oh/+Tds3xXMe7qVca9WU6RXAMTkAVeOACNMA1aIIWwGAKHsAjeLLurWfrxXpdlBasZc8RWIH19gliHZqH</latexit><latexit sha1_base64="WboAWFBBOc1MwJh57/nmpMtPgE0=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkpGWYf7Ab3Cra3fi1p9w6Z+YaStYHwdCDufcy733BDGjSrvuu1VYW9/Y3Cpul3Z29/YP7MNyW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gcpX7nTsiFY3ErZ7FpM/RSNCQYqSNNLDLfsDTaeafV1Nfchjy7GxgV1yn5uaAv4nnzH+3ApZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Od8/gqVGGMIykeULDufq9I0VcqRkPTCVHeqx+ern4l9dLdHjZT6mIE00EXgwKEwZ1BPMg4JBKgjWbGYKwpGZXiMdIIqxNXCtTAp6ZTL4Oh/+Tds3xXMe7qVca9WU6RXAMTkAVeOACNMA1aIIWwGAKHsAjeLLurWfrxXpdlBasZc8RWIH19gliHZqH</latexit><latexit sha1_base64="WboAWFBBOc1MwJh57/nmpMtPgE0=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkpGWYf7Ab3Cra3fi1p9w6Z+YaStYHwdCDufcy733BDGjSrvuu1VYW9/Y3Cpul3Z29/YP7MNyW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gcpX7nTsiFY3ErZ7FpM/RSNCQYqSNNLDLfsDTaeafV1Nfchjy7GxgV1yn5uaAv4nnzH+3ApZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Od8/gqVGGMIykeULDufq9I0VcqRkPTCVHeqx+ern4l9dLdHjZT6mIE00EXgwKEwZ1BPMg4JBKgjWbGYKwpGZXiMdIIqxNXCtTAp6ZTL4Oh/+Tds3xXMe7qVca9WU6RXAMTkAVeOACNMA1aIIWwGAKHsAjeLLurWfrxXpdlBasZc8RWIH19gliHZqH</latexit><latexit sha1_base64="WboAWFBBOc1MwJh57/nmpMtPgE0=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkpGWYf7Ab3Cra3fi1p9w6Z+YaStYHwdCDufcy733BDGjSrvuu1VYW9/Y3Cpul3Z29/YP7MNyW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gcpX7nTsiFY3ErZ7FpM/RSNCQYqSNNLDLfsDTaeafV1Nfchjy7GxgV1yn5uaAv4nnzH+3ApZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Od8/gqVGGMIykeULDufq9I0VcqRkPTCVHeqx+ern4l9dLdHjZT6mIE00EXgwKEwZ1BPMg4JBKgjWbGYKwpGZXiMdIIqxNXCtTAp6ZTL4Oh/+Tds3xXMe7qVca9WU6RXAMTkAVeOACNMA1aIIWwGAKHsAjeLLurWfrxXpdlBasZc8RWIH19gliHZqH</latexit>

0.4

z
(f

m
)

<latexit sha1_base64="g+IPoziAvJMA0zL1n8+RD87NGD4=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkhHrMH/gN7jVtTtx60+49E/MtBWsjwMhh3Pu5d57gphRpV333SqsrK6tbxQ3S1vbO7t79n65raJEYtLCEYtkN0CKMCpIS1PNSDeWBPGAkU4wucj9zg2RikbiWk9j0udoJGhIMdJGGthlP+DpXeafVlNfchjy7GRgV1yn5uaAv4nnzH63AhZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Ods/gsVGGMIykeULDmfq9I0VcqSkPTCVHeqx+ern4l9dLdHjeT6mIE00Eng8KEwZ1BPMg4JBKgjWbGoKwpGZXiMdIIqxNXEtTAp6ZTL4Oh/+Tds3xXMe7qlca9UU6RXAIjkAVeOAMNMAlaIIWwOAWPIBH8GTdW8/Wi/U6Ly1Yi54DsATr7RNlXZqJ</latexit><latexit sha1_base64="g+IPoziAvJMA0zL1n8+RD87NGD4=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkhHrMH/gN7jVtTtx60+49E/MtBWsjwMhh3Pu5d57gphRpV333SqsrK6tbxQ3S1vbO7t79n65raJEYtLCEYtkN0CKMCpIS1PNSDeWBPGAkU4wucj9zg2RikbiWk9j0udoJGhIMdJGGthlP+DpXeafVlNfchjy7GRgV1yn5uaAv4nnzH63AhZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Ods/gsVGGMIykeULDmfq9I0VcqSkPTCVHeqx+ern4l9dLdHjeT6mIE00Eng8KEwZ1BPMg4JBKgjWbGoKwpGZXiMdIIqxNXEtTAp6ZTL4Oh/+Tds3xXMe7qlca9UU6RXAIjkAVeOAMNMAlaIIWwOAWPIBH8GTdW8/Wi/U6Ly1Yi54DsATr7RNlXZqJ</latexit><latexit sha1_base64="g+IPoziAvJMA0zL1n8+RD87NGD4=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkhHrMH/gN7jVtTtx60+49E/MtBWsjwMhh3Pu5d57gphRpV333SqsrK6tbxQ3S1vbO7t79n65raJEYtLCEYtkN0CKMCpIS1PNSDeWBPGAkU4wucj9zg2RikbiWk9j0udoJGhIMdJGGthlP+DpXeafVlNfchjy7GRgV1yn5uaAv4nnzH63AhZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Ods/gsVGGMIykeULDmfq9I0VcqSkPTCVHeqx+ern4l9dLdHjeT6mIE00Eng8KEwZ1BPMg4JBKgjWbGoKwpGZXiMdIIqxNXEtTAp6ZTL4Oh/+Tds3xXMe7qlca9UU6RXAIjkAVeOAMNMAlaIIWwOAWPIBH8GTdW8/Wi/U6Ly1Yi54DsATr7RNlXZqJ</latexit><latexit sha1_base64="g+IPoziAvJMA0zL1n8+RD87NGD4=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkhHrMH/gN7jVtTtx60+49E/MtBWsjwMhh3Pu5d57gphRpV333SqsrK6tbxQ3S1vbO7t79n65raJEYtLCEYtkN0CKMCpIS1PNSDeWBPGAkU4wucj9zg2RikbiWk9j0udoJGhIMdJGGthlP+DpXeafVlNfchjy7GRgV1yn5uaAv4nnzH63AhZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Ods/gsVGGMIykeULDmfq9I0VcqSkPTCVHeqx+ern4l9dLdHjeT6mIE00Eng8KEwZ1BPMg4JBKgjWbGoKwpGZXiMdIIqxNXEtTAp6ZTL4Oh/+Tds3xXMe7qlca9UU6RXAIjkAVeOAMNMAlaIIWwOAWPIBH8GTdW8/Wi/U6Ly1Yi54DsATr7RNlXZqJ</latexit>

0 5-5 0 5-5

0

-5

5

x (fm)
<latexit sha1_base64="WboAWFBBOc1MwJh57/nmpMtPgE0=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkpGWYf7Ab3Cra3fi1p9w6Z+YaStYHwdCDufcy733BDGjSrvuu1VYW9/Y3Cpul3Z29/YP7MNyW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gcpX7nTsiFY3ErZ7FpM/RSNCQYqSNNLDLfsDTaeafV1Nfchjy7GxgV1yn5uaAv4nnzH+3ApZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Od8/gqVGGMIykeULDufq9I0VcqRkPTCVHeqx+ern4l9dLdHjZT6mIE00EXgwKEwZ1BPMg4JBKgjWbGYKwpGZXiMdIIqxNXCtTAp6ZTL4Oh/+Tds3xXMe7qVca9WU6RXAMTkAVeOACNMA1aIIWwGAKHsAjeLLurWfrxXpdlBasZc8RWIH19gliHZqH</latexit><latexit sha1_base64="WboAWFBBOc1MwJh57/nmpMtPgE0=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkpGWYf7Ab3Cra3fi1p9w6Z+YaStYHwdCDufcy733BDGjSrvuu1VYW9/Y3Cpul3Z29/YP7MNyW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gcpX7nTsiFY3ErZ7FpM/RSNCQYqSNNLDLfsDTaeafV1Nfchjy7GxgV1yn5uaAv4nnzH+3ApZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Od8/gqVGGMIykeULDufq9I0VcqRkPTCVHeqx+ern4l9dLdHjZT6mIE00EXgwKEwZ1BPMg4JBKgjWbGYKwpGZXiMdIIqxNXCtTAp6ZTL4Oh/+Tds3xXMe7qVca9WU6RXAMTkAVeOACNMA1aIIWwGAKHsAjeLLurWfrxXpdlBasZc8RWIH19gliHZqH</latexit><latexit sha1_base64="WboAWFBBOc1MwJh57/nmpMtPgE0=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkpGWYf7Ab3Cra3fi1p9w6Z+YaStYHwdCDufcy733BDGjSrvuu1VYW9/Y3Cpul3Z29/YP7MNyW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gcpX7nTsiFY3ErZ7FpM/RSNCQYqSNNLDLfsDTaeafV1Nfchjy7GxgV1yn5uaAv4nnzH+3ApZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Od8/gqVGGMIykeULDufq9I0VcqRkPTCVHeqx+ern4l9dLdHjZT6mIE00EXgwKEwZ1BPMg4JBKgjWbGYKwpGZXiMdIIqxNXCtTAp6ZTL4Oh/+Tds3xXMe7qVca9WU6RXAMTkAVeOACNMA1aIIWwGAKHsAjeLLurWfrxXpdlBasZc8RWIH19gliHZqH</latexit><latexit sha1_base64="WboAWFBBOc1MwJh57/nmpMtPgE0=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkpGWYf7Ab3Cra3fi1p9w6Z+YaStYHwdCDufcy733BDGjSrvuu1VYW9/Y3Cpul3Z29/YP7MNyW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gcpX7nTsiFY3ErZ7FpM/RSNCQYqSNNLDLfsDTaeafV1Nfchjy7GxgV1yn5uaAv4nnzH+3ApZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Od8/gqVGGMIykeULDufq9I0VcqRkPTCVHeqx+ern4l9dLdHjZT6mIE00EXgwKEwZ1BPMg4JBKgjWbGYKwpGZXiMdIIqxNXCtTAp6ZTL4Oh/+Tds3xXMe7qVca9WU6RXAMTkAVeOACNMA1aIIWwGAKHsAjeLLurWfrxXpdlBasZc8RWIH19gliHZqH</latexit>

y
(f

m
)

<latexit sha1_base64="PhzlgNL9n7WI5dUQ9mddGSna+oM=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkhGHYf7Ab3Cra3fi1p9w6Z+YaSv4PBByOOde7r0niBlV2nXfrNLK6tr6RnmzsrW9s7tn71e7KkokJh0csUj2A6QIo4J0NNWM9GNJEA8Y6QWzi8Lv3RCpaCSudRqTIUcTQUOKkTbSyK76Ac/S3D+tZ77kMOT5yciuuU7DLQB/E8+Z/24NLNEe2e/+OMIJJ0JjhpQaeG6shxmSmmJG8oqfKBIjPEMTMjBUIE7UMJvvnsNjo4xhGEnzhIZz9WtHhrhSKQ9MJUd6qn56hfiXN0h0eD7MqIgTTQReDAoTBnUEiyDgmEqCNUsNQVhSsyvEUyQR1iaub1MCnptMPg+H/5Nuw/Fcx7tq1lrNZTplcAiOQB144Ay0wCVogw7A4BbcgwfwaN1ZT9az9bIoLVnLngPwDdbrB2O9mog=</latexit><latexit sha1_base64="PhzlgNL9n7WI5dUQ9mddGSna+oM=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkhGHYf7Ab3Cra3fi1p9w6Z+YaSv4PBByOOde7r0niBlV2nXfrNLK6tr6RnmzsrW9s7tn71e7KkokJh0csUj2A6QIo4J0NNWM9GNJEA8Y6QWzi8Lv3RCpaCSudRqTIUcTQUOKkTbSyK76Ac/S3D+tZ77kMOT5yciuuU7DLQB/E8+Z/24NLNEe2e/+OMIJJ0JjhpQaeG6shxmSmmJG8oqfKBIjPEMTMjBUIE7UMJvvnsNjo4xhGEnzhIZz9WtHhrhSKQ9MJUd6qn56hfiXN0h0eD7MqIgTTQReDAoTBnUEiyDgmEqCNUsNQVhSsyvEUyQR1iaub1MCnptMPg+H/5Nuw/Fcx7tq1lrNZTplcAiOQB144Ay0wCVogw7A4BbcgwfwaN1ZT9az9bIoLVnLngPwDdbrB2O9mog=</latexit><latexit sha1_base64="PhzlgNL9n7WI5dUQ9mddGSna+oM=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkhGHYf7Ab3Cra3fi1p9w6Z+YaSv4PBByOOde7r0niBlV2nXfrNLK6tr6RnmzsrW9s7tn71e7KkokJh0csUj2A6QIo4J0NNWM9GNJEA8Y6QWzi8Lv3RCpaCSudRqTIUcTQUOKkTbSyK76Ac/S3D+tZ77kMOT5yciuuU7DLQB/E8+Z/24NLNEe2e/+OMIJJ0JjhpQaeG6shxmSmmJG8oqfKBIjPEMTMjBUIE7UMJvvnsNjo4xhGEnzhIZz9WtHhrhSKQ9MJUd6qn56hfiXN0h0eD7MqIgTTQReDAoTBnUEiyDgmEqCNUsNQVhSsyvEUyQR1iaub1MCnptMPg+H/5Nuw/Fcx7tq1lrNZTplcAiOQB144Ay0wCVogw7A4BbcgwfwaN1ZT9az9bIoLVnLngPwDdbrB2O9mog=</latexit><latexit sha1_base64="PhzlgNL9n7WI5dUQ9mddGSna+oM=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkhGHYf7Ab3Cra3fi1p9w6Z+YaSv4PBByOOde7r0niBlV2nXfrNLK6tr6RnmzsrW9s7tn71e7KkokJh0csUj2A6QIo4J0NNWM9GNJEA8Y6QWzi8Lv3RCpaCSudRqTIUcTQUOKkTbSyK76Ac/S3D+tZ77kMOT5yciuuU7DLQB/E8+Z/24NLNEe2e/+OMIJJ0JjhpQaeG6shxmSmmJG8oqfKBIjPEMTMjBUIE7UMJvvnsNjo4xhGEnzhIZz9WtHhrhSKQ9MJUd6qn56hfiXN0h0eD7MqIgTTQReDAoTBnUEiyDgmEqCNUsNQVhSsyvEUyQR1iaub1MCnptMPg+H/5Nuw/Fcx7tq1lrNZTplcAiOQB144Ay0wCVogw7A4BbcgwfwaN1ZT9az9bIoLVnLngPwDdbrB2O9mog=</latexit>
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x (fm)
<latexit sha1_base64="WboAWFBBOc1MwJh57/nmpMtPgE0=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkpGWYf7Ab3Cra3fi1p9w6Z+YaStYHwdCDufcy733BDGjSrvuu1VYW9/Y3Cpul3Z29/YP7MNyW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gcpX7nTsiFY3ErZ7FpM/RSNCQYqSNNLDLfsDTaeafV1Nfchjy7GxgV1yn5uaAv4nnzH+3ApZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Od8/gqVGGMIykeULDufq9I0VcqRkPTCVHeqx+ern4l9dLdHjZT6mIE00EXgwKEwZ1BPMg4JBKgjWbGYKwpGZXiMdIIqxNXCtTAp6ZTL4Oh/+Tds3xXMe7qVca9WU6RXAMTkAVeOACNMA1aIIWwGAKHsAjeLLurWfrxXpdlBasZc8RWIH19gliHZqH</latexit><latexit sha1_base64="WboAWFBBOc1MwJh57/nmpMtPgE0=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkpGWYf7Ab3Cra3fi1p9w6Z+YaStYHwdCDufcy733BDGjSrvuu1VYW9/Y3Cpul3Z29/YP7MNyW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gcpX7nTsiFY3ErZ7FpM/RSNCQYqSNNLDLfsDTaeafV1Nfchjy7GxgV1yn5uaAv4nnzH+3ApZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Od8/gqVGGMIykeULDufq9I0VcqRkPTCVHeqx+ern4l9dLdHjZT6mIE00EXgwKEwZ1BPMg4JBKgjWbGYKwpGZXiMdIIqxNXCtTAp6ZTL4Oh/+Tds3xXMe7qVca9WU6RXAMTkAVeOACNMA1aIIWwGAKHsAjeLLurWfrxXpdlBasZc8RWIH19gliHZqH</latexit><latexit sha1_base64="WboAWFBBOc1MwJh57/nmpMtPgE0=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkpGWYf7Ab3Cra3fi1p9w6Z+YaStYHwdCDufcy733BDGjSrvuu1VYW9/Y3Cpul3Z29/YP7MNyW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gcpX7nTsiFY3ErZ7FpM/RSNCQYqSNNLDLfsDTaeafV1Nfchjy7GxgV1yn5uaAv4nnzH+3ApZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Od8/gqVGGMIykeULDufq9I0VcqRkPTCVHeqx+ern4l9dLdHjZT6mIE00EXgwKEwZ1BPMg4JBKgjWbGYKwpGZXiMdIIqxNXCtTAp6ZTL4Oh/+Tds3xXMe7qVca9WU6RXAMTkAVeOACNMA1aIIWwGAKHsAjeLLurWfrxXpdlBasZc8RWIH19gliHZqH</latexit><latexit sha1_base64="WboAWFBBOc1MwJh57/nmpMtPgE0=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkpGWYf7Ab3Cra3fi1p9w6Z+YaStYHwdCDufcy733BDGjSrvuu1VYW9/Y3Cpul3Z29/YP7MNyW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gcpX7nTsiFY3ErZ7FpM/RSNCQYqSNNLDLfsDTaeafV1Nfchjy7GxgV1yn5uaAv4nnzH+3ApZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Od8/gqVGGMIykeULDufq9I0VcqRkPTCVHeqx+ern4l9dLdHjZT6mIE00EXgwKEwZ1BPMg4JBKgjWbGYKwpGZXiMdIIqxNXCtTAp6ZTL4Oh/+Tds3xXMe7qVca9WU6RXAMTkAVeOACNMA1aIIWwGAKHsAjeLLurWfrxXpdlBasZc8RWIH19gliHZqH</latexit>

y
(f

m
)

<latexit sha1_base64="PhzlgNL9n7WI5dUQ9mddGSna+oM=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkhGHYf7Ab3Cra3fi1p9w6Z+YaSv4PBByOOde7r0niBlV2nXfrNLK6tr6RnmzsrW9s7tn71e7KkokJh0csUj2A6QIo4J0NNWM9GNJEA8Y6QWzi8Lv3RCpaCSudRqTIUcTQUOKkTbSyK76Ac/S3D+tZ77kMOT5yciuuU7DLQB/E8+Z/24NLNEe2e/+OMIJJ0JjhpQaeG6shxmSmmJG8oqfKBIjPEMTMjBUIE7UMJvvnsNjo4xhGEnzhIZz9WtHhrhSKQ9MJUd6qn56hfiXN0h0eD7MqIgTTQReDAoTBnUEiyDgmEqCNUsNQVhSsyvEUyQR1iaub1MCnptMPg+H/5Nuw/Fcx7tq1lrNZTplcAiOQB144Ay0wCVogw7A4BbcgwfwaN1ZT9az9bIoLVnLngPwDdbrB2O9mog=</latexit><latexit sha1_base64="PhzlgNL9n7WI5dUQ9mddGSna+oM=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkhGHYf7Ab3Cra3fi1p9w6Z+YaSv4PBByOOde7r0niBlV2nXfrNLK6tr6RnmzsrW9s7tn71e7KkokJh0csUj2A6QIo4J0NNWM9GNJEA8Y6QWzi8Lv3RCpaCSudRqTIUcTQUOKkTbSyK76Ac/S3D+tZ77kMOT5yciuuU7DLQB/E8+Z/24NLNEe2e/+OMIJJ0JjhpQaeG6shxmSmmJG8oqfKBIjPEMTMjBUIE7UMJvvnsNjo4xhGEnzhIZz9WtHhrhSKQ9MJUd6qn56hfiXN0h0eD7MqIgTTQReDAoTBnUEiyDgmEqCNUsNQVhSsyvEUyQR1iaub1MCnptMPg+H/5Nuw/Fcx7tq1lrNZTplcAiOQB144Ay0wCVogw7A4BbcgwfwaN1ZT9az9bIoLVnLngPwDdbrB2O9mog=</latexit><latexit sha1_base64="PhzlgNL9n7WI5dUQ9mddGSna+oM=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkhGHYf7Ab3Cra3fi1p9w6Z+YaSv4PBByOOde7r0niBlV2nXfrNLK6tr6RnmzsrW9s7tn71e7KkokJh0csUj2A6QIo4J0NNWM9GNJEA8Y6QWzi8Lv3RCpaCSudRqTIUcTQUOKkTbSyK76Ac/S3D+tZ77kMOT5yciuuU7DLQB/E8+Z/24NLNEe2e/+OMIJJ0JjhpQaeG6shxmSmmJG8oqfKBIjPEMTMjBUIE7UMJvvnsNjo4xhGEnzhIZz9WtHhrhSKQ9MJUd6qn56hfiXN0h0eD7MqIgTTQReDAoTBnUEiyDgmEqCNUsNQVhSsyvEUyQR1iaub1MCnptMPg+H/5Nuw/Fcx7tq1lrNZTplcAiOQB144Ay0wCVogw7A4BbcgwfwaN1ZT9az9bIoLVnLngPwDdbrB2O9mog=</latexit><latexit sha1_base64="PhzlgNL9n7WI5dUQ9mddGSna+oM=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkhGHYf7Ab3Cra3fi1p9w6Z+YaSv4PBByOOde7r0niBlV2nXfrNLK6tr6RnmzsrW9s7tn71e7KkokJh0csUj2A6QIo4J0NNWM9GNJEA8Y6QWzi8Lv3RCpaCSudRqTIUcTQUOKkTbSyK76Ac/S3D+tZ77kMOT5yciuuU7DLQB/E8+Z/24NLNEe2e/+OMIJJ0JjhpQaeG6shxmSmmJG8oqfKBIjPEMTMjBUIE7UMJvvnsNjo4xhGEnzhIZz9WtHhrhSKQ9MJUd6qn56hfiXN0h0eD7MqIgTTQReDAoTBnUEiyDgmEqCNUsNQVhSsyvEUyQR1iaub1MCnptMPg+H/5Nuw/Fcx7tq1lrNZTplcAiOQB144Ay0wCVogw7A4BbcgwfwaN1ZT9az9bIoLVnLngPwDdbrB2O9mog=</latexit>

�e (GeV/fm3)
<latexit sha1_base64="Vz+J2NGFkuaN0Pd1/b6XwolddZI=">AAACF3icdVDLSgMxFM3UV62vqksXBotYQepMFXRZUNBlBfuATi2Z9E4NJjNDkhHKMEs/wm9wq2t34talS//E9CFYHwdCDufcy733eBFnStv2u5WZmp6ZncvO5xYWl5ZX8qtrdRXGkkKNhjyUTY8o4CyAmmaaQzOSQITHoeHdnAz8xi1IxcLgUvcjaAvSC5jPKNFG6uQ3XU8k7ilwTTCk7l4xcaXAZ1Df98XVQbrbyRfsUtkeAP8mTmn42wU0RrWT/3C7IY0FBJpyolTLsSPdTojUjHJIc26sICL0hvSgZWhABKh2MjwkxdtG6WI/lOYFGg/V7x0JEUr1hWcqBdHX6qc3EP/yWrH2j9sJC6JYQ0BHg/yYYx3iQSq4yyRQzfuGECqZ2RXTayIJ1Sa7iSmeSE0mX4fj/0m9XHLsknNxWKjsjNPJog20hYrIQUeogs5RFdUQRXfoAT2iJ+veerZerNdRacYa96yjCVhvnxzHnxE=</latexit><latexit sha1_base64="Vz+J2NGFkuaN0Pd1/b6XwolddZI=">AAACF3icdVDLSgMxFM3UV62vqksXBotYQepMFXRZUNBlBfuATi2Z9E4NJjNDkhHKMEs/wm9wq2t34talS//E9CFYHwdCDufcy733eBFnStv2u5WZmp6ZncvO5xYWl5ZX8qtrdRXGkkKNhjyUTY8o4CyAmmaaQzOSQITHoeHdnAz8xi1IxcLgUvcjaAvSC5jPKNFG6uQ3XU8k7ilwTTCk7l4xcaXAZ1Df98XVQbrbyRfsUtkeAP8mTmn42wU0RrWT/3C7IY0FBJpyolTLsSPdTojUjHJIc26sICL0hvSgZWhABKh2MjwkxdtG6WI/lOYFGg/V7x0JEUr1hWcqBdHX6qc3EP/yWrH2j9sJC6JYQ0BHg/yYYx3iQSq4yyRQzfuGECqZ2RXTayIJ1Sa7iSmeSE0mX4fj/0m9XHLsknNxWKjsjNPJog20hYrIQUeogs5RFdUQRXfoAT2iJ+veerZerNdRacYa96yjCVhvnxzHnxE=</latexit><latexit sha1_base64="Vz+J2NGFkuaN0Pd1/b6XwolddZI=">AAACF3icdVDLSgMxFM3UV62vqksXBotYQepMFXRZUNBlBfuATi2Z9E4NJjNDkhHKMEs/wm9wq2t34talS//E9CFYHwdCDufcy733eBFnStv2u5WZmp6ZncvO5xYWl5ZX8qtrdRXGkkKNhjyUTY8o4CyAmmaaQzOSQITHoeHdnAz8xi1IxcLgUvcjaAvSC5jPKNFG6uQ3XU8k7ilwTTCk7l4xcaXAZ1Df98XVQbrbyRfsUtkeAP8mTmn42wU0RrWT/3C7IY0FBJpyolTLsSPdTojUjHJIc26sICL0hvSgZWhABKh2MjwkxdtG6WI/lOYFGg/V7x0JEUr1hWcqBdHX6qc3EP/yWrH2j9sJC6JYQ0BHg/yYYx3iQSq4yyRQzfuGECqZ2RXTayIJ1Sa7iSmeSE0mX4fj/0m9XHLsknNxWKjsjNPJog20hYrIQUeogs5RFdUQRXfoAT2iJ+veerZerNdRacYa96yjCVhvnxzHnxE=</latexit><latexit sha1_base64="Vz+J2NGFkuaN0Pd1/b6XwolddZI=">AAACF3icdVDLSgMxFM3UV62vqksXBotYQepMFXRZUNBlBfuATi2Z9E4NJjNDkhHKMEs/wm9wq2t34talS//E9CFYHwdCDufcy733eBFnStv2u5WZmp6ZncvO5xYWl5ZX8qtrdRXGkkKNhjyUTY8o4CyAmmaaQzOSQITHoeHdnAz8xi1IxcLgUvcjaAvSC5jPKNFG6uQ3XU8k7ilwTTCk7l4xcaXAZ1Df98XVQbrbyRfsUtkeAP8mTmn42wU0RrWT/3C7IY0FBJpyolTLsSPdTojUjHJIc26sICL0hvSgZWhABKh2MjwkxdtG6WI/lOYFGg/V7x0JEUr1hWcqBdHX6qc3EP/yWrH2j9sJC6JYQ0BHg/yYYx3iQSq4yyRQzfuGECqZ2RXTayIJ1Sa7iSmeSE0mX4fj/0m9XHLsknNxWKjsjNPJog20hYrIQUeogs5RFdUQRXfoAT2iJ+veerZerNdRacYa96yjCVhvnxzHnxE=</latexit>

τ � 12 fm/c e �GeV/fm3�
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e (GeV/fm3)
<latexit sha1_base64="/fz0X3RHTEsYUvklaa7ygp0x+l0=">AAACEHicdVDJSgNBEO1xjXGLehG8NAZRQeKMippbwIMeI5gFMjH0dGqSJt0zQ3ePEIbxI/wGr3r2Jl79A4/+iZ1FcH1Q8Hiviqp6XsSZ0rb9Zk1MTk3PzGbmsvMLi0vLuZXVqgpjSaFCQx7KukcUcBZARTPNoR5JIMLjUPN6ZwO/dgNSsTC40v0ImoJ0AuYzSrSRWrl11xMJpO7eTuJKgc+huu+L68N0t5XL24Wi7RSPHfybOAV7iDwao9zKvbvtkMYCAk05Uarh2JFuJkRqRjmkWTdWEBHaIx1oGBoQAaqZDD9I8ZZR2tgPpalA46H6dSIhQqm+8EynILqrfnoD8S+vEWv/tJmwIIo1BHS0yI851iEexIHbTALVvG8IoZKZWzHtEkmoNqF92+KJ1GTy+Tj+n1QPCo5dcC6P8qXtcToZtIE20Q5y0AkqoQtURhVE0S26Rw/o0bqznqxn62XUOmGNZ9bQN1ivH3pTnK0=</latexit><latexit sha1_base64="/fz0X3RHTEsYUvklaa7ygp0x+l0=">AAACEHicdVDJSgNBEO1xjXGLehG8NAZRQeKMippbwIMeI5gFMjH0dGqSJt0zQ3ePEIbxI/wGr3r2Jl79A4/+iZ1FcH1Q8Hiviqp6XsSZ0rb9Zk1MTk3PzGbmsvMLi0vLuZXVqgpjSaFCQx7KukcUcBZARTPNoR5JIMLjUPN6ZwO/dgNSsTC40v0ImoJ0AuYzSrSRWrl11xMJpO7eTuJKgc+huu+L68N0t5XL24Wi7RSPHfybOAV7iDwao9zKvbvtkMYCAk05Uarh2JFuJkRqRjmkWTdWEBHaIx1oGBoQAaqZDD9I8ZZR2tgPpalA46H6dSIhQqm+8EynILqrfnoD8S+vEWv/tJmwIIo1BHS0yI851iEexIHbTALVvG8IoZKZWzHtEkmoNqF92+KJ1GTy+Tj+n1QPCo5dcC6P8qXtcToZtIE20Q5y0AkqoQtURhVE0S26Rw/o0bqznqxn62XUOmGNZ9bQN1ivH3pTnK0=</latexit><latexit sha1_base64="/fz0X3RHTEsYUvklaa7ygp0x+l0=">AAACEHicdVDJSgNBEO1xjXGLehG8NAZRQeKMippbwIMeI5gFMjH0dGqSJt0zQ3ePEIbxI/wGr3r2Jl79A4/+iZ1FcH1Q8Hiviqp6XsSZ0rb9Zk1MTk3PzGbmsvMLi0vLuZXVqgpjSaFCQx7KukcUcBZARTPNoR5JIMLjUPN6ZwO/dgNSsTC40v0ImoJ0AuYzSrSRWrl11xMJpO7eTuJKgc+huu+L68N0t5XL24Wi7RSPHfybOAV7iDwao9zKvbvtkMYCAk05Uarh2JFuJkRqRjmkWTdWEBHaIx1oGBoQAaqZDD9I8ZZR2tgPpalA46H6dSIhQqm+8EynILqrfnoD8S+vEWv/tJmwIIo1BHS0yI851iEexIHbTALVvG8IoZKZWzHtEkmoNqF92+KJ1GTy+Tj+n1QPCo5dcC6P8qXtcToZtIE20Q5y0AkqoQtURhVE0S26Rw/o0bqznqxn62XUOmGNZ9bQN1ivH3pTnK0=</latexit><latexit sha1_base64="/fz0X3RHTEsYUvklaa7ygp0x+l0=">AAACEHicdVDJSgNBEO1xjXGLehG8NAZRQeKMippbwIMeI5gFMjH0dGqSJt0zQ3ePEIbxI/wGr3r2Jl79A4/+iZ1FcH1Q8Hiviqp6XsSZ0rb9Zk1MTk3PzGbmsvMLi0vLuZXVqgpjSaFCQx7KukcUcBZARTPNoR5JIMLjUPN6ZwO/dgNSsTC40v0ImoJ0AuYzSrSRWrl11xMJpO7eTuJKgc+huu+L68N0t5XL24Wi7RSPHfybOAV7iDwao9zKvbvtkMYCAk05Uarh2JFuJkRqRjmkWTdWEBHaIx1oGBoQAaqZDD9I8ZZR2tgPpalA46H6dSIhQqm+8EynILqrfnoD8S+vEWv/tJmwIIo1BHS0yI851iEexIHbTALVvG8IoZKZWzHtEkmoNqF92+KJ1GTy+Tj+n1QPCo5dcC6P8qXtcToZtIE20Q5y0AkqoQtURhVE0S26Rw/o0bqznqxn62XUOmGNZ9bQN1ivH3pTnK0=</latexit>

⌧ = 12 fm
<latexit sha1_base64="XvFnaOwAT1IzpN/87W9A+FkFACc=">AAACDnicdVDLSgMxFM3UV62vUcGNm2AVXMgwUwTdCAU3LivYB3SGkkkzbWiSGZKMUMb5B7/Bra7diVt/waV/YqatYH0cCDmccy/33hMmjCrtuu9WaWFxaXmlvFpZW9/Y3LK3d1oqTiUmTRyzWHZCpAijgjQ11Yx0EkkQDxlph6PLwm/fEqloLG70OCEBRwNBI4qRNlLP3vNDnvkapRdezT/JfMlhxPO8Z1ddp+YWgL+J50x+twpmaPTsD78f45QToTFDSnU9N9FBhqSmmJG84qeKJAiP0IB0DRWIExVkk/1zeGSUPoxiaZ7QcKJ+78gQV2rMQ1PJkR6qn14h/uV1Ux2dBxkVSaqJwNNBUcqgjmERBuxTSbBmY0MQltTsCvEQSYS1iWxuSsiLTL4Oh/+TVs3xXMe7Pq3WD2fplME+OADHwANnoA6uQAM0AQZ34AE8gifr3nq2XqzXaWnJmvXsgjlYb59jzZwc</latexit><latexit sha1_base64="XvFnaOwAT1IzpN/87W9A+FkFACc=">AAACDnicdVDLSgMxFM3UV62vUcGNm2AVXMgwUwTdCAU3LivYB3SGkkkzbWiSGZKMUMb5B7/Bra7diVt/waV/YqatYH0cCDmccy/33hMmjCrtuu9WaWFxaXmlvFpZW9/Y3LK3d1oqTiUmTRyzWHZCpAijgjQ11Yx0EkkQDxlph6PLwm/fEqloLG70OCEBRwNBI4qRNlLP3vNDnvkapRdezT/JfMlhxPO8Z1ddp+YWgL+J50x+twpmaPTsD78f45QToTFDSnU9N9FBhqSmmJG84qeKJAiP0IB0DRWIExVkk/1zeGSUPoxiaZ7QcKJ+78gQV2rMQ1PJkR6qn14h/uV1Ux2dBxkVSaqJwNNBUcqgjmERBuxTSbBmY0MQltTsCvEQSYS1iWxuSsiLTL4Oh/+TVs3xXMe7Pq3WD2fplME+OADHwANnoA6uQAM0AQZ34AE8gifr3nq2XqzXaWnJmvXsgjlYb59jzZwc</latexit><latexit sha1_base64="XvFnaOwAT1IzpN/87W9A+FkFACc=">AAACDnicdVDLSgMxFM3UV62vUcGNm2AVXMgwUwTdCAU3LivYB3SGkkkzbWiSGZKMUMb5B7/Bra7diVt/waV/YqatYH0cCDmccy/33hMmjCrtuu9WaWFxaXmlvFpZW9/Y3LK3d1oqTiUmTRyzWHZCpAijgjQ11Yx0EkkQDxlph6PLwm/fEqloLG70OCEBRwNBI4qRNlLP3vNDnvkapRdezT/JfMlhxPO8Z1ddp+YWgL+J50x+twpmaPTsD78f45QToTFDSnU9N9FBhqSmmJG84qeKJAiP0IB0DRWIExVkk/1zeGSUPoxiaZ7QcKJ+78gQV2rMQ1PJkR6qn14h/uV1Ux2dBxkVSaqJwNNBUcqgjmERBuxTSbBmY0MQltTsCvEQSYS1iWxuSsiLTL4Oh/+TVs3xXMe7Pq3WD2fplME+OADHwANnoA6uQAM0AQZ34AE8gifr3nq2XqzXaWnJmvXsgjlYb59jzZwc</latexit><latexit sha1_base64="XvFnaOwAT1IzpN/87W9A+FkFACc=">AAACDnicdVDLSgMxFM3UV62vUcGNm2AVXMgwUwTdCAU3LivYB3SGkkkzbWiSGZKMUMb5B7/Bra7diVt/waV/YqatYH0cCDmccy/33hMmjCrtuu9WaWFxaXmlvFpZW9/Y3LK3d1oqTiUmTRyzWHZCpAijgjQ11Yx0EkkQDxlph6PLwm/fEqloLG70OCEBRwNBI4qRNlLP3vNDnvkapRdezT/JfMlhxPO8Z1ddp+YWgL+J50x+twpmaPTsD78f45QToTFDSnU9N9FBhqSmmJG84qeKJAiP0IB0DRWIExVkk/1zeGSUPoxiaZ7QcKJ+78gQV2rMQ1PJkR6qn14h/uV1Ux2dBxkVSaqJwNNBUcqgjmERBuxTSbBmY0MQltTsCvEQSYS1iWxuSsiLTL4Oh/+TVs3xXMe7Pq3WD2fplME+OADHwANnoA6uQAM0AQZ34AE8gifr3nq2XqzXaWnJmvXsgjlYb59jzZwc</latexit>

⌧ = 12 fm
<latexit sha1_base64="j+wTzTDYYQP5Kk/Z/0yw/F9VqFE=">AAACDnicdVDLSsNAFJ3UV62vqODGzWAVXEjJFFG7EApuXFawrdCEMplO2qEzkzAzEUrMP/gNbnXtTtz6Cy79E5O2gvVx4MLhnHu59x4/4kwbx3m3CnPzC4tLxeXSyura+oa9udXSYawIbZKQh+rGx5pyJmnTMMPpTaQoFj6nbX94kfvtW6o0C+W1GUXUE7gvWcAINpnUtXdcXySuwfE5qrpHiasEDESadu2yU6k5qHaC4G+CKs4YZTBFo2t/uL2QxIJKQzjWuoOcyHgJVoYRTtOSG2saYTLEfdrJqMSCai8Z35/Cg0zpwSBUWUkDx+r3iQQLrUfCzzoFNgP908vFv7xObIIzL2Eyig2VZLIoiDk0IczDgD2mKDF8lBFMFMtuhWSAFSYmi2xmiy/yTL4eh/+TVrWCnAq6Oi7X96fpFMEu2AOHAIFTUAeXoAGagIA78AAewZN1bz1bL9brpLVgTWe2wQyst0/QP5xk</latexit><latexit sha1_base64="j+wTzTDYYQP5Kk/Z/0yw/F9VqFE=">AAACDnicdVDLSsNAFJ3UV62vqODGzWAVXEjJFFG7EApuXFawrdCEMplO2qEzkzAzEUrMP/gNbnXtTtz6Cy79E5O2gvVx4MLhnHu59x4/4kwbx3m3CnPzC4tLxeXSyura+oa9udXSYawIbZKQh+rGx5pyJmnTMMPpTaQoFj6nbX94kfvtW6o0C+W1GUXUE7gvWcAINpnUtXdcXySuwfE5qrpHiasEDESadu2yU6k5qHaC4G+CKs4YZTBFo2t/uL2QxIJKQzjWuoOcyHgJVoYRTtOSG2saYTLEfdrJqMSCai8Z35/Cg0zpwSBUWUkDx+r3iQQLrUfCzzoFNgP908vFv7xObIIzL2Eyig2VZLIoiDk0IczDgD2mKDF8lBFMFMtuhWSAFSYmi2xmiy/yTL4eh/+TVrWCnAq6Oi7X96fpFMEu2AOHAIFTUAeXoAGagIA78AAewZN1bz1bL9brpLVgTWe2wQyst0/QP5xk</latexit><latexit sha1_base64="j+wTzTDYYQP5Kk/Z/0yw/F9VqFE=">AAACDnicdVDLSsNAFJ3UV62vqODGzWAVXEjJFFG7EApuXFawrdCEMplO2qEzkzAzEUrMP/gNbnXtTtz6Cy79E5O2gvVx4MLhnHu59x4/4kwbx3m3CnPzC4tLxeXSyura+oa9udXSYawIbZKQh+rGx5pyJmnTMMPpTaQoFj6nbX94kfvtW6o0C+W1GUXUE7gvWcAINpnUtXdcXySuwfE5qrpHiasEDESadu2yU6k5qHaC4G+CKs4YZTBFo2t/uL2QxIJKQzjWuoOcyHgJVoYRTtOSG2saYTLEfdrJqMSCai8Z35/Cg0zpwSBUWUkDx+r3iQQLrUfCzzoFNgP908vFv7xObIIzL2Eyig2VZLIoiDk0IczDgD2mKDF8lBFMFMtuhWSAFSYmi2xmiy/yTL4eh/+TVrWCnAq6Oi7X96fpFMEu2AOHAIFTUAeXoAGagIA78AAewZN1bz1bL9brpLVgTWe2wQyst0/QP5xk</latexit><latexit sha1_base64="j+wTzTDYYQP5Kk/Z/0yw/F9VqFE=">AAACDnicdVDLSsNAFJ3UV62vqODGzWAVXEjJFFG7EApuXFawrdCEMplO2qEzkzAzEUrMP/gNbnXtTtz6Cy79E5O2gvVx4MLhnHu59x4/4kwbx3m3CnPzC4tLxeXSyura+oa9udXSYawIbZKQh+rGx5pyJmnTMMPpTaQoFj6nbX94kfvtW6o0C+W1GUXUE7gvWcAINpnUtXdcXySuwfE5qrpHiasEDESadu2yU6k5qHaC4G+CKs4YZTBFo2t/uL2QxIJKQzjWuoOcyHgJVoYRTtOSG2saYTLEfdrJqMSCai8Z35/Cg0zpwSBUWUkDx+r3iQQLrUfCzzoFNgP908vFv7xObIIzL2Eyig2VZLIoiDk0IczDgD2mKDF8lBFMFMtuhWSAFSYmi2xmiy/yTL4eh/+TVrWCnAq6Oi7X96fpFMEu2AOHAIFTUAeXoAGagIA78AAewZN1bz1bL9brpLVgTWe2wQyst0/QP5xk</latexit>

210

0

-1

1

x (fm)
<latexit sha1_base64="WboAWFBBOc1MwJh57/nmpMtPgE0=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkpGWYf7Ab3Cra3fi1p9w6Z+YaStYHwdCDufcy733BDGjSrvuu1VYW9/Y3Cpul3Z29/YP7MNyW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gcpX7nTsiFY3ErZ7FpM/RSNCQYqSNNLDLfsDTaeafV1Nfchjy7GxgV1yn5uaAv4nnzH+3ApZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Od8/gqVGGMIykeULDufq9I0VcqRkPTCVHeqx+ern4l9dLdHjZT6mIE00EXgwKEwZ1BPMg4JBKgjWbGYKwpGZXiMdIIqxNXCtTAp6ZTL4Oh/+Tds3xXMe7qVca9WU6RXAMTkAVeOACNMA1aIIWwGAKHsAjeLLurWfrxXpdlBasZc8RWIH19gliHZqH</latexit><latexit sha1_base64="WboAWFBBOc1MwJh57/nmpMtPgE0=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkpGWYf7Ab3Cra3fi1p9w6Z+YaStYHwdCDufcy733BDGjSrvuu1VYW9/Y3Cpul3Z29/YP7MNyW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gcpX7nTsiFY3ErZ7FpM/RSNCQYqSNNLDLfsDTaeafV1Nfchjy7GxgV1yn5uaAv4nnzH+3ApZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Od8/gqVGGMIykeULDufq9I0VcqRkPTCVHeqx+ern4l9dLdHjZT6mIE00EXgwKEwZ1BPMg4JBKgjWbGYKwpGZXiMdIIqxNXCtTAp6ZTL4Oh/+Tds3xXMe7qVca9WU6RXAMTkAVeOACNMA1aIIWwGAKHsAjeLLurWfrxXpdlBasZc8RWIH19gliHZqH</latexit><latexit sha1_base64="WboAWFBBOc1MwJh57/nmpMtPgE0=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkpGWYf7Ab3Cra3fi1p9w6Z+YaStYHwdCDufcy733BDGjSrvuu1VYW9/Y3Cpul3Z29/YP7MNyW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gcpX7nTsiFY3ErZ7FpM/RSNCQYqSNNLDLfsDTaeafV1Nfchjy7GxgV1yn5uaAv4nnzH+3ApZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Od8/gqVGGMIykeULDufq9I0VcqRkPTCVHeqx+ern4l9dLdHjZT6mIE00EXgwKEwZ1BPMg4JBKgjWbGYKwpGZXiMdIIqxNXCtTAp6ZTL4Oh/+Tds3xXMe7qVca9WU6RXAMTkAVeOACNMA1aIIWwGAKHsAjeLLurWfrxXpdlBasZc8RWIH19gliHZqH</latexit><latexit sha1_base64="WboAWFBBOc1MwJh57/nmpMtPgE0=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkpGWYf7Ab3Cra3fi1p9w6Z+YaStYHwdCDufcy733BDGjSrvuu1VYW9/Y3Cpul3Z29/YP7MNyW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gcpX7nTsiFY3ErZ7FpM/RSNCQYqSNNLDLfsDTaeafV1Nfchjy7GxgV1yn5uaAv4nnzH+3ApZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Od8/gqVGGMIykeULDufq9I0VcqRkPTCVHeqx+ern4l9dLdHjZT6mIE00EXgwKEwZ1BPMg4JBKgjWbGYKwpGZXiMdIIqxNXCtTAp6ZTL4Oh/+Tds3xXMe7qVca9WU6RXAMTkAVeOACNMA1aIIWwGAKHsAjeLLurWfrxXpdlBasZc8RWIH19gliHZqH</latexit>

y
(f

m
)

<latexit sha1_base64="PhzlgNL9n7WI5dUQ9mddGSna+oM=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkhGHYf7Ab3Cra3fi1p9w6Z+YaSv4PBByOOde7r0niBlV2nXfrNLK6tr6RnmzsrW9s7tn71e7KkokJh0csUj2A6QIo4J0NNWM9GNJEA8Y6QWzi8Lv3RCpaCSudRqTIUcTQUOKkTbSyK76Ac/S3D+tZ77kMOT5yciuuU7DLQB/E8+Z/24NLNEe2e/+OMIJJ0JjhpQaeG6shxmSmmJG8oqfKBIjPEMTMjBUIE7UMJvvnsNjo4xhGEnzhIZz9WtHhrhSKQ9MJUd6qn56hfiXN0h0eD7MqIgTTQReDAoTBnUEiyDgmEqCNUsNQVhSsyvEUyQR1iaub1MCnptMPg+H/5Nuw/Fcx7tq1lrNZTplcAiOQB144Ay0wCVogw7A4BbcgwfwaN1ZT9az9bIoLVnLngPwDdbrB2O9mog=</latexit><latexit sha1_base64="PhzlgNL9n7WI5dUQ9mddGSna+oM=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkhGHYf7Ab3Cra3fi1p9w6Z+YaSv4PBByOOde7r0niBlV2nXfrNLK6tr6RnmzsrW9s7tn71e7KkokJh0csUj2A6QIo4J0NNWM9GNJEA8Y6QWzi8Lv3RCpaCSudRqTIUcTQUOKkTbSyK76Ac/S3D+tZ77kMOT5yciuuU7DLQB/E8+Z/24NLNEe2e/+OMIJJ0JjhpQaeG6shxmSmmJG8oqfKBIjPEMTMjBUIE7UMJvvnsNjo4xhGEnzhIZz9WtHhrhSKQ9MJUd6qn56hfiXN0h0eD7MqIgTTQReDAoTBnUEiyDgmEqCNUsNQVhSsyvEUyQR1iaub1MCnptMPg+H/5Nuw/Fcx7tq1lrNZTplcAiOQB144Ay0wCVogw7A4BbcgwfwaN1ZT9az9bIoLVnLngPwDdbrB2O9mog=</latexit><latexit sha1_base64="PhzlgNL9n7WI5dUQ9mddGSna+oM=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkhGHYf7Ab3Cra3fi1p9w6Z+YaSv4PBByOOde7r0niBlV2nXfrNLK6tr6RnmzsrW9s7tn71e7KkokJh0csUj2A6QIo4J0NNWM9GNJEA8Y6QWzi8Lv3RCpaCSudRqTIUcTQUOKkTbSyK76Ac/S3D+tZ77kMOT5yciuuU7DLQB/E8+Z/24NLNEe2e/+OMIJJ0JjhpQaeG6shxmSmmJG8oqfKBIjPEMTMjBUIE7UMJvvnsNjo4xhGEnzhIZz9WtHhrhSKQ9MJUd6qn56hfiXN0h0eD7MqIgTTQReDAoTBnUEiyDgmEqCNUsNQVhSsyvEUyQR1iaub1MCnptMPg+H/5Nuw/Fcx7tq1lrNZTplcAiOQB144Ay0wCVogw7A4BbcgwfwaN1ZT9az9bIoLVnLngPwDdbrB2O9mog=</latexit><latexit sha1_base64="PhzlgNL9n7WI5dUQ9mddGSna+oM=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkhGHYf7Ab3Cra3fi1p9w6Z+YaSv4PBByOOde7r0niBlV2nXfrNLK6tr6RnmzsrW9s7tn71e7KkokJh0csUj2A6QIo4J0NNWM9GNJEA8Y6QWzi8Lv3RCpaCSudRqTIUcTQUOKkTbSyK76Ac/S3D+tZ77kMOT5yciuuU7DLQB/E8+Z/24NLNEe2e/+OMIJJ0JjhpQaeG6shxmSmmJG8oqfKBIjPEMTMjBUIE7UMJvvnsNjo4xhGEnzhIZz9WtHhrhSKQ9MJUd6qn56hfiXN0h0eD7MqIgTTQReDAoTBnUEiyDgmEqCNUsNQVhSsyvEUyQR1iaub1MCnptMPg+H/5Nuw/Fcx7tq1lrNZTplcAiOQB144Ay0wCVogw7A4BbcgwfwaN1ZT9az9bIoLVnLngPwDdbrB2O9mog=</latexit>

t = 2.5 fm
<latexit sha1_base64="EZqv3wsWgm1UAS392w244JEc6KU=">AAACD3icdVDLSgMxFM3UV62vURcu3ASL4KIMM0XRjVBw47KCfUBnKJk004YmmSHJCGWYj/Ab3Oranbj1E1z6J2baCtbHgZDDOfdy7z1hwqjSrvtulZaWV1bXyuuVjc2t7R17d6+t4lRi0sIxi2U3RIowKkhLU81IN5EE8ZCRTji+KvzOHZGKxuJWTxIScDQUNKIYaSP17QM/5JmGl7DunGW+5NCvwYjned+uuk7dLQB/E8+Z/m4VzNHs2x/+IMYpJ0JjhpTqeW6igwxJTTEjecVPFUkQHqMh6RkqECcqyKYH5PDYKAMYxdI8oeFU/d6RIa7UhIemkiM9Uj+9QvzL66U6uggyKpJUE4Fng6KUQR3DIg04oJJgzSaGICyp2RXiEZIIa5PZwpSQF5l8HQ7/J+2647mOd3NabdTm6ZTBITgCJ8AD56ABrkETtAAGOXgAj+DJureerRfrdVZasuY9+2AB1tsni5Sbjg==</latexit><latexit sha1_base64="EZqv3wsWgm1UAS392w244JEc6KU=">AAACD3icdVDLSgMxFM3UV62vURcu3ASL4KIMM0XRjVBw47KCfUBnKJk004YmmSHJCGWYj/Ab3Oranbj1E1z6J2baCtbHgZDDOfdy7z1hwqjSrvtulZaWV1bXyuuVjc2t7R17d6+t4lRi0sIxi2U3RIowKkhLU81IN5EE8ZCRTji+KvzOHZGKxuJWTxIScDQUNKIYaSP17QM/5JmGl7DunGW+5NCvwYjned+uuk7dLQB/E8+Z/m4VzNHs2x/+IMYpJ0JjhpTqeW6igwxJTTEjecVPFUkQHqMh6RkqECcqyKYH5PDYKAMYxdI8oeFU/d6RIa7UhIemkiM9Uj+9QvzL66U6uggyKpJUE4Fng6KUQR3DIg04oJJgzSaGICyp2RXiEZIIa5PZwpSQF5l8HQ7/J+2647mOd3NabdTm6ZTBITgCJ8AD56ABrkETtAAGOXgAj+DJureerRfrdVZasuY9+2AB1tsni5Sbjg==</latexit><latexit sha1_base64="EZqv3wsWgm1UAS392w244JEc6KU=">AAACD3icdVDLSgMxFM3UV62vURcu3ASL4KIMM0XRjVBw47KCfUBnKJk004YmmSHJCGWYj/Ab3Oranbj1E1z6J2baCtbHgZDDOfdy7z1hwqjSrvtulZaWV1bXyuuVjc2t7R17d6+t4lRi0sIxi2U3RIowKkhLU81IN5EE8ZCRTji+KvzOHZGKxuJWTxIScDQUNKIYaSP17QM/5JmGl7DunGW+5NCvwYjned+uuk7dLQB/E8+Z/m4VzNHs2x/+IMYpJ0JjhpTqeW6igwxJTTEjecVPFUkQHqMh6RkqECcqyKYH5PDYKAMYxdI8oeFU/d6RIa7UhIemkiM9Uj+9QvzL66U6uggyKpJUE4Fng6KUQR3DIg04oJJgzSaGICyp2RXiEZIIa5PZwpSQF5l8HQ7/J+2647mOd3NabdTm6ZTBITgCJ8AD56ABrkETtAAGOXgAj+DJureerRfrdVZasuY9+2AB1tsni5Sbjg==</latexit><latexit sha1_base64="EZqv3wsWgm1UAS392w244JEc6KU=">AAACD3icdVDLSgMxFM3UV62vURcu3ASL4KIMM0XRjVBw47KCfUBnKJk004YmmSHJCGWYj/Ab3Oranbj1E1z6J2baCtbHgZDDOfdy7z1hwqjSrvtulZaWV1bXyuuVjc2t7R17d6+t4lRi0sIxi2U3RIowKkhLU81IN5EE8ZCRTji+KvzOHZGKxuJWTxIScDQUNKIYaSP17QM/5JmGl7DunGW+5NCvwYjned+uuk7dLQB/E8+Z/m4VzNHs2x/+IMYpJ0JjhpTqeW6igwxJTTEjecVPFUkQHqMh6RkqECcqyKYH5PDYKAMYxdI8oeFU/d6RIa7UhIemkiM9Uj+9QvzL66U6uggyKpJUE4Fng6KUQR3DIg04oJJgzSaGICyp2RXiEZIIa5PZwpSQF5l8HQ7/J+2647mOd3NabdTm6ZTBITgCJ8AD56ABrkETtAAGOXgAj+DJureerRfrdVZasuY9+2AB1tsni5Sbjg==</latexit>
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<latexit sha1_base64="8JCQP73PsWPL5l4IufDr/RuYoT0=">AAACEHicdVDLSsNAFJ34rPVVdSO4GSxCBYmJCrosuNBlBdsKTSyT6U0dnEnCzEQoIX6E3+BW1+7ErX/g0j9x0lbweWCYwzn3cu89QcKZ0o7zZk1MTk3PzJbmyvMLi0vLlZXVlopTSaFJYx7Li4Ao4CyCpmaaw0UigYiAQzu4Pi789g1IxeLoXA8S8AXpRyxklGgjdSvrXiAyyL2dWuZJgU+gtRuKy/18u1upOvaeUwD/Jq49/J0qGqPRrbx7vZimAiJNOVGq4zqJ9jMiNaMc8rKXKkgIvSZ96BgaEQHKz4YX5HjLKD0cxtK8SOOh+rUjI0KpgQhMpSD6Sv30CvEvr5Pq8MjPWJSkGiI6GhSmHOsYF3HgHpNANR8YQqhkZldMr4gkVJvQvk0JRG4y+Twc/09ae7br2O7ZQbVuj9MpoQ20iWrIRYeojk5RAzURRbfoHj2gR+vOerKerZdR6YQ17llD32C9fgAP/Jxs</latexit><latexit sha1_base64="8JCQP73PsWPL5l4IufDr/RuYoT0=">AAACEHicdVDLSsNAFJ34rPVVdSO4GSxCBYmJCrosuNBlBdsKTSyT6U0dnEnCzEQoIX6E3+BW1+7ErX/g0j9x0lbweWCYwzn3cu89QcKZ0o7zZk1MTk3PzJbmyvMLi0vLlZXVlopTSaFJYx7Li4Ao4CyCpmaaw0UigYiAQzu4Pi789g1IxeLoXA8S8AXpRyxklGgjdSvrXiAyyL2dWuZJgU+gtRuKy/18u1upOvaeUwD/Jq49/J0qGqPRrbx7vZimAiJNOVGq4zqJ9jMiNaMc8rKXKkgIvSZ96BgaEQHKz4YX5HjLKD0cxtK8SOOh+rUjI0KpgQhMpSD6Sv30CvEvr5Pq8MjPWJSkGiI6GhSmHOsYF3HgHpNANR8YQqhkZldMr4gkVJvQvk0JRG4y+Twc/09ae7br2O7ZQbVuj9MpoQ20iWrIRYeojk5RAzURRbfoHj2gR+vOerKerZdR6YQ17llD32C9fgAP/Jxs</latexit><latexit sha1_base64="8JCQP73PsWPL5l4IufDr/RuYoT0=">AAACEHicdVDLSsNAFJ34rPVVdSO4GSxCBYmJCrosuNBlBdsKTSyT6U0dnEnCzEQoIX6E3+BW1+7ErX/g0j9x0lbweWCYwzn3cu89QcKZ0o7zZk1MTk3PzJbmyvMLi0vLlZXVlopTSaFJYx7Li4Ao4CyCpmaaw0UigYiAQzu4Pi789g1IxeLoXA8S8AXpRyxklGgjdSvrXiAyyL2dWuZJgU+gtRuKy/18u1upOvaeUwD/Jq49/J0qGqPRrbx7vZimAiJNOVGq4zqJ9jMiNaMc8rKXKkgIvSZ96BgaEQHKz4YX5HjLKD0cxtK8SOOh+rUjI0KpgQhMpSD6Sv30CvEvr5Pq8MjPWJSkGiI6GhSmHOsYF3HgHpNANR8YQqhkZldMr4gkVJvQvk0JRG4y+Twc/09ae7br2O7ZQbVuj9MpoQ20iWrIRYeojk5RAzURRbfoHj2gR+vOerKerZdR6YQ17llD32C9fgAP/Jxs</latexit><latexit sha1_base64="8JCQP73PsWPL5l4IufDr/RuYoT0=">AAACEHicdVDLSsNAFJ34rPVVdSO4GSxCBYmJCrosuNBlBdsKTSyT6U0dnEnCzEQoIX6E3+BW1+7ErX/g0j9x0lbweWCYwzn3cu89QcKZ0o7zZk1MTk3PzJbmyvMLi0vLlZXVlopTSaFJYx7Li4Ao4CyCpmaaw0UigYiAQzu4Pi789g1IxeLoXA8S8AXpRyxklGgjdSvrXiAyyL2dWuZJgU+gtRuKy/18u1upOvaeUwD/Jq49/J0qGqPRrbx7vZimAiJNOVGq4zqJ9jMiNaMc8rKXKkgIvSZ96BgaEQHKz4YX5HjLKD0cxtK8SOOh+rUjI0KpgQhMpSD6Sv30CvEvr5Pq8MjPWJSkGiI6GhSmHOsYF3HgHpNANR8YQqhkZldMr4gkVJvQvk0JRG4y+Twc/09ae7br2O7ZQbVuj9MpoQ20iWrIRYeojk5RAzURRbfoHj2gR+vOerKerZdR6YQ17llD32C9fgAP/Jxs</latexit>

⌘/s = 0.05
<latexit sha1_base64="JnCsYMq1/KwYfHni+Co75dDra8s=">AAACCnicdVDLSgMxFM34rPU11qWbYBFcyJgpim6EghuXFewD2qFk0kwbmmSGJCOWoX/gN7jVtTtx60+49E/MtBWsjwMhh3Pu5d57woQzbRB6dxYWl5ZXVgtrxfWNza1td6fU0HGqCK2TmMeqFWJNOZO0bpjhtJUoikXIaTMcXuZ+85YqzWJ5Y0YJDQTuSxYxgo2Vum6pE4qsQw0+1vACIg+djrtuGXkVlAP+Jr43+VEZzFDruh+dXkxSQaUhHGvd9lFiggwrwwin42In1TTBZIj7tG2pxILqIJvsPoYHVunBKFb2SQMn6veODAutRyK0lQKbgf7p5eJfXjs10XmQMZmkhkoyHRSlHJoY5kHAHlOUGD6yBBPF7K6QDLDCxNi45qaEIs/k63D4P2lUPB95/vVJuXo0S6cA9sA+OAQ+OANVcAVqoA4IuAMP4BE8OffOs/PivE5LF5xZzy6Yg/P2CckqmYA=</latexit><latexit sha1_base64="JnCsYMq1/KwYfHni+Co75dDra8s=">AAACCnicdVDLSgMxFM34rPU11qWbYBFcyJgpim6EghuXFewD2qFk0kwbmmSGJCOWoX/gN7jVtTtx60+49E/MtBWsjwMhh3Pu5d57woQzbRB6dxYWl5ZXVgtrxfWNza1td6fU0HGqCK2TmMeqFWJNOZO0bpjhtJUoikXIaTMcXuZ+85YqzWJ5Y0YJDQTuSxYxgo2Vum6pE4qsQw0+1vACIg+djrtuGXkVlAP+Jr43+VEZzFDruh+dXkxSQaUhHGvd9lFiggwrwwin42In1TTBZIj7tG2pxILqIJvsPoYHVunBKFb2SQMn6veODAutRyK0lQKbgf7p5eJfXjs10XmQMZmkhkoyHRSlHJoY5kHAHlOUGD6yBBPF7K6QDLDCxNi45qaEIs/k63D4P2lUPB95/vVJuXo0S6cA9sA+OAQ+OANVcAVqoA4IuAMP4BE8OffOs/PivE5LF5xZzy6Yg/P2CckqmYA=</latexit><latexit sha1_base64="JnCsYMq1/KwYfHni+Co75dDra8s=">AAACCnicdVDLSgMxFM34rPU11qWbYBFcyJgpim6EghuXFewD2qFk0kwbmmSGJCOWoX/gN7jVtTtx60+49E/MtBWsjwMhh3Pu5d57woQzbRB6dxYWl5ZXVgtrxfWNza1td6fU0HGqCK2TmMeqFWJNOZO0bpjhtJUoikXIaTMcXuZ+85YqzWJ5Y0YJDQTuSxYxgo2Vum6pE4qsQw0+1vACIg+djrtuGXkVlAP+Jr43+VEZzFDruh+dXkxSQaUhHGvd9lFiggwrwwin42In1TTBZIj7tG2pxILqIJvsPoYHVunBKFb2SQMn6veODAutRyK0lQKbgf7p5eJfXjs10XmQMZmkhkoyHRSlHJoY5kHAHlOUGD6yBBPF7K6QDLDCxNi45qaEIs/k63D4P2lUPB95/vVJuXo0S6cA9sA+OAQ+OANVcAVqoA4IuAMP4BE8OffOs/PivE5LF5xZzy6Yg/P2CckqmYA=</latexit><latexit sha1_base64="JnCsYMq1/KwYfHni+Co75dDra8s=">AAACCnicdVDLSgMxFM34rPU11qWbYBFcyJgpim6EghuXFewD2qFk0kwbmmSGJCOWoX/gN7jVtTtx60+49E/MtBWsjwMhh3Pu5d57woQzbRB6dxYWl5ZXVgtrxfWNza1td6fU0HGqCK2TmMeqFWJNOZO0bpjhtJUoikXIaTMcXuZ+85YqzWJ5Y0YJDQTuSxYxgo2Vum6pE4qsQw0+1vACIg+djrtuGXkVlAP+Jr43+VEZzFDruh+dXkxSQaUhHGvd9lFiggwrwwin42In1TTBZIj7tG2pxILqIJvsPoYHVunBKFb2SQMn6veODAutRyK0lQKbgf7p5eJfXjs10XmQMZmkhkoyHRSlHJoY5kHAHlOUGD6yBBPF7K6QDLDCxNi45qaEIs/k63D4P2lUPB95/vVJuXo0S6cA9sA+OAQ+OANVcAVqoA4IuAMP4BE8OffOs/PivE5LF5xZzy6Yg/P2CckqmYA=</latexit>
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Mach cone as hydro response Mach cone-like structure
LBT Model
T. Luo, et al., PRC 91, 054908 (2015)

RecoilCoupled Jet-Fluid Model
YT, N.-B. Chang, G.-Y. Qin, PRC 95, 044909 (2017) 

Hydro

Coupled LBT Hydro Model
W. Chen, et al., PLB 777, 86 (2018) 

Recoil+Hydro BAMPS
I.Bouras, et al., PLB 710, 641 (2012)

Boltzmann

Jet

Jet JetJet

Jet Jet

[W. Chen, S. Cao, T. Luo, L. G. Pang and
X. N. Wang, Phys.Lett. B777 (2018) 86-90]
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<latexit sha1_base64="YHLyWfatNARABZr7yl8CSU2VaX4=">AAACH3icdVDLSsNAFJ3UV31XXboZLKKC1KQIuiyI6LKCrYUmlMnkRsfOJGFmItSQT/Aj/Aa3unYnbrv0T5zUCj4PDHM4517uvcdPOFPatodWaWJyanqmPDs3v7C4tFxZWW2rOJUUWjTmsez4RAFnEbQ00xw6iQQifA4Xfv+o8C9uQCoWR+d6kIAnyGXEQkaJNlKvsuX6IpPBcS9zpcDXoPO9QAa3ubu7PVJOoL0XinynV6natbpdAP8mTm3021U0RrNXeXODmKYCIk05Uarr2In2MiI1oxzyOTdVkBDaJ5fQNTQiApSXjQ7K8aZRAhzG0rxI45H6tSMjQqmB8E2lIPpK/fQK8S+vm+rw0MtYlKQaIvoxKEw51jEu0sEBk0A1HxhCqGRmV0yviCRUmwy/TfFFbjL5PBz/T9r1mmPXnLP9asMep1NG62gDbSMHHaAGOkVN1EIU3aEH9IierHvr2XqxXj9KS9a4Zw19gzV8B2RFowE=</latexit><latexit sha1_base64="YHLyWfatNARABZr7yl8CSU2VaX4=">AAACH3icdVDLSsNAFJ3UV31XXboZLKKC1KQIuiyI6LKCrYUmlMnkRsfOJGFmItSQT/Aj/Aa3unYnbrv0T5zUCj4PDHM4517uvcdPOFPatodWaWJyanqmPDs3v7C4tFxZWW2rOJUUWjTmsez4RAFnEbQ00xw6iQQifA4Xfv+o8C9uQCoWR+d6kIAnyGXEQkaJNlKvsuX6IpPBcS9zpcDXoPO9QAa3ubu7PVJOoL0XinynV6natbpdAP8mTm3021U0RrNXeXODmKYCIk05Uarr2In2MiI1oxzyOTdVkBDaJ5fQNTQiApSXjQ7K8aZRAhzG0rxI45H6tSMjQqmB8E2lIPpK/fQK8S+vm+rw0MtYlKQaIvoxKEw51jEu0sEBk0A1HxhCqGRmV0yviCRUmwy/TfFFbjL5PBz/T9r1mmPXnLP9asMep1NG62gDbSMHHaAGOkVN1EIU3aEH9IierHvr2XqxXj9KS9a4Zw19gzV8B2RFowE=</latexit><latexit sha1_base64="YHLyWfatNARABZr7yl8CSU2VaX4=">AAACH3icdVDLSsNAFJ3UV31XXboZLKKC1KQIuiyI6LKCrYUmlMnkRsfOJGFmItSQT/Aj/Aa3unYnbrv0T5zUCj4PDHM4517uvcdPOFPatodWaWJyanqmPDs3v7C4tFxZWW2rOJUUWjTmsez4RAFnEbQ00xw6iQQifA4Xfv+o8C9uQCoWR+d6kIAnyGXEQkaJNlKvsuX6IpPBcS9zpcDXoPO9QAa3ubu7PVJOoL0XinynV6natbpdAP8mTm3021U0RrNXeXODmKYCIk05Uarr2In2MiI1oxzyOTdVkBDaJ5fQNTQiApSXjQ7K8aZRAhzG0rxI45H6tSMjQqmB8E2lIPpK/fQK8S+vm+rw0MtYlKQaIvoxKEw51jEu0sEBk0A1HxhCqGRmV0yviCRUmwy/TfFFbjL5PBz/T9r1mmPXnLP9asMep1NG62gDbSMHHaAGOkVN1EIU3aEH9IierHvr2XqxXj9KS9a4Zw19gzV8B2RFowE=</latexit><latexit sha1_base64="YHLyWfatNARABZr7yl8CSU2VaX4=">AAACH3icdVDLSsNAFJ3UV31XXboZLKKC1KQIuiyI6LKCrYUmlMnkRsfOJGFmItSQT/Aj/Aa3unYnbrv0T5zUCj4PDHM4517uvcdPOFPatodWaWJyanqmPDs3v7C4tFxZWW2rOJUUWjTmsez4RAFnEbQ00xw6iQQifA4Xfv+o8C9uQCoWR+d6kIAnyGXEQkaJNlKvsuX6IpPBcS9zpcDXoPO9QAa3ubu7PVJOoL0XinynV6natbpdAP8mTm3021U0RrNXeXODmKYCIk05Uarr2In2MiI1oxzyOTdVkBDaJ5fQNTQiApSXjQ7K8aZRAhzG0rxI45H6tSMjQqmB8E2lIPpK/fQK8S+vm+rw0MtYlKQaIvoxKEw51jEu0sEBk0A1HxhCqGRmV0yviCRUmwy/TfFFbjL5PBz/T9r1mmPXnLP9asMep1NG62gDbSMHHaAGOkVN1EIU3aEH9IierHvr2XqxXj9KS9a4Zw19gzV8B2RFowE=</latexit>
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x (fm)
<latexit sha1_base64="WboAWFBBOc1MwJh57/nmpMtPgE0=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkpGWYf7Ab3Cra3fi1p9w6Z+YaStYHwdCDufcy733BDGjSrvuu1VYW9/Y3Cpul3Z29/YP7MNyW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gcpX7nTsiFY3ErZ7FpM/RSNCQYqSNNLDLfsDTaeafV1Nfchjy7GxgV1yn5uaAv4nnzH+3ApZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Od8/gqVGGMIykeULDufq9I0VcqRkPTCVHeqx+ern4l9dLdHjZT6mIE00EXgwKEwZ1BPMg4JBKgjWbGYKwpGZXiMdIIqxNXCtTAp6ZTL4Oh/+Tds3xXMe7qVca9WU6RXAMTkAVeOACNMA1aIIWwGAKHsAjeLLurWfrxXpdlBasZc8RWIH19gliHZqH</latexit><latexit sha1_base64="WboAWFBBOc1MwJh57/nmpMtPgE0=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkpGWYf7Ab3Cra3fi1p9w6Z+YaStYHwdCDufcy733BDGjSrvuu1VYW9/Y3Cpul3Z29/YP7MNyW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gcpX7nTsiFY3ErZ7FpM/RSNCQYqSNNLDLfsDTaeafV1Nfchjy7GxgV1yn5uaAv4nnzH+3ApZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Od8/gqVGGMIykeULDufq9I0VcqRkPTCVHeqx+ern4l9dLdHjZT6mIE00EXgwKEwZ1BPMg4JBKgjWbGYKwpGZXiMdIIqxNXCtTAp6ZTL4Oh/+Tds3xXMe7qVca9WU6RXAMTkAVeOACNMA1aIIWwGAKHsAjeLLurWfrxXpdlBasZc8RWIH19gliHZqH</latexit><latexit sha1_base64="WboAWFBBOc1MwJh57/nmpMtPgE0=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkpGWYf7Ab3Cra3fi1p9w6Z+YaStYHwdCDufcy733BDGjSrvuu1VYW9/Y3Cpul3Z29/YP7MNyW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gcpX7nTsiFY3ErZ7FpM/RSNCQYqSNNLDLfsDTaeafV1Nfchjy7GxgV1yn5uaAv4nnzH+3ApZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Od8/gqVGGMIykeULDufq9I0VcqRkPTCVHeqx+ern4l9dLdHjZT6mIE00EXgwKEwZ1BPMg4JBKgjWbGYKwpGZXiMdIIqxNXCtTAp6ZTL4Oh/+Tds3xXMe7qVca9WU6RXAMTkAVeOACNMA1aIIWwGAKHsAjeLLurWfrxXpdlBasZc8RWIH19gliHZqH</latexit><latexit sha1_base64="WboAWFBBOc1MwJh57/nmpMtPgE0=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkpGWYf7Ab3Cra3fi1p9w6Z+YaStYHwdCDufcy733BDGjSrvuu1VYW9/Y3Cpul3Z29/YP7MNyW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gcpX7nTsiFY3ErZ7FpM/RSNCQYqSNNLDLfsDTaeafV1Nfchjy7GxgV1yn5uaAv4nnzH+3ApZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Od8/gqVGGMIykeULDufq9I0VcqRkPTCVHeqx+ern4l9dLdHjZT6mIE00EXgwKEwZ1BPMg4JBKgjWbGYKwpGZXiMdIIqxNXCtTAp6ZTL4Oh/+Tds3xXMe7qVca9WU6RXAMTkAVeOACNMA1aIIWwGAKHsAjeLLurWfrxXpdlBasZc8RWIH19gliHZqH</latexit>
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<latexit sha1_base64="g+IPoziAvJMA0zL1n8+RD87NGD4=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkhHrMH/gN7jVtTtx60+49E/MtBWsjwMhh3Pu5d57gphRpV333SqsrK6tbxQ3S1vbO7t79n65raJEYtLCEYtkN0CKMCpIS1PNSDeWBPGAkU4wucj9zg2RikbiWk9j0udoJGhIMdJGGthlP+DpXeafVlNfchjy7GRgV1yn5uaAv4nnzH63AhZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Ods/gsVGGMIykeULDmfq9I0VcqSkPTCVHeqx+ern4l9dLdHjeT6mIE00Eng8KEwZ1BPMg4JBKgjWbGoKwpGZXiMdIIqxNXEtTAp6ZTL4Oh/+Tds3xXMe7qlca9UU6RXAIjkAVeOAMNMAlaIIWwOAWPIBH8GTdW8/Wi/U6Ly1Yi54DsATr7RNlXZqJ</latexit><latexit sha1_base64="g+IPoziAvJMA0zL1n8+RD87NGD4=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkhHrMH/gN7jVtTtx60+49E/MtBWsjwMhh3Pu5d57gphRpV333SqsrK6tbxQ3S1vbO7t79n65raJEYtLCEYtkN0CKMCpIS1PNSDeWBPGAkU4wucj9zg2RikbiWk9j0udoJGhIMdJGGthlP+DpXeafVlNfchjy7GRgV1yn5uaAv4nnzH63AhZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Ods/gsVGGMIykeULDmfq9I0VcqSkPTCVHeqx+ern4l9dLdHjeT6mIE00Eng8KEwZ1BPMg4JBKgjWbGoKwpGZXiMdIIqxNXEtTAp6ZTL4Oh/+Tds3xXMe7qlca9UU6RXAIjkAVeOAMNMAlaIIWwOAWPIBH8GTdW8/Wi/U6Ly1Yi54DsATr7RNlXZqJ</latexit><latexit sha1_base64="g+IPoziAvJMA0zL1n8+RD87NGD4=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkhHrMH/gN7jVtTtx60+49E/MtBWsjwMhh3Pu5d57gphRpV333SqsrK6tbxQ3S1vbO7t79n65raJEYtLCEYtkN0CKMCpIS1PNSDeWBPGAkU4wucj9zg2RikbiWk9j0udoJGhIMdJGGthlP+DpXeafVlNfchjy7GRgV1yn5uaAv4nnzH63AhZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Ods/gsVGGMIykeULDmfq9I0VcqSkPTCVHeqx+ern4l9dLdHjeT6mIE00Eng8KEwZ1BPMg4JBKgjWbGoKwpGZXiMdIIqxNXEtTAp6ZTL4Oh/+Tds3xXMe7qlca9UU6RXAIjkAVeOAMNMAlaIIWwOAWPIBH8GTdW8/Wi/U6Ly1Yi54DsATr7RNlXZqJ</latexit><latexit sha1_base64="g+IPoziAvJMA0zL1n8+RD87NGD4=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkhHrMH/gN7jVtTtx60+49E/MtBWsjwMhh3Pu5d57gphRpV333SqsrK6tbxQ3S1vbO7t79n65raJEYtLCEYtkN0CKMCpIS1PNSDeWBPGAkU4wucj9zg2RikbiWk9j0udoJGhIMdJGGthlP+DpXeafVlNfchjy7GRgV1yn5uaAv4nnzH63AhZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Ods/gsVGGMIykeULDmfq9I0VcqSkPTCVHeqx+ern4l9dLdHjeT6mIE00Eng8KEwZ1BPMg4JBKgjWbGoKwpGZXiMdIIqxNXEtTAp6ZTL4Oh/+Tds3xXMe7qlca9UU6RXAIjkAVeOAMNMAlaIIWwOAWPIBH8GTdW8/Wi/U6Ly1Yi54DsATr7RNlXZqJ</latexit>
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<latexit sha1_base64="WboAWFBBOc1MwJh57/nmpMtPgE0=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkpGWYf7Ab3Cra3fi1p9w6Z+YaStYHwdCDufcy733BDGjSrvuu1VYW9/Y3Cpul3Z29/YP7MNyW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gcpX7nTsiFY3ErZ7FpM/RSNCQYqSNNLDLfsDTaeafV1Nfchjy7GxgV1yn5uaAv4nnzH+3ApZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Od8/gqVGGMIykeULDufq9I0VcqRkPTCVHeqx+ern4l9dLdHjZT6mIE00EXgwKEwZ1BPMg4JBKgjWbGYKwpGZXiMdIIqxNXCtTAp6ZTL4Oh/+Tds3xXMe7qVca9WU6RXAMTkAVeOACNMA1aIIWwGAKHsAjeLLurWfrxXpdlBasZc8RWIH19gliHZqH</latexit><latexit sha1_base64="WboAWFBBOc1MwJh57/nmpMtPgE0=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkpGWYf7Ab3Cra3fi1p9w6Z+YaStYHwdCDufcy733BDGjSrvuu1VYW9/Y3Cpul3Z29/YP7MNyW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gcpX7nTsiFY3ErZ7FpM/RSNCQYqSNNLDLfsDTaeafV1Nfchjy7GxgV1yn5uaAv4nnzH+3ApZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Od8/gqVGGMIykeULDufq9I0VcqRkPTCVHeqx+ern4l9dLdHjZT6mIE00EXgwKEwZ1BPMg4JBKgjWbGYKwpGZXiMdIIqxNXCtTAp6ZTL4Oh/+Tds3xXMe7qVca9WU6RXAMTkAVeOACNMA1aIIWwGAKHsAjeLLurWfrxXpdlBasZc8RWIH19gliHZqH</latexit><latexit sha1_base64="WboAWFBBOc1MwJh57/nmpMtPgE0=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkpGWYf7Ab3Cra3fi1p9w6Z+YaStYHwdCDufcy733BDGjSrvuu1VYW9/Y3Cpul3Z29/YP7MNyW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gcpX7nTsiFY3ErZ7FpM/RSNCQYqSNNLDLfsDTaeafV1Nfchjy7GxgV1yn5uaAv4nnzH+3ApZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Od8/gqVGGMIykeULDufq9I0VcqRkPTCVHeqx+ern4l9dLdHjZT6mIE00EXgwKEwZ1BPMg4JBKgjWbGYKwpGZXiMdIIqxNXCtTAp6ZTL4Oh/+Tds3xXMe7qVca9WU6RXAMTkAVeOACNMA1aIIWwGAKHsAjeLLurWfrxXpdlBasZc8RWIH19gliHZqH</latexit><latexit sha1_base64="WboAWFBBOc1MwJh57/nmpMtPgE0=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkpGWYf7Ab3Cra3fi1p9w6Z+YaStYHwdCDufcy733BDGjSrvuu1VYW9/Y3Cpul3Z29/YP7MNyW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gcpX7nTsiFY3ErZ7FpM/RSNCQYqSNNLDLfsDTaeafV1Nfchjy7GxgV1yn5uaAv4nnzH+3ApZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Od8/gqVGGMIykeULDufq9I0VcqRkPTCVHeqx+ern4l9dLdHjZT6mIE00EXgwKEwZ1BPMg4JBKgjWbGYKwpGZXiMdIIqxNXCtTAp6ZTL4Oh/+Tds3xXMe7qVca9WU6RXAMTkAVeOACNMA1aIIWwGAKHsAjeLLurWfrxXpdlBasZc8RWIH19gliHZqH</latexit>
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<latexit sha1_base64="PhzlgNL9n7WI5dUQ9mddGSna+oM=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkhGHYf7Ab3Cra3fi1p9w6Z+YaSv4PBByOOde7r0niBlV2nXfrNLK6tr6RnmzsrW9s7tn71e7KkokJh0csUj2A6QIo4J0NNWM9GNJEA8Y6QWzi8Lv3RCpaCSudRqTIUcTQUOKkTbSyK76Ac/S3D+tZ77kMOT5yciuuU7DLQB/E8+Z/24NLNEe2e/+OMIJJ0JjhpQaeG6shxmSmmJG8oqfKBIjPEMTMjBUIE7UMJvvnsNjo4xhGEnzhIZz9WtHhrhSKQ9MJUd6qn56hfiXN0h0eD7MqIgTTQReDAoTBnUEiyDgmEqCNUsNQVhSsyvEUyQR1iaub1MCnptMPg+H/5Nuw/Fcx7tq1lrNZTplcAiOQB144Ay0wCVogw7A4BbcgwfwaN1ZT9az9bIoLVnLngPwDdbrB2O9mog=</latexit><latexit sha1_base64="PhzlgNL9n7WI5dUQ9mddGSna+oM=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkhGHYf7Ab3Cra3fi1p9w6Z+YaSv4PBByOOde7r0niBlV2nXfrNLK6tr6RnmzsrW9s7tn71e7KkokJh0csUj2A6QIo4J0NNWM9GNJEA8Y6QWzi8Lv3RCpaCSudRqTIUcTQUOKkTbSyK76Ac/S3D+tZ77kMOT5yciuuU7DLQB/E8+Z/24NLNEe2e/+OMIJJ0JjhpQaeG6shxmSmmJG8oqfKBIjPEMTMjBUIE7UMJvvnsNjo4xhGEnzhIZz9WtHhrhSKQ9MJUd6qn56hfiXN0h0eD7MqIgTTQReDAoTBnUEiyDgmEqCNUsNQVhSsyvEUyQR1iaub1MCnptMPg+H/5Nuw/Fcx7tq1lrNZTplcAiOQB144Ay0wCVogw7A4BbcgwfwaN1ZT9az9bIoLVnLngPwDdbrB2O9mog=</latexit><latexit sha1_base64="PhzlgNL9n7WI5dUQ9mddGSna+oM=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkhGHYf7Ab3Cra3fi1p9w6Z+YaSv4PBByOOde7r0niBlV2nXfrNLK6tr6RnmzsrW9s7tn71e7KkokJh0csUj2A6QIo4J0NNWM9GNJEA8Y6QWzi8Lv3RCpaCSudRqTIUcTQUOKkTbSyK76Ac/S3D+tZ77kMOT5yciuuU7DLQB/E8+Z/24NLNEe2e/+OMIJJ0JjhpQaeG6shxmSmmJG8oqfKBIjPEMTMjBUIE7UMJvvnsNjo4xhGEnzhIZz9WtHhrhSKQ9MJUd6qn56hfiXN0h0eD7MqIgTTQReDAoTBnUEiyDgmEqCNUsNQVhSsyvEUyQR1iaub1MCnptMPg+H/5Nuw/Fcx7tq1lrNZTplcAiOQB144Ay0wCVogw7A4BbcgwfwaN1ZT9az9bIoLVnLngPwDdbrB2O9mog=</latexit><latexit sha1_base64="PhzlgNL9n7WI5dUQ9mddGSna+oM=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkhGHYf7Ab3Cra3fi1p9w6Z+YaSv4PBByOOde7r0niBlV2nXfrNLK6tr6RnmzsrW9s7tn71e7KkokJh0csUj2A6QIo4J0NNWM9GNJEA8Y6QWzi8Lv3RCpaCSudRqTIUcTQUOKkTbSyK76Ac/S3D+tZ77kMOT5yciuuU7DLQB/E8+Z/24NLNEe2e/+OMIJJ0JjhpQaeG6shxmSmmJG8oqfKBIjPEMTMjBUIE7UMJvvnsNjo4xhGEnzhIZz9WtHhrhSKQ9MJUd6qn56hfiXN0h0eD7MqIgTTQReDAoTBnUEiyDgmEqCNUsNQVhSsyvEUyQR1iaub1MCnptMPg+H/5Nuw/Fcx7tq1lrNZTplcAiOQB144Ay0wCVogw7A4BbcgwfwaN1ZT9az9bIoLVnLngPwDdbrB2O9mog=</latexit>
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x (fm)
<latexit sha1_base64="WboAWFBBOc1MwJh57/nmpMtPgE0=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkpGWYf7Ab3Cra3fi1p9w6Z+YaStYHwdCDufcy733BDGjSrvuu1VYW9/Y3Cpul3Z29/YP7MNyW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gcpX7nTsiFY3ErZ7FpM/RSNCQYqSNNLDLfsDTaeafV1Nfchjy7GxgV1yn5uaAv4nnzH+3ApZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Od8/gqVGGMIykeULDufq9I0VcqRkPTCVHeqx+ern4l9dLdHjZT6mIE00EXgwKEwZ1BPMg4JBKgjWbGYKwpGZXiMdIIqxNXCtTAp6ZTL4Oh/+Tds3xXMe7qVca9WU6RXAMTkAVeOACNMA1aIIWwGAKHsAjeLLurWfrxXpdlBasZc8RWIH19gliHZqH</latexit><latexit sha1_base64="WboAWFBBOc1MwJh57/nmpMtPgE0=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkpGWYf7Ab3Cra3fi1p9w6Z+YaStYHwdCDufcy733BDGjSrvuu1VYW9/Y3Cpul3Z29/YP7MNyW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gcpX7nTsiFY3ErZ7FpM/RSNCQYqSNNLDLfsDTaeafV1Nfchjy7GxgV1yn5uaAv4nnzH+3ApZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Od8/gqVGGMIykeULDufq9I0VcqRkPTCVHeqx+ern4l9dLdHjZT6mIE00EXgwKEwZ1BPMg4JBKgjWbGYKwpGZXiMdIIqxNXCtTAp6ZTL4Oh/+Tds3xXMe7qVca9WU6RXAMTkAVeOACNMA1aIIWwGAKHsAjeLLurWfrxXpdlBasZc8RWIH19gliHZqH</latexit><latexit sha1_base64="WboAWFBBOc1MwJh57/nmpMtPgE0=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkpGWYf7Ab3Cra3fi1p9w6Z+YaStYHwdCDufcy733BDGjSrvuu1VYW9/Y3Cpul3Z29/YP7MNyW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gcpX7nTsiFY3ErZ7FpM/RSNCQYqSNNLDLfsDTaeafV1Nfchjy7GxgV1yn5uaAv4nnzH+3ApZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Od8/gqVGGMIykeULDufq9I0VcqRkPTCVHeqx+ern4l9dLdHjZT6mIE00EXgwKEwZ1BPMg4JBKgjWbGYKwpGZXiMdIIqxNXCtTAp6ZTL4Oh/+Tds3xXMe7qVca9WU6RXAMTkAVeOACNMA1aIIWwGAKHsAjeLLurWfrxXpdlBasZc8RWIH19gliHZqH</latexit><latexit sha1_base64="WboAWFBBOc1MwJh57/nmpMtPgE0=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkpGWYf7Ab3Cra3fi1p9w6Z+YaStYHwdCDufcy733BDGjSrvuu1VYW9/Y3Cpul3Z29/YP7MNyW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gcpX7nTsiFY3ErZ7FpM/RSNCQYqSNNLDLfsDTaeafV1Nfchjy7GxgV1yn5uaAv4nnzH+3ApZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Od8/gqVGGMIykeULDufq9I0VcqRkPTCVHeqx+ern4l9dLdHjZT6mIE00EXgwKEwZ1BPMg4JBKgjWbGYKwpGZXiMdIIqxNXCtTAp6ZTL4Oh/+Tds3xXMe7qVca9WU6RXAMTkAVeOACNMA1aIIWwGAKHsAjeLLurWfrxXpdlBasZc8RWIH19gliHZqH</latexit>
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m
)

<latexit sha1_base64="PhzlgNL9n7WI5dUQ9mddGSna+oM=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkhGHYf7Ab3Cra3fi1p9w6Z+YaSv4PBByOOde7r0niBlV2nXfrNLK6tr6RnmzsrW9s7tn71e7KkokJh0csUj2A6QIo4J0NNWM9GNJEA8Y6QWzi8Lv3RCpaCSudRqTIUcTQUOKkTbSyK76Ac/S3D+tZ77kMOT5yciuuU7DLQB/E8+Z/24NLNEe2e/+OMIJJ0JjhpQaeG6shxmSmmJG8oqfKBIjPEMTMjBUIE7UMJvvnsNjo4xhGEnzhIZz9WtHhrhSKQ9MJUd6qn56hfiXN0h0eD7MqIgTTQReDAoTBnUEiyDgmEqCNUsNQVhSsyvEUyQR1iaub1MCnptMPg+H/5Nuw/Fcx7tq1lrNZTplcAiOQB144Ay0wCVogw7A4BbcgwfwaN1ZT9az9bIoLVnLngPwDdbrB2O9mog=</latexit><latexit sha1_base64="PhzlgNL9n7WI5dUQ9mddGSna+oM=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkhGHYf7Ab3Cra3fi1p9w6Z+YaSv4PBByOOde7r0niBlV2nXfrNLK6tr6RnmzsrW9s7tn71e7KkokJh0csUj2A6QIo4J0NNWM9GNJEA8Y6QWzi8Lv3RCpaCSudRqTIUcTQUOKkTbSyK76Ac/S3D+tZ77kMOT5yciuuU7DLQB/E8+Z/24NLNEe2e/+OMIJJ0JjhpQaeG6shxmSmmJG8oqfKBIjPEMTMjBUIE7UMJvvnsNjo4xhGEnzhIZz9WtHhrhSKQ9MJUd6qn56hfiXN0h0eD7MqIgTTQReDAoTBnUEiyDgmEqCNUsNQVhSsyvEUyQR1iaub1MCnptMPg+H/5Nuw/Fcx7tq1lrNZTplcAiOQB144Ay0wCVogw7A4BbcgwfwaN1ZT9az9bIoLVnLngPwDdbrB2O9mog=</latexit><latexit sha1_base64="PhzlgNL9n7WI5dUQ9mddGSna+oM=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkhGHYf7Ab3Cra3fi1p9w6Z+YaSv4PBByOOde7r0niBlV2nXfrNLK6tr6RnmzsrW9s7tn71e7KkokJh0csUj2A6QIo4J0NNWM9GNJEA8Y6QWzi8Lv3RCpaCSudRqTIUcTQUOKkTbSyK76Ac/S3D+tZ77kMOT5yciuuU7DLQB/E8+Z/24NLNEe2e/+OMIJJ0JjhpQaeG6shxmSmmJG8oqfKBIjPEMTMjBUIE7UMJvvnsNjo4xhGEnzhIZz9WtHhrhSKQ9MJUd6qn56hfiXN0h0eD7MqIgTTQReDAoTBnUEiyDgmEqCNUsNQVhSsyvEUyQR1iaub1MCnptMPg+H/5Nuw/Fcx7tq1lrNZTplcAiOQB144Ay0wCVogw7A4BbcgwfwaN1ZT9az9bIoLVnLngPwDdbrB2O9mog=</latexit><latexit sha1_base64="PhzlgNL9n7WI5dUQ9mddGSna+oM=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkhGHYf7Ab3Cra3fi1p9w6Z+YaSv4PBByOOde7r0niBlV2nXfrNLK6tr6RnmzsrW9s7tn71e7KkokJh0csUj2A6QIo4J0NNWM9GNJEA8Y6QWzi8Lv3RCpaCSudRqTIUcTQUOKkTbSyK76Ac/S3D+tZ77kMOT5yciuuU7DLQB/E8+Z/24NLNEe2e/+OMIJJ0JjhpQaeG6shxmSmmJG8oqfKBIjPEMTMjBUIE7UMJvvnsNjo4xhGEnzhIZz9WtHhrhSKQ9MJUd6qn56hfiXN0h0eD7MqIgTTQReDAoTBnUEiyDgmEqCNUsNQVhSsyvEUyQR1iaub1MCnptMPg+H/5Nuw/Fcx7tq1lrNZTplcAiOQB144Ay0wCVogw7A4BbcgwfwaN1ZT9az9bIoLVnLngPwDdbrB2O9mog=</latexit>

�e (GeV/fm3)
<latexit sha1_base64="Vz+J2NGFkuaN0Pd1/b6XwolddZI=">AAACF3icdVDLSgMxFM3UV62vqksXBotYQepMFXRZUNBlBfuATi2Z9E4NJjNDkhHKMEs/wm9wq2t34talS//E9CFYHwdCDufcy733eBFnStv2u5WZmp6ZncvO5xYWl5ZX8qtrdRXGkkKNhjyUTY8o4CyAmmaaQzOSQITHoeHdnAz8xi1IxcLgUvcjaAvSC5jPKNFG6uQ3XU8k7ilwTTCk7l4xcaXAZ1Df98XVQbrbyRfsUtkeAP8mTmn42wU0RrWT/3C7IY0FBJpyolTLsSPdTojUjHJIc26sICL0hvSgZWhABKh2MjwkxdtG6WI/lOYFGg/V7x0JEUr1hWcqBdHX6qc3EP/yWrH2j9sJC6JYQ0BHg/yYYx3iQSq4yyRQzfuGECqZ2RXTayIJ1Sa7iSmeSE0mX4fj/0m9XHLsknNxWKjsjNPJog20hYrIQUeogs5RFdUQRXfoAT2iJ+veerZerNdRacYa96yjCVhvnxzHnxE=</latexit><latexit sha1_base64="Vz+J2NGFkuaN0Pd1/b6XwolddZI=">AAACF3icdVDLSgMxFM3UV62vqksXBotYQepMFXRZUNBlBfuATi2Z9E4NJjNDkhHKMEs/wm9wq2t34talS//E9CFYHwdCDufcy733eBFnStv2u5WZmp6ZncvO5xYWl5ZX8qtrdRXGkkKNhjyUTY8o4CyAmmaaQzOSQITHoeHdnAz8xi1IxcLgUvcjaAvSC5jPKNFG6uQ3XU8k7ilwTTCk7l4xcaXAZ1Df98XVQbrbyRfsUtkeAP8mTmn42wU0RrWT/3C7IY0FBJpyolTLsSPdTojUjHJIc26sICL0hvSgZWhABKh2MjwkxdtG6WI/lOYFGg/V7x0JEUr1hWcqBdHX6qc3EP/yWrH2j9sJC6JYQ0BHg/yYYx3iQSq4yyRQzfuGECqZ2RXTayIJ1Sa7iSmeSE0mX4fj/0m9XHLsknNxWKjsjNPJog20hYrIQUeogs5RFdUQRXfoAT2iJ+veerZerNdRacYa96yjCVhvnxzHnxE=</latexit><latexit sha1_base64="Vz+J2NGFkuaN0Pd1/b6XwolddZI=">AAACF3icdVDLSgMxFM3UV62vqksXBotYQepMFXRZUNBlBfuATi2Z9E4NJjNDkhHKMEs/wm9wq2t34talS//E9CFYHwdCDufcy733eBFnStv2u5WZmp6ZncvO5xYWl5ZX8qtrdRXGkkKNhjyUTY8o4CyAmmaaQzOSQITHoeHdnAz8xi1IxcLgUvcjaAvSC5jPKNFG6uQ3XU8k7ilwTTCk7l4xcaXAZ1Df98XVQbrbyRfsUtkeAP8mTmn42wU0RrWT/3C7IY0FBJpyolTLsSPdTojUjHJIc26sICL0hvSgZWhABKh2MjwkxdtG6WI/lOYFGg/V7x0JEUr1hWcqBdHX6qc3EP/yWrH2j9sJC6JYQ0BHg/yYYx3iQSq4yyRQzfuGECqZ2RXTayIJ1Sa7iSmeSE0mX4fj/0m9XHLsknNxWKjsjNPJog20hYrIQUeogs5RFdUQRXfoAT2iJ+veerZerNdRacYa96yjCVhvnxzHnxE=</latexit><latexit sha1_base64="Vz+J2NGFkuaN0Pd1/b6XwolddZI=">AAACF3icdVDLSgMxFM3UV62vqksXBotYQepMFXRZUNBlBfuATi2Z9E4NJjNDkhHKMEs/wm9wq2t34talS//E9CFYHwdCDufcy733eBFnStv2u5WZmp6ZncvO5xYWl5ZX8qtrdRXGkkKNhjyUTY8o4CyAmmaaQzOSQITHoeHdnAz8xi1IxcLgUvcjaAvSC5jPKNFG6uQ3XU8k7ilwTTCk7l4xcaXAZ1Df98XVQbrbyRfsUtkeAP8mTmn42wU0RrWT/3C7IY0FBJpyolTLsSPdTojUjHJIc26sICL0hvSgZWhABKh2MjwkxdtG6WI/lOYFGg/V7x0JEUr1hWcqBdHX6qc3EP/yWrH2j9sJC6JYQ0BHg/yYYx3iQSq4yyRQzfuGECqZ2RXTayIJ1Sa7iSmeSE0mX4fj/0m9XHLsknNxWKjsjNPJog20hYrIQUeogs5RFdUQRXfoAT2iJ+veerZerNdRacYa96yjCVhvnxzHnxE=</latexit>
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e (GeV/fm3)
<latexit sha1_base64="/fz0X3RHTEsYUvklaa7ygp0x+l0=">AAACEHicdVDJSgNBEO1xjXGLehG8NAZRQeKMippbwIMeI5gFMjH0dGqSJt0zQ3ePEIbxI/wGr3r2Jl79A4/+iZ1FcH1Q8Hiviqp6XsSZ0rb9Zk1MTk3PzGbmsvMLi0vLuZXVqgpjSaFCQx7KukcUcBZARTPNoR5JIMLjUPN6ZwO/dgNSsTC40v0ImoJ0AuYzSrSRWrl11xMJpO7eTuJKgc+huu+L68N0t5XL24Wi7RSPHfybOAV7iDwao9zKvbvtkMYCAk05Uarh2JFuJkRqRjmkWTdWEBHaIx1oGBoQAaqZDD9I8ZZR2tgPpalA46H6dSIhQqm+8EynILqrfnoD8S+vEWv/tJmwIIo1BHS0yI851iEexIHbTALVvG8IoZKZWzHtEkmoNqF92+KJ1GTy+Tj+n1QPCo5dcC6P8qXtcToZtIE20Q5y0AkqoQtURhVE0S26Rw/o0bqznqxn62XUOmGNZ9bQN1ivH3pTnK0=</latexit><latexit sha1_base64="/fz0X3RHTEsYUvklaa7ygp0x+l0=">AAACEHicdVDJSgNBEO1xjXGLehG8NAZRQeKMippbwIMeI5gFMjH0dGqSJt0zQ3ePEIbxI/wGr3r2Jl79A4/+iZ1FcH1Q8Hiviqp6XsSZ0rb9Zk1MTk3PzGbmsvMLi0vLuZXVqgpjSaFCQx7KukcUcBZARTPNoR5JIMLjUPN6ZwO/dgNSsTC40v0ImoJ0AuYzSrSRWrl11xMJpO7eTuJKgc+huu+L68N0t5XL24Wi7RSPHfybOAV7iDwao9zKvbvtkMYCAk05Uarh2JFuJkRqRjmkWTdWEBHaIx1oGBoQAaqZDD9I8ZZR2tgPpalA46H6dSIhQqm+8EynILqrfnoD8S+vEWv/tJmwIIo1BHS0yI851iEexIHbTALVvG8IoZKZWzHtEkmoNqF92+KJ1GTy+Tj+n1QPCo5dcC6P8qXtcToZtIE20Q5y0AkqoQtURhVE0S26Rw/o0bqznqxn62XUOmGNZ9bQN1ivH3pTnK0=</latexit><latexit sha1_base64="/fz0X3RHTEsYUvklaa7ygp0x+l0=">AAACEHicdVDJSgNBEO1xjXGLehG8NAZRQeKMippbwIMeI5gFMjH0dGqSJt0zQ3ePEIbxI/wGr3r2Jl79A4/+iZ1FcH1Q8Hiviqp6XsSZ0rb9Zk1MTk3PzGbmsvMLi0vLuZXVqgpjSaFCQx7KukcUcBZARTPNoR5JIMLjUPN6ZwO/dgNSsTC40v0ImoJ0AuYzSrSRWrl11xMJpO7eTuJKgc+huu+L68N0t5XL24Wi7RSPHfybOAV7iDwao9zKvbvtkMYCAk05Uarh2JFuJkRqRjmkWTdWEBHaIx1oGBoQAaqZDD9I8ZZR2tgPpalA46H6dSIhQqm+8EynILqrfnoD8S+vEWv/tJmwIIo1BHS0yI851iEexIHbTALVvG8IoZKZWzHtEkmoNqF92+KJ1GTy+Tj+n1QPCo5dcC6P8qXtcToZtIE20Q5y0AkqoQtURhVE0S26Rw/o0bqznqxn62XUOmGNZ9bQN1ivH3pTnK0=</latexit><latexit sha1_base64="/fz0X3RHTEsYUvklaa7ygp0x+l0=">AAACEHicdVDJSgNBEO1xjXGLehG8NAZRQeKMippbwIMeI5gFMjH0dGqSJt0zQ3ePEIbxI/wGr3r2Jl79A4/+iZ1FcH1Q8Hiviqp6XsSZ0rb9Zk1MTk3PzGbmsvMLi0vLuZXVqgpjSaFCQx7KukcUcBZARTPNoR5JIMLjUPN6ZwO/dgNSsTC40v0ImoJ0AuYzSrSRWrl11xMJpO7eTuJKgc+huu+L68N0t5XL24Wi7RSPHfybOAV7iDwao9zKvbvtkMYCAk05Uarh2JFuJkRqRjmkWTdWEBHaIx1oGBoQAaqZDD9I8ZZR2tgPpalA46H6dSIhQqm+8EynILqrfnoD8S+vEWv/tJmwIIo1BHS0yI851iEexIHbTALVvG8IoZKZWzHtEkmoNqF92+KJ1GTy+Tj+n1QPCo5dcC6P8qXtcToZtIE20Q5y0AkqoQtURhVE0S26Rw/o0bqznqxn62XUOmGNZ9bQN1ivH3pTnK0=</latexit>

⌧ = 12 fm
<latexit sha1_base64="XvFnaOwAT1IzpN/87W9A+FkFACc=">AAACDnicdVDLSgMxFM3UV62vUcGNm2AVXMgwUwTdCAU3LivYB3SGkkkzbWiSGZKMUMb5B7/Bra7diVt/waV/YqatYH0cCDmccy/33hMmjCrtuu9WaWFxaXmlvFpZW9/Y3LK3d1oqTiUmTRyzWHZCpAijgjQ11Yx0EkkQDxlph6PLwm/fEqloLG70OCEBRwNBI4qRNlLP3vNDnvkapRdezT/JfMlhxPO8Z1ddp+YWgL+J50x+twpmaPTsD78f45QToTFDSnU9N9FBhqSmmJG84qeKJAiP0IB0DRWIExVkk/1zeGSUPoxiaZ7QcKJ+78gQV2rMQ1PJkR6qn14h/uV1Ux2dBxkVSaqJwNNBUcqgjmERBuxTSbBmY0MQltTsCvEQSYS1iWxuSsiLTL4Oh/+TVs3xXMe7Pq3WD2fplME+OADHwANnoA6uQAM0AQZ34AE8gifr3nq2XqzXaWnJmvXsgjlYb59jzZwc</latexit><latexit sha1_base64="XvFnaOwAT1IzpN/87W9A+FkFACc=">AAACDnicdVDLSgMxFM3UV62vUcGNm2AVXMgwUwTdCAU3LivYB3SGkkkzbWiSGZKMUMb5B7/Bra7diVt/waV/YqatYH0cCDmccy/33hMmjCrtuu9WaWFxaXmlvFpZW9/Y3LK3d1oqTiUmTRyzWHZCpAijgjQ11Yx0EkkQDxlph6PLwm/fEqloLG70OCEBRwNBI4qRNlLP3vNDnvkapRdezT/JfMlhxPO8Z1ddp+YWgL+J50x+twpmaPTsD78f45QToTFDSnU9N9FBhqSmmJG84qeKJAiP0IB0DRWIExVkk/1zeGSUPoxiaZ7QcKJ+78gQV2rMQ1PJkR6qn14h/uV1Ux2dBxkVSaqJwNNBUcqgjmERBuxTSbBmY0MQltTsCvEQSYS1iWxuSsiLTL4Oh/+TVs3xXMe7Pq3WD2fplME+OADHwANnoA6uQAM0AQZ34AE8gifr3nq2XqzXaWnJmvXsgjlYb59jzZwc</latexit><latexit sha1_base64="XvFnaOwAT1IzpN/87W9A+FkFACc=">AAACDnicdVDLSgMxFM3UV62vUcGNm2AVXMgwUwTdCAU3LivYB3SGkkkzbWiSGZKMUMb5B7/Bra7diVt/waV/YqatYH0cCDmccy/33hMmjCrtuu9WaWFxaXmlvFpZW9/Y3LK3d1oqTiUmTRyzWHZCpAijgjQ11Yx0EkkQDxlph6PLwm/fEqloLG70OCEBRwNBI4qRNlLP3vNDnvkapRdezT/JfMlhxPO8Z1ddp+YWgL+J50x+twpmaPTsD78f45QToTFDSnU9N9FBhqSmmJG84qeKJAiP0IB0DRWIExVkk/1zeGSUPoxiaZ7QcKJ+78gQV2rMQ1PJkR6qn14h/uV1Ux2dBxkVSaqJwNNBUcqgjmERBuxTSbBmY0MQltTsCvEQSYS1iWxuSsiLTL4Oh/+TVs3xXMe7Pq3WD2fplME+OADHwANnoA6uQAM0AQZ34AE8gifr3nq2XqzXaWnJmvXsgjlYb59jzZwc</latexit><latexit sha1_base64="XvFnaOwAT1IzpN/87W9A+FkFACc=">AAACDnicdVDLSgMxFM3UV62vUcGNm2AVXMgwUwTdCAU3LivYB3SGkkkzbWiSGZKMUMb5B7/Bra7diVt/waV/YqatYH0cCDmccy/33hMmjCrtuu9WaWFxaXmlvFpZW9/Y3LK3d1oqTiUmTRyzWHZCpAijgjQ11Yx0EkkQDxlph6PLwm/fEqloLG70OCEBRwNBI4qRNlLP3vNDnvkapRdezT/JfMlhxPO8Z1ddp+YWgL+J50x+twpmaPTsD78f45QToTFDSnU9N9FBhqSmmJG84qeKJAiP0IB0DRWIExVkk/1zeGSUPoxiaZ7QcKJ+78gQV2rMQ1PJkR6qn14h/uV1Ux2dBxkVSaqJwNNBUcqgjmERBuxTSbBmY0MQltTsCvEQSYS1iWxuSsiLTL4Oh/+TVs3xXMe7Pq3WD2fplME+OADHwANnoA6uQAM0AQZ34AE8gifr3nq2XqzXaWnJmvXsgjlYb59jzZwc</latexit>

⌧ = 12 fm
<latexit sha1_base64="j+wTzTDYYQP5Kk/Z/0yw/F9VqFE=">AAACDnicdVDLSsNAFJ3UV62vqODGzWAVXEjJFFG7EApuXFawrdCEMplO2qEzkzAzEUrMP/gNbnXtTtz6Cy79E5O2gvVx4MLhnHu59x4/4kwbx3m3CnPzC4tLxeXSyura+oa9udXSYawIbZKQh+rGx5pyJmnTMMPpTaQoFj6nbX94kfvtW6o0C+W1GUXUE7gvWcAINpnUtXdcXySuwfE5qrpHiasEDESadu2yU6k5qHaC4G+CKs4YZTBFo2t/uL2QxIJKQzjWuoOcyHgJVoYRTtOSG2saYTLEfdrJqMSCai8Z35/Cg0zpwSBUWUkDx+r3iQQLrUfCzzoFNgP908vFv7xObIIzL2Eyig2VZLIoiDk0IczDgD2mKDF8lBFMFMtuhWSAFSYmi2xmiy/yTL4eh/+TVrWCnAq6Oi7X96fpFMEu2AOHAIFTUAeXoAGagIA78AAewZN1bz1bL9brpLVgTWe2wQyst0/QP5xk</latexit><latexit sha1_base64="j+wTzTDYYQP5Kk/Z/0yw/F9VqFE=">AAACDnicdVDLSsNAFJ3UV62vqODGzWAVXEjJFFG7EApuXFawrdCEMplO2qEzkzAzEUrMP/gNbnXtTtz6Cy79E5O2gvVx4MLhnHu59x4/4kwbx3m3CnPzC4tLxeXSyura+oa9udXSYawIbZKQh+rGx5pyJmnTMMPpTaQoFj6nbX94kfvtW6o0C+W1GUXUE7gvWcAINpnUtXdcXySuwfE5qrpHiasEDESadu2yU6k5qHaC4G+CKs4YZTBFo2t/uL2QxIJKQzjWuoOcyHgJVoYRTtOSG2saYTLEfdrJqMSCai8Z35/Cg0zpwSBUWUkDx+r3iQQLrUfCzzoFNgP908vFv7xObIIzL2Eyig2VZLIoiDk0IczDgD2mKDF8lBFMFMtuhWSAFSYmi2xmiy/yTL4eh/+TVrWCnAq6Oi7X96fpFMEu2AOHAIFTUAeXoAGagIA78AAewZN1bz1bL9brpLVgTWe2wQyst0/QP5xk</latexit><latexit sha1_base64="j+wTzTDYYQP5Kk/Z/0yw/F9VqFE=">AAACDnicdVDLSsNAFJ3UV62vqODGzWAVXEjJFFG7EApuXFawrdCEMplO2qEzkzAzEUrMP/gNbnXtTtz6Cy79E5O2gvVx4MLhnHu59x4/4kwbx3m3CnPzC4tLxeXSyura+oa9udXSYawIbZKQh+rGx5pyJmnTMMPpTaQoFj6nbX94kfvtW6o0C+W1GUXUE7gvWcAINpnUtXdcXySuwfE5qrpHiasEDESadu2yU6k5qHaC4G+CKs4YZTBFo2t/uL2QxIJKQzjWuoOcyHgJVoYRTtOSG2saYTLEfdrJqMSCai8Z35/Cg0zpwSBUWUkDx+r3iQQLrUfCzzoFNgP908vFv7xObIIzL2Eyig2VZLIoiDk0IczDgD2mKDF8lBFMFMtuhWSAFSYmi2xmiy/yTL4eh/+TVrWCnAq6Oi7X96fpFMEu2AOHAIFTUAeXoAGagIA78AAewZN1bz1bL9brpLVgTWe2wQyst0/QP5xk</latexit><latexit sha1_base64="j+wTzTDYYQP5Kk/Z/0yw/F9VqFE=">AAACDnicdVDLSsNAFJ3UV62vqODGzWAVXEjJFFG7EApuXFawrdCEMplO2qEzkzAzEUrMP/gNbnXtTtz6Cy79E5O2gvVx4MLhnHu59x4/4kwbx3m3CnPzC4tLxeXSyura+oa9udXSYawIbZKQh+rGx5pyJmnTMMPpTaQoFj6nbX94kfvtW6o0C+W1GUXUE7gvWcAINpnUtXdcXySuwfE5qrpHiasEDESadu2yU6k5qHaC4G+CKs4YZTBFo2t/uL2QxIJKQzjWuoOcyHgJVoYRTtOSG2saYTLEfdrJqMSCai8Z35/Cg0zpwSBUWUkDx+r3iQQLrUfCzzoFNgP908vFv7xObIIzL2Eyig2VZLIoiDk0IczDgD2mKDF8lBFMFMtuhWSAFSYmi2xmiy/yTL4eh/+TVrWCnAq6Oi7X96fpFMEu2AOHAIFTUAeXoAGagIA78AAewZN1bz1bL9brpLVgTWe2wQyst0/QP5xk</latexit>
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x (fm)
<latexit sha1_base64="WboAWFBBOc1MwJh57/nmpMtPgE0=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkpGWYf7Ab3Cra3fi1p9w6Z+YaStYHwdCDufcy733BDGjSrvuu1VYW9/Y3Cpul3Z29/YP7MNyW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gcpX7nTsiFY3ErZ7FpM/RSNCQYqSNNLDLfsDTaeafV1Nfchjy7GxgV1yn5uaAv4nnzH+3ApZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Od8/gqVGGMIykeULDufq9I0VcqRkPTCVHeqx+ern4l9dLdHjZT6mIE00EXgwKEwZ1BPMg4JBKgjWbGYKwpGZXiMdIIqxNXCtTAp6ZTL4Oh/+Tds3xXMe7qVca9WU6RXAMTkAVeOACNMA1aIIWwGAKHsAjeLLurWfrxXpdlBasZc8RWIH19gliHZqH</latexit><latexit sha1_base64="WboAWFBBOc1MwJh57/nmpMtPgE0=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkpGWYf7Ab3Cra3fi1p9w6Z+YaStYHwdCDufcy733BDGjSrvuu1VYW9/Y3Cpul3Z29/YP7MNyW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gcpX7nTsiFY3ErZ7FpM/RSNCQYqSNNLDLfsDTaeafV1Nfchjy7GxgV1yn5uaAv4nnzH+3ApZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Od8/gqVGGMIykeULDufq9I0VcqRkPTCVHeqx+ern4l9dLdHjZT6mIE00EXgwKEwZ1BPMg4JBKgjWbGYKwpGZXiMdIIqxNXCtTAp6ZTL4Oh/+Tds3xXMe7qVca9WU6RXAMTkAVeOACNMA1aIIWwGAKHsAjeLLurWfrxXpdlBasZc8RWIH19gliHZqH</latexit><latexit sha1_base64="WboAWFBBOc1MwJh57/nmpMtPgE0=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkpGWYf7Ab3Cra3fi1p9w6Z+YaStYHwdCDufcy733BDGjSrvuu1VYW9/Y3Cpul3Z29/YP7MNyW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gcpX7nTsiFY3ErZ7FpM/RSNCQYqSNNLDLfsDTaeafV1Nfchjy7GxgV1yn5uaAv4nnzH+3ApZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Od8/gqVGGMIykeULDufq9I0VcqRkPTCVHeqx+ern4l9dLdHjZT6mIE00EXgwKEwZ1BPMg4JBKgjWbGYKwpGZXiMdIIqxNXCtTAp6ZTL4Oh/+Tds3xXMe7qVca9WU6RXAMTkAVeOACNMA1aIIWwGAKHsAjeLLurWfrxXpdlBasZc8RWIH19gliHZqH</latexit><latexit sha1_base64="WboAWFBBOc1MwJh57/nmpMtPgE0=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkpGWYf7Ab3Cra3fi1p9w6Z+YaStYHwdCDufcy733BDGjSrvuu1VYW9/Y3Cpul3Z29/YP7MNyW0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gcpX7nTsiFY3ErZ7FpM/RSNCQYqSNNLDLfsDTaeafV1Nfchjy7GxgV1yn5uaAv4nnzH+3ApZoDuwPfxjhhBOhMUNK9Tw31v0USU0xI1nJTxSJEZ6gEekZKhAnqp/Od8/gqVGGMIykeULDufq9I0VcqRkPTCVHeqx+ern4l9dLdHjZT6mIE00EXgwKEwZ1BPMg4JBKgjWbGYKwpGZXiMdIIqxNXCtTAp6ZTL4Oh/+Tds3xXMe7qVca9WU6RXAMTkAVeOACNMA1aIIWwGAKHsAjeLLurWfrxXpdlBasZc8RWIH19gliHZqH</latexit>

y
(f

m
)

<latexit sha1_base64="PhzlgNL9n7WI5dUQ9mddGSna+oM=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkhGHYf7Ab3Cra3fi1p9w6Z+YaSv4PBByOOde7r0niBlV2nXfrNLK6tr6RnmzsrW9s7tn71e7KkokJh0csUj2A6QIo4J0NNWM9GNJEA8Y6QWzi8Lv3RCpaCSudRqTIUcTQUOKkTbSyK76Ac/S3D+tZ77kMOT5yciuuU7DLQB/E8+Z/24NLNEe2e/+OMIJJ0JjhpQaeG6shxmSmmJG8oqfKBIjPEMTMjBUIE7UMJvvnsNjo4xhGEnzhIZz9WtHhrhSKQ9MJUd6qn56hfiXN0h0eD7MqIgTTQReDAoTBnUEiyDgmEqCNUsNQVhSsyvEUyQR1iaub1MCnptMPg+H/5Nuw/Fcx7tq1lrNZTplcAiOQB144Ay0wCVogw7A4BbcgwfwaN1ZT9az9bIoLVnLngPwDdbrB2O9mog=</latexit><latexit sha1_base64="PhzlgNL9n7WI5dUQ9mddGSna+oM=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkhGHYf7Ab3Cra3fi1p9w6Z+YaSv4PBByOOde7r0niBlV2nXfrNLK6tr6RnmzsrW9s7tn71e7KkokJh0csUj2A6QIo4J0NNWM9GNJEA8Y6QWzi8Lv3RCpaCSudRqTIUcTQUOKkTbSyK76Ac/S3D+tZ77kMOT5yciuuU7DLQB/E8+Z/24NLNEe2e/+OMIJJ0JjhpQaeG6shxmSmmJG8oqfKBIjPEMTMjBUIE7UMJvvnsNjo4xhGEnzhIZz9WtHhrhSKQ9MJUd6qn56hfiXN0h0eD7MqIgTTQReDAoTBnUEiyDgmEqCNUsNQVhSsyvEUyQR1iaub1MCnptMPg+H/5Nuw/Fcx7tq1lrNZTplcAiOQB144Ay0wCVogw7A4BbcgwfwaN1ZT9az9bIoLVnLngPwDdbrB2O9mog=</latexit><latexit sha1_base64="PhzlgNL9n7WI5dUQ9mddGSna+oM=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkhGHYf7Ab3Cra3fi1p9w6Z+YaSv4PBByOOde7r0niBlV2nXfrNLK6tr6RnmzsrW9s7tn71e7KkokJh0csUj2A6QIo4J0NNWM9GNJEA8Y6QWzi8Lv3RCpaCSudRqTIUcTQUOKkTbSyK76Ac/S3D+tZ77kMOT5yciuuU7DLQB/E8+Z/24NLNEe2e/+OMIJJ0JjhpQaeG6shxmSmmJG8oqfKBIjPEMTMjBUIE7UMJvvnsNjo4xhGEnzhIZz9WtHhrhSKQ9MJUd6qn56hfiXN0h0eD7MqIgTTQReDAoTBnUEiyDgmEqCNUsNQVhSsyvEUyQR1iaub1MCnptMPg+H/5Nuw/Fcx7tq1lrNZTplcAiOQB144Ay0wCVogw7A4BbcgwfwaN1ZT9az9bIoLVnLngPwDdbrB2O9mog=</latexit><latexit sha1_base64="PhzlgNL9n7WI5dUQ9mddGSna+oM=">AAACCnicdVDLSgMxFM3UV62vsS7dBItQQYaZUtBlwY3LCvYBnVIyaaYNTTJDkhGHYf7Ab3Cra3fi1p9w6Z+YaSv4PBByOOde7r0niBlV2nXfrNLK6tr6RnmzsrW9s7tn71e7KkokJh0csUj2A6QIo4J0NNWM9GNJEA8Y6QWzi8Lv3RCpaCSudRqTIUcTQUOKkTbSyK76Ac/S3D+tZ77kMOT5yciuuU7DLQB/E8+Z/24NLNEe2e/+OMIJJ0JjhpQaeG6shxmSmmJG8oqfKBIjPEMTMjBUIE7UMJvvnsNjo4xhGEnzhIZz9WtHhrhSKQ9MJUd6qn56hfiXN0h0eD7MqIgTTQReDAoTBnUEiyDgmEqCNUsNQVhSsyvEUyQR1iaub1MCnptMPg+H/5Nuw/Fcx7tq1lrNZTplcAiOQB144Ay0wCVogw7A4BbcgwfwaN1ZT9az9bIoLVnLngPwDdbrB2O9mog=</latexit>

t = 2.5 fm
<latexit sha1_base64="EZqv3wsWgm1UAS392w244JEc6KU=">AAACD3icdVDLSgMxFM3UV62vURcu3ASL4KIMM0XRjVBw47KCfUBnKJk004YmmSHJCGWYj/Ab3Oranbj1E1z6J2baCtbHgZDDOfdy7z1hwqjSrvtulZaWV1bXyuuVjc2t7R17d6+t4lRi0sIxi2U3RIowKkhLU81IN5EE8ZCRTji+KvzOHZGKxuJWTxIScDQUNKIYaSP17QM/5JmGl7DunGW+5NCvwYjned+uuk7dLQB/E8+Z/m4VzNHs2x/+IMYpJ0JjhpTqeW6igwxJTTEjecVPFUkQHqMh6RkqECcqyKYH5PDYKAMYxdI8oeFU/d6RIa7UhIemkiM9Uj+9QvzL66U6uggyKpJUE4Fng6KUQR3DIg04oJJgzSaGICyp2RXiEZIIa5PZwpSQF5l8HQ7/J+2647mOd3NabdTm6ZTBITgCJ8AD56ABrkETtAAGOXgAj+DJureerRfrdVZasuY9+2AB1tsni5Sbjg==</latexit><latexit sha1_base64="EZqv3wsWgm1UAS392w244JEc6KU=">AAACD3icdVDLSgMxFM3UV62vURcu3ASL4KIMM0XRjVBw47KCfUBnKJk004YmmSHJCGWYj/Ab3Oranbj1E1z6J2baCtbHgZDDOfdy7z1hwqjSrvtulZaWV1bXyuuVjc2t7R17d6+t4lRi0sIxi2U3RIowKkhLU81IN5EE8ZCRTji+KvzOHZGKxuJWTxIScDQUNKIYaSP17QM/5JmGl7DunGW+5NCvwYjned+uuk7dLQB/E8+Z/m4VzNHs2x/+IMYpJ0JjhpTqeW6igwxJTTEjecVPFUkQHqMh6RkqECcqyKYH5PDYKAMYxdI8oeFU/d6RIa7UhIemkiM9Uj+9QvzL66U6uggyKpJUE4Fng6KUQR3DIg04oJJgzSaGICyp2RXiEZIIa5PZwpSQF5l8HQ7/J+2647mOd3NabdTm6ZTBITgCJ8AD56ABrkETtAAGOXgAj+DJureerRfrdVZasuY9+2AB1tsni5Sbjg==</latexit><latexit sha1_base64="EZqv3wsWgm1UAS392w244JEc6KU=">AAACD3icdVDLSgMxFM3UV62vURcu3ASL4KIMM0XRjVBw47KCfUBnKJk004YmmSHJCGWYj/Ab3Oranbj1E1z6J2baCtbHgZDDOfdy7z1hwqjSrvtulZaWV1bXyuuVjc2t7R17d6+t4lRi0sIxi2U3RIowKkhLU81IN5EE8ZCRTji+KvzOHZGKxuJWTxIScDQUNKIYaSP17QM/5JmGl7DunGW+5NCvwYjned+uuk7dLQB/E8+Z/m4VzNHs2x/+IMYpJ0JjhpTqeW6igwxJTTEjecVPFUkQHqMh6RkqECcqyKYH5PDYKAMYxdI8oeFU/d6RIa7UhIemkiM9Uj+9QvzL66U6uggyKpJUE4Fng6KUQR3DIg04oJJgzSaGICyp2RXiEZIIa5PZwpSQF5l8HQ7/J+2647mOd3NabdTm6ZTBITgCJ8AD56ABrkETtAAGOXgAj+DJureerRfrdVZasuY9+2AB1tsni5Sbjg==</latexit><latexit sha1_base64="EZqv3wsWgm1UAS392w244JEc6KU=">AAACD3icdVDLSgMxFM3UV62vURcu3ASL4KIMM0XRjVBw47KCfUBnKJk004YmmSHJCGWYj/Ab3Oranbj1E1z6J2baCtbHgZDDOfdy7z1hwqjSrvtulZaWV1bXyuuVjc2t7R17d6+t4lRi0sIxi2U3RIowKkhLU81IN5EE8ZCRTji+KvzOHZGKxuJWTxIScDQUNKIYaSP17QM/5JmGl7DunGW+5NCvwYjned+uuk7dLQB/E8+Z/m4VzNHs2x/+IMYpJ0JjhpTqeW6igwxJTTEjecVPFUkQHqMh6RkqECcqyKYH5PDYKAMYxdI8oeFU/d6RIa7UhIemkiM9Uj+9QvzL66U6uggyKpJUE4Fng6KUQR3DIg04oJJgzSaGICyp2RXiEZIIa5PZwpSQF5l8HQ7/J+2647mOd3NabdTm6ZTBITgCJ8AD56ABrkETtAAGOXgAj+DJureerRfrdVZasuY9+2AB1tsni5Sbjg==</latexit>

14

18

22

20

16

24

e
(G

eV
/fm

3)
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Hydro

Coupled LBT Hydro Model
W. Chen, et al., PLB 777, 86 (2018) 

Recoil+Hydro BAMPS
I.Bouras, et al., PLB 710, 641 (2012)

Boltzmann

Jet

Jet JetJet

Jet Jet

Models: hydrodynamic response
Jet evolution + full hydro model with source term
A. K. Chaudhuri, U. Heinz (’06), A. K. Chaudhuri (’06, ’07), B. Betz, J. Noronha, G. Torrieri, M. Gyulassy, I. Mishustin,  
D. H. Rischke (‘09), YT, T. Hirano (’14, ’16), R. P. G. Andrade, J. Noronha, G. S. Denicol (’14), M. Schulc, B. Tomášik (’14) 
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- Medium response to thermalized energy and momentum (soft)
- Description by hydrodynamics together with medium

@µTµ⌫
fluid = J⌫

jet(x)
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Energy-momentum tensor  
of the QGP fluid

Energy and momentum 
deposited from the jet

- Source term        constructed from jet evolution calculation

- Use Cooper-Frye for particles from medium response

J⌫
jet
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Hydrodynamic equation with source term

Take into account the redistribution
of jet energy and momentum in
medium.

Full picture of jet quenching
phenomenon.

Coupled Linearized-Boltzmann
Transport and hydrodynamics model
includes medium response and recoil.
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Dijet angular correlation in pp collisions

4

Multi-parton radiation is one of the more com-
plex aspects of perturbative Quantum Chromodynamics
(pQCD) and its theory and phenomenology are being ac-
tively studied for the physics programs at the Fermilab
Tevatron Collider and the CERN LHC [1]. The proper
description of radiative processes is crucial for a wide
range of precision measurements as well as for searches
for new physical phenomena where the influence of QCD
radiation is unavoidable. A clean and simple way to
study radiative processes is to examine their impact on
angular distributions. Dijet production in hadron-hadron
collisions, in the absence of radiative effects, results in
two jets with equal transverse momenta with respect
to the beam axis (pT ) and correlated azimuthal angles
∆φ dijet = |φjet 1 − φjet 2| = π. Additional soft radiation
causes small azimuthal decorrelations, whereas ∆φ dijet

significantly lower than π is evidence of additional hard
radiation with high pT . Exclusive three-jet production
populates 2π/3 < ∆φ dijet < π while smaller values of
∆φ dijet require additional radiation such as a fourth jet
in an event. Distributions in ∆φ dijet provide an ideal
testing ground for higher-order pQCD predictions with-
out requiring the reconstruction of additional jets and
offer a way to examine the transition between soft and
hard QCD processes based on a single observable.

A new measurement of azimuthal decorrelations be-
tween jets produced at high pT in pp̄ collisions is pre-
sented in this Letter. Jets are defined using an iter-
ative seed-based cone algorithm (including mid-points)
with radius Rcone = 0.7 [2]. The same jet algorithm
is used for partons in the pQCD calculations, final-state
particles in the Monte Carlo event generators, and recon-
structed energy depositions in the experiment. ∆φ dijet

is reconstructed from the two jets with highest pT in
an event. The observable is defined as the differential
dijet cross section in ∆φ dijet, normalized by the dijet
cross section integrated over ∆φ dijet in the same phase
space (1/σdijet) (dσdijet/d∆φ dijet). (Theoretical and ex-
perimental uncertainties are reduced in this construc-
tion.) Calculations of three-jet observables at next-to-
leading order (NLO) in the strong coupling constant αs,
have recently become available [3, 4]. Quantitative com-
parisons with data yield information on the validity of
the pQCD description and increase sensitivity for gaug-
ing potential departures that could signal the presence of
new physical phenomena.

Data were obtained with the DØ detector [5] in Run II
of the Fermilab Tevatron Collider using pp̄ collisions at√

s = 1.96 TeV. The primary tool for jet detection was a
compensating, finely segmented, liquid-argon and ura-
nium calorimeter that provided nearly full solid-angle
coverage. Calorimeter cells were grouped into projective
towers focused on the nominal interaction point for trig-
ger and reconstruction purposes. Events were acquired
using multiple-stage inclusive-jet triggers. Four analysis
regions were defined based on the jet with largest pT in

∆φ dijet  (rad)

1/
σ

di
je

t  
dσ
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je

t /
 d
∆
φ  

di
je

t
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     max     > 180 GeV  (×8000)
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     max    < 180 GeV  (×400)
100 < pT
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NLOJET++   (CTEQ6.1M)
µr = µf = 0.5 pT
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FIG. 1: The ∆φ dijet distributions in four regions of pmax
T .

Data and predictions with pmax
T > 100 GeV are scaled by suc-

cessive factors of 20 for purposes of presentation. The solid
(dashed) lines show the NLO (LO) pQCD predictions.

an event (pmax
T ) with the requirement that the trigger

efficiency be at least 99%. The accumulated integrated
luminosities for events with pmax

T > 75, 100, 130, and
180 GeV were 1.1, 21, 90, and 150 pb−1 (±6.5%), re-
spectively. The second leading pT jet in each event was
required to have pT > 40 GeV and both jets were re-
quired to have central rapidities with |yjet| < 0.5 where
yjet = 1

2 ln ((E + pz)/(E − pz)) and E and pz are the
energy and the longitudinal momentum of the jet.

The position of the pp̄ interaction was reconstructed
using a tracking system consisting of silicon microstrip
detectors and scintillating fibers located within a 2 T
solenoidal magnet. The vertex z-position was required to
be within 50 cm of the detector center which preserved
the projective nature of the calorimeter towers. The sys-
tematic uncertainty associated with the vertex selection
efficiency is less than 3% for ∆φ dijet > 2π/3 and ≈ 8%
for ∆φ dijet ≈ π/2. The missing transverse energy was
calculated from the vector sum of the individual trans-
verse energies in calorimeter cells. Background from cos-
mic rays and incorrectly vertexed events was eliminated
by requiring this missing transverse energy to be below
0.7 pmax

T . Background introduced by electrons, photons,
and detector noise that mimicked jets was eliminated

x

y

∆φ ∼ π

Leading jet

Associate jet

Dijet azimuthal angular correlation has been measured at Tevatron and the LHC.

Well-described by pQCD at NLO [Nagy, 02] except in the back-to-back region.
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Perturbative expansions in dijet productions
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pQCD can describe data at small xJ , but fails to converge at
large xJ . Reason: large logarithmic terms appearing at �� ≈ ⇡.

Sudakov resummation can sum large logs to cancel alternating
divergence.

choose �m to switch between pQCD and Sudakov.

choice of �m is not sensitive to result, not free parameter.

Chen Lin (IoPP, CCNU) Dijet Asymmetry Santa Fe 2017 8 / 11
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pQCD expansion eventually breaks down in the back-to-back region.

Appearance of large logarithms such as L ∼ ln2 P2
⊥

q2
⊥

with P⊥ � q⊥.

Momentum imbalance ~q⊥ ≡ ~p1⊥ +~p2⊥, jet momenta P⊥ ∼ p1⊥ ∼ p2⊥.
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From pQCD to Sudakov resummation: paradigm shift

[P. Sun, C. P. Yuan and F. Yuan, Phys. Rev. Lett. 113, 232001 (2014), PRD, 2015]

 (rad)φ
1.6 1.8 2 2.2 2.4 2.6 2.8 3

φ
/d
σ

 d
σ

1/

-310

-210

-110

1
 < 130 (GeV)max

T100 < P

 resummation
full NLO

 (rad)φ
1.6 1.8 2 2.2 2.4 2.6 2.8 3

φ
/d
σ

 d
σ

1/

-310

-210

-110

1
 < 130 (GeV)max

T100 < P

 resummation
full NLO

 (rad)φ
1.6 1.8 2 2.2 2.4 2.6 2.8 3

φ
/d
σ

 d
σ

1/

-310

-210

-110

1

10
 < 180 (GeV)max130 < pt

 resummation
full NLO

 (rad)φ
1.6 1.8 2 2.2 2.4 2.6 2.8 3

φ
/d
σ

 d
σ

1/

-410

-310

-210

-110

1

10  < 400 (GeV)max
T180 < P

 resummation
full NLO

FIG. 8. The comparisons between the theory calculations and the experimental data from the D0

collaboration at the Tevatron.

normalized the result of our resummation calculation in φdijet distribution by the LO dijet
cross section, with both jets in the specified pT and y bins of the data point. Namely, the
normalization factor σdijet is taken to be the NLO dijet cross section in the NLO predic-
tion, and the LO dijet cross section in the resummation prediction. This is because in our
resummation calculation, cf. Eq. (223), the hard factor H is only kept at the LO in this
calculation. From these plots, we can clearly see that the resummation results agree well
with the experimental data around the back-to-back correlation region of φ ∼ π. For smaller
value of φ (away from the back-to-back configuration), the resummation calculations match
to the fixed order results at NLO [4], which has also been separately shown in Fig. 8. We
note that a full NLO calculation cannot describe experimental data for φ ∼ π [1], where
the fixed order calculation becomes divergent. Our resummation calculation, after being
matched with the NLO result clearly improves the theory prediction and can describe the
experimental data in a wider kinematic region. This demonstrates the importance of all
order resummation in perturbative calculations for these type of hard QCD processes.

C. Dijet Correlations at the LHC

Dijet production processes are among the first few measurements of pp collisions at the
LHC. Both CMS and ATLAS have reported the experimental results on the azimuthal
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FIG. 9. The comparisons between the resummation results and the experimental data from the

CMS collaboration at the LHC. The kinematics of each bins are specified according to the experi-

ment [2].

angular correlations of dijet productions, as done by the D0 Collaboration at the Tevatron.

In Fig. 9, we compare our resummation results with the experimental data from the
CMS collaboration at the LHC. Similar to the D0 measurements, the dijet measurements
are presented in several kinematic bins, with the leading jet transverse momentum labelled
by P max

T in the figure. The second jet transverse momentum is chosen to be larger than
30 GeV. Both jets are in the mid-rapidity region, |yjet| < 1.1. Anti-kt jet algorithm with
jet size R = 0.5 was used in the data analysis. We have also applied this algorithm in
our calculations. In this figure, we limit the comparisons in the back-to-back correlation
region, where we find perfect agreements between the resummation calculations and the
experimental data over all transverse momentum bins. Similar to that in Fig. 8, away from
the back-to-back region, the resummation calculations will match to the fixed order results.

In Fig. 10, we compare to the measurements form the ATLAS collaboration [3]. In this
experiment, the same anti-kt algorithm has been used, however, with jet size R = 0.6. The
two jets are selected from the mid-rapidity region (|yjet| < 0.8) with minimum transverse
momentum of 100 GeV. The data sets are chosen according to different leading jet transverse
momentum region as indicated in the figure. From this figure, we can see that the agreements
between the resummation results and the experimental data are very well around the back-
to-back correlation regions, except in the lowest P max

T bin. The apparent poor agreement
between the resummation prediction and the ATLAS data in the lowest P max

T bin (between
110 GeV and 160 GeV) is caused by the stronger kinematic cut made on the second jet PT ,
which is required to be above 100 GeV at ATLAS and 30 GeV at CMS. With a much tighter
cut on this second jet PT , the phase space for multiple soft gluon emission is limited so that
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pQCD framework can describe the large angle region.

Sudakov resummation is essential to understand the data near φ ∼ π.

QCD theoretical framework to resum soft gluons in dijet processes at NLL.
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Dijet asymmetry at the LHC

Fully corrected dijet asymmetry xJ ≡ p2⊥
p1⊥

data measured by ATLAS.
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Jets in e+e− Annihilation – p.11

Two interesting features in pQCD calculation for xJ distributions

pQCD 2→ n process is bounded from below xJ ≥ 1
n−1 (Similar to thrust in e+e−).

⇒ (n − 1)p2⊥ ≥ p1⊥

p1⊥

p2⊥
pn⊥

pQCD expansion fails to converge around xJ ∼ 1 due to back-to-back dijet
configurations. (Similar to angular correlation)
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Dijets asymmetry as a probe of QGP

Results - AA
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Here we use (BDMPS) energy-loss formalism:

d�

dp′⊥1dp′⊥2 = � d✏1d✏2D(✏1)D(✏2) d�

dp⊥1dp⊥2
������������ p⊥1=p′⊥1+✏1

p⊥2=p′⊥2+✏2

In the limit ✏�p⊥ � 1, where:

D(✏) = ↵

�
!c

2✏
exp
���−

⇡↵2!c

2✏

��� , !c ≡ � dL q̂L, ↵ ≡ 2↵s CR

⇡

ar�iv:hep-ph/9608322

Chen Lin (IoPP, CCNU) Dijet Asymmetry Santa Fe 2017 10 / 11

New methods to directly probe transport coefficient q̂: [Chen, Qin, Wei, Xiao and
Zhang, PLB, 18]

NLO pQCD + Sudakov Resummation +
2 + 1D viscous hydrodynamics + Jet energy loss.

Dijet asymmetries in PbPb gives q̂ ∼ 2− 6GeV2/fm at the LHC.

Calculation in medium is embedded in OSU 2 + 1 d viscous hydro.
[ Z. Qiu, C. Shen, and U. Hein, 11]
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Ultimate goals in the physics research of hadronic structure

A famous proverb in English language: "One Picture Worth Ten Thousand Words"
which is labeled a Chinese proverb.

Depict the kaleidoscopic multi-dimensional landscape of the internal structure
of hadrons including nucleons and nuclei.

Spin structure of the nucleon. Where does the proton spin come from?

Understand the important role of gluons in nucleons.

EIC machine is like a kaleidoscopic tube (color and dynamics) and a
stereoscopic“camera”(multiple-dimensional) with extremely high resolution.
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Electron Ion Collider

6

FIG. 3: Conceptual layout of EicC-I and EicC-II based on HIAF.

EicC will perform extensive study on 1D and 3D structure of nucleon and explore the

fundamental questions the previous experiments have not answered yet. Although the pre-

vious experiments have greatly helped us understanding the spin structure of the nucleon,

some key questions, such as the contributions from gluon polarization and quark orbital

angular momentum, still remain unsolved. High-precision measurements of the distribution

functions of valence quarks, sea quarks and gluons at EicC will uncover the internal struc-

ture of nucleons and ultimately solve the puzzles about nucleon properties. We believe that

EicC will provide great opportunities to great discoveries in the area of nucleon structure.

1.2. Study of Hadronization

Due to the non-perturbative nature, hadronization has been always the challenging but

unavoidable processes for QCD calculations. On the other hand, analyzing the process of

energy loss for deep-virtual partons and in-medium hadronization becomes possible with

EIC. Precision measurements of the A-dependence of energy loss and medium e↵ects can be

used as the strict tests to the hadronization models. In addition, the nuclear e↵ect of the

semi-inclusive deep-inelastic scattering (SIDIS) could provide detailed information on the

Two proposed realization of EIC in US:
JLEIC (Jefferson Lab) and eRHIC (Brookhaven).

JLEIC:
√

s = 20→ 65− 140 GeV (Magnet technology choice).

eRHIC: Up to
√

s = 140 GeV.

EIC in China (EicC-I)
√

s = 12→ 30 GeV.

Polarized electron and light-ion beams.

High-luminosity and high-precision.
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3D Tomography of Proton

Wigner distributions ingeniously encode all quantum information of how partons are
distributed inside hadrons. [Ji, 03; Belitsky, Ji, Yuan, 03]

bT

kT
xp

Figure 2.2: Connections between di↵erent quantities describing the distribution of partons
inside the proton. The functions given here are for unpolarized partons in an unpolarized proton;
analogous relations hold for polarized quantities.

tum, and specific TMDs and GPDs quan-
tify the orbital angular momentum carried
by partons in di↵erent ways.

The theoretical framework we have
sketched is valid over a wide range of mo-
mentum fractions x, connecting in particular
the region of valence quarks with the one of
gluons and the quark sea. While the present
chapter is focused on the nucleon, the con-
cept of parton distributions is well adapted
to study the dynamics of partons in nuclei, as
we will see in Sec. 3.3. For the regime of small
x, which is probed in collisions at the highest
energies, a di↵erent theoretical description is
at our disposal. Rather than parton distribu-
tions, a basic quantity in this approach is the
amplitude for the scattering of a color dipole
on a proton or a nucleus. The joint distri-
bution of gluons in x and in kT or bT can
be derived from this dipole amplitude. This
high-energy approach is essential for address-
ing the physics of high parton densities and
of parton saturation, as discussed in Sec. 3.2.
On the other hand, in a regime of moder-
ate x, around 10�3 for the proton and higher

for heavy nuclei, the theoretical descriptions
based on either parton distributions or color
dipoles are both applicable and can be re-
lated to each other. This will provide us with
valuable flexibility for interpreting data in a
wide kinematic regime.

The following sections highlight the
physics opportunities in measuring PDFs,
TMDs and GPDs to map out the quark-
gluon structure of the proton at the EIC.
An essential feature throughout will be the
broad reach of the EIC in the kinematic
plane of the Bjorken variable x (see the Side-
bar on page 18) and the invariant momentum
transfer Q2 to the electron. While x deter-
mines the momentum fraction of the partons
probed, Q2 specifies the scale at which the
partons are resolved. Wide coverage in x
is hence essential for going from the valence
quark regime deep into the region of gluons
and sea quarks, whereas a large lever arm in
Q2 is the key for unraveling the information
contained in the scale evolution of parton dis-
tributions.

17

Small-x gluon distributions⇔ gluon Wigner distributions? [Ji, 03]
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Can we measure Wigner distributions?

Wigner Distribution of Twisted Photons

Mohammad Mirhosseini,1,* Omar S. Magaña-Loaiza,1 Changchen Chen,1

Seyed Mohammad Hashemi Rafsanjani,1 and Robert W. Boyd1,2
1The Institute of Optics, University of Rochester, Rochester, New York 14627, USA

2Department of Physics and Max Planck Centre for Extreme and Quantum Photonics,
University of Ottawa, Ottawa, Ontario K1N 6N5, Canada
(Received 4 December 2015; published 1 April 2016)

We present the first experimental characterization of the azimuthal Wigner distribution of a photon. Our
protocol fully characterizes the transverse structure of a photon in conjugate bases of orbital angular
momentum (OAM) and azimuthal angle. We provide a test of our protocol by characterizing pure
superpositions and incoherent mixtures of OAM modes in a seven-dimensional space. The time required
for performing measurements in our scheme scales only linearly with the dimension size of the state under
investigation. This time scaling makes our technique suitable for quantum information applications
involving a large number of OAM states.

DOI: 10.1103/PhysRevLett.116.130402

Ever since its introduction in 1932 [1], the Wigner
distribution has been widely applied in different fields of
study ranging from statistical mechanics and optics [2–6] in
physics to more applied fields such as electrical engineer-
ing and even seismology [7]. In physics, the Wigner
distribution has been utilized to bring the machinery of
phase-space statistical mechanics into the study of quantum
physics [8]. The Wigner distribution provides a compre-
hensive characterization of the system and, as a quasiprob-
ability distribution, the negativity of theWigner distribution
signals a wavelike behavior [9,10].
The orbital angular momentum (OAM) of single photons

has, lately, been identified as a valuable platform for
realizing multilevel quantum systems [11,12]. The discrete
nature of OAM makes it attractive for encoding quantum
[13] and classical information [14]. The ongoing research
suggests that there is no fundamental limit to the maximum
value of OAM that a photon can carry. In a recent
experiment, quantum entanglement was demonstrated
between states differing by 600 in their value of OAM
[15]. However, the full characterization of a quantum state
in the Hilbert space of OAM poses a serious experimental
challenge.
A large body of previous research has enabled efficient

and accurate projective measurements of light’s OAM
[12,16–21]. Quantum mechanically, a pure state in the
Hilbert space of OAM is described by a discrete state
vector. Thus, the probability distribution provided by
projective measurements along with the knowledge of
relative phase between the different OAM components
found by interferometry adequately describes a pure state
[22]. Nevertheless, pure states are only a restricted set of
physical states, because the vast majority of conceivable
states are mixed states [23]. The most general description of
a quantum state requires knowledge of its density matrix,

which can be found through use of standard quantum state
tomography [24,25]. However, quantum state tomography
in the OAM basis requires the capability to perform
projective measurements on arbitrary superpositions of
two or more OAM eigenstates [26], a task that remains
challenging due to technical limitations such as variations
in the efficiency of measuring different OAM modes and
the cross talk between neighboring modes [27].
In this Letter, we propose and demonstrate a method for

obtaining the Wigner distribution for the azimuthal struc-
ture of light as an alternative to conventional quantum state
tomography. This is, to our knowledge, the first exper-
imental characterization of the azimuthal Wigner distribu-
tion, a concept that has been a topic of extensive theoretical
investigation for the last three decades [28–37]. Our
experiment provides valuable insight into understanding
the wave behavior of the light field in the conjugate bases of
OAM and azimuthal angle, as well as a method for
comprehensive characterization of the OAM of single
photons that can be used for quantum information
applications.
We begin our analysis by considering a quantum system

with an unknown density matrix, ρ̂, in the basis of azimuthal
angle, θ. Further, we choose to work in a finite-dimensional
state space spanned by the orbital-angular-momentum
eigenvectors jli with fjlj ≤ Ng. In this subspace, the
(discrete) Wigner distribution function reads [31,32]

Wðθ;lÞ ¼ 1

d

XN

ϕ¼−N
exp

!
−
4πi
d

lϕ
"
hθ − ϕjρ̂jθ þ ϕi: ð1Þ

Here, d ¼ 2N þ 1, and θ ∈ f−N;…; Ng denotes the dis-
crete angular coordinate. We have defined an angular (ANG)
eigenstate via a discrete Fourier transform of the OAM states

PRL 116, 130402 (2016) P HY S I CA L R EV I EW LE T T ER S
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Yes, we can! [Y. Hatta, B. Xiao, F. Yuan, Phys. Rev. Lett. 116, 202301 (2016)]

Quark GTMD in the double DY process: [S. Bhatttacharya,A. Metz, Jian Zhou, 17]
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FIG. 1: LO diagrams for the exclusive double Drell-Yan process ⇡N ! �⇤
1�

⇤
2N 0.

this region one can use TMD-type factorization. The longitudinal momentum transfer to the nucleon can be written
as ⇠a = (q+

1 + q+
2 )/(2P+

a ). The LO diagrams for this process are shown in Fig. 1. The scattering amplitude depends
on the helicities of the nucleons and photons,

T �1,�2

�a,�0
a

= T µ⌫
�a,�0

a
"⇤µ(�1) "

⇤
⌫(�2) , (6)

where "µ(�1) and "µ(�2) are the photon polarization vectors. One finds

T µ⌫
�a,�0

a
= i

X

q,q0

eqe
0
qe

2 1

Nc

Z
d2~ka?

Z
d2~kb?�

(2)
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� ~ka? � ~kb?

◆
�q0q

⇡ (xb,~k
2
b?)


� i"µ⌫

?

⇣
W

qq0 [�+]
�a,�0

a
(xa,~ka?) � W

qq0 [�+]
�a,�0

a
(�xa,�~ka?)

⌘

� gµ⌫
?

⇣
W

qq0 [�+�5]
�a,�0

a
(xa,~ka?) + W

qq0 [�+�5]
�a,�0

a
(�xa,�~ka?)

⌘�
, (7)

where eq and e0q are the quark charges in units of the elementary charge e, and Nc is the number of quark colors. The

expression in (7) describes the double Drell-Yan process for all possible pion and nucleon charge states. Note that �q0q
⇡

is defined as in (4), but with the operator q̄0���5 q. Isospin symmetry provides �du
⇡+ = �ud

⇡� =
p

2�uu
⇡0 = �

p
2�dd

⇡0 .

Likewise, W qq0[�] is given by (1) with the operator q̄ � q0. With this notation one can also describe transitions between
di↵erent nucleons. Like in the case of transition GPDs, for the GTMDs one has Xdu

p!n = Xud
n!p = Xu

p � Xd
p [41]. In

Eq. (7) we use the vector �~q? = ~q1?�~q2?. The transverse momenta of the photons can be expressed by �~q? and the

transverse momentum transfer to the nucleon ~�a? = �(~q1?+~q2?). While the amplitude contains an integration upon
the transverse momenta of the quarks, their longitudinal momenta are fixed according to xa = (q+

1 �q+
2 )/(2P+

a ), xb =
1� q�1 /p�b = q�2 /p�b . The value for xa implies the so-called ERBL region [42, 43], characterized by �⇠a  xa  ⇠a, in
which the GTMD matrix element describes the emission of a quark-antiquark pair from the nucleon. The amplitude, a
priori, depends on both the F1,i and the G1,i (i = 1, . . . , 4). From (7) one readily sees that the dominant contribution
to the amplitude is for transversely polarized photons. In this context note that gµ⌫

? = gµ⌫ � nµ
an⌫

b � n⌫
anµ

b , with the

light-like vectors na = (1, 0, 0,�1)/
p

2, nb = (1, 0, 0, 1)/
p

2.
The relation between the scattering amplitude in (6) and the cross section in the center-of-mass frame reads

d��1,�2

�a,�0
a

=
⇡

2s3/2

1 + ⇠a

1 � ⇠a
|T �1,�2

�a,�0
a
|2�(p00a + q0

1 + q0
2 �p

s)
d4q1

(2⇡)4
d4q2

(2⇡)4
, (8)

where we have already integrated over the phase space of the outgoing nucleon. Below we consider the unpolarized
cross section, single-spin asymmetries (SSAs), and double-spin asymmetries (DSAs). It is convenient to introduce

⌧UU =
1

2

X

�,�0

|T�,�0 |2 , (9)

⌧LU =
1

2

X

�0

⇣
|T+,�0 |2 � |T�,�0 |2

⌘
, (10)

⌧LL =
1

2

⇣�
|T+,+|2 � |T+,�|2

�
�
�
|T�,+|2 � |T�,�|2

�⌘
, (11)

Elliptic Wigner distribution: correlation between b⊥ (∆⊥) and q⊥. [Jian Zhou, 17]

Fx(q⊥,∆⊥) = F0(|q⊥|, |∆⊥|) + 2 cos 2(φq⊥ − φ∆⊥ )Fε(|q⊥|, |∆⊥|) + · · ·
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Hunting the Gluon OAM at an EIC

Directly probing the gluon OAM at an EIC. [Ji, Yuan, Zhao, Phys. Rev. Lett. 118,
192004 (2017); Hatta, Nakagawa, Xiao, Yuan, Zhao, PRD 17]

−q⊥ − ∆⊥
2q⊥ − ∆⊥

2

p p′

k1

k2

Wigner distribution and OAM
[Ji, Xiong, Yuan, 12; Hatta, 11; Lorce, Pasquini,11]

Lg =

∫
dxd2b⊥d2k⊥Wg(x, b⊥, k⊥)(b⊥ × k⊥).

bT

kT
xp

The single spin asymmetry of this process is
sensitive to Lg.

First measurement of the gluon OAM in the
proton spin sum rule!

1
2

=
1
2

∆Σ + Lq + ∆G + Lg.

Quark OAM seems to be more difficult to
probe directly. Interesting development:
[Bhatttacharya, Metz, Zhou, 17; Engelhardt, 17]
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Summary

Flows and hydrodynamics.

Study of QCD phase diagram.

Jet quenching phenomenon.

Nucleon Structure, gluon saturation and low-x physics.

Apology: there are many other interesting topics, such as thermalization, J/Ψ production,
chiral effects, etc, that I do not have time to cover.
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Forward rapidity single hadron productions in pA collisions

Dilute-Dense factorizations: large x proton as dilute probe:

[quark] (xp+p , 0,0)

(0, xap
−
a ,kg⊥)

z
kµ

ξ pµ, y [hadron]

[nucleus] pµa

qµ [gluon]

xp =
k⊥√

s
e+y ∼ 1 dilute

xA =
k⊥√

s
e−y � 1 dense

LO [Dumitru, Jalilian-Marian, 02]: probing xGDP(x, k⊥) at small-x.

NLO Complete NLO: [Chirilli, Xiao and Yuan, 12].

k+ ≃ 0

P+

A
≃ 0

P−
p ≃ 0

Rapidity Divergence Collinear Divergence (F)Collinear Divergence (P)

Numerical implementations: Saturation physics at One Loop Order (SOLO).
[Stasto, Xiao, Zaslavsky, 13]
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Numerical implementation of the NLO result

SOLO results [Stasto, Xiao, Zaslavsky, Phys. Rev. Lett. 112, 012302 (2014);
Watanabe, Xiao, Yuan, Zaslavsky, PRD 15]

What we have learnt so far in DIS and pA collisions

Numerical implementation of the NLO result

Saturation physics at One Loop Order (SOLO). [Stasto, Xiao, Zaslavsky, 13]
12
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FIG. 4. Comparisons of BRAHMS data [9] with the center-of-mass energy of
�

sNN = 200GeV per nucleon
at rapidity y = 2.2, 3.2 with our results. As illustrated above, the crosshatch fill shows LO results, the
grid fill indicates LO+NLO results, and the solid fill corresponds to our new results which include the NLO
corrections from Lq and Lg due to the kinematical constraint. The error band is obtained by changing µ2

from 10 GeV2 to 50 GeV2.

(transformed) formulas. The LO and LO+NLO curves are very similar to earlier results published
in Ref. [43]; some slight di�erences are due to the increased precision of the new formulas. In the
meantime, the Lq and Lg corrections are completely negligible in the region where p� � Qs. On
the other hand, where p� � Qs, Lq and Lg start to become important and alleviate the negativity
problem in the GBW model, and help us to better describe the data in the high p� region. In the
rcBK case, we find that the full NLO cross section now becomes completely positive and provides
us excellent agreement with all the RHIC data.

In Figure 6, we show the comparison between the forward ATLAS data at y = 1.75 and the
numerical results from SOLO. We observe remarkable agreement between the full NLO calculation
from the saturation formalism and experimental data up to 6GeV. Again, as we have seen earlier,
the newly added Lq and Lg corrections help to increase the applicable p� window of the saturation
formalism from roughly 2.5–3 GeV to 6 GeV. From 6 GeV and up, the full NLO cross section
still becomes negative, which implies that the saturation formalism does not apply anymore and
the collinear factorization should be used. Admittedly, what we have seen is only one piece of
a promising clue for the gluon saturation phenomenon. More data in di�erent forward rapidity
windows at the LHC would allow us to conduct precise tests of the theoretical calculation, and
may eventually provide us the smoking gun proof.
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the other hand, where p� � Qs, Lq and Lg start to become important and alleviate the negativity
problem in the GBW model, and help us to better describe the data in the high p� region. In the
rcBK case, we find that the full NLO cross section now becomes completely positive and provides
us excellent agreement with all the RHIC data.

In Figure 6, we show the comparison between the forward ATLAS data at y = 1.75 and the
numerical results from SOLO. We observe remarkable agreement between the full NLO calculation
from the saturation formalism and experimental data up to 6GeV. Again, as we have seen earlier,
the newly added Lq and Lg corrections help to increase the applicable p� window of the saturation
formalism from roughly 2.5–3 GeV to 6 GeV. From 6 GeV and up, the full NLO cross section
still becomes negative, which implies that the saturation formalism does not apply anymore and
the collinear factorization should be used. Admittedly, what we have seen is only one piece of
a promising clue for the gluon saturation phenomenon. More data in di�erent forward rapidity
windows at the LHC would allow us to conduct precise tests of the theoretical calculation, and
may eventually provide us the smoking gun proof.
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In Figure 7, we show the comparison between the ALICE and ATLAS data at y = 0 and the
numerical results from SOLO. We find that the full NLO results, especially the one with the rcBK
solution, miss the data. (It seems that the GBW model roughly agrees with the data, but we believe
that it is probably just a coincidence.) This indicates that the dilute-dense factorization breaks
down at y = 0. This is completely expected for the following reason. First, the collinear parton
distributions of the proton projectile do not resum small-x logarthms and may have considerable
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In Figure 7, we show the comparison between the ALICE and ATLAS data at y = 0 and the
numerical results from SOLO. We find that the full NLO results, especially the one with the rcBK
solution, miss the data. (It seems that the GBW model roughly agrees with the data, but we believe
that it is probably just a coincidence.) This indicates that the dilute-dense factorization breaks
down at y = 0. This is completely expected for the following reason. First, the collinear parton
distributions of the proton projectile do not resum small-x logarthms and may have considerable

The abrupt drop at NLO when p? > Qs was surprising and puzzling.
Fixed order calculation in field theories is not guaranteed to be positive.
Failure of positivity is also seen in TMD factorization, where Y-term is devised to match
collinear factorization.[Collins, Foundations of perturbative QCD, 11]
Similar to TMD, saturation only applies at low-k? and x region in s ! 1.
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What we have learnt so far in DIS and pA collisions

Numerical implementation of the NLO result

Saturation physics at One Loop Order (SOLO). [Stasto, Xiao, Zaslavsky, 13]
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FIG. 4. Comparisons of BRAHMS data [9] with the center-of-mass energy of
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sNN = 200GeV per nucleon
at rapidity y = 2.2, 3.2 with our results. As illustrated above, the crosshatch fill shows LO results, the
grid fill indicates LO+NLO results, and the solid fill corresponds to our new results which include the NLO
corrections from Lq and Lg due to the kinematical constraint. The error band is obtained by changing µ2

from 10 GeV2 to 50 GeV2.

(transformed) formulas. The LO and LO+NLO curves are very similar to earlier results published
in Ref. [43]; some slight di�erences are due to the increased precision of the new formulas. In the
meantime, the Lq and Lg corrections are completely negligible in the region where p� � Qs. On
the other hand, where p� � Qs, Lq and Lg start to become important and alleviate the negativity
problem in the GBW model, and help us to better describe the data in the high p� region. In the
rcBK case, we find that the full NLO cross section now becomes completely positive and provides
us excellent agreement with all the RHIC data.

In Figure 6, we show the comparison between the forward ATLAS data at y = 1.75 and the
numerical results from SOLO. We observe remarkable agreement between the full NLO calculation
from the saturation formalism and experimental data up to 6GeV. Again, as we have seen earlier,
the newly added Lq and Lg corrections help to increase the applicable p� window of the saturation
formalism from roughly 2.5–3 GeV to 6 GeV. From 6 GeV and up, the full NLO cross section
still becomes negative, which implies that the saturation formalism does not apply anymore and
the collinear factorization should be used. Admittedly, what we have seen is only one piece of
a promising clue for the gluon saturation phenomenon. More data in di�erent forward rapidity
windows at the LHC would allow us to conduct precise tests of the theoretical calculation, and
may eventually provide us the smoking gun proof.
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problem in the GBW model, and help us to better describe the data in the high p� region. In the
rcBK case, we find that the full NLO cross section now becomes completely positive and provides
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In Figure 6, we show the comparison between the forward ATLAS data at y = 1.75 and the
numerical results from SOLO. We observe remarkable agreement between the full NLO calculation
from the saturation formalism and experimental data up to 6GeV. Again, as we have seen earlier,
the newly added Lq and Lg corrections help to increase the applicable p� window of the saturation
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still becomes negative, which implies that the saturation formalism does not apply anymore and
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numerical data for these measurements are not published, we have extracted the ATLAS points from Fig. 6
of Ref. [21]. The extraction procedure introduces uncertainties comparable to the size of the points.

In Figure 7, we show the comparison between the ALICE and ATLAS data at y = 0 and the
numerical results from SOLO. We find that the full NLO results, especially the one with the rcBK
solution, miss the data. (It seems that the GBW model roughly agrees with the data, but we believe
that it is probably just a coincidence.) This indicates that the dilute-dense factorization breaks
down at y = 0. This is completely expected for the following reason. First, the collinear parton
distributions of the proton projectile do not resum small-x logarthms and may have considerable

13

1.2 1.4 1.6 1.8
10�5

10�4

10�3

10�2

10�1

� = 4

p�[GeV]

d
3
N

d
�
d
2
p
?

� G
eV

�
2
�

GBW

LO
+NLO
+Lq + Lg

STAR

1.2 1.4 1.6 1.8

p�[GeV]

rcBK �2
QCD = 0.01

LO
+NLO
+Lq + Lg

STAR

FIG. 5. Comparison of STAR data [10] with
�

sNN = 200GeV at y = 4 with results from SOLO for the
GBW and rcBK models. The color scheme is the same as in figure 4, and again, the error band comes from
µ2 = 10 GeV2 and 50GeV2. We do not see the negative total cross section because the cuto� momentum
above which the cross section becomes negative is larger than the p� of the available data, and in fact larger
than the kinematic limit

�
sNNe�y.

2 4 6
10�6

10�5

10�4

10�3

10�2

10�1

100

101

y = 1.75

p�[GeV]

d
3
N

d
�
d
2
p
?

� G
eV

�
2
�

GBW

LO
+NLO
+Lq + Lg

ATLAS

2 4 6

y = 1.75

p�[GeV]

rcBK �2
QCD = 0.01

LO
+NLO
+Lq + Lg

ATLAS

FIG. 6. Comparison of ATLAS forward-rapidity data [21] with the center-of-mass energy of
�

sNN =
5.02 TeV at y = 1.75 with SOLO results for the GBW and rcBK models. Again, the color scheme is the
same as in figure 4. Here the error band shows plots for µ2 = 10 GeV2 and µ2 = 100 GeV2. Since the
numerical data for these measurements are not published, we have extracted the ATLAS points from Fig. 6
of Ref. [21]. The extraction procedure introduces uncertainties comparable to the size of the points.
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numerical results from SOLO. We find that the full NLO results, especially the one with the rcBK
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that it is probably just a coincidence.) This indicates that the dilute-dense factorization breaks
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In Figure 7, we show the comparison between the ALICE and ATLAS data at y = 0 and the
numerical results from SOLO. We find that the full NLO results, especially the one with the rcBK
solution, miss the data. (It seems that the GBW model roughly agrees with the data, but we believe
that it is probably just a coincidence.) This indicates that the dilute-dense factorization breaks
down at y = 0. This is completely expected for the following reason. First, the collinear parton
distributions of the proton projectile do not resum small-x logarthms and may have considerable

The abrupt drop at NLO when p? > Qs was surprising and puzzling.
Fixed order calculation in field theories is not guaranteed to be positive.
Failure of positivity is also seen in TMD factorization, where Y-term is devised to match
collinear factorization.[Collins, Foundations of perturbative QCD, 11]
Similar to TMD, saturation only applies at low-k? and x region in s ! 1.
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Agree with RHIC and LHC data in
low p⊥ region, where pQCD does not
apply.

SOLO (1.0 and 2.0) break down in the
large p⊥ region. [Altinoluk, Armesto,
Beuf, Kovner and Lublinsky, 14;
Ducloue, Lappi and Zhu, 16, 17;
Iancu, Mueller and Triantafyllopoulos,
16]

Another idea: threshold resummation!
The resummation of plus-functions or
ᾱs ln(1− xp) < 0.
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Threshold resummation in the saturation formalism

Dilute-Dense factorizations: large x proton or γ∗→ as dilute probe:

[quark] (xp+p , 0,0)

(0, xap
−
a ,kg⊥)

z
kµ

ξ pµ, y [hadron]

[nucleus] pµa

qµ [gluon]

xp =
k⊥√

s
e+y ∼ 1 dilute

xA =
k⊥√

s
e−y � 1 dense

Threshold resummation is the resummation of plus-functions. In single forward
hadron production, [F. Yuan, B. Xiao,1806.03522 and work in preparation]∫ 1

xp

dξ
(1− ξ)+

f (ξ) ∼ f (1) ln(1− xp)

It is also the resummation of logarithm ᾱs ln(1− xp) < 0. For example:
let X = ᾱs ln(1− xp), eX = 1 + X + 1

2 X2 + · · ·
Mellin transform is the technique used to perform resummation.∫ 1

0
dττN−1

∫ 1

τ

dξ
ξ
P(ξ)q

(
τ

ξ
, µ

)
= PNqN ,

Interesting connection with renormalization group equation (RGE) formalism ([Neubert et
al, 06]) and N-space formalism ([Catani et al]).
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