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Motivation 

It is generally accepted that in relativistic 

A-A collisions a QGP medium is formed 

which signals its presence through long 

range correlations. 

 

 

It was thought that p+p and p+A 

collisions are not capable of forming 

such a medium because of the small 

system size. 

 

Recent experiments at the LHC have 

seen long range correlations in p+p and 

p+A systems in high multiplicity events  

What about d+Au at RHIC ? 
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The PHENIX detector at RHIC  

Zero Degree Calorimeter (ZDC)  & Beam Beam Counter (BBC) 

Vertex and centrality determination 

Drift Chamber (DC)  & Pad Chamber (PC)Tracking information 
Electromagnetic Calorimeter (EMC) , 

Time-of-Flight Detector (TOF)PID information 

 

Good acceptance  

Very good 𝜋-𝝟 separation    

Detector 
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d+Au flow 
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d+Au flow 

pT dependence  of v2 

 

d+Au results at RHIC ~  than for  

p+Pb at LHC  

Mass ordering  of v2 

 

mass splitting for d+Au at RHIC 

is less than that for p+Pb at LHC 

 

Maybe due to lower radial flow 

at RHIC 

arXiv:1404.7461 
  peripheral 

subtracted  



 

Both CGC and hydrodynamic expansion models 

describe certain features of the large angle 

correlations 

 

Next we look at small angle (HBT) correlations which 

carry information specifically about the 

space-time extent of the system at freeze-out  

 

 

Common trends in A+A and p+A systems in HBT  

measurements would be a strong indication of  

a commonality of the underlying physics  

 

 

N. N. Ajitanand, Stony Brook University 



HBT Methodology 
Space-momentum  correlation function 

S : 3D Gaussian Source distribution 

𝝍 :  final state interactions 

q
side

 perpendicular to beam,    

q
out  

parallel to 𝒌 ,   

q
long  

along beam 

 

In longitudinally co-moving frame  

correlation can be written as : 



               Npart       dET  / dη                    ε 

 

Au+Au    16.7±1.1   19±.1.5     0.71     0.5        

 

d+Au      15.7±1.6    22±1.5      0.44     2.5 

d Au 

Au 

Au 

σx & σy  RMS widths  

of density distribution Glauber Model 

 initial size  

Bjorken energy density vs Npart   
Initial Parameters for peripheral  

Au+Au and central d+Au 



HBT Correlation functions at similar  

Npart  and kT 

d+Au broader than Au+Au 

implying a smaller Rside 

 

               Npart             <kT>                    

 

Au+Au    16.7±1.1     0.39        

 

d+Au      15.7±1.6     0.39 
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dAu  HBT 

Similar mT dependence 

 observed in d+Au and Au+Au 

 

As expected from space 

 momentum correlations  

Introduced by  

hydrodynamic expansion 
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tral (0%–10%) d+ Au and peripheral (60%–88%) Au+ Au

collisions for 0.2 < kT < 0.7 GeV/ c ( kT = 0.39 GeV/ c).

They all show the familiar Bose–Einstein enhancement

peak at low q, as well as the expected difference in the

peak widths for d+ Au and Au+ Au. The lat ter reflects

the difference in the emission source sizes for the d+ Au

and Au+ Au systems. Note that these centrality selec-

t ions give similar values for the number of part icipants

(Npar t = 16.7 ± 1.1 and 15.7 ± 1.6), but different values

for the transverse geometric size (R̄ = 0.44± 0.02 fm and

0.71± 0.06 fm) for d+ Au and Au+ Au, respect ively.

A similar set of correlat ion funct ions was extracted

for several centralit ies to facilitate detailed comparisons

of the d+ Au and Au+ Au emission sources as a func-

t ion of Npar t , R̄ and kT . Monte Carlo Glauber (MC-

Glauber) calculat ions [30, 35, 36] were used to com-

pute Npar t and R̄ as a funct ion of collision central-

ity, from the two-dimensional profile of the density of

point -like sources in the transverse plane ρs(r ⊥ ), where

1/ R̄ = 1/ σ2
x + 1/ σ2

y , with σx and σy the respect ive

root-mean-squarewidths of thedensity dist ribut ions [37].

The systemat ic uncertaint ies for these geometric quan-

t it ies, obtained via variat ion of the MC-Glauber model

parameters, are less than 10% [30].

To aid thecomparisons, themeasured correlat ion func-

t ions were fit ted with the following expression (in which

cross-terms are assumed to be negligible) which accounts

for the Bose–Einstein enhancement and the Coulomb in-

teract ion between pion pairs [38, 39]:

C2(q) = N [(λ(1 + G(q)))Fc + (1− λ)],

G(q) ∼= exp(−R2
sideq2

side − R2
out q

2
out − R2

longq2
long), (1)

where N is a normalizat ion factor, λ is the correlat ion

st rength, Fc is the Coulomb correct ion factor [39] evalu-

ated with the Coulomb wave funct ion, and Rout , Rside,

and Rlong are the Gaussian HBT radii which character-

ize the emission source. Rside and Rlong are related to

the transverse and longitudinal size of the source; Rout

includes addit ional effects from the emission durat ion.

Excellent fits to the correlat ion funct ions for the d+ Au

and Au+ Au systems were obtained and cross-checked

to confirm agreement with our earlier measurements for

Au+ Au and d+ Au collisions [20, 21, 40]. The fit pa-

rameters for π+ π+ and π− π− pairs were also found to

agree within stat ist ical errors; the data for π+ π+ and

π− π− were therefore combined. The systemat ic uncer-

taint ies for the fits were est imated via variat ions of the

cuts used to generate the correlat ion funct ions (single

t rack cuts, pair select ion cuts and part icle ident ificat ion

cuts). Typical values of the systemat ic uncertaint ies are

5.0%(7.5%) for the extracted values of Rout , Rside, and

Rlong for Au+ Au(d+ Au) and do not exceed 7.5%(10.0%).

Figure 2 shows a comparison of the mT dependence

of Rout , Rside, and Rlong for 0%–10% central d+ Au and

60%–88% central Au+ Au collisions, i.e. similar values of

0.2 0.3 0.4 0.5 0.6

 (
fm

) 
i

R

1

2

3

4

5
(a)

outR

 (GeV/c)Tm

0.2 0.3 0.4 0.5 0.6

 (
fm

) 
i

R

0

1

2

3

4

5
(c)

sideR
0.3 0.4 0.5 0.6

1

2

3

4

5

)-p-p & +p+p = 200 GeV (
NN

s

Au+Au (60-88%)
d+Au (0-10%)
Au+Au systematic unc.
d+Au systematic unc.

(b)

0.3 0.4 0.5 0.6
0

1

2

3

4

5
(d)

longR

FIG. 2. (Color online) Comparison of the mT dependence of
Rou t , Rsi de, and R l ong for 0%–10% cent ral d+ Au and 60%–
88% cent ral Au+ Au collisions. The solid and dashed curves
in panels (c) and (d) indicate fit s to the data (see text ). The

color bands indicate the systemat ic uncertaint ies.

Npar t . The radii for d+ Au and Au+ Au show a decreas-

ing t rend with increasing values of mT . The Rout radius

is also comparable to Rside (for both systems) and the

mT dependence of the rat io Rout / Rside is flat or gent ly

decreasing, as shown in Fig. 3(a). The same trends have

been observed in central Au+ Au and Pb+ Pb collisions

[20–23, 28] and are commonly ident ified as a character-

ist ic signature for the expansion of an emit t ing source

of short emission durat ion, driven by final-state rescat-

tering effects [41]. Therefore, we interpret the similarity

between the observed pat terns for Au+ Au and d+ Au in

Figs. 2 and 3, as an indicat ion for final-state rescat tering

effects in the react ion dynamics for d+ Au.

The curves in Fig. 2 show blast wave expansion model

inspired fits to Rside and Rlong with fit funct ions [42, 43]:

Rside = Rgeom / (1 + β2(mT / T )), (2)

Rlong = τ0 (T/ mT )[(K 2(mT / T ))/ (K 1(mT / T ))], (3)

where Rgeom is the geometrical radius at freeze-out and

TABLE I. Fit parameters

d+ Au Au+ Au

τ0 (fm/ c) 3.2 ± 0.04 ± 0.4 (syst ) 3.8 ± 0.04 ± 0.3 (syst )

χ 2 / ndf 26/ 5 24/ 5

Rgeom (fm) 2.2 ± 0.03 ± 0.2 (syst ) 2.8 ± 0.03 ± 0.2 (syst )

χ 2 / ndf 6/ 5 4/ 5

Blast Wave Fit defined by 

 expansion velocity  

and temperature at freeze-out 

 

Smaller size for d+Au 
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strength, Fc is the Coulomb correct ion factor [39] evalu-

ated with the Coulomb wave funct ion, and Rout , Rside,

and Rlong are the Gaussian HBT radii which character-

ize the emission source. Rside and Rlong are related to

the transverse and longitudinal size of the source; Rout

includes addit ional effects from the emission durat ion.

Excellent fits to the correlat ion funct ions for the d+ Au
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to confirm agreement with our earlier measurements for

Au+ Au and d+ Au collisions [20, 21, 40]. The fit pa-

rameters for π+ π+ and π− π− pairs were also found to
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π− π− were therefore combined. The systemat ic uncer-

taint ies for the fits were est imated via variat ions of the

cuts used to generate the correlat ion funct ions (single

track cuts, pair select ion cuts and part icle ident ificat ion

cuts). Typical values of the systemat ic uncertaint ies are

5.0%(7.5%) for the extracted values of Rout , Rside, and

Rlong for Au+ Au(d+ Au) and do not exceed 7.5%(10.0%).

Figure 2 shows a comparison of the mT dependence

of Rout , Rside, and Rlong for 0%–10% central d+ Au and

60%–88% central Au+ Au collisions, i.e. similar values of

0.2 0.3 0.4 0.5 0.6

 (
fm

) 
i

R

1

2

3

4

5
(a)

outR

 (GeV/c)Tm

0.2 0.3 0.4 0.5 0.6

 (
fm

) 
i

R

0

1

2

3

4

5
(c)

sideR
0.3 0.4 0.5 0.6

1

2

3

4

5

)-p-p & +p+p = 200 GeV (
NN

s

Au+Au (60-88%)
d+Au (0-10%)
Au+Au systematic unc.
d+Au systematic unc.

(b)

0.3 0.4 0.5 0.6
0

1

2

3

4

5
(d)

longR

FIG. 2. (Color online) Comparison of the mT dependence of
Rout , Rsi de, and R l ong for 0%–10% cent ral d+ Au and 60%–
88% cent ral Au+ Au collisions. The solid and dashed curves

in panels (c) and (d) indicate fit s to the data (see text ). The

color bands indicate the systemat ic uncertaint ies.

Npar t . The radii for d+ Au and Au+ Au show a decreas-

ing trend with increasing values of mT . The Rout radius

is also comparable to Rside (for both systems) and the

mT dependence of the rat io Rout / Rside is flat or gent ly

decreasing, as shown in Fig. 3(a). The same trends have

been observed in central Au+ Au and Pb+ Pb collisions

[20–23, 28] and are commonly ident ified as a character-

ist ic signature for the expansion of an emit t ing source

of short emission durat ion, driven by final-state rescat-

tering effects [41]. Therefore, we interpret the similarity

between the observed pat terns for Au+ Au and d+ Au in

Figs. 2 and 3, as an indicat ion for final-state rescattering

effects in the react ion dynamics for d+ Au.

The curves in Fig. 2 show blast wave expansion model

inspired fits to Rside and Rlong with fit funct ions [42, 43]:

Rside = Rgeom / (1 + β2(mT / T )), (2)

Rlong = τ0 (T/ mT )[(K 2(mT / T ))/ (K 1(mT / T ))], (3)

where Rgeom is the geometrical radius at freeze-out and

TABLE I. Fit parameters

d+ Au Au+ Au

τ0 (fm/ c) 3.2 ± 0.04 ± 0.4 (syst ) 3.8 ± 0.04 ± 0.3 (syst )

χ2 / ndf 26/ 5 24/ 5

Rgeom (fm) 2.2 ± 0.03 ± 0.2 (syst ) 2.8 ± 0.03 ± 0.2 (syst )

χ2 / ndf 6/ 5 4/ 5
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mT   Dependence 
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Scaling in HBT 

    Pion HBT radii as a function of  

        

     d+Au and Au+Au  do NOT scale together 

arXiv:1404.4946 
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Scaling in HBT 

σx & σy  RMS widths  

of density distribution 

     

Hydro models associate a larger expansion time with a larger initial size                  

Does it make      a good  scaling parameter ? 

 Pion HBT radii scale 

 with         

  

Linear dependence of 

transverse expansion on 

initial geometry 
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Scaling in HBT 

     

Application of           scaling to d+Au and p+Pb 

 Linear dependence and good scaling seen between p/d+A and A+A 

systems Implies radial expansion in d+Au collisions 

arXiv:1404.4946 
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dAu  HBT 

6
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FIG. 3. (Color online) Comparison of the mT dependence of;

(a) the rat io Rou t / Rsi de; (b) the freeze-out volume, and (c)
the rat io of the freeze-out volumes, for 0%–10% cent ral d+ Au
and 60%–88% cent ral Au+ Au collisions.

τ0 is the expansion t ime. The requisite freeze-out tem-

peratures (T = 0.118 ± 0.02 and 0.123 ± 0.02 GeV) and

expansion velocit ies ( β = 0.42± 0.03 and 0.38± 0.08 c)

for d+ Au and Au+ Au (respect ively), are interpolated

values obtained from a blast wave fit to the pT spectra

for ident ified charged hadrons [44]; K 1 and K 2 are mod-

ified Bessel funct ions. The fit results are summarized in

Table I; they suggest a smaller t ransverse freeze-out size

for the d+ Au emit t ing source.

Figure 3(b) further illust rates the difference via the

mT dependence of the freeze-out volume, evaluated as

the product (Rout × Rside × Rlong) for the same Npar t

values employed in Fig. 2. The magnitudes of the freeze-

out volumes for Au+ Au are larger. However, within un-

certaint ies, the fall-off with increasing mT is comparable

for d+ Au and Au+ Au as shown by the rat io in Fig. 3(c).

Detailed comparisons were also made as a funct ion of

collision centrality. Figs. 4(a-c) show one such compari-

son of Rout , Rside, and Rlong for d+ Au and Au+ Au, as a

funct ion of N
1/ 3
par t for kT = 0.39 GeV/ c. The solid and

dashed curves represent linear fits to the Au+ Au and

d+ Au data, respect ively. The data for Rout and Rside

indicate a similar linear increase with N
1/ 3
par t , albeit with

larger magnitudes for Au+ Au. An apparent slope dif-

ference between d+ Au and Au+ Au for Rlong (Fig. 4c),

could be the result of a difference in the longitudinal dy-

namics for the two systems. The representat ive plot of

Rside vs. (dN/ dη)1/ 3 shown in Fig. 4(d), indicates that
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FIG. 4. (Color online) (a,b,c) HBT radii (Rou t , Rsi de and

R l on g ) vs. N
1/ 3
par t for Au+ Au and d+ Au collisions. (d) Rsi de vs

dN ch / dη
1/ 3

for Au+ Au, d+ Au and p+ p [45, 46] collisions.
Result s are shown for kT = 0.39 GeV/ c. The solid and
dashed curves represent linear fits to the Au+ Au and d+ Au

data, respect ively. The color bands indicate the systemat ic
uncertaint ies.

the HBT radii for d+ Au do follow the linear dependence

previously observed for A+ A and p+ p collisions [46], but

with separate magnitudes for each system.

The dependencies shown in Figs. 4(a-c) suggest that

thepat tern of a strong correlat ion between the t ransverse

freeze-out size and the init ial geometric size, is similar

for both d+ Au and Au+ Au. They also suggest that at
√

sN N = 200 GeV, the change in the t ransverse expan-

sion rates with centrality (defined by Npar t ) is similar for

central d+ Au and peripheral Au+ Au collisions.

In some models [11, 47, 48], the expansion t ime is pro-

port ional to the init ial geometric size τ ∝ R̄. Therefore,

R̄ might beexpected to bea morenatural scaling variable

for the HBT radii of expanding systems. The detailed

dependencies of Rside on R̄ are compared in Fig. 5(a)

for d+ Au and Au+ Au collisions at
√

sN N = 200 GeV,

and Pb+ Pb collisions at
√

sN N = 2.76 TeV for kT ∼
0.4 GeV/ c. Fig. 5(b) shows a similar dependence for

recent Rinv measurements for p+ Pb and Pb+ Pb colli-

sions [49]. The comparisons indicate that Rside and Rinv

scale linearly with R̄ for all of these systems. This pat-

tern is consistent with the observed 1/ R̄ scaling of col-

lect ive anisot ropic flow [12, 47]. The dashed curves in

Figs. 5(a) and (b) are linear fits to the d+ Au and Au+ Au

(p+ Pb and Pb+ Pb) data sets; they suggest similar slopes

for d+ Au and Au+ Au (p+ Pb and Pb+ Pb). The fit to

 Rout / Rside
  ~ 1  

 

short emission duration 

 

 

 

 

  

Freeze-out volume  

V  ~  Rout x R
side 

x Rlong  

 

V(d+Au) <  V(Au+Au) 

  

 

 

 

mT dependence of V is similar  

arXiv:1404.4946 



 Non-monotonicity in Rout/Rside 

 Subtract √2R to (over) estimate 
expansion 

2014-05-20 R. Soltz for PHENIX - Quark Matter 2014 17 



 Non-monotonicity magnified with (Rout)
2 – 

(Rside)
2  

 Rside/Rlong indicative of expansion/lifetime 
2014-05-20 R. Soltz for PHENIX - Quark Matter 2014 18 
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Summary and Conclusions 

 
v2 in d+Au at RHIC is comparable to that in p+Pb at LHC 

 

   Mass splitting of v2 at RHIC is smaller  than in p+Pb at LHC 

 

Smaller Radial flow at RHIC 

 

mT   dependence of HBT radii are similar for d+Au and Au+Au 

 

Implies similar expansion dynamics 

 

HBT radii scale with         across systems 

           

Results suggest radial expansion in d+Au collisions as seen in    

hydro-dynamic evolution with final state scattering 

 

A CGC calculation of the HBT results presented here would be quite useful  

 

Non-monotonic √SNN  behavior of HBT signals observed  

 

 


