
Ali Hanks - APS 2008

MEASURING JETS WITH 
SPHENIX

Ali Hanks 
for the (s)PHENIX collaboration 

CIPANP 2015 
 May 24th, 2015



WHY SPHENIX?
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DISCOVERY OF QGP AS 
PERFECT FLUID WAS HUGE!



 



WE KNOW A LOT ABOUT 
HOW QGP BEHAVES, 



BUT NOT SO MUCH ABOUT 
HOW IT REALLY WORKS.

SPHENIX DESIGNED FOR 
PRECISION JET, JET 

CORRELATION AND UPSILON 
MEASUREMENTS



 



 MICROSCOPE FOR 
TRANSPORT PROPERTIES AND 
COLOR SCREENING LENGTH OF 

THE QGP



PUSHING AND PROBING THE MEDIUM
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HOW DOES THE QGP 
EVOLVE ALONG WITH THE 

PARTON SHOWER?

WHAT IS THE 
TEMPERATURE DEPENDENCE 

OF THE QGP?

WHAT ARE THE INNER 
WORKINGS OF THE QGP?

T

𝜆probe

Q2
hard

what are the jet partons scattering from?

1

Limit of infinitely massive 
scattering centers yields 

all radiative e-loss.

arXiv:1209.3328
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THE EFFECT OF TEMPERATURE
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WHAT IS THE 
TEMPERATURE DEPENDENCE 

OF THE QGP?

COMPARISONS OF LHC AND RHIC WILL 
HELP TO DISTINGUISH BETWEEN MODELS

STRONG TEMPERATURE 
DEPENDENCE ON KEY 

OBSERVABLES
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PROBING THE LENGTH SCALE
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g*
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q

?

QGPWHAT ARE THE INNER 
WORKINGS OF THE QGP?

ET1 > 50 GeV 
ET2 > 10 GeV

RADIATIVE VS COLLISIONAL


ENERGY LOSS

hep-ph/1105.2566
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PROBING THE LENGTH SCALE
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WHAT ARE THE INNER 
WORKINGS OF THE QGP?

HEAVY FLAVOR MORE SENSITIVE 
TO COLLISIONAL EFFECTS

Predictions from complete energy loss computer codes (e.g. CUJET 2.0)

• Viscous hydrodynamics, estimates for running coupling, light and heavy flavors,

estimates for not-exactly collinear emissions, and collisional loss.
A. Buzzatti and M. Gyulassy / Nuclear Physics A 00 (2012) 1–4 3

Figure 1. Illustration of jet flavor tomography level crossing pattern of nuclear modification factors versus pT at y = 0 for �,D, B, e fragmentation
from quenched g, u, c, b jets in Au+Au 5% at RHIC (left side) and extrapolated to Pb+Pb 5% at LHC (right side) computed with the dynamic
CUJET1.0 model at leading N = 1 order in opacity. The opacity is constrained at RHIC, given dN/dy(RHIC) = 1000, by a fit to a reference point
R�AuAu(pT = 10 GeV) = 0.2 setting �s = 0.3. The extrapolation to LHC assumes dNch/d� scaling of the opacity as measured by ALICE [9]. The
D, B, e bands reflect the uncertainty due to the choice of NLO or FONLL initial production spectra. Note the possible inversion of �,D, B levels
predicted by CUJET at high pT at LHC and a partial inversion at RHIC arising from competing dependences on the parton mass of energy loss and
of initial pQCD spectral shapes.

Motivated by these findings, we relaxed the e�ective fixed alpha approximation and utilized a one-loop order running
coupling, parametrized as follows [14]:

�s(Q2) =
�
� 0 �

2�
9 ln(Q0/�QCD)

(Q � Q0) ;
2�

9 ln(Q/�QCD)
(Q > Q0) . (2)

Again we choose to keep �0 as the only free parameter of the model. The choice of scale Q, of the order of 1 GeV, is
somewhat arbitrary. To address this systematic source of uncertainty, we let it vary while fixing the parameter �0 to
fit one chosen pion RLHC

AA (pT = 40GeV) = 0.35 point. We include running coupling e�ects in both the radiative and
elastic [15] contribution to the total energy loss. The results are shown in Fig.2.

Observing the figure on the left, it is evident that the overall shape of RAA across the broad range of pT under
consideration is changed with respect to the previous fixed coupling results. Besides appreciating the more satisfactory
agreement with data, both at LHC and RHIC (in the latter case our predictions are almost left unchanged given the
restricted range of energies at play), it is surprising to note how the e�ective energy dependence itself of the energy
loss appears to be modified (figure on the right). Assuming in fact a simplified model for the energy loss

�E
E
= �Ea�1Lb�c (3)

and extracting the index a(E) from our results, it seems that the pQCD ln E � E1/3 � E1/4 characteristic LPM depen-
dence of the energy loss is canceled when the running coupling e�ects are included.

4. Conclusions

The CUJET model has been applied to study the flavor and
�

s dependence of the nuclear modification factors for
central collisions at mid-rapidity. With one free parameter (�s) used to fit the pion data at RHIC, we have predicted
a novel level crossing pattern of RAA for di�erent flavors. The inclusion of running coupling e�ects in the model has

3

Very rich set of model predictions for D vs. B vs ⇡ suppression,

and B tagged jets versus centrality at LHC (CMS) and sPHENIX

hep-ph/1402.2956
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FIG. 3. The predicted jet radius R dependence of the nuclear
suppression for b-jet production in central Pb+Pb collisions
at the LHC at

√
sNN = 2.76 TeV is shown verses the jet

transverse momentum. We have chosen radii R = 0.2, 0.4, 0.7
and a coupling between the jet and the medium gmed = 2.
The upper panel only shows the effect of radiative energy loss
and the lower panel includes the collisional dissipation of the
parton shower energy in the QGP. Bands correspond to a
range of masses of the propagating system between mb and
2mb. The bottom insert shows the ratio of RAAs for radiative
+ collisional energy loss and radiative energy loss only.

is shown in the upper panel of Fig. 3 for coupling be-
tween the jet and the medium gmed = 2 (correspond-
ing to αmed

s = 0.32). We concentrate on the region of
pT > 30 GeV where hadronization corrections for b-
jets are minimal even for small radii. The jet radius
effect of jet quenching is clearly seen by comparing the
magnitude of the jet suppression for three different radii,
R = 0.2 (red solid line), R = 0.4 (blue dot-dashed line),
and R = 0.7 (light green dashed line). The bands corre-
spond to a range of masses for the collimated propagating
parent parton system (mb, 2mb). The bottom insert in
Fig. 3 shows the ration RRad.+Coll.

AA /RRad.
AA to clarify the

significance of the collisional energy loss for different b-jet
radii.
Note, that above pT = 75 GeV the mass effect disap-

pears even for 2mb = 9 GeV. This is a direct consequence
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FIG. 4. The pT -dependent suppressions of both b-jet and
light jet cross sections in central

√
sNN = 2.76 TeV Pb+Pb

collisions at the LHC are shown for radius R = 0.2 and the
coupling between the jet and the medium gmed = 2. The
band for b-jet is the same as in Fig. 3.

of the fully coherent energy loss regime. For incoher-
ent bremsstrahlung, just like in QED, the mass effect
never vanishes [37]. Thus, observation of b-jet quenching
comparable to that of light jets at transverse momenta
pT > 75 GeV will constitute direct experimental evidence
for the dominance of Landau-Pomeranchuk-Migdal type
destructive interference effects in the medium-induced
parton shower formation. Below pT of 75 GeV, there is
a distinct trend toward reduction of the jet suppression.
The reason for this reduction in quenching is two-fold.
On one hand, below 75 GeV the b-quark mass starts to
play a role. On the other hand, the b-jet spectra stiffen
considerably. Finally, there is a modest pT dependence
of RAA up to transverse momenta of 300 GeV. These
features are clearly shown in Fig. 4, where a comparison
for the nuclear suppression between b-jet and light jet is
presented. The RAA for light-jet production is directly
taken from previous work [9]. The tiny difference at high
pT is smaller than the uncertainty in the treatment of
cold nuclear matter effects and collisional energy loss be-
tween these two cases.

In the lower panel of Fig. 3 we present a similar calcula-
tion but include the collisional dissipation of the medium-
induced parton shower energy in the QGP. This dissipa-
tion is evaluated as in [36], including the interference be-
tween the parent parton and the radiated gluon, and im-
plemented as thermalization of the soft gluons and trans-
port of their energy outside of the jet cone. Clearly, the
effect will be most pronounced for large radii (R = 0.7)
that contain a significant fraction of the medium-induced
parton shower. For small radii (R = 0.2) the effect is
negligible. Dissipation of the parton shower energy, of
course, still occurs. However, owing to the broad distri-
bution of the medium-induced shower, which is now ver-
ified to O((αmed

s )2) [35], this effect is negligible. There

hep-ph/1306.0909
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WHAT ARE THE INNER 
WORKINGS OF THE QGP?

HEAVY FLAVOR MORE SENSITIVE 
TO COLLISIONAL EFFECTS

Predictions from complete energy loss computer codes (e.g. CUJET 2.0)

• Viscous hydrodynamics, estimates for running coupling, light and heavy flavors,

estimates for not-exactly collinear emissions, and collisional loss.
A. Buzzatti and M. Gyulassy / Nuclear Physics A 00 (2012) 1–4 3

Figure 1. Illustration of jet flavor tomography level crossing pattern of nuclear modification factors versus pT at y = 0 for �,D, B, e fragmentation
from quenched g, u, c, b jets in Au+Au 5% at RHIC (left side) and extrapolated to Pb+Pb 5% at LHC (right side) computed with the dynamic
CUJET1.0 model at leading N = 1 order in opacity. The opacity is constrained at RHIC, given dN/dy(RHIC) = 1000, by a fit to a reference point
R�AuAu(pT = 10 GeV) = 0.2 setting �s = 0.3. The extrapolation to LHC assumes dNch/d� scaling of the opacity as measured by ALICE [9]. The
D, B, e bands reflect the uncertainty due to the choice of NLO or FONLL initial production spectra. Note the possible inversion of �,D, B levels
predicted by CUJET at high pT at LHC and a partial inversion at RHIC arising from competing dependences on the parton mass of energy loss and
of initial pQCD spectral shapes.

Motivated by these findings, we relaxed the e�ective fixed alpha approximation and utilized a one-loop order running
coupling, parametrized as follows [14]:

�s(Q2) =
�
� 0 �

2�
9 ln(Q0/�QCD)

(Q � Q0) ;
2�

9 ln(Q/�QCD)
(Q > Q0) . (2)

Again we choose to keep �0 as the only free parameter of the model. The choice of scale Q, of the order of 1 GeV, is
somewhat arbitrary. To address this systematic source of uncertainty, we let it vary while fixing the parameter �0 to
fit one chosen pion RLHC

AA (pT = 40GeV) = 0.35 point. We include running coupling e�ects in both the radiative and
elastic [15] contribution to the total energy loss. The results are shown in Fig.2.

Observing the figure on the left, it is evident that the overall shape of RAA across the broad range of pT under
consideration is changed with respect to the previous fixed coupling results. Besides appreciating the more satisfactory
agreement with data, both at LHC and RHIC (in the latter case our predictions are almost left unchanged given the
restricted range of energies at play), it is surprising to note how the e�ective energy dependence itself of the energy
loss appears to be modified (figure on the right). Assuming in fact a simplified model for the energy loss

�E
E
= �Ea�1Lb�c (3)

and extracting the index a(E) from our results, it seems that the pQCD ln E � E1/3 � E1/4 characteristic LPM depen-
dence of the energy loss is canceled when the running coupling e�ects are included.

4. Conclusions

The CUJET model has been applied to study the flavor and
�

s dependence of the nuclear modification factors for
central collisions at mid-rapidity. With one free parameter (�s) used to fit the pion data at RHIC, we have predicted
a novel level crossing pattern of RAA for di�erent flavors. The inclusion of running coupling e�ects in the model has
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Very rich set of model predictions for D vs. B vs ⇡ suppression,

and B tagged jets versus centrality at LHC (CMS) and sPHENIX

hep-ph/1402.2956
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Jet Virtuality Evolution
 = 20-80 GeVTRHIC E

RHIC QGP Medium Influence
 = 100-1000 GeVTLHC E
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EVOLUTION OF JET VIRTUALITY
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HOW DOES THE QGP 
EVOLVE ALONG WITH THE 

PARTON SHOWER?

PARTON SPLITTING MODIFIED WHILE  
MEDIUM INFLUENCE DOMINATES



RHIC AND LHC HAVE DIFFERENT 
SENSITIVITY TO MEDIUM



OVERLAPPING JET ENERGIES WILL 
PROVIDE IMPORTANT CONSTRAINTS

B. Muller talk given at RHIC/AGS Users Meeting ‘11



PREDICTED RHIC VS LHC
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TRIGGER
AWAY SIDE JET

R=0.2, 0.3 …

TRIGGER: 
HIGH PT TRACK

TRIGGER: 
HIGH PT PHOTON

MANY OBSERVABLES WHERE GREATER SENSITIVITY EXPECTED AT RHIC
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RHIC VS LHC NOW
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RHIC VS LHC NOW
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DETECTOR DESIGN
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BABAR MAGNET 1.5 T
(AT BNL!)

COVERAGE |η| < 1.1 

SILICON TRACKING

FOR HEAVY FLAVOR 
TAGGING

ELECTROMAGNETIC

CALORIMETER

TWO LONGITUDINAL 
SEGMENT HADRONIC 

CALORIMETER

HIGH DATA ACQUISITION RATE CAPABILITY ~ 15 KHZ 



Measuring jets, dijets, and �-jet correlations at RHIC The Physics Case for sPHENIX
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Figure 1.21: Jet, photon and �0 rates with |�| < 1.0 from NLO pQCD [89] calculations scaled
to Au+Au central collisions. The scale uncertainties on the pQCD calculations are shown as
additional lines. Ten billion Au+Au central collisions correspond to one count at 10�10 at
the bottom of the y-axis range.

tries with high statistics are particularly interesting since current theoretical calculations
are challenged by the path length dependence of the energy lost by the parton probe.

Measurement of direct photons requires them to be separated from the other sources of
inclusive photons, largely those from �0 and � meson decay. The left panel of Figure 1.22
shows the direct photon and �0 spectra as a function of transverse momentum for bothp

s = 200 GeV and 2.76 TeV p+p collisions. The right panels show the �/�0 ratio as a
function of pT for these energies with comparison PHENIX measurements at RHIC. At the
LHC, the ratio remains below 10% for pT < 50 GeV while at RHIC the ratio rises sharply
and exceeds one at pT � 30 GeV/c. In heavy ion collisions the ratio is further enhanced
because the �0s are significantly suppressed. Taking the suppression into account, the
�/�0 ratio at RHIC exceeds one for pT > 15 GeV/c. The large signal to background means
that it will be possible to measure direct photons with the sPHENIX calorimeter alone,
even before applying isolation cuts. Beyond measurements of inclusive direct photons,
this enables measurements of �-jet correlations and �-hadron correlations.
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Figure 3. NLO jet, ⇡0 and direct photon rates [9] at
p

sNN=200 GeV (left) andp
sNN= 100 GeV (right).

Numerous studies have been done to establish the feasibility of reconstructing jets atp
sNN= 200 GeV in sPHENIX. A large HIJING study was done in order to evaluate the

separation of true jets from fake jets (background fluctuations) [10] in an ideal calorimeter.
Results for anti-kT R = 0.2 jets are shown in Figure 4 (left). For jets with ET > 20 GeV true
jets dominate over fake jets. For larger jet radii the crossing point is at higher ET , but still
within the range that sPHENIX expects to have statistics for.

Dijet asymmetry measurements have been used extensively at the LHC. In heavy ion collisions
the large jet quenching decreases the fraction of symmetric (balanced) dijets and increase
the fraction of unbalanced dijets. In order to estimate how well sPHENIX would be able to
distinguish these scenarios we embedded PYTHIA p+p events into central HIJING events and
reconstructed the jet asymmetry, AJ . We also did the same with PYQUEN events, where jet
quenching is applied to PYTHIA event. The results are shown in the right panel of Fig 4. The
unfolded results for both the PYTHIA and PYQUEN samples are in agreement with the initial
truth asymmetry distributions.

5. sPHENIX Upgrades
As discussed above, the sPHENIX proposal in Ref. [1] includes a solenoid and electromagnetic
and hadronic calorimetry. This is appropriate for jet and direct photon measurements. However,
other very interesting probes, such as separated upsilon states and heavy flavor jets will require
additional detectors. There are plans for additional tracking layers beyond the existing VTX
and a preshower detector that will be needed for electron identification.

The physics made available by these upgrades is extremely important and the goal is to have
these in place at the same time as the rest of sPHENIX. Here we highlight one example, heavy
flavor jets. Heavy quarks, especially bottom, were expected to lose much less energy than light
quarks due to the dead cone e↵ect [14] suppressing gluon radiation. However, results from both
RHIC and the LHC have shown evidence for substantial energy loss of both charm and bottom
quarks [15, 16, 17].

If sPHENIX were to be capable of identifying heavy quark jets this would extend the pT
range of heavy quark measurements at RHIC significantly. Figure 5 shows that there are
accessible rates for heavy quark production for pT > 30 GeV/c. The constraints from such

EXPECTED RATES
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50 BILLION EVENTS 
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CRITICAL SIMILAR STATISTICS IN P+P AND P+A
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MIN. BIAS ~ 9,000 JETS > 50 GEV IN CENTRAL EVENTS
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TRIGGERING
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SPHENIX FULL CALORIMETER TRIGGER ~ 50,000 JETS > 50 GEV IN CENTRAL EVENTS

NEW C-AD PROJECTION WILL 
ALLOW AU+AU SAMPLING OF 

0.5 TRILLION EVENTS 
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RESOLUTIONS BETTER THAN REQUIRED
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LEARNING FROM SURFACE BIAS
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FLAVOR DEPENDENCE
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HEAVY FLAVOR TAGGED JETS
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REQUIRE ONE OR MORE TRACKS 
WITH NON-ZERO IMPACT PARAMETER

DETERMINED USING 2D DISTANCE OF 
CLOSEST APPROACH:

SDCA = DCA / σDCA
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HEAVY FLAVOR TAGGED JETS
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PROJECTED UNCERTAINTIES AT 50% 
TAGGING EFFICIENCY

PURITY VS EFFICIENCY → 
SYSTEMATIC VS STATISTICAL 

UNCERTAINTIES
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JET FRAGMENTATION
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MODIFICATION SENSITIVE TO 
ENERGY CONTAINED IN JET CONE
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FULL JET ENERGY
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RESOLVABLE UPSILON STATES
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TRACKING GIVES MASS 
RESOLUTION OF <100 MEV/C2

SEPARATION OF ALL THREE STATES 
WITH “LHC” PRECISION
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PUSHING DOWN IN ET
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PATH LENGTH DEPENDENCE
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FORWARD SPHENIX
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EXPANDED SPIN-POLARIZED P+P AND P+A MEASUREMENTS
WITH ADDITION OF FORWARD CALORIMETRY

- IMPROVED JET ACCEPTANCE FOR HI

http://www.phenix.bnl.gov/phenix/WWW/publish/dave/sPHENIX/pp_pA_whitepaper.pdf

http://www.phenix.bnl.gov/phenix/WWW/publish/dave/sPHENIX/pp_pA_whitepaper.pdf


AN EIC DETECTOR
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MAKE USE OF BABAR MAGNET AND SPHENIX CALORIMETRY 
AS FIRST PART OF FULL EIC CAPABLE DETECTOR

W/ADDED TRACKING/PID CAPABILITIES



COLOR SCREENING

27

Time [fm/c]
0 1 2 3 4 5 6 7 8 9 10

Te
m

pe
ra

tu
re

 [G
eV

]

0

0.1

0.2

0.3

0.4

0.5 Upsilon Melting
Hydro Pb+Pb 2.76 TeV
Hydro Au+Au 200 GeV
Hydro Al+Al 200 GeV

(1s,2s,3s)ΥMelting 
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-> DIFFERENCES IN 
SCREENING ENVIRONMENT 
AND COALESCENCE EFFECTS



QUARK VS GLUON
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MODEL SENSITIVITY
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RESOLVABLE PYTHIA/PYQUEN DIFFERENCES



PREDICTED RHIC VS LHC
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LHC RHIC

MANY OBSERVABLES WHERE GREATER SENSITIVITY EXPECTED AT RHIC



MEASURING JETS IN HI EVENTS
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REAL JETS START TO DOMINATE ABOVE 
~20 GEV (R=0.2) AND ~35 GEV (R=0.4)

SUBTRACT <UE> 
RMS SMEARS JET - REQUIRE UNFOLDING

FLUCTUATIONS CAN LOOK LIKE JETS - FAKES



ADDING DETECTOR EFFECTS
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RESOLUTIONS SUBSTANTIALLY 
BETTER THAN REQUIRED

LARGELY RECOVER INITIAL 
PURITY AFTER UNFOLDING
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Run jet reco (anti-kT) 
algorithm on 0.1x0.1 
calorimeter cells

Determine set of R=0.2 seed jets  
1st pass: towers in jet satisfy E

T,max

< E
T

>
> 3

Determine v2 for event 
- exclude towers within Δη < 0.4 of seed jet

Determine background ET in η strips 
- demodulate by v2 
- exclude towers within ΔR < 0.4 of seed jet

Subtract background from jets 
tower-by-tower 

- first remodulate background by v2

Subtract background from event 
tower-by-tower 

- first remodulate background by v2

Run jet reco algorithm

Output: background subtracted reco jets of various R values

2nd pass: jet ET > 20

inspired by ATLAS

V2 MODULATION ADDED TO HIJING EVENTS AND REMOVED BY ALGORITHM



FRAGMENTATION FUNCTION DETAILS
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JET FRAGMENTATION
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QUALITATIVELY 
SIMILAR EFFECTS



NOT DIRECTLY 
COMPARABLE 

MEASUREMENTS

z
-110 1

D
(z

)
R

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

1.6

0-10%/60-80%
>100 GeVjet

T
p

 R=0.4Tanti-k

ATLAS
=2.76 TeVNNsPb+Pb  

-10.14 nb

z
-110 1

D
(z

)
R

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

1.6

30-40%/60-80%

ATLAS
=2.76 TeVNNsPb+Pb  

-10.14 nb

z
-110 1

D
(z

)
R

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

1.6

Data
Systematic Uncertainty

10-20%/60-80%

ATLAS
=2.76 TeVNNsPb+Pb  

-10.14 nb

z
-110 1

D
(z

)
R

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

1.6

40-50%/60-80%

ATLAS
=2.76 TeVNNsPb+Pb  

-10.14 nb

z
-110 1

D
(z

)
R

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

1.6

20-30%/60-80%

ATLAS
=2.76 TeVNNsPb+Pb  

-10.14 nb

z
-110 1

D
(z

)
R

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

1.6

50-60%/60-80%

ATLAS
=2.76 TeVNNsPb+Pb  

-10.14 nb

1
/N

je
td
N

tr
a

c
k/
d
ξ

10−1

1

10 CMS
PbPb √sNN = 2.76 TeV
150 μb−1

70 100%

ξ = ln(1/z)

0 1 2 3 4 5

P
b

P
b

/p
p

0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

50 70%

ξ = ln(1/z)

0 1 2 3 4 5

PbPb

pp reference data

30 50%

ξ = ln(1/z)

0 1 2 3 4 5

10 30%

100 < p jet
T

< 300 GeV/c

0.3 < |η jet| < 2

ξ = ln(1/z)

0 1 2 3 4 5

0 10%

p track
T > 1 GeV/c,R < 0.3

ξ = ln(1/z)

0 1 2 3 4 5

1
/N

je
td
N

tr
a

c
k/
d
ξ

10−1

1

10 CMS
PbPb √sNN = 2.76 TeV
150 μb−1

70 100%

ξ = ln(1/z)

0 1 2 3 4 5

P
b

P
b

/p
p

0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

50 70%

ξ = ln(1/z)

0 1 2 3 4 5

PbPb

pp reference data

30 50%

ξ = ln(1/z)

0 1 2 3 4 5

10 30%

100 < p jet
T

< 300 GeV/c

0.3 < |η jet| < 2

ξ = ln(1/z)

0 1 2 3 4 5

0 10%

p track
T > 1 GeV/c,R < 0.3

ξ = ln(1/z)

0 1 2 3 4 5

1
/N

je
td
N

tr
a

c
k/
d
ξ

10−1

1

10 CMS
PbPb √sNN = 2.76 TeV
150 μb−1

70 100%

ξ = ln(1/z)

0 1 2 3 4 5

P
b

P
b

/p
p

0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

50 70%

ξ = ln(1/z)

0 1 2 3 4 5

PbPb

pp reference data

30 50%

ξ = ln(1/z)

0 1 2 3 4 5

10 30%

100 < p jet
T

< 300 GeV/c

0.3 < |η jet| < 2

ξ = ln(1/z)

0 1 2 3 4 5

0 10%

p track
T > 1 GeV/c,R < 0.3

ξ = ln(1/z)

0 1 2 3 4 5

1
/N

je
td
N

tr
a

c
k/
d
ξ

10−1

1

10 CMS
PbPb √sNN = 2.76 TeV
150 μb−1

70 100%

ξ = ln(1/z)

0 1 2 3 4 5

P
b

P
b

/p
p

0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

50 70%

ξ = ln(1/z)

0 1 2 3 4 5

PbPb

pp reference data

30 50%

ξ = ln(1/z)

0 1 2 3 4 5

10 30%

100 < p jet
T

< 300 GeV/c

0.3 < |η jet| < 2

ξ = ln(1/z)

0 1 2 3 4 5

0 10%

p track
T > 1 GeV/c,R < 0.3

ξ = ln(1/z)

0 1 2 3 4 5

1
/N

je
td
N

tr
a

c
k/
d
ξ

10−1

1

10 CMS
PbPb √sNN = 2.76 TeV
150 μb−1

70 100%

ξ = ln(1/z)

0 1 2 3 4 5

P
b

P
b

/p
p

0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

50 70%

ξ = ln(1/z)

0 1 2 3 4 5

PbPb

pp reference data

30 50%

ξ = ln(1/z)

0 1 2 3 4 5

10 30%

100 < p jet
T

< 300 GeV/c

0.3 < |η jet| < 2

ξ = ln(1/z)

0 1 2 3 4 5

0 10%

p track
T > 1 GeV/c,R < 0.3

ξ = ln(1/z)

0 1 2 3 4 5

1
/N

je
td
N

tr
a

c
k/
d
ξ

10−1

1

10 CMS
PbPb √sNN = 2.76 TeV
150 μb−1

70 100%

ξ = ln(1/z)

0 1 2 3 4 5

P
b

P
b

/p
p

0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

50 70%

ξ = ln(1/z)

0 1 2 3 4 5

PbPb

pp reference data

30 50%

ξ = ln(1/z)

0 1 2 3 4 5

10 30%

100 < p jet
T

< 300 GeV/c

0.3 < |η jet| < 2

ξ = ln(1/z)

0 1 2 3 4 5

0 10%

p track
T > 1 GeV/c,R < 0.3

ξ = ln(1/z)

0 1 2 3 4 5



KINEMATIC REACH

36



THE BABAR MAGNET HAS ARRIVED!
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ARRIVED AT BNL FEB. 4TH 

www.symmetrymagazine.org/article/january-2015/20-ton-magnet-heads-to-new-york

LEFT SLAC JAN. 16TH 


