N\
PHENIX e

Detailed study of parton energy loss via
measurement of fractional momentum loss
of high p; hadrons in heavy ion collisions

Takao Sakaguchi
Brookhaven National Laboratory
for the PHENIX Collaboration

10th International Workshop on High-pT Physics in the

RHIC/LHC era

~  9-12 September 2014
SUBATECI_-I Nantes

Europe/Paris timezone




—\/_‘ “# 10th International Workshop on High-pT Physics in the BRO
P H\\\///E N I X S RHIC/LHC era NATIONAL LABORATORY

I\

Hard scattering as densimeter

e Parton may change its momentum in the medium.
- Energy loss through Gluon radiation, etc..

e Effect is path-length and parton density dependent ~a densimeter~.

e Look at leading particles of jet as a measure of jet energy.
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Collision energy dependence of R,
e 1'in Cu+Cu @ 200, 62.4, 22.4GeV (RHIC Year-5)

- 200GeV and 62GeV show suppression, and 22.4GeV shows enhancement

(Cronin)

e n'in AutAu @ 200, 62.4, 39GeV (RHIC Year-4, 7, 10)

— Similar suppression at higher p;
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Centrality dependence of R,,
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Similar suppression for RHIC and LHC?

RHIC data from PHENIX
publication
7% in AutAu @ 0.2TeV 1

LHC data from ALICE
publication

Charged hadrons in Pb+Pb
@ 2.76TeV

<
] < 10"
Center-of-mass energies X

differ by a factor of 14!

Similar R,, doesn’t mean
similar energy loss

Raa is not a good quantity?
Power of the spectra is

different > energy loss will
be different
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Looking at suppressions from a
different angle
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New quantity ~momentum loss~

e Coming back to the original idea: measuring energy loss of partons

e Statistically measure the fractional momentum loss (6p/p+) of high p+
hadrons instead of Ry,

g pT:pT(p'l_p)
;= pr(p+p)-p(A+A)

10°

(p+p) denotes p+p yield scaled
by number of binary nucleon-
nucleon collisions (N_,)-

10 = \V4

6 7 8 9 10 11 12 13 14 15
pT(GeV/c)
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In 2005, statistics was not enough, so..

e \We assumed that the spectra at high p; follows power-law
function Do

E
a’p3

m —-n
Pr

e With this assumption, we wrote a formula to obtain dp+/p
from Ry,
— Fractional momentum shift: S(p;)/p=S,
(1+ NN, (p) ldp,dy _ d*0,,[p,'= pr +S(p))]
<TAA> dp;'dy
x[1+dS(p;)/dp;]

R, (pr)= Lpr + S(ffl)]_ [1+dS(p;)/ dp;]

Pr

=[1+S(p,)/ p, 1" [1+dS(p;)/ dp;]

R, (pr)=(1+S)™, S, =S(p)/(p, +S(p,)=1-1/1+S5,)

1 1/(n=2
) (n-2)

RAA(pT)I/(n_Z) = 1+
0

=1-R,,(p;

Note p. is p; in Au+Au

PHENIX, PRC76, 034904 (2007) .
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S in 200GeV Au+Au collisions

e S, (=0p;/pr), Where p;is pr at a Au+Au point

loss

e 2/3
o Lines: Sjeq ¢ Npoy™™ |
S,0ss iNcreases approximately like N,

- GLV and PQM model suggested 2/3
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Path-length dependence of R,
e PHENIX measured the R,, as a function of emission angle with

respect to event planes for several centralities
— Gives handle of path-length that partons traverse

b1+e <x2>

e L_is path from the center of ellipse to the edge |L, = :
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e Converted Ry, to S ., and plotted against L,
e Data points nicely aligned for 5<p;<8GeV/c
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ALICE recently performed similar study

e Using Pb+Pb 2.76TeV data (ALICE). L should be equivalent to
the L, in the previous slide

e L is not very good at higher p;?
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With better statistics..
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Direct calculation is possible

e Direct calculation of fractional momentum loss (dp./p) became
possible.

e One doesn’t need to assume the function form of the spectra.
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Direct calculation is possible

e Direct calculation of fractional momentum loss (dp./p) became
possible.

e One doesn’t need to assume the function form of the spectra.

p+p n® spectra
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Fractional momentum loss (dp+/p;) of x°

e Measured fractional momentum loss (dp+/py) instead of Ry,
— In Au+Au collisions

e Jp{/p=0.2 in 0-10% centrality, =0.02 in 70-80% centrality
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Energy dependence of 6p;/p+(l)
e 0Op;/p; decreases significantly going from 200 to 62, 39GeV.

e Significantly different dp{/p; while the R,, is similar.

1.5 0 AusAu 0-10 % I Most central 0-10%
. O 39Gev 0.4 1 200 GeV
"] 624GeV : g ggé G\‘/’-'V
1I" /\ 200 GeV - €
< |
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14
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Energy dependence of 6p,/p+ (ll)

e 0Op{/p;increase by a factor of 1.5 from 200GeV to 2.76TeV.
e ~0.2 for RHIC and ~0.3 for LHC
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Energy dependence of dp./p+ (lll)

e Op;/p; from 62GeV to 2.76TeV: by a factor of 6 change!
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Systematic studies across systems

e \We tried to plot op;/p; against universal variables

e Number of participant nucleons (N )
e Number of quark participants (N,)

e Charged multiplicity (dN/dn), as a measure of the
energy density

2014-09-12 T. Sakaguchi, HPT2014@Nantes, France
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Number of quark participants (Ngp)?

e Number of quark participants, N,

is estimated using a Glauber model.  Ratios of NN, as a function of N_,,, for
-~ Nucleons are distributed using a Woods- 62, 130 and 200GeV Au+Au collisions
Saxon distribution. .
- Quarks are distributed around the zg _
nucleon centers following: p(r)= pPone- F |
ar where a = 4.27 fm. i -
i » " ¢
e (Quarks interact when their distance, 25 g g ¢
d, satisfies the condition of: - g ’ g
inel |
d < qq ##
T al ® 200 GeV Au+Au
e Quark-quark inelastic cross section - SIS0 Geh A s
(04"®) is estimated by reproducing I ¢ 62.4 GeV Autdn
the n-n inelastic cross section of: I
inel. | —inel. P S R N AN SO T T S N N T SRR S S S R
VNN[GeV] | oy | ogq 153 100 200 300 400
2700 64.0 | 18.4 Noar
200 423 1 9.36 PHENIX, PRC89, 044905 (2014)
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Is N, @ good scaling variable?

e Recently, PHENIX found that the dE;/dn scales better with N,
than N,

e dE./dn affects the energy loss of partons
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0p;/p; over collision systems (vs N ;)

e Plotting against N,
N . are obtained in given centrality at given cms energy.
—-  dp¢/p;'s at p=7GeV/c of p+p are plotted.

Q_|_ 1 - e Pb+Pb 2.76TeV, Ch. hadrons: PLB 720, 52 (2013), Npan: PRL 106, 032301 (2011)
\|_ - @ Au+Au 200GeV, % PRC 87, 034911(2013)
o — @ Cu+Cu 200GeV, % PRL 101, 162301(2008)
o B
S p/p, @p, (ptp) =7GeVic
® L]
¢
L ~ § .
gL
|
10" | o’
- | (]
B "}
| v
PH:<ENIX
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10‘2 1 Llllllll 1 1 IIlllII 1 1 L1 1 111
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Opy/py over collision systems (vs N )

e Plotting against N,
N,, are obtained in given centrality at given cms energy.
—-  dp¢/p;'s at p=7GeV/c of p+p are plotted.

Q_|_ 1 [~ @ Pb+Pb 2.76TeV, Ch. hadrons: PLB 720, 52 (2013), qu calculated by PHENIX
\|_ - @ Au+Au 200GeV, n’: PRC 87, 034911(2013)
o — @ Cu+Cu 200GeV,’: PRL 101, 162301(2008)
o -
S p,/p, @ p, (p*p) = 7GeVic ye
n . 8 ¢ o®
g L,
g ®
10" ‘T R
u ¢ S
B ¢ +
| TN
PH:<ENIX
preliminary
10-2 1 1 IIIIIII 1 1 IIIIIII 1 1 L1 1 111
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dp+/p; over collision systems (vs dN_,/dn)

e Plotting against dN_,/dn (as a measure of energy density)
- dN/dn are obtained in given centrality at given cms energy.
—-  dp¢/p;'s at p=7GeV/c of p+p are plotted.

Q_l_ 1 o Pb+Pb 2.76TeV, Ch. hadrons: PLB 696, 30 (2011), thIdn: PRL 106, 032301 (2011)
~ @ Pb+Pb 2.76TeV, Ch. hadrons: PLB 720, 52 (2013), dN/dn: PRL 106, 032301 (2011)

Q_'_ ¢ Au+Au 200GeV,": PRC 87, 034911(2013), dN _/dn: PRC 71, 034908 (2005)
o | ¢ Au+Au 62.4GeV,n": PRL 109, 152301(2012), dN /dn;: Preliminary
| @ Cu+Cu 200GeV, 7°: PRL 101, 162301(2008), dN;?dn: PHOBOS, PRC 83, 024913 (2011)
+p) = ‘
I pTIpT @ P, (p+p) = 7GeVic "y
&

e
&
[ ]
L 1)
12
—8- g

-1
107" ]
B T
- ﬁ } +
_ + .
PH:<ENIX
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PH/>><<\ENIX RHIC/LHC era
Consistency with previous studles

e PHENIX studied fractional momentum loss in two publications
- PRC76, 034904 (2007), PRL101, 232301 (2008)
— Assuming the spectra shape is power-law with the power “n”, we can write:

Sloss E6pT /pT =ﬁNpart
_(1 Sloss)nz_(1 ﬁ part

e If we assumg dN_ /dn Npart1 16 found in PRC71, 034908(2005),
we can wrie the relatlonshlp as follows:

Sp, ! p,=BN® =pBdN,/dn)" "' =BdN, dn)
T T part ch ch

AA

14 Au+Au\[s,,=200GeV PHENIX
T
8 e B
© W O R, P_>5GeVic a=0.57:0.13@pT>5GeV/c
- T
g -1 m Ry, p_>10GeVic (x 0.5)
£ L B -
2, #ij\ S
T T8
LN % R
— — Hl.—' -‘"'@_._ o
g k=049+0.11@p, >5GeV /¢
107 TR g
: N -351 |50 5/ cent. and N -325 |so 10/ cent. (partly overlappmg)
. L
0 50 100 150 200 250 300 350 N 400
PRL101, 232301 (2008) Part
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PH. ENIX -
dp+/p; over collision systems (vs dN_,/dn)

e Plotting against dN_,/dn (as a measure of energy density)
- dN/dn are obtained in given centrality at given cms energy.
—-  dp¢/p;'s at p=7GeV/c of p+p are plotted.

Q_l_ 1 — o Pb+Pb 2.76TeV, Ch. hadrons: PLB 696, 30 (2011), dN /dn: PRL 106, 032301 (2011)
~ [~ @ Pb+Pb 2.76TeV, Ch. hadrons: PLB 720, 52 (2013), dl\ih/dn: PRL 106, 032301 (2011)
Q_|_ | @ Au+Au 200GeV, n°: PRC 87, 034911(2013), dN /dn: Pﬁc 71, 034908 (2005)
o | ¢ Au+Au 62.4GeV,n": PRL 109, 152301(2012), dN /dn;: Preliminary
| @ Cu+Cu 200GeV, 7°: PRL 101, 162301(2008), dN;?dn: PHOBOS, PRC 83, 024913 (2011)
+p) = -
I pTIpT @ P, (p+p) = 7GeVic &
L
N o
g~
’f
-~s k
& —
10" //F
- - .
- -
k=0.35, _L-- _ ¥ 4
B=2.5x102.--"" r + k=049x0.11@p, >5GeV /¢
’I” | Ve
”’,a” P 7 - + ~—
-

N -1 PH <ENIX
k=0.55, - “ preliminary
B=6'OX1O-3/ 10-2 1 | | IIIIII 1 1 IIIIIII 1 | 1 1 1 1 11

-7 2 3 4
< 10 10 10 dN / d1 0
. “ Ch n
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N\ 2
PH>>X<<ENIX B Jeiciicen
Review the money plot

Q_'— 1 O Pb+Pb 2.76TeV, Ch. hadrons: PLB 696, 30 (2011), dN /dn: PRL 106, 032301 (2011)
= @ Pb+Pb 2.76TeV, Ch. hadrons: PLB 720, 52 (2013), dN"/dn: PRL 106, 032301 (2011)
= e Au+Au 200GeV,": PRC 87, 034911(2013), dN_/dn: PRC 71, 034908 (2005)
o Au+Au 62.4GeV,’: PRL 109, 152301(2012), N /dn: Preliminary
e Cu+Cu 200GeV,r": PRL 101, 162301(2008), ch:?dn: PHOBOS, PRC 83, 024913 (2011)

90 pTIpT @ P (ptp) = 7GeVic .8

(o
R

B TN
PH:<ENIX
preliminary
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10 10? 10° 10
dN_, /an
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“# 10th International Workshop on High-pT Physics in the

M RHIC/LHC era

Summary

Looking at fractional momentum loss gives more insight
on actual energy loss of partons
- Similar Ry, does not give similar energy loss

Centrality, system, and energy dependence of fractional
momentum loss is studied.

— Atrend is seen from 200GeV Au+Au to 2.76TeV Pb+Pb

op+/pr vs dN/dn for 200GeV Au+Au and Cu+Cu
coII|S|ons tena to merge into the one for 2.76TeV Pb+Pb
collisions at larger dN_./dv|, independent of Vs,

Wlthln same Vs, both N,art @nd N, scaling work very
we
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Hard scattering as densimeter

change its momentum in the medium.

Yield [GeV-lc]

e Parton ma

“# 10th International Workshop on High-pT Physics in the BRO
S RHIC/LHC era NATIONAL LABORATORY

- Energy P(l)ss through Gluon radiation, etc..

e Effect is path-length and system dependent ~a densimeter~.

e Look at leading particles of jet as a measure of jet energy.

-4
Lo

\AutrAu(b=0) s'2=200GeV

i
R

Energy loss =Yield suppress

2 4 6 8 LO12 14 16 L8 20
prlGeV/e]
X.-N., Wang, PRC 58 (1998)2321 4 q9.15

1—- ---------- feune-- -[ .................................
) .. | }f7107]]

<18

. ® Central 0 (0-10%)
1.6 Peripheral ° (80-92%)
14
1.2

0.6
04- L bé +
0.2 ’Q’Q’.QQ§+++ ........ + .......
00_ | | | 2| | | | 41. | | | é | | | 8| | | | 1|0
pr (GeVic)

PHENIX, =° in Au+Au, PRL. 91, 072301 (2003)
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PH. ENIX -
dp+/p; over collision systems (vs dN_,/dn)

e Plotting against dN_,/dn (as a measure of energy density)
- dN/dn are obtained in given centrality at given cms energy.
—-  dp¢/p;'s at p=7GeV/c of p+p are plotted.

Q_'— 1 O Pb+Pb 2.76TeV, Ch. hadrons: PLB 696, 30 (2011), dN /dn: PRL 106, 032301 (2011)
= @ Pb+Pb 2.76TeV, Ch. hadrons: PLB 720, 52 (2013), dN"/dn: PRL 106, 032301 (2011)
- e Au+Au 200GeV,": PRC 87, 034911(2013), dN _/dn: PRC 71, 034908 (2005)
o Au+Au 62.4GeV,n°: PRL 109, 152301(2012), N /dn: Preliminary
@ Cu+Cu 200GeV,: PRL 101, 162301(2008), dN;?dn: PHOBOS, PRC 83, 024913 (2011)

I pTIpT @ P, (p+p) = 7GeVic ‘!,g"

o
5]

ARG _ -
10" - ,/"F % & OPT/])T — /{j<d*]\ic?/z/d"7)
= ”" 7
(1=0.35, _ :*/’ . 5 +
p=2.5x102.--"" .~ +
,,—"// I e - + ~———
- -7 PH <ENIX
a=0.55, e s preliminary
B_Gloxjg 7 10‘2 1 | | 11 111 I 2 1 1 1 11 111 I 3 1 | 1 1 1 111 4
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il dN_ /cn
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PH>>><<\ENIX RHIC/LHC era
Consistency with previous studles

e PHENIX studied fractional momentum loss in two publications
- PRC76, 034904 (2007), PRL101, 232301 (2008)

— Assuming the spectra shape is power-law with the power “n”, we can write:
Sloss = 5pT/pT = [N, aaﬂ"t
2 —2
RAA — (1 Sloss)n ( 5 part)

e In this study, if we assume dN./dn « N_,,, we can write the

relationship as follows: o
P opr/pr = B(dNep/dn) \

a=0.57+0.13@ p, >5GeV /¢ o a=0.55£0.07@p, =1GeV/cf—
mﬁ o  Au+Au 200GeV only
- AutAuyjs,,=200GeV PHENIX 7} o
O A e e - e
g M O Ry P >5GeVic m/
e L Tl m Ry, p >10GeVic (x 0.5)
£ L O~ 1
ol.': *k"-\\ &0*._‘__“‘ 10 /‘1—//1
=g e L]
L ~ T B P ass
“I“ - ~ O l
TR /»—o«
10— TR n P Fit includes systematic errors (but not treats rigorously)
- 8 p/p,=B(dN/dn)", B=5.9e-03+2.7e-03, u=5.5e-01t7.4e-02
: N -351 is 0 5% cent and N =325 is 0 10% cent (partly overlappmg) %2/ NDF = 0.99/6
L I L L I L L I I L I - ) L 1 doolalolul 1 L 1 loulolol.l
0 B0 100 150 200 250 300 350 400 102 : :

10 10? 10° 104
PRL101, 232301 (2008) Noar dN,,/dn
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d+Au and Au+Au system similarity?

Au+Au 60-92% and d+Au

0-20% have similar N N

part?

Ratios of all ID’ed hadron
spectra are on the same
curve

Common production
mechanism?

If all CNM scales with N

. . part?
ratios may mean E . in the

medium in peripheral Au+Au

Low p; increase may rise
from rapidity shift in d+Au

2014-09-12

coll

Ratio of Spectra
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arXiv:1304.3410
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(Aut+Au 60-92%)/(d+Au 0-20%)
O_IIIII|I||||l|l|l|][|l|lIIIIIIIIlIllI||l|l|l|||]||
0 05 1 15 2 25 3 35 4 45 §

P, (GeVic)

T. Sakaguchi, HPT2014@Nantes, France



10th International Workshop on High-pT Physics in the
RHIC/LHC era

Bﬂﬂplﬂﬁ«’:m
\.\Il()_,\ L LABORATORY

%
Setup for measurement

e Event triggered by a coincidence
of BBC South and BBC North.

PO ol - Sitting in 3.1<|n|<3.9

N
PH- <ENIX

View From Beam
L . Detector

PC2

e ¥ and n measurement

- EMCal(PbSc, PbGl): Energy
measurement and identification
of real photons.

- Tracking(DC, PC): Veto to
Charged particles.

aerogel

EMCal

am View

View From Side

Central Magnet O
0
i -<;8 M <

ZDC South ZDC Nor&

[ |

Results presented here are obtained
from 0.813 nb-! Au+Au 200GeV events
recorded by PHENIX in 2007.
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PHENIX
How we measure ©% n?
e Reconstruct hadrons via 2y invariant mass in EMCal (example is in Au+Au)
M?=(E +E) -(p, +p,)’ =2EE,(1-cos6)

e Subtract Combinatorial background
- Compute Mass using ys from different events. (mixed-event technique)

PRC87, 034911 (2013) PRC82, 011902(R) (2010)

2 - = - - real - mix
- C . Centrality O - 93% 3000 (a) 9<p,<10 GeVie 200
= sooo~ L 2500 100
:,;,_ C 70 < p, <7.5 GeVic 2000 = L
£ 4000 % 1500 = or 2
= - L =
3 - 5 1000 n 04 05 06 07
o 30001 = 500 . - e

- & 0Eretr S A et a it Tt e e tten

N = 60—

2000} & _E (b) 16<p, <18 GeVic
- o 50 + 0
C 5wt “0@8 7]<
1000 S = 0
it e T 2E-
dos 01 0.15 0.2 0.25 0.3 = ++ +
¥¥ Invariant mass (GeV/c?) 10 + ++_+_
0B f+**ﬂ*++ ot tette Tate et
0

FIG. 2: (Color online) Invariant mass spectrum of two pho- 0.1 0.2 0.3 0.4 05 06 0.7 038
tons (black) and the corresponding mixed events (red) at 7 invariant mass (GeV/CZ)

T < pr < 7.5GeV;"c in minimum bias collisions. Vertical

lines indicate a 2.5 o integration window.
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7%, ) spectra in Au+Au

e Spectra reached to ~20GeV/c for n and ~22GeV/c for 1

n0 M

—
<

: -~ 10* -
‘E — 70 p. spectra in Au+Au F} Minimum Bias x1103 q“-’ 3 ne, spectra in p+p and Au+Au \}sNN =200 GeV
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L - inimum Bias x
% 10 - | sNN‘ZOOGeV : 2'&23‘;}1204 g 10? - - & 0-5% x10°
- o : O -20%
S - + 20-30% x10° E 10 = _ O sass e
107 © 30-40% x10° o 4 - - O 60.92% x10°
%"_ il " 40-50% x107 ol T o e = ® P
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Sl 10'h o 50-60% x10° w40 o * .4 |
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Systematic errors

e Type A: point-
by-point
fluctuating errors

e Type B: p;-
correlated errors

e Type C: overall
normalization
errors

39

source

peak extraction
acceptance

PID efficiency
energy scale

photon conversion

cluster merging

total

source
peak extraction
acceptance
PID efficiency
energy scale
photon conversion

total

2014-09-12

n? systematic errors

type

W O w w O w

1 systematic errors

type

QO W w O W

5GeV 10GeV
2 2
2.5 2.5
7 8
7.5 8
2 2
0 0
11 12

5GeV 10GeV
4 3.5
2.5 2.5
7 8
11 12
2 2
12 15

=4 10th International Workshop on High-pT Physics in the
8 RHIC/LHC era NATIONAL LABORATORY

15GeV
2
2.5
8.5

15

15GeV
3
2.5
8.5
12
2
15

20GeV

2.5

18
22
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