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Charged hadron energy loss



Raa: Nuclear modification factor
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* High pt hadron suppression has been observed.
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Findings 2: Fractional momentum loss (s))

py’ (scaled) — pp*

Phys. Rev. C 93.024911 (2016)

S10ss doesn't have strong dependence on pr.
Larger S;,ss is seen with larger reaction area which is coursed by more central collisions.

S10ss depends on L., an effective radius of the collision.
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.93.024911
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.76.034904

Motivation
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Raa: Nuclear
modification factor

Y a4
(T 44) Opp

Rya =

Raa=1 > No medium effects
vV Raa < 1 > Suppression

S10ss- the fractional
momentum loss

pgp (scaled) — pi?

Since =
-y pgp (scaled)

To understand S, behavior better,
we study the dependence of the size, density, and
azimuthal angle of the reaction region in AA

collision. -
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.93.024911

SIOSS/ SIoss,in and SIoss,out
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Analysis procedure

AA,ou\t\Q’/ -of-
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Parameters

Lim Lout’ L by Glauber MC

- Calculate the the distance from
the collision center to the edge of
reaction area. Reaction area is

® |[n-plane path-length : L;,
® Out-of-plane path-length

Lin+Lout

: Lout

® path-length: L =

Au+Au
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defined by participant distribution.
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e Central Arms

e |y|<0.35, p~2-1/2

* Electrons, y, hadrons

* DC, PC, RICH,
EMCAL, TOF

PHENIX Detector

° 12~|Y|<22/ (I)~2TC/2

* Muons, Hadrons

e VIX-FVTX
| * Precise tracking for HF-ID

| PHENIX completed the data taking in 2016.
¥ The data production completed.
Analyses are ongoing.
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Result : S, . Vs. pt
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Collision size and density difference

* No significant difference in the
tendency of pr dependence of Sy,
between Cu+Au and Au+Au.
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Particle species difference

« No significant difference in Syss
between charged hadrons and mYs.



Soss VS- L, Noopat Cu+Au, Au+Au, Cu+Cu

* Similar results for the measured pr regions (4-10GeV/c).
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- How about looking at more details such as angle dependent S,



Sloss /Sloss,in SIoss,out vs. L

*Similar results for the measured py regions (4-10GeV/c)
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Sloss /Sloss,in SIoss,out VS. chh/drl

*Similar results for the measured py regions (4-10GeV/c)
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SIoss. /Sloss,in SIoss,out VS.

*Similar results for the measured py regions (4-10GeV/c)
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*Similar results for the measured py regions (4-10GeV/c)
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Heavy Tlavor energy (0SS



Why heavy flavor, bottom & charm ?
* b and c are mainly created by initial collisions at RHIC energy

- Production can be calculated by pQCD Mc~1.3GeV __ Toep ~400MeV

; , it Mb~4.5GeV  Agcp ~200MeV
 Their p; and angular distributions can be modified in QGP y -

(D
92 &
£=

%
decays
~ 460 u

« Suffer energy loss and flow effects —

Au

QQ interaction with QGP

~0.02 ~0.08 ~0.3-1fm/c ~5fm/c  ~ 120 um/c

time scale

Modification of Heavy flavor shows the property of QGP



Findings1 : Heavy flavor suppression Yildhu + A

44 = Ncoll = Yield(p + p)

« PHENIX observes strong 16 (a) ——
) |y 5 PRC.93.034904 (2016)
suppression of hf electron. 1.4 et e
1 ol ® Phys. Rev. C 84, 044905 (2011) |

» Successfully separated b and c
components.

1 2 3 4 5 6 7 8 9
pT [GeV/c]
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(Data - Refold)

Bottom and charm separation

MB
|'s\n=200 GeV

1.6<p_ <18

arX1v:2203.17058
e

e Data
—— Refold
== Charm
Bottom
Background

| IlIIlIl| ] IIlllIIl l lIllIlIl [

—HLII L 111
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|f':l
Y
pe
s
'H ‘
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* Au+Au 200 GeV in 2014
« 17 B events = 3 times larger than 2011

* Electrons from charm and bottom
hadron decays

» Charm and bottom separation using
the distance-of-closest-approach
(DCA) and p; distribution

 Bayesian unfolding method:

 Separates charm and bottom
contribution in electrons

* Extract charm and bottom hadron yields



Findings2 : HF Mass dependence of suppression

Both are suppressed at high p+

_ Yield(Au + Au)
44 ™ Ncoll *Yield(p + p)

* Raa(b) ~ Raa(c ) < 1 at high pr

. 1.6/ (a)
* B is less suppressed at low p+

* Raa(b) > Raa(c ) at low pr 1.4
« Consistent with the expected mass 1.2t

ordering
« AEq > AE, 4 > AE. > AE,

Radiative loss @ high p+
Coll. & Rad. loss @ low p+

To understand energy loss of the mass
dependence more, we need systematic

_C

PRC.93.034904 (2016)
— h e

(c+b) —e

Phys. Rev. C 84, 044905 (2011)|

study 1 2
« Centrality dependence
« Azimuthal anisotropy
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Updated p+p baseline : Bottom Electron Fraction

PRD 99, 092003 (2019)
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* New p + p baseline of bottoms and charms available w/ pr = 1~8 GeV/c
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Charm and
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* Yields in Au+Au are measured in MB, 0-10, 10-20, 20-40, 40-60%
« Show the difference from p+p scaled by Taa at high pt



Raa (C—e,b—e)

RAA(b—>e) & Rar(c—e) in Au+Au 200GeV
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* Nuclear modification factor Raa
« Broad pr range : 1 - 8 GeV/c

« Smaller uncertainty with new p+p
baseline

* Low pr i Raa(b->€) ~ Rap(c->€) = 1
° M|d pT . RAA(b—>e) > RAA(C->E)
« High pr: Raa(b->€) ~ Raa(c->€) < 1

« pr dependence and mass
dependence are seen.



Charm and Bottom hadron R,

3 arXiv:2203.17058
L 4 PHENIX
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« Our unfolding method provides parent
charm and bottom hadron yields.

Charm and bottom hadron R, show
same trend.

No clear difference between c/b and
u/d at high p+

é 2 L PHENIX Au+Au, \[s,, =200 GeV, 0-10% most central

18- i direct y (prelim.) ¥ o (PRC83, 024090)

16 i § n° (PRL101, 232301)  $ o 0-20% cent. (arXiv:1105.3467)
L §n(PRC82,011902)  fei. (arXiv:1005.1627)
1.41 1K' (arXiv:1102.0753)
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Centrality dependence of Rys(b—e€) & Rya(c—e€)

R arXiv:2203.17058 21 s
PH ENIX PH ENIX
ok 2F
?.T? : 0%-10% ’GT; : 40%-60%
Q1.5 — PHENIXb > e Q1 .5-
;S —-PHENIXc > e D
i 5
—~ 1_- E 1__
o:ff f\\ r
0.5 0.5
0 .|.||....|.|i:T7|_.7.T.T._.|_|._..— 0 | | | | | |
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
pc [GeV/c] ps [GeV/c]
c and b are different and suppressed. c and b are similar and less suppressed.

Centrality dependence of the energy loss is seen as expected.



Charm and Bottom Ry, vs. N,

arXiv:2203.17058
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Centrality and p; dependence are observed



Comparison with Models

Rap (C—€,b—e)
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* 3 models
* DGLV (Phys. Rev. C 90 034910)

» E-loss + plasma w/ static potentials
« SUBATECH (Phys. Rev. C 78 014904)
 :E-loss + running coupling
» T-Matrix + diffusion (2rTD=4) (Phys. Rev.
Lett. 100 192301)

 Strongly coupled QGP

 E-loss models agree with data at high py

« At low py

* b models underestimates the data



V5( ) and v,°(b—e) in Au+Au 200GeV
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* V5 (C — e) is positive with ~3.5 sigma
* V(b — e) indicates positive with 1.1 sigma
« Mass ordering is seen--> consistent with energy loss expectation.
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Summary

. To study energy loss in QGP, we measured Siyss, Sioss.ins Dloss.out TOF
0. h and Raa and v, for separated c, b electrons.

* No significant difference of the tendency on N dependence of Sjyss
between Cu+Au and Au+Au and between n%and h.

* Slosss Slossin: Sloss,out VS: Npgt follow a curve better than L and dN/dn. The
initial particle density has important role.

« Rup and v, for separated c,b electron show mass, pr and centrality
dependence, and the energy loss signal can be seen as expected.

» At high py, more energy loss and larger v2 are seen with smaller mass ( ¢
more than b).

« No clear Ry, difference have been seen (yet?) between If hadrons
and hf hadrons. Need more study.






S'1.c Without pp collisions

S’10ss Which doesn’t use pp data

0n0.14
a B
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! 2 2
S loss VS. Lout _ Lin

More detailed study about the function for §'; ¢ is

needed.
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RAA(b—>e) & Ryp(c—e) comparison with STAR 0-80%

1.5

Ry (C—e,b—e)
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arXiv:2111.14615 1

\\“
— =
S— —
" — — — —

3 4 S) 6 7 8
pTe_ [GeV/c]

« PHENIX MB and STAR 0-80%

are in good agreement within
uncertainties
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Si0ss Tor m¥s in Cu+Au is almost constant up to pr ~12 GeV and decreases at higher py.
S10ss decreases as centrality increases.
Si0ss VS- pr shows the same tendency in Au+Au, Cu+Cu, and Cﬁasymmetric collisions}
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.93.024911
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e S'1,ss Tor hfs and m%s slightly decrease up to pr ~6 GeV and seems to be almost Constant at
higher pr.

« S',ss iNCreases as centrality increases.
« There is no significant difference between h*s and n0¥s.
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e S'1,ss Tor hTs and n%s slightly decrease up to pr ~6 GeV and seems to be almost constant at

higher pr.
« S',ss iNCreases as centrality increases.
« There is no significant difference between hfsand n%s.
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S10ss 1S proportional to L? for both hfsand n%s, and it is common in Au+Au, Cu+Cu,

and Cu+Au.
« [timplies the gluon radiation loss is dominant.
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S'l0ss 1S not proportional to 123, — L%,.

ALZ(fm?)

S'10ss €xhibits a different tendency from S, !

There is no significant difference between hts and n°%s within uncertainty.



Sloss,in: Sloss,out VS. Pr
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Systematic uncertainty from the caliculation of NyareinNpart out
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artin» Npartout and Npare doesn’t depend on the width of azimuthal bin.



S'1.c Without pp collisions

Si,ss depend on azimuthal angle

S’10ss Which doesn’t use pp data
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!  AA out-of-pl e = L _P1
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S'1,. (not use pp collision)
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S'loss IS roughly proportional to L3, — L% .
More detailed study about the function for §'},¢ iS
needed.



Methods

<Sloss>

scale spectra in p+p by binary collision number

(N coll)

@  get the fitting function of the scaled p+p spectra

®  The fractional momentum loss, Sjys, USINg the
scaled pp data and spectra in A+A collision

o The fractional momentum loss:

¢ = prP —ppf
loss — pT
T

<S§ loss,in» S loss,out>

@D In-plane spectra and out-of-plane spectra in A+A

collision

azimuthal distribution of generated particle 2 & 1+ 2v,c0s2¢
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| dependences

® S),.s: the fractional momentum loss
of high-p; hadrons
pt’ (scaled) — pt*
py’ (scaled)

S loss —

1. S),ss does not strongly depend on
pr, decreases as centrality
Increases.

(Phys. Rev. C. 93. 024911 (2016))

2. 81555 iNCreases with L, an effective

radius of the collision. (Phys. Rev.
C. 76. 034904(2007))

Phys. Rev. C.76.034904 (2007)
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