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Dilepton Physics

Dileptons are excellent penetrating probes
— very low cross-section with QCD medium

— created throughout evolution of system

Hard scattering QGP phase Hadron phase Freeze-out
Rapp & Wambach, dV.NUC'.PhYS. 25 (2000) 1 Bremsstrahlung  QGP radiation Resonance (p) decay Long-lived particle (,n) decay
], TN T LA ZE PN TH LA e . -
7°m Dalitz-decays 1 ¢ High Mass Range (HMR)

E M., > 3 GeV/c?

p,w

— primordial emission, Drell-Yan
— J/W and Y suppression

1 e+ Intermediate Mass Range (IMR)
_ 1.1< M_.< 3 GeV/c?

— — QGP thermal radiation

) b T — heavy-flavor modification
] Drell-Yan 2« Low Mass Range (LMR)
- Low- | Intermediate- . High-Mass Region . Mee< 1.1 GeV/c
i 5, "kl ok e — in-medium modification of vector mesons
0 1 2 3 4 E

— possible link to chiral symmetry restoration
mass [GeV/c?]
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Motivation: Chiral Symmetry Restorati

Wuppertal-Budapest Collab.
arXiv:1109:5030
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* use chiral partners, i.e. hadronic states which

transform through chiral transformations
a, <> p+7a

— relative differences sensitive to chiral order parameters
* Study in-medium properties of p and a, mesons

— axial state a,: background too large

— vector state p: dilepton measurements
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... ideally, by using a chiral order parameter
e.g. the quark condensate
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SPS Dielectrons: CERES

First observation of a significant LMR enhancement — PRL 75 (199
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S-Au 200 GeV/u p, > 200 MeV/c

10 ©,. > 35 mrad
2.1<n<2.65
(dn_, /dn) =125
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<dN,./dm,,>/<N_,>(100 MeV/c?)"

ee

(d’n__ /dndm) / (dn,, /dn) (100 MeV/c’y"
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m (GeV/cY)

Vacuum p unable to describe this data
Introduce in-medium modifications
* decrease of p mass (Brown-Rho)

CERES/NA45 Pb-Au 158 A GeV
O o= T %
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dashed = vacuum p; dash-dotted = DM; solid = RB

— mass expected to scale with g-gbar condensate

* broadening of p spectral function (Rapp-Wambach)

— hadronic (baryons) scattering
Both rely on high baryon densities

Both showed good agreement with 158 and 40 AGeV

» Quark-Hadron duality?
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SPS Dimuons: NA60O

Excess in LMR p*u~ — EPJ C61 (2009) 711
e rules out: Dropping-Mass scenario
* very good agreement with Resonance Width Broadening for M < 0.9 GeV/c?

Excess in IMR from prompt dimuons

> 4000r |
= E In-In NAGBO — Rapp/Wambach 3 6
Q 8500F semicentral — - Brown/Rho = 1077
- E dN {3 — - Vacuump & excess dimuons
8 3000 < dr;rs=140 i v — cockt.p = 1 Y LMR
S : { i.w DD R . e IMR (this analysis)
© B H i T 3
Z 25000 2Py : 3 L ¥ o Hees/Rapp
T g §~ Renk/Ruppert
2000} P e
i kel < 10
1500} # €
- 4 ] ~
1000}~ o f) " + 10°-
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O: e g PR o o | K By s 'fATAA‘:‘ ol e '0 |5 ' Ty W a Sk 6 1 I5 T 2] T T 25
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M (GeV) Mass (GeV/c?)

Both hadronic (HR) and partonic (RR) calculations describe IMR excess
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Quark-Hadron duality

van Hees/Rapp: hadronic processes

10 | cnet v e Thermal IMR Dilepton Rates:
1400 | all py in-medp —-—- jr—
O L N
7 1200 | e kil perturb. g-gbar annihilation rates closely
3 1000 | som (4 mix) —— |13 e by o 0 . )
5 ol | = coincide with in-medium hadronic rates
2 600 8 TR L AR N N
E 400 ?) 10'5é* =1 free HG 3
= — in-med HG |
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0 75 - in-med QGP 1
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» This suggests hadronic rates approach xSR

M [GeVic]
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Thermal Radiation at SPS

; ]
2 10° .
Reil e dimuon measurements at SPS
5_: ] : ILI\:\I’IRR (this analysis) - LMR d0m|nated by HG
°1073
= o Hees/Rapp e IMR: from HG and/or QGP
s o Renk/Ruppert
5
% 10°%
5 0
Z
107
€
1= ShA T eI SRS eI NAGO, Eur. Phys. J. C 59 (2009) 607
0 0.5 1 15 2 2.5 -
Mass (GeV/c?) 2400_: A hadrons (n, p, ®, 0) dimuons
= v LMR
) A ) £350- m LMR, w/o DY
m- distributions St s MRy e

* LMR: inverse slopes show mass dependence 300

—radial flow 250

* IMR: no indication of mass dependence

200 +
—thermal radiation from partonic phase 1 +
0- Db 1k
%00 Jn-n e ZalDO 1IN
1 dN,/dn>30
100 H g d y I d g g T I ‘ T q J I d g 3 T [ : . p . I
0 0.5 1 1.5 2 2.5
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RHIC Dielectron LMR Measurements - WS
* SPS Vs, < 17.2 GeV :

— significant net-baryon density,
Hg~250MeV (at T4 = 160 MeV)

— baryons main contributor

* RHIC Vs, = 200GeV

— Me<<T, i.e. vanishing net-baryon density
at higher Vs,

— but comparable total baryon densities 7
» Expect LMR enhancement 10

103k min. bias Au+Au\s,, = 200 GeV
= * 300 MeV/c? < mg, < 750 MeV/c?
----expo A
expo B
— expo A + expo B

- =
e
H

\

part,

1/(N__/2) 1/2 = m;) °N/idm,dy (c*/GeV?

107

T R VR VU T U U my - mg (GeV/c?)
10"~ min. bias Au+Au at\[s,,, = 200 GeV PHENIX Au+Au @ \/SNN=ZOOGeV

* DATA

Iyl < 0.35 *** €€ — ee (PYTHIA) . R.Rapp 8- H.vanHees
pT >0.2GeV/c " €T — ee (random correlation) ::3::::;% S i O bse rves ( | a rge ) LIVI R e n h a n Ce m e nt

--sum w/ p broadening
--sum/ p dropping)
—partonic yield (PY)

— yet to be explained by models
— intriguing p; dependence
* STAR Au+Au @ Vsy,=200GeV
— LMR enhancement, but less than PHENIX
» STAR Beam Energy Scan

— 2 — close the gap between RHIC & SPS

|
1
m,, (GeV/c?) - - .
— excitation function
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The STAR Detector at RHIC

Large acceptance electron ID

 Time Projection Chamber i tem—ry

=

 Time-of-Flight detector
— 2009: 72% completed (p+p)
— 2010: fully commissioned

i P e TOF cut removes “slow” hadrons
0<d<2m, |n|<1 * improves electron purity
« Tracking central events ~¥92%
“ew o dE/dx PID min-bias events ~95%

Nno,

Au-+Au\[s,, =200 GeV

(=8 C T T i . B
ES i _‘\ Au + Au 200 GeV 1 - (MinBias)

Time-of-Flight Detector
0<p<2m, n|<0.9

 Time resolution < 100ps

e Significantly improves PID

5
Momentum(GeV/c)
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Production in Au+Au at 200 GeV

STAR Collaboration arXiv:1312.7397 (subm. to PRL)

<) | : | i | . | S |

> — _ G

8 10| ¢ AU+ Au sy, =200 GeVo(erTBlas) Low Mass Range:

(\l\ B p$>02 GeY/c' AT "2 T, M, M, (21 ¢ h

L L bl ly_ i<t Ay » enhancement
® 4+l ] — =ee L

s’ fa , | when compared to

1o £ 5y —— Cocktail Sum b

> R cocktail (w/o p meson)

: ka) S T ‘ % 0.01F (C) [l)ata - COIthaiI :i-,l_l - Rapp:| vacuum p]+QGP ~
~ 10°f I‘ S At \\\ = '\ — Rapp: broadened p +QGP
o®e A R | : P et At o .

8 S —— Rapp: broadened p +QGP ci(_.)/ 7ol R SR bigRgenaei Ol
O P ) --=- PHSD: broadened p +QGP & :
o 2[ N ECD
g 1 i Q O Ep ¥ g
b B T Pt (R T AR [ Z | | | 1
NG 1 > 3 2 T OF 8 5 (I LN 1
: M. (GeV/c?)
Intermediate Mass Range:
within errors consistent with cocktail
thermal QGP radiation? difficult to disentangle (modl_ﬁed.) charm
from thermal QGP contributions
modification of charm?? > Ongoing Run-14 with new upgrades will address this
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RHIC Beam Energy Scan
T

 Systematically study sAGer “%
dielectron continuum from 30 !
Vs, = 19.6 — 200 GeV

 Phase |: 2010 — 2011
* TPC + TOF for ePID
* low material budget

Temperature (MeV)

0 250 500 750 1000
Baryon Chemical Potential pg (MeV)

19.6 GeV 27 GeV 39 GeV 62.4 GeV | 200 GeV

MB events 35.8M (70M) 99.4M 54.6M 240M
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Dielectron Production at lower Vs, - #8T
Observed Low-Mass enhancement at top RHIC energy
— in-medium modification effects?

— indication of chiral symmetry restoration?

Explore Low Mass Range down to SPS energies

— possible enhancement, consistent model description?

Cocktalil w/o p
19.6 GeV x 0.05 |
39 GeVx 1 } STAR Preliminary
62.4 GeV x 20 J
200 GeVx200 [arXiv:1312.7367] Beam Energy Scan Dielectrons:
, 2010 - 2011
'—H_._[ , i
s, Au+Au at 62.4, 39, 27, and 19.6 GeV
. o100 o' |
g9,

events

t + <\ STAR data samples:
-i_4 _}_Y + 55M, 99M, 70M, and 34M min-bias

N S e o T s TR o N
Invarlant dielectron mass, Mg (GeV/cz)
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LMR Excess vs. Vsy,

7 P = ] | g || © 196Gev o
B O PHENIX AutAu [I‘] I ® 39 GeV STAR Preliminary
o A CERES Pb+Au : E
e’ O@@STAR Au+Au = 4 e e
0 % | ® 200GeV
S 4 & 4]
fiiE .
‘é - (0.3,0.75) é‘ SR
3| & - g 2
NG
Bt 5 5 --
© * x 3 F i ‘ q
< 2t )
(0 0 LI 50 S !
m 1
i T J
(0.15,0.75) o © {
STAR Preliminary 0 1
0 1 1 1 1 1 1 | 1 5 . L < L . 1 5 ! o 1 "
10 20 30 o0 100 200 300 0.2 0.3 0.4 0.5 0.6 0.7

Vs (GeV) dielectron invariant mass, M, (GeV/c?)
STAR Au+Au at 19.6 GeV/c
— min-bias (0 - 80%)
—  p>0.2GeV/c, |nl<1, |y |<1

> LMR excess over hadronic cocktail observed for
CERES Pb+Au at 17.3 GeV/c all energies (excl. p)

Sk e BRIt CARER0S) 978 > systematic measurement of LMR excess
— semi-central (0-28%)

—  p>0.2GeV/c, 2.1<n<2.65, 6,,>35mrad

ZEdEE!
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10' | +med|um :
@ data
10° : 4 :
STAR Preliminary STAR Preliminary STAR Preliminary

0O 02 04 06 08 10 02 04 06 08 10 02 04 06 08 1 0 02 04 06 08 1
invariant dielectron mass, M, (GeV/c?)

»Robust theoretical description top RHIC down to SPS energies

— calculations by Ralf Rapp* _ oy = o
— grey curve: cocktail + in-medium p | e 4 D
> Consistent with in-medium p broadening e R R ~ g
i » 2L 60-70%
— expected to depend on total baryon density i 02[& ) 5 cev < 70-00%
. ' = | 62.4 GeV
— tool to look for chiral symmetry restoration 0.1 [ ] B =
I 39 GeV 130 GeV 200 GeV
*) Adv. High Energy Phys. 2013 (2013) 148253, priv. comm. U A N L e S L
0 50 100 150 200
15
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Beam Energy Scan: Phase-2

Bigger Context: PHSD calculations by
: . lena Linnyk [priv. .
Refine our understanding of phase  ,; Qlena Doy iy CO"Z,TSLO
structures of QCD matter i Au+Au >
0:25 - m 00-05% & (&,
- A 40-50% N
& 0.2} © 70-80% o1 g
* Phase 2: 2018 — 2019 e [ PHSD S
* revisit lower energies %0'15_ ’ §
* improve statistics & oip $ $ i F e Z"
> STAR/PHENIX White Papers in prep.  ¢osl & 5
* Systematically study dielectron e Wy~ S GO ] =
: =t =5 10 10
continuum from Vs, = 7.7 — 19.6 GeV \'s,, (GeV)

7.7 GeV 9.1 GeV 11.5GeV | 14.6 GeV | 19.6 GeV

MB events 100M 160M 230M 300M 400M
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Summary

* Measurements at SPS consistently show strong LMR enhancement

— well-described by in-medium resonance-width broadening of the p meson
* Measurements at RHIC confirm LMR enhancement

— expected as total baryon density hardly changes

— very strong enhancement measured by PHENIX: models that describe SPS, fail
describing PHENIX LMR. Additional source?

— same models succeed describing preliminary STAR results
* Dielectron measurements in Au+Au at Vs,,= 19.6 — 62.4 GeV
— low mass enhancement down to SPS energies, with comparable magnitude
— consistent with in-medium p broadening
— robust and consistent model description for Vs,,=19.6, 39, 62.4, and 200 GeV

* STAR upgrades enable further exploration of the dilepton continuum
— 2014-2016: measure QGP thermal radiation in IMR at 200 GeV
— 2018-2019 (BES Phase Il): probe lower beam energies with improved statistics
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Leptonic Decay of ¢ and w Mesons

Lifetimes comparable to fireball

* hadronic decay daughters interact with hadronic medium
— sensitive to lifetime of that medium

* |leptonic decay daughters do not interact with QCD medium

L .. A . 1.03 T T T T 0.05 T T
— look for medium modifications to resonance mass & width * Simulation * Simulation |
+ Data Fit AT Data Fit S:fc::'sg;ﬁ/l 1
— sensitive to chiral phase transition PRL I E i oy Y SnDOyalue .
2 STAR preliminary 1 %Qog. STAR preliminary -
— small branching ratio Shoeal. VRINILEW o T TN O VI | Fal
2 [ 1 £oo02- —¢ .
s g NS [
|
* o) s 0.01; *J’* S J’ ﬁ
10 o Statistical error only . ]
(!J_‘ r I ' l 1 '/-\ : ! l ‘ : ‘ B 1.01 | n 1 1 1 1 L 0 I 1 s 1 1
fre 1 © B STAR o Aut+Au 0-80% -0 0.5 1 1) 25 0 0.5 1 15 25
Nu STAR Au+Au (Cent.=0-80%) i % 1 02 _______ TBW fit to light hadrons | [ [GeVic] P, [GeVic]
; *— Rund o—K'K (stat.err)| O ¥ STAR o ptp
Q +*— Run10 ¢—e‘e’ = O PHENIX o p+p 3 5
g 1 [ Errors are stat. + sys. -g:[_ Fplaphenis TBW fit to high pT > NO EVIdenCG Of (b Mass Sh”:t or
- R < Ry . .
g | P L e . width broadening
Q = il "a,
T_ £ e .y, | — beyond known detector effects
ol e 20% ]
107} = ¥ - ] .
§ z 102} O ... 1 » o¢yieldin dilepton decay channel
& I ¥, : 4 . .
B I "o | consistent with hadronic channel
é STAR preliminary STAR preliminary % g :
p 104F =.. 4 W p--shapes agree with light hadrons
L ‘ | : ' ' LTt T
0 1 0 1 2 3

p, (GeVio) w mass and width are under study

2
P, [GeV/c]
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IMR: Transverse Mass Spectra

— 102 T R I R T T
3 v 5 |
© STAR Preliminary ®  AutAu l.1<M_<1.8 GeV/’
\T_ W AutAu 1.8<M ,,<2.8 GeV/E
% __”'. O ptplI<M <16 GeV/’ _
o T Mg e TR Pl g e RHIC: Au+Au 200 GeV (minbias)
Z [ o e | S | — inclusive dielectron
& UL . gy e SN < :
: & B, * SPS: In+Iln 17.2 GeV
S 4 NAG60 -- PRL 100, 022302 (2008)
T ’ — charm/Drell-Yan subtracted
10052 04 06 08 TR TR S osl | l | | | | —
M,-M,, (GeV/c?) 8 STAR Preliminary PYTHIA charm @ RHIC
— I B RHIC Au+Au dielectrons ® RHIC Au+Au hadrons L
I—Ha_) 0.6 |~ A RHICp+p dielectrons O SPS In+In dimuons —
» p+p results consistent with PYTHIA b ‘
] ' .
» m; slope in Au+Au larger than in p+p = . \ d
* hint of thermal dilepton production and/or : 4 ? +
charm modification P s | | x
» inclusive dilepton slope in Au+Au 0.2 |-e mnﬁ e St :
(RHIC) is larger than SPS (charm/DY | A
subtracted) © K ppAE Qd AR

Mass (GeV/c?)
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e*e Invariant Mass & Background

= 10
= 10 e A =y T Background sources
7 5 = . . .
= e o e sen. QL palrs = — combinatorial background (non-physical)
Like-sign (N i 2
¢ b b L 1 — correlated background
— 105 = === Comb. mixed-event BG (B, ) = . . A
E : e.g. double Dalitz decay, jet correlation.
z . PP E\api0e.Cev N Background methods
W 1 — mixed-event method: combinatorial only
£, ; 9
pot S e SR +4 * improve statistics
=N — like-sign method: combinatorial & correlated BG
o . . ] * correct for acceptance differences
1950 1 — pair cuts remove photon conversions
g F Other signals (meson decays)
S 10° 3 STAR Preliminary . . . ]
£ Remove by comparing real data with simulations for hadron
10° | contamination
i — Hadron Simulation Cocktail
10*
100 L [T | T T T ]
E Au + Au\[5yy= 200 GeV (MinBias) a 10° ;‘ ® PP \Syy =200 GeV E
102—_ —— unLikeSign E: ® AutAu W=20060\" (MinBias) i
% —— combinatorial background % ?. @ AutAu W =200 GeV (Central) » E
| | | | | | | 10 . ’ -
0 0.5 1 1.5 2 25 3 3.5 4 ;. . ?
M., (GeV/c) g $ a1 ’ ‘
Combine both methods: e, & ’ E h
e s T N W, e '.?.m"ﬁ? % | 5/B@M,~0.5GeV/c
u+Au: LS < 0. eV/c? < MEx
: _ _ e § JPPYY A ?‘ ¢*1 > 1/10 for p+p
carefully normalized using overlap in M, " “fe, 0 ;;; s ! = » 1/250 for Au+Au central
10° &L ! l ! ! | |
0 0.5 1 1.5 2 2.5 3 3.5
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Hadronic Background Simulation

Au+Au 39 & 62.4 GeV

> T | T S BN g™ T gl
Q102*STAR Prellmlnar ................ e |- — x 19.6 GeV: o \Q‘. R
S Yo 1o 10° | Input pr Spectra R, e 3/1»0.05 ] . ev: Z 10k X —Kiw'nl
i A b 056} Ta%v]| ~TBWfitfromSPS £ i P
[ e e v AR i3
10l @ {3 w data S 1B\ '53'\.1 — T 3
et Ny :ﬁ}jgﬁ;f 7 » meson/m from SPS Tr | o, ", Sl
Ta s 0 | § 103 | STAR Preliminary * T yleld from STAR é B«i‘,\bﬁ'v{}:' . Iy 3
1 ? P o n[x3] ER- | e ET‘k v}l‘
4‘" @ if® i ! %1 0-2 E hi‘vv\x n E
ra A -5 I l | E ) “'\;ﬁ\\ y 3
i g i 0.5 1 1.5 2 ; b%g?%\
3 50 0 10 200 i 10°F ‘\\&K'\i \ E
5w (Gev) 39 &62.4 GeV: ; ¢\
Ll o IR D] AR AR, .
* 1t p; from STAR, n based on K 10% 3 > e
* Extrapolated from AMPT calculations PaGeV/e
* Scaled to measurements at 200GeV
Au+Au 200GeV
9 10* T T ey " o N R A
S | sTARPreliminary @+ | » Hadrons: flat |y|<1.0, and flat full £ S SR DU
6 102} = ‘" 3 3 g 3 S = [ . reliminary D" in Au+Au 0-80%
$ sxa | azimuth input distribution LI A Bt e L B y
= sKwo ] —p_distribution from Tsallis blast-wave i O P
10 2 6/10000 g ﬁt t d ] | - [ 4 SPS/FNAL - ;;_;_,,;:;.--
g "N et O measured particle spectra \oslo PamiMuon %¢ 4
z =1 /1000 E o UA2 o e ]
5 B ww < * Heavy flavor sources is -l
107, X A100 ; [ e reliminary
[, ) & — STAR measurements (0.80+£0.36 mb in L a
i N p+p) , and PYTHIA simulation = % =AY
: Sax >3 — Ny, scaled in Au-Au g e 3
- g S f ------- PYTHIA 1
10"} S P vl W 7 0 e ul
l Illl Ll lllllll lJ Jllll lA{ 1 l i 10 102 103 04
0 N 2 3™ 6 aate i Y
p, (GeVic) Collision Energy \s (GeV)
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Efficiency Correction

Ingredients:
* TPC efficiency, TPC-TOF matching efficiency
* no,(TPC PID selection), 1/B (TOF PID selection)

1 3) 0-9 G B [ L L M [T o RN ML R T
B ok ' | ' ' & F Au+Au @ 200 GeV {on 2
2 0.9 p+p @ 200 GeV E 2 08 MinBias i =
S 0.8 ° OO0E00COPO00O0COCC000000°CH00C0CHOC000RT > - =
% - E o) ; g 0.7* "y -;-'n ‘_|
= = [ TR ]
= 0-7 ; —e— TPC efficiency _:4 gs - (&mmmw : -
S 0.6l —— TPC+TOF efficiency = é’ 0.6 B E
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Compare to Theory: PHSD Model

O. Linnyk et al., Phys. Rev. C 85 024910 (2012)
H. Xu et al., Phys. Rev. C 85 024906 (2012)

dN/dMdy [1/(GeV/c2)]

dN/dMdy [1/(GeV/c)]
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Parton-Hadron String-Dynamics

1. Collisional broadening
of vector mesons
2. Radiation from QGP
Minimum bias collisions
(0-80%):
» Generally good
agreement

Central collisions

(0-10%):

» PHSD roughly in line
with LMR region
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Vsyn = 27 GeV cocktail in progress
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Systematic Uncertainties
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Pair uncertainties (summed) 17%
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