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Motivation

Potential discovery of new atoms

Kefeng Xin

Periodic Table of the Elements

pion or muon

Exotic Atoms
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Theory Estimations
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In heavy-ion physics, this study provides a direct

measurement of early produced muon emission,
which is sensitive to the early stage of the collisions.

Kapusta&Mocsy PRC 59 2937
2010 STAR Decadal Plan
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Muonic Atom Detection at STAR

1) Dissociation of the atoms before the detector
tracking at beryllium beam pipe

2) Particle Identification

STAR Run10 AuAuU 200GeV
231M Central Triggered Events

Particle Momentum (GeV/c)
Atom Hadron
p-M 0.15-0.25 1.3-2.2
K-p 0.15-0.25 0.7-1.17

Beam Pipe (Beryllium)

3 w L Ao koo R L 1 = — = o
0.6 0.8 1 1.2 1.4 1.6 1.8 2 042 14 16 18 2 22 24 26 28 @ - i i 0.24
p (GeV/c) p (GeVic) p (GeVic)

Kefeng Xin Hot Quarks 2014 Almeria, Spain 5/16



Foreground and Backgrounds

¢ Foreground method:

% UnLike-sign (UL) foreground: tracks with the different charges are
paired

*» Background method:
% Mixed-Event (ME): tracks from different events are paired
% Like-Sign (LS): tracks with the same charge are paired

Acceptance correction: LS, . ecreay = VLS. LS
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O Like-Sign Background, Acceptance Corrected.
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Invariant Mass

w 0-04 B T T T T T ‘ T T T T T ‘ T T T T 1] w 0.04 L T ‘ T T T T T ‘ T T T T 1]
s 1 8§ I K .
B - UnlikeSign-LikeSi i L - UnlikeSign-LikeSign ]
=] . g gn <= H . g 2! -
£ 003 2 P=H o nethoar LikeSign o R0 Z Ko o sermoar LikeSign —
= - § 14 C %ﬂ' .
o - . UnlikeSign-MixedEvent — “ - . UnlikeSign-MixedEvent —
§ 0.02 = SR CINIE MixedEvent ] § 0.02 > ©Method 2: MixedEvent ]
2] - o < r o
= - = = S
on 0.01— < gn 0.01— <C
© — - l' o [~
w2 B D 1550 o * ‘!I'; N N - C
O ¢ orc - L
0F | | S IOPI i' 5> l””'j’ " ““'l He i .Enﬁc)ﬂ ok ol
B @b 1] G A b @ oD (0 B ¢
WREEN ot +
e 1 ¥ :
001} T — 001 |
8 STAR Preliminary 1 - STAR Preliminary 1
- B Il Il Il Il Il \ 1 Il Il Il ‘ Il Il Il Il ‘ 1 1 Il T - L Il Il Il Il Il ‘ 1 ‘ Il Il Il Il ‘ Il Il 1 1 T
SR 0 0.05 0.1 0.15 .2 0.02 0 0.05 0.1 0.15 0.2

Ono

Minv-Mu-Mhadron (GeV/

I\Ilinv- MM-Mhadron (G eVic 2)

v" Observed sharp peaks for atoms at expected mass M;,-M -M,= 0
GeV/c? from both background subtraction methods

v" Good background methods -- Flat at higher mass (0.05~0.2 GeV/

c?)

v" Like-Sign (LS) background has repulsive Coulomb contribution,
and thus underestimates the background, leading to a higher
“signal” than Mixed-Event (ME)

Kefeng Xin
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Invariant Mass

In pair invariant mass method:
UnLike-sign pairs have different charges -- attractive Coulomb
Like-Sign pairs have same charges -- repulsive Coulomb
Mixed-Event pairs — no Coulomb

We adopt the observable (UL x LS)/ ME* —1to reject Coulomb
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Sharp peaks observed at the signal region.
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Correlation Functions

Another tool: the correlation as a function of k* --
the magnitude of momentum of either particle in
pair rest frame k),

! Catching up
: \ Stronger correlation
Particle 2

p ' 1 T

.= - e . //, ’I %‘
o= ’ - ° s | .// ‘l
Particle 1 catching up
>

o k) Moving away
. . < Weaker correlation
Correlation function: \

Normalized relative momentum
distribution of the leading
particle in pair frame

; — ak 1
Double ratio: a.probe of space a0 Space-time asymmetries
time asymmetries - | Non-flat double-ratio

] ' s TIITTTTITY

e

STAR PRL 91 (2003) 262302
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K-11 Correlations
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Take K-11 system as a reference in which Coulomb dominates:
« Enhancement in Unlike-Sign
» Suppression in Like-Sign
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K-u Correlations
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-y Correlations
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If there are only final state coulomb interactions,
» Like-Sign CF should be <1, and increase monotonically approaching 1
* Unlike-Sign CF should be >1, and decrease monotonically approaching 1
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1T-1T Correlations

1.47\ T T T T T T T T T T T | T T | T T I T T ‘ T T ‘ T T 17T ]

. .
x 13 —
= E % CF (Like-Sign) E
1_1:Q<’>O —4— CF (Unlike-Sign) é

: ’ .

15 0000004000400 0000000000000 0000 04400444

0.9F ~
0.8 STAR Preliminary E

0.7 ; AuAu200 Runl0 Central Events é
0.6 0.15<p<0.33 GeV/c =

W) =

0.5[ =
0.4 Lo b b b b b by s b v 0 14
"0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

k*

< In like-sign pairs, the correlations come from rejecting Coulomb force.

< In unlike-sign pairs, the correlations come from: [STAR PRC 83 064905 2011]
<> Bose-Einstein quantum statistics A
<> Coulomb final state interaction WV
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m-puA Correlations
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o
1) Use two pions from real data

2) Let one 1T decay to py+v, based on energy momentum conservation only
1) Let decay in 1 center-of-mass frame
2) boost decay products using 3,

3) Calculate the correlation between the “artificial” muon (4?) and the other
T
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Three Correlation Functions

d A: mw-pA - weak-decay only

d B: T casureq — Weak-decay & primary
11—

d C’: W-M,imary = Primary only = 105 1@'_0__ _ STAR Preliminary :

1

0.95 |-

B = a*C’ + B*A e 5
=> B = o*1/C + B*A oof E
B —4— B: - 1

0.85 |1 - 1C: (), :
BB

0 005 01 015 0.2

k*
A can be determined by the simulated decay method

B can be measured directly from data

C’ ~ C(mr-11) ~ 1/C(1r-17),_tO avoid quantum statistics contribution
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Fitting Results

./*-\ 1 .1 B ‘ ‘ T ‘ ]
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0.98 — o —
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0.94 :" | | | | -
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22.0%0.4% primary muons

Very low k* is discarded because — when we simulate the decay ->uA+v
there are always missing pions, which can not be saved anyways due to
track merging.
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Summary

* Invariant mass peaks at the expected atom masses
have been observed

* The signal is robust after Coulomb effect is rejected
* The singal is consistent in all (anti-matter) pairs

* Femtoscopic correlation studies are consistent with
ionization of muonic atoms

* Correlation shows the existence of Coulomb force

* The double ratio indicates the daughter particles are
emitted at the same space-time point — disassociated from
muonic atoms

* TT-u correlations are used to extract fraction of direct
muons
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BACKUP
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What is a muonic atom

Hadron+muon Coulomb bound state

Facts What to expect

O Binding energy ~3 keV O Atom mass=m_p+m mu
O Bohr radius O Atoms can only be at s state
a 0*(m_e/m_red)

=279fm (p+mu)

=440fm (pi+mu)

O Bohr velocity alpha*c/n O Pp/mp=pmu/mmu
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Invariant Mass -- Coulomb Effect

1.06 —————— 1 Coulomb Canceling
[ —— LS/ME: Repulsive Coulomb 1 Like-sign background has repulsive
1.04 - UL/ME: Atractive Coulomb + Muonic Atom - COU|Omb, Wh|Ch giveS lower baCkgl’OUﬂd
1oz fl | estimation than Mixed-Event (red circles <1
1 at low mass).

- 1 Unlike-sign foreground has attractive
098? STAR Preliminary | Coulomb. The distributiop is enhanced by
e 1 both Coulomb and muonic bound states.

- * S 1 (blue squres)

0 0.05 0.1 0.15 0.2
7000F T T T T T T T T T T T T T T T T T T
6000; —— UL-LS é

- —— UL-ME 1
5000:— =
:ZZZ 4 STAR Preliminary  The signal extracted from Like-sign method
ool F | (red) is higher than from Mixed-Event (blue),
1000 | because of repulsive Coulomb in Like-Sign
-1000§ P ::\ L / \l /, %Q \\]\ ! ﬁ\‘ L \\ !

0 0.05 0.1 0.15 02.2
Minv'Mu-Mhadron (GeVic?)
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Minv-Mu-Mhadron (GeVIc )

A sharp peak (black empty circles ~1MeV/c?) is observed in
pi-mu pairs

Only in pi-mu pairs

IF foreground had this peak, the blue (peak + attractive coulomb) would
have revealed the peak

The sharp peak is produced from backgrounds (red)
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Pairs that Pass the 10% FMH cut (k-mu)
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Fraction of Merged Hits (0~1)

Much fewer merged tracks
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Average Separation — pi-mu Same-Event
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Average Sepration SEpn

hAveSep1b

L

L

v |

Entries  2.954404e+08
Mean 164.2
RMS 60.61

|
150

Average Sepration SEpp

1
2

00

L
250

hAveSep3b

T IHHHl T

|

L

L

L

L

Loy

[

Entries  2.866401e+08
Mean 163.7
RMS 64.85

150

2

00

250

300

Average Sepration SEnp

hAveSep2b

Entries  2.895426e+08

Mean 164.2
10° RMS 60.63
10°
10*
10°
10?
10
1
. | | P R RS R I I
0 50 100 150 200 250 300 350 400
Average Sepration SEnn
hAveSep4b
Entries 2.980752e+08
Mean 163.7
RMS 64.88
10° -
10?
10
. | [ I SR R N
0 50 100 150 200 250 300 350 400

Hot Quarks 2014 Almeria, Spain



Femtoscopic Correlation

O Study small physics scale by using
measured momentum from our detectors

Catching-up

k* — the magnitude of the three-momentum of either ,
Stronger correlation

particle in the pair rest frame.
C(k*) — the ratio of the k* distribution constructed with ak), |
particles from the same event with the particles from \

mixed event:
C(k*)=(k* in Same Event)/(k* in Different Event) | SRR o

=(correlated distribution)/(uncorrelated »
distribution)

O For non-identical particles, correlation is
used to probe space-time asymmetries .

Moving away
Weaker correlation

PRL 91 (2003) 262302 S

Pion-Kaon Correlations in Au+tAu@130GeV »
Particle 2 . .  Space-time asymmetries
. i g @ Non-flat double-ratio
—"‘ ’,’ /'/ II C(k}
c"_’/ o’/ : o’/ ° 1\ N
Particle 1 catching up .
>

Kefeng Xin Hot Quarks 2014 Almeria, Spain



Correlation Functions for K-mt (as a reference)
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N PARN N
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141 Lo®m) 1 4 LCKT) §
. 27 v C (Like-Sign) ; 2, v C (Unlike-Sign)

B T AuAu200 Central in Run10
asmmm— 1T with my momentum selection:
08 o | og . p 015"’025)
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1.67 "
i st - K | st - K . .
14 ) ] ) + Compare with published
o -K ot -K
1.2 2 data
© 1 The effective range of
® coulomb effect 1s ~50 MeV/c
0.8~ AuAU1I30GeV Central | [PhysRevLett.91.262302] (also on the next slide)
O-GP | ! B 1 ]
0 0.05 0.1 0 0.05 0.1
k* (GeV/c) k* (GeV/c)

Let’s start with K-, a good reference system for K-p

Not meant to be an apple to apple comparison, because we want to leave it to K-t vs
K-p
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K-t Compare with STAR Preliminary Results

i AuAu200GeV [ STAR Preliminary .
1.05_ | B B .:\\\\\II\\\\\\\\\\\‘\!\[\!\l\l\‘\\\\\:
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I s 4+ Out, 70-80% 0.98- jTr E
I I I D B S S B 096/ . . =
0.0ah Rebined from the previous plot -
1.05 A —K+ i - 1
1 ; AR R m 0.92 STAR Prehmmary -
- B & I L L L u
O Fada i i jAzf;L “ 090 002004006008 01 012014016018 0.2 0.22
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C_I_/ C' agree Wlth STAR Preliminary [STAR Analysis Meeting 2012, QM2012 poster by Yan Yang]

Projected to “Out”. Note that “Side” and “Long” are both 1. Symmetry on

azimuthal and mid-rapidity.
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Correlation Functions for K-p
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Differences between Like-Sign and Unlike-Sign at low k*
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The Coulomb contributions are weaker — washed out by long life time decays
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m-J Invariant Mass
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O Like-sign background method is larger than foreground
O Leads to negative region in S/B (red in circle)
O This is not consistent with K-y, p-p

Identical particle quantum statistics — attractive
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Compare K-y with K-1r
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d In both K-y with K-11, attractive Coulomb interaction is observed in UnLike-
Sign; repulsive Coulomb is observed in Like-Sign.

Q C+/C- ~ unity at k*~0 GeV/c: no space-time asymmetry, two particles are
emitted at the same position and time. Agree with the muonic atom
ionization
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Fitting Results (Reduced Mass Factor)

The mass difference between 1 and | produces different CFs.

Take into account of reduced mass factor (into k*, not CF)
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We can check this linear relation:
B =a*1/C + *A

=> BC = alpha+beta*AC

linear relation AC v.s. BC
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Fitting Method

« Fit function includes parameter a, 3, histogram A and 1/C
B*A+a*1/C
*  Minimum Chi-Square Method
XZ=2[(ﬁ*Ai+a*1/Ci—Bi)/ai]2
r lz(ﬁ*Ai+a*1/ci-Bi)/ai*Al./al.=0

= 4

Y (B*A+a*1/C,-B)/0,*1/C,/0,=0
L i

AB, 1 B, 4,
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Fitting Method

Fitting errors:
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