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 Whatis a particle correlator?

* Proton-proton correlations

‘ Corrections and results from comparison with models

 Lambda-proton correlations

‘ Use of proton-proton results to investigate the interaction
of Ap pairs
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Theoretical correlation function:

C(P,q) = prisids = [ d*r'Se(r')|¢(q, ')

Source function: Wavefunction of particle pair:
Distribution of relative distance between Includes the interactions
the particle pairs (in CMS)

Experimental correlation function:

_ A(k) k:%|P1—P2|
B(k) p1 + P2 = 0 Pair reference frame (PRF)

* Same: relative momentum dist. of particles in the same event
* Mixed: particles from different events (not correlated)

* Normalized to unity: C'(k > 100 MeV /c) =1
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Strategy of analysis:

Cb(P,q) = Bl — [ ' Sp (x')] (1)

| J \ )
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1. Understand the emission profile of the pNb system

®, region of homogeneity ==, Source”

SP (I‘)
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Benchmark Channel Investigated Channel

Proton

e e, ) = [ drSe oG

Method 1:

* Known Interaction

* Assumption that the source is Gaussian (R;)

* Calculation of the Correlation Function and
comparison to the Data

Method 2:

 UrQMD Simulation for particle production

* CRAB Afterburner to account for the Final State
Interaction among the emitted particles.
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Proton

e e, ) = [ drSe oG

Method 1:

* Known Interaction

* Assumption that the source is Gaussian (R;)

* Calculation of the Correlation Function and
comparison to the Data

Method 2:
e | UrQMD Simulation for particle production
 CRAB Afterburner to account for the Final

State Interaction among the emitted particles.

Investigated Channel

Check that the
same assumption
about the source is
valid

—

Take the UrQMD
‘prediction for the
Ap Source




Proton

CPP(P,q) = f d3r’|§0(q,7")|2

Method 1:

* Known Interaction

* Assumption that the source is Gaussian (R;)

* Calculation of the Correlation Function and
comparison to the Data

Method 1:

* Lednicky Model: Correlation Formula as a
function of the Ap scattering length and

source Radius R; .
e Test different scattering length

Method 2:

Method 2:

« | UrQMD Simulation for particle production |
* CRAB Afterburner to account for the Final

State Interaction among the emitted particles.

* UrQMD Simulation for particle production
. [ CRAB Afterburner to account for the Final State]
Interaction among the emitted particles.

?—




/AN

Strategy of analysis:

Cb(P,q) = Bl — [ ' Sp (x')] (1)
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|

1. Understand the emission profile of the pNb system

®, region of homogeneity ==, Source”

SP (I‘)
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Information about the source — proton proton correlation function:
Proton-proton correlation function without any corrections:

Should be flat for
Strong interaction large momenta ...
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Information about the source — proton proton correlation function:
Proton-proton correlation function without any corrections:

Should be flat for
large momenta ...

O O

.... unfortunately not the case
PRELIMINARY
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600 800

k [MeV/c]
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Information about the source — proton proton correlation function:

Corrections
Reject pairs which are too close Correct for finite momentum Correct forlong range
together resolution correlations
0.5 i - LR 2.2
T os | Ideal g QO Exp uncorr.
Y CEEREE St Tereise | Y Smeared Y
® =14 A UrQMD
S o'
: = P TS
-0.2E 0.8
0.3 . 0.6
0.4 i 04 |
0.5 Y 05 . 100 200 300 400 0 | 100 | 200
A @ [rad k [MeV/c] k [MeV/c]
|A¢| > 3 >< 0.039 I'ad Creal(k) — Cideal(k) C(k) = Craw(k)/CUrQMD(k)
|A@| > 3 X 0015 rad Cmeasured(k) Csmeared(k)
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Reject pairs which are too close

PP

CR)

Information about the source — proton proton correlation function:

together

Corrections

18
1.6
141
1.2

v No CT cut
o [A¢| > 0.117 rad, A ©] > 0.045 rad
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III
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0.8
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l-1|I.III|III|

50 700 750
k [MeVi/c]

|Ap| > 3 x 0.039 rad
IAG| > 3 x 0.015 rad

1
200

Correct for finite momentum

Correct forlong range

resolution correlations
22-
Ideal E O Exp uncorr.
""" Smeared (I
= 14 - A UrQMD
O 12 °,
S — s
08 "
0.6
04—
100 200 300 400 0 | 100 ' 200
k [MeV/c] k [MeVi/c]
Creal(k) _ Cideal(k)

Cmeasured(k) o Csmeared(k)

C(k) = Craw(k)/Curqup (k)
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Information about the source — proton proton correlation function:

Proton-proton correlation function corrected for all efficiencies:

25 - ot (O Exp corrected
2 :_ © v Exp uncorrected
S L
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Information about the source — proton proton correlation function:

Extract source size: Cab(k) = NdeT/SP(r/)’¢(ka r’)|2

Potential used for strong interaction:

2.5
- O Exp V(z) [MeV/d
2_ F. 150 ‘|
B Rg =2.016+0.010 fm — Fit e - — L-18-1
- N =1.005 £ 0.002 \ m— L =0,5=0
~~ 15—
= =
o’ —
(&) C
1 e lie oS TEES R FOOOOE ¢ = To
N z [fm]
0.5 i
| ‘ l —100b
i 100 200 B. D. Day, Phys. Rev. C 24, (1981), 1203
k [MeVic] /
d? w

— 2D 2y (p)| = 0| S0) ~ exp(—r?/4RE)

R = 2.016 +0.01070 032 fm
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Source comparison to transport theory (same potential used than for the fit):

In one dimension:
Calculation of UrQMD correlation function with help of CRAB

2.5
B O Exp
2 UrQMD+CRAB
B p, > 0,0 € [150,850]
1.5
=
P B
0 1}_ ............................................... S A OO A DGO OO D=0
0.5-
| | .
00 100 200

k [MeV/c]

- UrQMD gives a good source description for protons
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Source comparison to transport theory (same potential used than for the fit):

In three dimensions:

.

1 | 1 | 1 |
0 100 200 300

k., [MeVic]
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O exp
UrQMD+CRAB
p, > 0,0 € [150,850]
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Strategy of analysis:

Cb(P,q) = Bl — [ ' Sp (x')] (1)

| J \ )
|

2. Use the information of point 1 to investigate particle interactions of not well known type

At
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Select A’s with large purity — different cut combinations to investigate systematics:

A
|—> P

Counts/(1 MeV/c?)

70
60

40
30
20
10

x10°

(combo 1)

Purity = SJFLB (20)

aid,re < O-].

VerDistA > 7 mm

50 VerDistB > 15 mm
VerDistX > 52 mm

N(A) = 356486
c = 3.0 MeV/c 2

MTD < 10 mm S/B = 6.2

Purity = 86.1 %

L v IJ_--'T'"‘-;‘-- | II""]'-—-__|_.

O—Illllllllllllllllllll

1.1 1.15

M, [MeV/c?]

x10°
1.2
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Select A’s with large purity — different cut combinations to investigate systematics:

= O
|_’ P x10° (combo 2) Purity = StB (20)
50 - Qid,re < 0.1
— VerDistA > 7 mm
L 40 VerDistB > 25 mm N(A) = 278773
% VerDistX > 57 mm 6 = 3.1 MeV/c 2
= 39 MTD < 10 mm S/B = 8.6
N E Purity = 89.6 %
5 C
Tt 20
S N
Q r
O 10—
o
0

‘ 1 115 1.2

M, [MeV/c?]
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Select A’s with large purity — different cut combinations to investigate systematics:

A
fay = S
|—> P ><103 (combo 3) Purlty = S5+B (20’)
30 :_ aid,re < O.].
LQ 25 VerDistB > 28 mm N(A) = 177893
2 oo VerDistX > 61 mm 1 o = 3.2 MeV/c
= - MTD < 10 mm S/B. 12.3
N u Purity = 92.5 %
= 15
2 f
5 10F
O N
O r
St
]- [ B R X1O3
Po

11 1.5 1.2

M, [MeV/c?]
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HADES

ot
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—— |deal
Smeared

N

C(k)
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| |
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°II
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- The momentum resolution suppresses slightly the correlation signal
21
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Again corrections: Influence of close track efficiency:

Topology for correlated pairs:

22
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Again corrections: Influence of close track efficiency:

Topology for correlated pairs:

23
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Again corrections: Influence of close track efficiency:

Topology for correlated pairs:

Minimum opening angle

24
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opening angle

(GiBUU Sim)

N

-
(o]

|III|III|III|IIIIIII|I

v No CT cut
o A(pprim.,pA) > 0.105 rad

-
N

-
£~
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N

C(k)
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© O 09 :
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Apply corrections — investigate systematics:

Correlation function after application of all corrections

C(k)
T gy .‘r""!"w”"
-
o
=

2 # »
- =
| S Tiae
00_— : 5|0 , 160 . 15|0 . 260 . 3
k [MeVi/c]

Lednicky‘s model:

S
C) = 1+ ps | 4| L8

2 s s S
(1 — % Ap) + Q%Rgg F1(QRg) — Ijl;g(pk)Fz(QRép)

26
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Apply corrections — investigate systematics:

Correlation function after application of all corrections

C(k)
T gy .‘f""!"w”"
-
o
=

2 # L
P SER— Toan
0:— - | . | . | . | |
0 50 100 150 200 250
k [MeVic]
Lednicky‘s model:
- L2 2( _ _dg Rf2(&) 29,V o 5 .Lk:) = D
C(k) =14 ¢ ps [2 (ng? 1 W\ +2\/_E;‘F (Qﬁg) ( F(QR y

Can we use the pp measurement to fix it? 27



/AN

Source comparison from transport theory:
Improved UrQMD for the scattering part of Lambdas

500

400

+—Data
— AQM

N
(=
o

G,p [Mb]

100

0 T il oy |»£=H-=%I A E— _1—‘ X103
P, [MeVic] 2

Improvement for low energies necessary

(=)
-
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Source comparison from transport theory:
Improved UrQMD for the scattering part of Lambdas

500

NLO

——— Parametrization

included by us

3
! ;i i
| |

1 P, [MeVic]

‘ Will also affect dN/dy spectra in pNb

%\\

x10°
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Source extraction from transport theory (UrQMD) - LCMS:

Proton-Proton

-
o
C,l

10*
10°

102

Counts

-
o

ITITITI'[_[—rl'I'l'I'l'll IIIII|T|'| IIIIIIIII III|T|'|T| T

—

=y
o
Gl

10*

—
o
w

2

HTrﬂll T IIIII'I'II_T—l'ITlTl'l] T IIIII'I'I',_T—lTl'lT“]

Counts
>

—

Cb(k) = [ d*r' Sp(x)|o(k,x')[

ofr_ ) =2945fm f

k < 30 MeV/c

10°
104
10°

102

Counts

10

ITle'ﬂl |||||rrr|_|‘rrmn] Illllm'l_l—l'l'ﬂ'l'ﬂl IIIIIIII|

Ol pp = 3210 fm

~ exp(—r?/20?)

i)

TTTI

o(r_) =3.319 fm 4

"a
.....
L
']

10°=
10*
10°

102

Counts

10

Frﬂﬂl'l IIIIIITI'l IIIIII]II III|T|T|] IIIIIIIII T

1

Eo(r ) =2987fm £ %
out’pp

/AN
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Source extraction from transport theory (UrQMD) - LCMS:
C(k) = [d*r'Sp(r))|d(k,r’")|* k< 30MeV/c

10°F 10°

Solr,,),, = 2514 fm S0l g0),, = 2620 fm Ry
0 10 0 10
- E - E
c = c C
= B = B
O 10- ] O 10
(&) E f (&) E

't I
Eoo .|..‘."‘|‘..|.|...|.
-40 - -40 ‘y" -20 0 20 40
2 2 rside [fm]
~ exp(—r?/20°)
10° 3 o IR WwE ., A

- G(rlong)Lp =2908fm &% .7 § G(rout)Lp =2.415fm
n 102 3 7)) 10? 3
it C il E
c = c C
= B = -
O 10 ‘ O 10
o 2 ,' (& :

1 = WCCIC ) 1 =
E | L ﬁg | L M T Ap E P I S S T L L P IS S R R
-40 - 20 40 -40 -20 . 0 20 40
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Source extraction from transport theory (UrQMD) - LCMS:
C(k) = [d*r'Sp(r))|d(k,r’")|* k< 30MeV/c

10° . 10°E
Folr ), = 2514 fm g S 0(r ), = 2620 fm 4R
n 1= -
- F E
c B g
3 - C
O 10 L
(&) g £
1L
£ 2 2 2
C R;ut +R:ide +Rikong - |4|0I
3
Pp __
R, = 3.175 fm
i3 ~ RF = 1.196
éc(rlon )., =2.908 fm ‘. Ap _ .
C g'Lp Rinv — 2.655 fm
o 10°E
whd - =
c - o
= - C
O 10- ‘ B
(] E .' -
1 ;_ # QO ;lll ;
c | ! ) | L L E |

20 40
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Correlation function after application of all corrections

50
ad
AL
x 3L " O combo1
© 2?# -&F v combo?2
o £ s 000 [ oS0G35
0:— : | : | , | : | .
0 50 100 150 200 250
Lednicky’‘s model: K [Me\” C]
_ 1| £2W&) 2( o di o RIS &) V'Y If,.(.k:) = Ky
0 = 1+5sps | ER] (1 ey + 22GHBRQRY) - R RS

UrQMD +pp Fit used to fit Rgp
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Correlation function after application of all corrections

g 50.000 Ap pairs with
e k< 100 MeV/c
AL
X 3 # O combol
O 2D
23-# = v combo2
S
o £ s 000 [ oS0G35
0:— . ! : | , 1 . | .
0 50 100 150 200 250
Lednicky’‘s model: K [MeV,c]
S(k) | ds RfS (k Ap\  TfS(k
O = 1+ T ps |3 L[ (1- 1) + 22L 0 R (QRY) - Lo R(QRY)

Effective Range expansion of the complex scattering amplitude

o fo® : Scattering length
fS(k)—(f &K — k)™t

dj Effective range
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. arXiv:1602.08880
Comparison to models:

Correlation function obtained by using the NLO and LO scatttering length and

effective range results Ap->Ap
Haidenbauer et al.
Rg = 2.016 +0.01075552 fm 300 [T T T
T~ .
R = RP /RF _ > Kaaykotal
1 1 100 0 Alexander et al.
i = 1.190
" 200
0 NLO x*>/NDF = 5.59
— -y
é ............... LO y2/NDF =6.91 3
O o
1.5 100
1- B T
C I | I | I Lo \
0 50 100 150 200
k [MeV/c]
N T B S S P Tt k=
Valid alternative to scattering experiments l00 200 300 400 500 600 700 800 900

P, (MeVic)
35
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Summary

* Correlation function calculated and source size
for proton pairs extracted

e Study interaction of Lambda-proton pairs. Comparison
to model predictions.

36
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* Factor 10 for A-p correlation (2019)
p+Nb at 3.7 GeV ( 3 weeks))
3 KHz compared to actual 70 kHz
3*10° = beam intensity

% 20-p correlation with the calorimeter (2019)

50% additional reduction wrt A (with 6 sectors)
Evaluate the background to the Ap correlation quantitatively
Measure forthe firsttime the X-p scattering length

Go to 3-body correlation A-p-p:the more the merrier
=-p ?? Simulations are needed

37
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Comparison to models:

Question: Effect on source size extraction?

LO NLO
107 10
8} 3:—
o~ 6; — 6——
x R = 1.597 + 0.019 fm x R = 1.626 + 0.023 fm
- a,,=191fm - a,.,=291fm
© 4 8,0, 1.23 fm © 4 a,, = 1.54 fm
! F1o = 1.40 fm N 1o = 2.78 fm
2" ris1 = 2.13 fm ol Fieq = 2.72 fm
0; | | s \ ! \ ! 0__ . | . |
0 50 100 150 200 250 b 100 200
k [MeV/c] k [MeVic]

‘ Small on source size
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Results from pNb femtoscopy — Correlation function (angle integrated):

Can we model them (LRC)?

Baseline: as a function of pair transverse momentum kr = |p1T + par|
kp € [0,250] MeV /c ko € [250,500] MeV /c kp € [500,750] MeV /¢

C(k)
C(k)

N I RS R
400 600 800

06 R
k [MeVic] k [MeVic]
kt € [1000, 1250] MeV /c kr € [1250,1500] MeV /c

C(k)
C(k)

0.8

‘ I0.6. ‘ —
k [MeVic] k [MeV/c]
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Systematic errors on pp correlation function — close track efficiency:

Errors from pp source size — Variation of close track efficiency cut
(use 35 different cut combinations on A¢, AO ):

2.4: 8-

2.2F C
2" 7

180 | 6F Toke
- - ds /7@

1.6; F e 5, 17 Im
.45 -lg S M g,ha U’)’)
X f g :

1.2 C
O o4
1 O

0.8- * |

06 2 |l

0.4F -

= Ll
NI || MHI
o1 | | ot L
0 50 100 150 2.07 2.08 2.09 21
k [MeV/c] Rg [fm]

Rg = 2.078 4 0.01075015 fm
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Systematic errors on pp correlation function — momentum resolution:

Use a variation of 10% around the chosen mean source size of 2.2 fm

2.2 fm — 10% 2.2 fm + 10%

TTTTTT I|I|III|IIIEI|I‘\II‘III|III|III|I\I|\II|I
TTTTTT I|I|III|III III|III|III|JII|\II|\II|\II|

— o
= =
N 4 '
o . R o tomemmmmepmmns eponoscosncn
0.8 R; =2.056 = 0.010 fm R; =2.097 + 0.010 fm
0.6 N =1.008 + 0.001 N =1.011+ 0.002
0.4 status = 0.0 status = 0.0
0.2 status = 0.0 status = 0.0
. 1 . | . | . \ .
% 50 100 150 200 100 200
k [MeVi/c] k [MeV/c]

statistics close track momentum resolution

/

R = 2.078 £0.010 (stat) 9015 (sys) 005 (sys) fm 1
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Comparison to other measurements and to models:

Only effective scattering length measured (no information about spin)

s Py
= 0>
7 ¥ Exp. (HADES) “?/4?
- )
- 4
6 P
— _
E 5=
— -
| S C
o 4-
= 3
=
C | . | . |
1 2 3
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Comparison to other measurements and to models:

1) Eur.Phys.J. A21 (2004) 313 — 321
9) Eur.Phys.J. A2 (1998) 99 — 104
3) Phys.Atom.Nucl. 72 (2009) 668 — 674

8r
- D
- ¥ Exp. (HADES) '?Q
7 ¥ Exp. (SATURNE)! /47
- ¥ Exp. (COSY11)2 /’I(?
61— ¥ Exp. (CLAS)D %,
p— - ] Errors
€ s
o —
| S| -
o 4
=3
u ¥
2
1= ¥
- | | | | |
1 2 3
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Comparison to other measurements and to models:
1) Nucl.Phys. A915 (2013) 24 — 58

NLO singlett A

NLO triplet Q/

Exp. (HADES) %
Exp. (SATURNE) 1
Exp. (COSY11) 4,?/’
Exp. (CLAS)

Errors

XK EKXp[>

ryp [fM]

N W A OO O N O

Il|||l|||l|||l|||||||||Il|||l|||||||l
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Comparison to other measurements and to models:

1) Nucl.Phys. A915 (2013) 24 — 58
2) Eur.Phys.J. A21 (2004) 313 — 321

singlet (models)?) &&

triplet (models) (

NLO singlet | %

NLO triplet /

Exp. (HADES) 1

5. Exp. (SATURNE) ‘?'?
M Exp.(COSY1) y e
5 Exp. (CLAS)

Errors

A

ryp [fM]

N W A OO O N O

Il|||l|||l|||l|||IIIII|II|I|IIII|IIIDI

A._
N
w
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