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* Proton-deuteron (p—d) interaction

- Three-nucleon force: doorway to probe short distances
- p—d interaction is well constrained from the scattering experiments
* Production mechanism of light nuclei not understood:
- Models: information on single particle, Statistical Hadronisation Model or Coalescence Model

- Final-state interactions: probe the formation time of deuterons (anti-deuterons)

Dibaryonic state
from 6 quarks
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e (Correlations in the relative momentum k*
distribution of a particle pair

Emission source S(r*)
* Traditionally used to study the geometry of the

emission source with particles of known
INnteraction

* Reversing the paradigm of femtoscopy

- Study the interaction among the particles if

emisSIon source IS known
Koonin-Pratt Equation

P A b 3= Neame (%) k¥—c0
Ck*) = |S(r*) \w(k=r*| dr* = N — 1
Nrixed (K*)
- S
theoretical definition experimental definition

S.E. Koonin PLB 70 43 (1977)
CATS Framework: D. Mihaylov et al., EPJ. C78 (2018) 394
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* Repulsive interaction brings correlation below 1

:‘\ 1 .2 B .t rr 11| rrr 1 [ r &t 11 |
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T | S Emission source S(r’)

Repulsive toy potential
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| (Mevre) Koonin-Pratt Equation
Potential parameters from . 2 N (k%)
K. Morita et al PRC 91, 024916 (2015) C(k*) = J'S(?)*) w( k*, 7% A°r* = y—3ame < 1
Niixed (K*)
— —
theoretical definition experimental definition

S.E. Koonin PLB 70 43 (1977)
CATS Framework: D. Mihaylov et al., EPJ. C78 (2018) 394
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o Correlation rises above 1 for attractive potentials

Attractive potential ND48
r=1.0fm

L 3
2.5

2

1.5

e - - - =
0.5F
% 50 100 150 200 250 300
k*(MeVi/c)

Emission source S(r*)

C

Koonin-Pratt Equation

Potential parameters from . 2 N (k%)
K. Morita et al PRC 91, 024916 (2015) C(k*) = J'S(?)*) w( k*, 7F) A°r* = y—3ame > ]
Nhixed (k)
S — —
theoretical definition experimental definition

S.E. Koonin PLB 70 43 (1977)
CATS Framework: D. Mihaylov et al., EPJ. C78 (2018) 394
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* Depletion due to the loss of particle pairs

% 3__||||||_: o )
% ; Attractive potential ND46 Emission source S(r)
2'5; bound state E
2 ;— —;
1t -
0.5F =
Oo""'5'o"'1'6()"iéb"ééd"ée}(d(’l\'ﬂéc\')/c})'; o 17—
* e C . . b —
| Koonin-Pratt Equation s
Potential parameters from . 2 N (k%)
K. Morita et al PRC 91, 024916 (2015) C(k*) = J S(F*) | w( k *, 7%) A°r* = y—3ame — < 1
Niixed (K*)
I — S
theoretical definition experimental definition

S.E. Koonin PLB 70 43 (1977)
CATS Framework: D. Mihaylov et al., EPJ. C78 (2018) 394
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* Short distances in pp and p—Pb collisions

e Particle emission from Gaussian core source

® The source radius is effectively increased by short-
lived strongly decaying resonances (CT = Icore)

e.g. A-resonances in case of protons

Source size p-d

ref [fm] 1.07+£0.04

ALICE Collab., PLB, 811(2020) 135849

bhawani.singh@tum.de EPS-HEP 2021 /
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* Experimental study of strong final-state interaction by
ALICE Collaboration via correlation measurements

PRC 99 (2019) 024001

PLB 797 (2019) 134822

PRL 123 (2019) 112002

PRL 124 (2020) 09230

PLB 805 (2020) 135419

PLB 811 (2020) 135849
Nature 588 (2020) 232-238
ALICE Coll. arXiv:2104.04427
ALICE Coll. arXiv:2105.05578
10. ALICE Coll. arXiv:2105.05683
11. ALICE Coll. arXiv:2105.05190

© 0 N O O &~ W N =~
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* Experimental study of strong final-state interaction by
ALICE Collaboration via correlation measurements

PRC 99 (2019) 024007
PLB 797 (2019) 134822
PRL 123 (2019) 112002
PRL 124 (2020) 09230

PLB 805 (2020) 135419
PLB 871 (2020) 135849
Nature 588 (2020) 232-238

ALICE Coll. arXiv:2104.04427
ALICE Coll. arXiv:2105.05578
10. ALICE Coll. arXiv:2105.05683

© 0 N O O &~ W N =~

11. ALICE Coll. arXiv:2105.057190

*|First time: p—d interaction

o ALICE Run 2 data

* High-multiplicity pp collisions at /s = 13 TeV

bhawani.singh@tum.de EPS-HEP 2021
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o—d ® p—d correlation :

Measured p-d correlation not flat, shows @

depletion at low k*

o JELEL L LR B L LR BRI BN NLELEL L BRI
AV __ . . __
Accessing spin-isospin dependence of NNN & ' [ ‘s:)' '\%E:rg"Trz\'/"ary -
rticle selection 12 F High-mult. (0—0.17% INEL >0) -
Average purity T T
p(anti-p) : 98.30% (98.76%) in pr 08 | —# B
[O5,4OS]G€V/C 06 * pdepd _
| | B " Norm. uncertainty (1.3%) -
d(anti-d) : ~100% in pt [0.5,1.4]GeV/c 0.4 :_ _:
Pairs below k*< 200 MeV/c Y P T T T T B T T

0 50 100 150 200 250 300 350 400

0—d: 1747 k* (MeVic)

0—d: 1250
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e Coulomb-corrected wave function for

charged particles Lednicky, R. Phys. Part. Nuclei 40, % I

307-352 (2009) - A

- Goulomb + strong interaction (S = 1/2 10
and S = 3/2)

- Only for s wave interaction

- Theoretical models constrained to “

ALICE Preliminary
pp Vs =13 TeV
High-mult. (0—0.17% INEL >0)

¢ p-dop-d [ Norm. uncertainty (1.3%)

Models with rg e ; reso. = 1.073 £0.041 fm
— Van Oers et al (1967) —— Arvieux (1974)
Huttel et al. (1983) ——— Kievsky et al. (1997)
— Black et al. (1997)

scattering p—d experiments -

it

11 1 I L1 1 1 I L1 11 I L1 1 1 I L1 11 I L1 1 1 I L1 1 1 I L1 1 1

’
¢
||||||]

Ref Quartet “S;,, Doublet 25, /,

Oers, Brockmann et al.(1967) 11.4%15 1.2+0-2

=

0

Arvieux et al.(1973 11.88%01 27310
0.1 0.1

Huttel et al.(1983) 11.1 4.0
Kievsky et al.(1997) 13.8 0.024
Black et al. (1999) 14.7153 —0.13700

bhawani.singh@tum.de EPS-HEP 2021

50 100 150 200 250 300 350 400
k* (MeV/c)

Oers,Brockmann et al. Nucl. Phys. A 561-583 (1967)
J.Arvieux et al. Nucl. Phys. A 221 253-268 (1973)

E.Huttel et al. Nucl. Phys. A 406 443-455 (1983)
A.Kievsky et al. PLB 406 292-296 (1997)

T.C.Black et al. PLB 471 103-107 (1999)
11
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e Source size increases due to late formation of deuteron

- As a result the measured interaction between proton and deuteron weakens

Case | : p and d are formed at the same time Case |l ;. delayed formation of d

source size
1.07 = 0.04 fm

ﬁd

°V\///Iarger source
size ~10 fm

bhawani.singh@tum.de EPS-HEP 2021 12
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* |mproved agreement with larger source sizes

* CF becomes flat at larger source size

* The effect of attractive strong interaction in the
CF Is washed off

—
ALICE Preliminary
First time ever an indication of delayed formation 10 pp Vs =13 TeV
of d(anti-d) in hadron-hadron collisions High-mult. (0—0.17% INEL >0)

C(k™)

e pdopd
1 Norm. uncertainty (1.3%)
-~ Kievsky et al., r =1.0 fm, x?/ndf = 3425.25

107 & === Kievsky et al., r = 2.0 fm, x2/ndf = 180.63 =

- —— Kievsky et al., r = 4.0 fm, yndf = 13.54 -

- ) - Kievsky et al., r = 8.0 fm, x2/ndf = 4.89 -
10—2||..I....I....I....I....I

0 50 100 150 200 250

k* (MeV/c)
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* |mproved agreement with larger source sizes

4
* CF becomes flat at larger source size . ‘0 N
. . L | / 3
* The effect of attractive strong interaction in the 4 © /’( He
CF is washed off 7o
o T IR DL AL D L e =
% i ALICE Preliminary -
First time ever an indication of delayed formation 10 L pp Vs =13 TeV _
of d(anti-d) in hadron-hadron collisions : High-mult. (0=0.17% INEL>0) 2
1 | =
Depletion at low k* re = p-d © 53 -
% 0 Norm. uncertainty (1.3%) -
- Can be connected to 3He formation 107 ~ Kievsky et al., r = 1.0 fm, x?/ndf = 3425.25 _
= —— Kievsky et al., r = 2.0 fm, x?/ndf = 180.63 =
- —— Kievsky et al., r = 4.0 fm, x?/ndf = 13.54 =
- B - Kievsky et al., r = 8.0 fm, y2/ndf = 4.89 -
10—2||..I....I....I....I....I
0 50 100 150 200 250
k* (MeV/c)
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* Summary:

- First measurement of proton-deuteron correlations in high
multiplicity pp collisions at /s = 13 TeV .

- In contrast to the data, the models show a huge peak at low kK

® |nterpretation:

- Demonstration of the late formation time of (anti)deuterons in
nadron-hadron collisions

~ The observed depletion in CF could be a hint of 3He formation

e Run 3 & Run 4:

- More precision studies within reach with the large data samples

bhawani.singh@tum.de EPS-HEP 2021 15
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* Summary:

- First measurement of proton-deuteron correlations in high
multiplicity pp collisions at /s = 13 TeV

- In contrast to the data, the models show a huge peak at low kK

® |nterpretation:

- Demonstration of t
nadron-hadron col

- The observed depletion in CF could be a hint of 3He formation -

e Run 3 & Run 4:

ne late formation time of (anti)deuterons in

ISIONS

- More precision studies within reach with the large data samples

Thanks for your time!

pbhawani.singh@tum.de
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Additional slides

bhawani.singh@cern.ch EPS-HEP 2021 17
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¢ [t assumes hadron abundances from
statistical equilibrium at the chemical ran KK o Kt
freeze-out

A

N

10* :
10° oo

dN/dy

e The chemical freeze-out temperature (Ten) iS a
key parameter:

b e

dN / dy X €Xp( ) — ¢ Not in fit ‘BR = 25%; =
I, 100 ' ' '

C

“Model | TTMev) V(m)  £NDF| .. O T

' . N -— THERMUS 4 152 £ 2 7832 + 484 67.5/11 § § § § §

e | arge reaction volume (V72 >1) in Pb-Pb 100 F G5! Heidetbers 2352 70602410  s2a1 3
collisions ' '

- +SHARE 3 153+3  5211+703  45.9/11|

» grand canonical ensemble

e Production vyields dN/dy in central Pb-Pb
collisions described over a wide range of d/N/dy
(7 orders of magnitude), including nuclei

------------------------------------

(mod.-data)/o ., (mod.-data)/mod
I
© .
@)
LI L rrjprrrynra ll!llll LI LI
o
o+
O~
e —

e |n small systems (\/73< 1) a local conservation
of quantum numbers (S, Q and B) is necessary

» canonical ensemble

bhawani.singh@tum.de EPS-HEP 2021 18
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Nucleons that are close In the phase space at the freeze-
out can form a nucleus via coalescence

The key concept is the overlap between the nucleus wave-
function and the phase space of the nucleons

The main parameter of the coalescence is the Ba, defined as:

d°N,

A
d3Np
E
P g3 D,

A Is the mass number of the nucleus

Po =pa/ A

EA
BA —

where:

Ba is related to the probability to form a nucleus via coalescence

bhawani.singh@tum.de EPS-HEP 2021

J. |. Kapusta, Phys. Rev. C21, 1301 (1980)
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* (General purpose heavy-ion experiment
e 19 different sub-systems W) | ,
o Excellent particle identification (PID) TOF =+ |ITS

o Most suited LHC experiment for studying the
production of nuclel

//,,f,,, -
e |

Inner Tracking System

Tracking and Vertex reconstruction
ODCAxy < 100 pm for pr > 0.5 GeV/c in p-p

Separation of primary and secondary nuclei TPC % ‘
(coming from material knock-out)

Separation of primary and secondary vertices

VO
Multiplicity/centrality determination

bhawani.singh@tum.de EPS-HEP 2021 20
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Tracking

PID via dE/dx measurement

Ode/dx ~ 9.5% (in pp collisions)

Ode/dx ~ 7% (N

Db_

Ph collisions)

deuteron and p are well separated

pbhawani.singh@tum.de

d "’H§ 4FE ALICE performance
£ @& L% L 20.04.2018

*He
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O ol

| — 1 s

| | 0.9 —

/ | 0.8 —

: 0.7 _:
PID via B measurement -
. o 0.6 —

otor-piD ~ 60 ps in Pb-Pb collisions ALICE Performance -
otor-PiD ~ 70 ps In pp collisions 0.5 Po=PD | Sy =502 TeV.
lower precision on event collision time % -
04 k 1 | 1 1 Ll ;
1 10

GeV/c)
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| | |
AN (O 818 - - el8
e

e [he femtoscopic correlation may have background/contributions from

- Particles from weak decays

- Particles from material knock-outs

- Misidentifications

\\ AL AN
Cremto (k*) = /10.@ /11.@ A2 ‘ED

Contributions from:  genuine  feed-down misidentifications

o Quantification of the contributions to the pairs done by the lambda parameters 4; = ;. f; X P, . f;

- Purity of the individual particles ()

l

- Feed-down fractions (f))

bhawani.singh@tum.de EPS-HEP 2021 23
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* Particle emission from Gaussian core source

» Short-lived strongly decaying resonances (CT= rcore)

effectively increase the source radius E e T o

. :é 1.3 ﬁflﬁiﬁﬁ \g:? 7T/e \I/NEL>0)

* e.g. A-resonances in case of protons 10 Gagussian.+ Res.onar:ce Source
* Universal source model 1 1
- reore fiXed for each pair based on <mr> 1

- Particle-specific resonances are added to the core 0.9

0.8

* Small effective source gives rise to pronounced correlation signal

0.7
1 12 14 16 18 2 22 24 26

2
Source size p-d ALI-PUB-483616 T <mT> (GeV/c?)

reff [fmM] 1.07+0.04

(*) ALICE Collab., Physics Letters B, 811(2020) 135849
bhawani.singh@tum.de EPS-HEP 2021 24
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Observation of the strong interaction beyond
Coulomb

Agreement with lattice calculations confirmed in pp
and p-Pb colliding systems

At finite density HAL QCD potentials predict in
PNM a slightly repulsive U= ~+6 MeV() —
stiffening of the EoS

() HAL QCD Coll., PoS INPC2016 (2016)
277 ALICE Coll. Nature 588, 232-238 (2020)
bhawani.singh@tum.de EPS-HEP 2021
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e Status:

- p-d correlation function from 2006

- GANIL(Grand Accélérateur National d'lons

Lourds):
- 40Ar-58Nj reaction at 77 MeV/u

- Show a clear depletion

- Only unto 100 MeV/c in relative momentum

[1] Wosinska, K., Pluta, J., Hanappe, F. et al. Eur. Phys. J. A 32, 55-59 (2007)

e proton—deuteron

 — Neme=0.2fm, =60 fm/c |
| |

- e neutron—deuteron

— Teme=6.2 fm, 7=30 fm /c
| |

AT =120 fm/c

(e) |
it

0.6 L

|

Ar =120 fm/c

(d)

0

I
0.05 0.1

0

I
0.05 0.1
k', GeV /¢

bhawani.singh@cern.ch
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e Status: Measurement by P A. DeYoung et al in
1990

- Measurements for 80 and 140 MeV/c 160 -
27 Al reaction were performed at the Stony
Srook Linac

- Measurements for 215 and 250 MeV/c 160 -
27 Al reaction were performed at the ATLAS
facility of the Argonne National Laboratory.

Correlation

- In the relative momentum range [0-60] MeV/c
- Show a clear depletion

- Solid line coulomb prediction from Koonin
model

2.0

1.5

10|

0.5¢

0.0

1.5}
1.0}

0.5]

0.0

0O 20 40 O

80 MeV p-p

PPy ——

.

\

140 MeV p—p

215 MeV p-p

f

P ———

250 MeV p-p

- —— - - ——

1

215 MeV p—-d

250 MeV p-d

//m%
l

20 40

0 20 40 O

P.. (MeV/c)

20 40 60

P. A. DeYoung et al. PRC 41, R1885 (1990)

bhawani.singh@cern.ch
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Coulomb-corrected wave function for
charged particles Lednicky, R. Phys. Part. Nuclei 40,

307-352 (2009) O 1.2 g | Lk | | i

Qo i _

Coulomb + strong interaction (S = 1/2 1 T
¢

and S = 3/2) i _

0.8 - * ALICE Preliminary _

Only for s wave interaction - pp Vs =13 TeV -

06 & High-mult. (0—0.17% INEL>0)

heoretical models constrained to i 58 p-d © -3 _

scattering p—d experiments 0.4 Norm. uncertainty (1.3%) —

Coulomb, r = 1.0 fm, ¥%/ndf = 1.96 -

N - Coulomb, r = 2.0 fm, x?/ndf = 3.49 _

COUIqmb interaction only does not 0.9 Coulomb, 1= 5.0fm 42ndi=6.41  —

describe the data i Coulomb, r = 20.0 fm, x2/ndf = 7.90 :

O'....l...|....|....|....|....|...| ]

0 50 100 150 200 250 300 350 400
k* (MeV/c)

bhawani.singh@tum.de EPS-HEP 2021 28
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e Proton-deuteron correlations using Coulomb-corrected wave functions:

- Source size: 1.073 fm

- Published scattering lengths for p-d listed in the table

Ref Quartet *S5 Doublet *S /
Oers, Brockmann et al.(1967) | 11.4%}3 5 v-
Arvieux et al.(1973) 11.88%07 2.73+01
Huttel et al.(1983) 11.1 4.0
Kievsky et al.(1997) 13.8 0.024
Black et al. (1999) 14.7133 —0.13+004

- The contributions from quartet and doublet channel are added with 95 and 73 spin weights

- The calculation shows a very strong signature of attractive interaction in p-d system

bhawani.singh@tum.de
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e Coulomb-corrected wave function for final-state interactions (Lednicky):

G(p,n)

a0

W (r*) = eiéc\/Ac(n) e~ TR (—in, 1, iZ_,’) + 1 (k™)
- |..is the Coulomb-corrected strong scattering amplitude

- F(—in, 1,i) is the confluent hypergeometric function and G(p, n) is the regular Coulomb function

® [t is an approximated wave function for two near-threshold charged particles:

e [he two-particle correlation: we can use Koonian-Pratt formula

1 e
C(k) = /S(r) Wi (r) \2 d’r,  with source function  S(r) = (412" eXP( 4r3>

bhawani.singh@tum.de EPS-HEP 2021
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* Hadron-
_ight Nuclel In

- hadron-deuteron correlas
iINformation about the so

Deuteron Correlations and P
Relativistic Heavy-lon Collisions:

roduction of

'lon function which carries
Jrce of the deuterons

- Allows one to determine whether a deuteron Is

- Conclusion:

T

S

S

theoretica

Lror

gly deper

pbhawani.singh@tum.de

0-d corre

dent on tr

ation

directly emitted from the fireball or it it is formed
afterwards

‘unction IS

e SOU

‘ce size
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Fig. 2. p— D correlation tfunction
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