Particle and nuclear theory at IFJ PAN

Sebastian Sapeta

IFJ PAN

11 September 2024



Divisions and departments

NO2 NO4

Division of Nuclear Physics
and Strong Interactions

Division of Theoretical Physics

» Department of the Theory > Department of Theory
of Strong Interactions and of Structure of Matter (NZ41)

Many Body Systems (NZ21)
» Department of Particle Theory

(Nz42)

Sebastian Sapeta (IFJ PAN) Particle and nuclear theory at IFJ PAN 2/33



NZ21

Staff:
» prof. dr. hab. Antoni Szczurek (Head)

> dr. hab. Rafat Maciuta

» dr. hab. Wolfgang Schafer

» dr. hab. Mariola Ktusek-Gawenda
» dr. Izabela Babiarz

» dr. Piotr Lebiedowicz

Sebastian Sapeta (IFJ PAN) Particle and nuclear theory at IFJ PAN

3/33



NZ41

Staff:
» prof. dr. hab. Krzysztof Golec-Biernat (Head)

» prof. dr. hab. Wojciech Broniowski
» prof. dr. hab. Robert Kaminski
» dr. hab. Radostaw Ryblewski

Students:
» M.Sc. Asaad Daher

Sebastian Sapeta (IFJ PAN) Particle and nuclear theory at IFJ PAN

4/33



NZ42

Staff:
> prof. dr. hab. Krzysztof Kutak (Head)

» prof. dr. hab. Zbigniew Was

» prof. dr. hab. Maciej Skrzypek

» dr. hab. Aleksander Kusina

» dr. hab. Andreas van Hameren

» dr. hab. Richard Ruiz

» dr. hab. Sebastian Sapeta

> dr. Rene Poncelet

» prof. dr. hab. Marek Jezabek (emeritus)

Sebastian Sapeta (IFJ PAN) Particle and nuclear theory at IFJ PAN 5/33



NZ42

Postdocs:
» dr. Stéphane Delorme

Students:
» M. Sc. Peter Baron

» M. Sc. Nasim Derakhshanian

» M. Sc. Grzegorz Ziarko

Sebastian Sapeta (IFJ PAN) Particle and nuclear theory at IFJ PAN

6/33



NZ21

Department of the Theory of Strong Interactions

and Many Body Systems
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NZ21

Light-by-light scattering in ultraperipheral heavy ion collisions.
Different mechanisms and predictions for different experiments.

High-energy Coulomb excitation of nuclei in high-energy UPC.
Emission of neutrons, photons, protons, alpha particles from excited
nuclei.

Multiple photon exchanges and excitations.

Production of quarkonia in UPC.

Diffractive dijet and ¢ production in ep and pA collisions.
Predictions for EIC.

Exclusive bremmstrahlung production in 7w, mp and pp scattering
Emission of one and two photons. Limits for soft photons.

Diffractive processes in proton-proton scattering.
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NZ21

» Production of heavy quarks in proton-proton collisions, production of
heavy mesons, semileptonic decays of the heavy mesons, intrinsic
charm, recombination.

» Production of high-energy neutrinos (lceCube, LHC).

» Production of exotic mesons, e.g. tetraquarks, in pp and ete™
collisions.

» Two-photon couplings to mesons of different spin and corresponding

form factors.
Production of mesons in eTe™ — eTe™M reactions.
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NZ41

Department of Theory of Structure of Matter
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Krzysztof Golec-Biernat - Gluon saturation in DIS at small x

» qg color dipole interacts with the proton p through gluon exchanges:

» Dipole interacts with classical color fields (b™, b, EL)
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Krzysztof Golec-Biernat - Shock wave approach in eikonal limit

> Only b~ (x™, X, ) component matters with no x~ dependence:

b+(XtX:)_(') b+(AX, /\ 7)_(')

b~ (x%x; %) Ab~ (/\x, A X)
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> Multiple interactions collaps at the light-cone time x* =~ 0
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» Wilson line operators appear in the shock wave description:

U(X) = P, exp{/_oo dxt b= (x* XL)}
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Krzysztof Golec-Biernat - Going beyond the eikonal limit

» Examination of beyond the eikonal limit corrections:

» full dependence on color fields: b (x™,x~, X1 )

> finite width Ax™ # 0 in multiple interactions
» Impact on the Balitsky-JIMWLK evolution equations

» Impact on processes measured at the planned Electron lon Collider:

> exclusive diffractive dijet production
» photon plus jet production

> also forward Drell-Yan pair production at LHC
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Wojciech Broniowski - Non-perturbative structure of hadrons

Example: gravitational (energy-momentum) form factors of the pion (see talk
on Thursday)
Probing distribution of energy, pressure, and shear, 3 lattice data,

ete” — 7°n° experimental data

|
() T (0)}*(p)) = 6us [2P*PYA(t) + } (9" — ") D(1)]

T - energy-momentum tensor, a, b - isospin, P = (p’ + p), g=p’ — p,

t= q2 — _QQ

spin-0: (w(p")| T} (0)|x(p)) = O(t) =2 (mfT - %) A(t)—3D(t), spin-2: A(t)

00 points - MIT lattice data (2023)
-0 pQcb_| : : :
- - lines - variants of meson dominance
3 (nonperturbative) models
L dashed - pQCD (Tong et al. 2021)
g -04
;ﬁ o8y [ penewe Description of the data within a very natural,
B SR cep parameter-free approach, role of the o meson
R e K R in the scalar channel
“t(Gevi) Details: WB, E. Ruiz Arriola, 2405.07815
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Robert Kaminski
Quark Feynman tree and penguin diagrams

w w-
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B° B
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uet i .
B K° B

The B — KgKJrK* decay amplitude in a quasi-two-body QCDF framework has been derived using tree and
penguin diagrams. The dominant parts of the decay amplitude are calculated in terms of kaon form factors or B to
two kaons transition functions which describe the final state two-body resonances and their interferences. Unitarity
constraints are satisfied when two of the three kaons are in a scalar state. The kaon-kaon interactions in the S, P,

and D waves are taken into account.
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Robert Kaminski
Fit to the Belle and BABAR data

Our model reproduces well the Belle and BABAR Collaborations data. With 13 strong interaction free parameters

modifying the five terms of our amplitude, we fit the 422 observables consisting of the total branching fraction

together with the Dalitz-plot projections of Belle and BABAR with a x2 of 583.6 which leads to a Xz/ndf of 1.43.

Events / (0.025 GeV)
5 8 8 &

°

Events / (0.002 GeV)
8 8 & 8 3

3

°

[=F T

8 8 & 8 3
T

s
=

Events / (0.050 GeV)

°

i

15 2
Sebastian Sapeta (IFJ PAN)

L
25 3 35

m(K’ K) GeV

099 T ToT 02 03 T04
m(K'K) GeV
PHYSICAL REVIEW D 110, 013002 (2024)

Amplitude analysis of BY — KOKTK— decays in a
quasi-two-body QCD factorization approach

J.-P. Dedonder, R. Kaminski, L. Le$niak, B. Loiseau, and
P. Zenczykowski
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Rdostaw Ryblewski

Relati

istic spin hydrodynamics — Nz41 (R. Ryblewski, A.
Daher)

Nowadays, relativistic hydrodynamics is a core component of theoretical models used to
describe the collective dynamics of matter created in high-energy nuclear collisions.
Ryblewski, In: Understanding the Origin of Matter. Lecture Notes in Physics, vol 999

The observation of global spin polarization §a L
of emitted particles sourced by the orbital angul =
momentum of incident nuclei has demonstrate ' 6
the need to extend this framework to includ
spin density as a new hydrodynamic variah
Florkowski, Kumar, Ryblewski, Prog.Part.Nucl.Phys. 108 (2019) 103

® Au+Au 20-50%

A this study .
A this study |
A PRC76 024915 (2007)

A PRC76 024915 (2007) |

0% @ %

Formulation of spin hydrodynamics is currently at V i &

the frontier of heavy-ion research and is essential

for understanding observed signals
Singh, Sophys, Ryblewski, Phys.Rev.D 103 (2021) 7, 10 10°

074024 VS (GeV)

Florkowski, Ryblewski, Singh, Sophys, Phys.Rev.D 105 (2022) 5, 054007

Florkowski, Kumar, Ryblewski, Mazeliauskas, Phys.Rev.C 100 (2019) 5, 054907; Adamczyk et al. (STAR) (2017), Nature 548 (2017) 62-65
Phys.Rev.C 105 (2022) 6, 064901
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Rdostaw Ryblewski

Relativistic spin hydrodynamics — NzZ41 (R. Ryblewski, A.
Daher)

The development of spin hydrodynamics requires
deep understanding of various aspects:

O role of so-called pseudogauge transformations and
relocalization of quantum energy, momentum and spin
Daher, Das, Florkowski, Ryblewski, Phys.Rev.C 108 (2023) 2, 024902
Dey, Florkowski, Jaiswal, Ryblewski, Phys.Lett.B 843 (2023) 137994

O the determination of the energy-momentum and spin
currents’ mean values and their spacetime evolution Florkonski. K Avbleweki. Proo Part Nucl phve. 108 (2019) 103709
Biswas, Daher, Das, Florkowski, Ryblewski, Phys.Rev.D 108 (2023) 1, 014024 ' orkowski, Kumar, Ryblewski, Prog.Part.Nucl.Phys. 108 (2019)

O stability and causality of equations of motion

Biswas, Daher, Das, Florkowski, Ryblewski, Phys.Rev.D 107 (2023) 9, 094022
Daher, Florkowski, Ryblewski, Taghinavas, Phys.Rev.D 109 (2024) 11, 114001

O inclusion of equations of state for spin-polarized systems

Daher, Florkowski, Ryblewski, Phys.Rev.D 110 (2024) 3, 034029
Becattini, Daher, Sheng, Phys.Lett.B 850 (2024) 138533

° . . . .
Florkowski, EurekAlert, NEWS RELEASE 21JUN-2018 role of electromagnetic fields in mean polarization dynamics
Florkowski, Friman, Jaiswal, Speranza, Phys.Rev.C 97 (2018) 4, 041901 Bhagury, Florkowski, Jaiswal, Kumar, Ryblewski, Phys.Rev.Lett. 129 (2022) 19, 192301
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NZ42

Department of Particle Theory
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Andreas van Hameren

Hy rld aCtO rlzatlon at supported by grant No. 2019/35/B/ST 2/03531 of the Polish National Science Centre

Andreas van Hameren with Grzegorz Ziarko (PhD student) and Alessandro Giachino (former postdoc)
and also in collaboration with Leszek Motyka (UJ), Piotr Kotko (AGH), Etienne Blanco (former PhD student IFJ)

Born level (accessible for any process with the automated program KaTie [van Hameren 2016])

[ KT-dependent PDF | [ collinear PDF |
of particles and jets
HF,B ' deL\ ' 7\‘ . < |m*§|2(x, khi;{p}“)
do"" B ([ph) = Y | dx k) | dxfe(x) do (%, ko, %5 {phn) LT
X

0 0 /A 2xxS
Tree-level Matrix element with one initial-state space-like gluon, or “reggeon”.

Uniquely defined for any number of final-state partons.
Calculable with Lipatov's effective action or the auxiliary parton method.

differential final-state

‘ #iets equal to #final-state partons ‘
parton-level phase space

Je ({P}n)

The tasks at hand are to generalize the Born formula to NLO, identify the real and virtual contributions,
confirm their computability, establish a renormalization procedure to absorb non-cancelling divergences,
and eventually to write an automated program.

Papers: JHEP 11 (2022) 103, arxiv:2205.09585 “Hybrid kr-factorization and impact factors at NLO"
Nucl.Phys.B 995 (2023) 116322, arxiv:2212.03572 “One-loop gauge invariant amplitudes with a space-like gluon”
JHEP 06 (2024) 167, arxiv:2312.02808 “A new subtraction scheme at NLO exploiting the privilege of kr-factorization”
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Krzysztof Kutak

Saturation, jets, quenching

Systems: p+p, p+Pb, Pb+Pb

0.07 T T T v 1’
b —— POKSYVLE+BDIM  pr=10GeV; 38<n<51 R=02
p-Pb
0.06 PbKS
35 < pyr.Por < 45 GeV —— KSIin#VLE+BDIM
0.05 | KSlin
m 27 <ynya<4 W' NCTEQVLE +BOIM
2 NCTEQ
S o.0a
z 5
£ o.03
i 10°
0.02
0.01
0"
0.00
20 22 24 26 2.8 3.0 £ % e Aog[iad] e 20
Aw
p+p - 2j+ X, Pb+Pb - j+y+X
p+Pb - 2j+ X

saturation and qu

saturation accounted for accounted for

van Hameren, Kotko, Kutak, Sapeta ; ...

Adhya, Kutak, Placzek, Rohrmoser, Tywoniuk

to appear soon

enching
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Krzysztof Kutak

Entanglement entropy of proton

5 < Q! < 10 GeV?

— HERAPDF
reBK
Hss

10 < Q* < 20 Gov?

— HERAPDF
B
nss

Inclusive DIS

Hentschinski, Kutak'21

Hentschinski, Kutak, Straka'22
Hentschinski, Kharzeev,Kutak, Tu '23
Hentschinski, Kharzeev,Kutak, Tu '24

Sebastian Sapeta (IFJ PAN)

—— exact

- asymplotic

o Hldata

Diffractve DIS

projects
supported by
STRONG 2020 EU grant
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Rene Poncelet

Rene Poncelet — Precision QCD calculations for LHC phenomenology

NNLO QCD
subtraction schemes
RS

o FEE Gearing up for the
:&:@ Iz }:z precision LHC era h%h tga

Open-access
“Theory event”
database

pp = VJjJ
Amplitudes & cross-sections
PP =YY

for multi-scale processes .
= Flavoured jet observables

pp — Wbb PP — jij & jet clustering algorithms

MMOx10 | moxmO | 0w
. o oo
e o

Top-quark pair
production + decay
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Rene Poncelet

Example: Strong coupling constant measurement at high energies
from multi-jet events through event shapes

Hiz > 1000 GeV

Data / Theory

oo
® © . oo

[ATLAS 2301.09351]

NNLO QCD theory
reduces uncertainties!

- most precise measurement 008

at high energy

> highest energies probed yet 008

Sebastian Sapeta (IFJ PAN)

NLO QCD

0.6

8
c0s ¢

Next-to-Next-to-Leading Order Study of Three-Jet Production at the LHC
Czakon, Mitov, Poncelet [2106.05331]

NNLO QCD corrections to event shapes at the LHC
Alvarez, Cantero, Czakon, Llorente, Mitov, Poncelet [2301.01086]

R IR s

T

T oy(m,) = 01181+ 0.0011 (PDG 2018)
—a.(r‘v\,)=0 1196 77

T
* TEEC 13 TeV

© TREGn

+ TEECTTeV

v s

o D@incl.jet

Y

(TEEC global fit)
L

DR,

i

10°
[ATLAS-CO

10°

NF-2020-025]

NNLO QCD

1 & = T T =\
atasr, | S 0160 v OMStin o DORwir o DOincljetisr
[ R~ F oy " w0 wmonine ]
et ] 0.14f o QST - OBheE 7]
oo £ ATLASR, ! o TEECT7Tovits |
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A. Kusina, S. Delorme, N. Derakhshanian

Aleksander Kusina

» Determination of proton and nuclear Parton Distributions
Functions (PDFs).

» Connections between nuclear structure on nucleon and parton
level.

» Member of the nCTEQ collaboration.

» Exploration of factorization schemes.

Stephane Delorme

» Quarkonium dynamics using Quantum Master Equations.

» Exploration of factorization schemes.

Nasim Derakhshanian

» Determination of PDFs using Markov Chain Monte Carlo
methods.
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Richard Ruiz

Helicity-polarized parton scattering

Treating helicity polarization as a A
. [
Feynman rule provides a new method 3 I
for computing polarized xsec g
Javurkova, Ruiz, et al (PLB'24) [2401.17365] Z)\'
— ‘
— 1% —
- - E
@ loop-induced processes v’ = r =
X 10 -
= log E
2k o
@ interference between different oo L .
. . . . 1 E E|
polarizations configurations v  f 3
N107Y =
1 KNC=186: 3
- [e)) .
@ non-resonant diagrams v’ B pi>520GeV, | <27, 4R, >0 ]
° 50 GeV < mjf <115 GeV, m, > 220 GeV 3
| | | |
.. . < Lasee s ——
o off-shell /finite-width effects v' gL -
Y=

—i eu(q,N) ep(q,N) _ /\/\/\/\ b: 0 20 40 60 80 100

(/JfA\[‘v

V() collider energy Vs[TeV]
A\ (¢
R. Ruiz (IFJ PAN) 2PiNTS 2/5
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Richard Ruiz

High-pt predictions for AA collisions at LHC and FCC

(L) nuclear PDFs vs energy fraction carried by parton (R) ttX at NLO

many, many more plots in Fuks, Marougkas', Ruiz, Sztandera (PRD'24) [2405.19399]
.

45- 1 5f 0=AXG, E
4 g/10 E — E
35 28ph, Q?= 10" GeviS T 10 ]
§ e nCTEQISHQ NLO 3 ;\ —
o i (68% envelope) 3 ¥ = 3
2 25 ERR= E
g B 1 1 [JttH (NLO) E
2 R Oty(NLO)
81_5; 3 [Jttw (NLO)
=% E CIftW* (NLO) 3
ol S d 3 10°
= ' 4 g =
= 3 o £
. 0, /10~ ERI 3
Of | | o P =
“E(Pb-208/ H-1 < 9 25 ONO(P-208) £ 5a(PDF) L 0 -O(H-1) ]
o U — 1 — =
5 E(Xe131/H-) d /I }P(Xex131).+ 50(PDE) Loy (H:1)
E_Uu. U O = e E|
~ M (C12THY) d 9 2 NKO(C-12) £ 30(PDF)./ o (H-1) -
5 = |
04 100 102 10t 0 10 20 30 40 50 60 70 80 90 100
momentum fraction, X nucleon-nucleon collider energy, |§ [TeV]
R. Ruiz (IFJ PAN) 2PiINTS 3/5
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Richard Ruiz

/\2‘5 . L. . ) .
@ Qg’ik corrections have several origins (kinematical and dynamical)

Georgi, Politzer ('76,'76); Ellis, Furmanski, Petronzio ('82,'82); Dasgupta, Webber ('91); lots more

\%

A

Leading twist, (Ma/Q) = 0  Leading twist + TMCs Higher twist

For DIS on protons, target mass corrections (TMCs) incorporated by
. A (No TMC A (TMC
replacing F; (No ) Fi ( )
Georgi, Politzer ('76,'76); Ellis, Furmanski, Petronzio ('82,82); lots more; Kretzer, Reno ('02,'03); Schienbein, et al [0709.1775]
o™ dma® [E UNC]
dzdQ?  zyQ? | 2 Red

in cross sections:

dQO_NC

dx dy

z(s - M?)

2 2.2 Y. 2
oG - (1+ Ve )F§C¥?zF§\IC—§J/—FEC
+ + +

ot WE
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Richard Ruiz

TMCs for DIS on nuclei RR, Olness, Schienbein, et al (Prog.Part.Nucl.Phys'24) [2301.07715]

2
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Sebastian Sapeta - QCD scattering amplitudes at higher orders

» Collinear limit

alpy) ay(p)
. pall - 1l Pm . alp,) alp,)
: P/ ® :
am(Pm) am(Pm)

pilp2ll--llpm .
Aalu.am‘..(ply---7pm,---7pn) ! I Aam(pa,...)Splltaaalmam(ph...,pm)

» Soft limit
a;(py) an (Pn) a;(py)
am(Pm) am+1 (Pm+1) am(Pm)

P(f,pgwpg,—ﬂ
)

Aal...(ph ey Pmy.--yPn Aam+1.4.(Pm+1, . -7pn) Jal,...,am(plg . ~7pm)
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Sebastian Sapeta - QCD scattering amplitudes at higher orders

Complete set of one-loop,
triple-collinear splitting functions,
[Czakon, Sapeta, JHEP 07 (2022) 052]

Example set: ¢ — qgg

s
R A

B s

Two-loop soft current for massive
fermions

[Czakon, Sapeta, in progress]

W — tbg
t b t 7
9. b t
g g
J b
Wp g w w w Wp
p ot £ Rt b \gb b
b 2 3 4 st
t 7 t 7 t ‘] t ‘] t ‘]
b g
Wp Wp w bW 9w b
b b P b P b P b
79 8b sg 10 b g
t t t t t
9 9 0 9 [
g u g t g u / t g b
w w w w w
b b L b L b b b b b

> reduction to master integrals {M;}

> systems of differential equations dM; = A;M;

» canonical form dM; = eS,-J-I\7IJ-
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Zbigniew Was - Precision Monte Carlos for accelerator physics

(A) Monte Carlo programs such as Bhlumi for luminosity measurements with
Bhabha scattering or KKMC for lepton pair productions, were demonstrated
thanks to associated efforts that the precision for observables with complex
cuts of sub permille level (even for 0.043% Opal luminosity measurement) were
possible.

(B) Main building aspects enabling such precision:

1. Phase space (issues of iterations), unique solutions, last years extensions
include exact parametrizations and generation for configuration with
additional lepton pairs.

2. Matrix Elements and spin (issues of iterations). Because of required
precision and need for compatibility with exclusive exponentiation. Last
year contributions include effects of anomalous electric and magnetic
dipole moments and effects of dark photons or light scalars on top of
precision Standard Model simulations.

3. Tests and design of new observables. Essential part of the work.
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Zbigniew Was

(C) KKMC is for ete™ — IT/7(nvy) and photos for radiative corrections in
decays, tauola for 7 lepton decays.

(D) Each of these programs main publications have 1000+ citations in
INSPIRE as of 09 Sep 2024; these counts continue to grow. Programs versions
in F77 and C++ are public.

» S. Jadach, B. F. L. Ward and Z. Was, “The Precision Monte Carlo event
generator K K for two fermion final states in e+ e- collisions,” Comput. Phys.
Commun. 130 (2000), 260-325, 1200 citations

» P. Golonka and Z. Was, “PHOTOS Monte Carlo: A Precision tool for QED
corrections in Z and W decays,” Eur. Phys. J. C 45 (2006), 97-107 , 1486
citations

» S. Jadach, Z. Was, R. Decker and J. H. Kuhn, “The tau decay library TAUOLA:

Version 2.4,” Comput. Phys. Commun. 76 (1993), 361-380, 1117 citations

> S. Banerjee, A. Y. Korchin and Z. Was, “Spin correlations in 7-lepton pair

production due to anomalous magnetic and electric dipole moments,” Phys. Rev.

D 106 (2022) no.11, 113010

» S. Antropov, S. Banerjee, Z. Was and J. Zaremba, “TAUOLA update for decay
channels with e+e— pairs in the final state,” Comput. Phys. Commun. 283
(2023), 108592
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