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EQUIVALENT PHOTON APPROXIMATION

HEAVY-ION COLLISIONS

() Collision energy:
O low energy processes:
V3NN < 10 MeV/nucleon;
O intermediate energies:
/3NN = (10 — 100) MeV/nucleon;
O relativistic energies:
V/Snn = (0.1 — 100) GeV/nucleon;
O ultrarelativistic energies:
V8NN > 100 GeV/nucleon;

@) Centrality vs. | impact parameter |:

O central collisions: b =~ (0 fm +Ab);

O semi-central collisions: b ~ (5 — 10) fm;
O semi-peripheral collisions: b ~ (10 — 12) fm;
O peripheral collisions: b = (12 fm —(Ry + Rp));
O ultraperiperal collisions: b > (Ry + Ry).
The strong electromagnetic field is a source of a— _ —
photons that can induce electromagnetic W Riimmoriiam
reactions in ion-ion collisions. RSt R-74m
Electromagnetism is a long-range force, so . o= (&) W4
electromagnetic interactions occur even at 5° 1y
. . . . =3 7
relatively large ion-ion separations. go Gt ot
0.
. ; e 02 = /
Photon energy: w = { || Virtuality: Q* = = . //
Il L 1
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EQUIVALENT PHOTON APPROXIMATION

HEAVY-ION COLLISIONS
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EQUIVALENT PHOTON APPROXIMATION

EQUIVALENT PHOTON FLUX VS. FORM FACTOR
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HISTORY

HISTORY OF
@ Carl David Anderson (1905-1991) was an American ® LD Landau and EM. Lifschitz,
physicist. He is best known for his discovery of the Production of electrons and positrons by a collision of
positron in 1932, an achievement for which he received two particles, Phys.Z.Sowjetunion 6 (1934) 244.
the 1936 Nobel Prize in Physics, and of the muon in o(AjAy — AjAset e ) in the leading logarithmic
1936. approximation

® 4. Bethe and W. Heitler,
On the Stopping of fast particles and on the creation of
positive electrons, Proc.Roy.Soc.Lond. A146 (1934) 83

YA — ete” A

Theoretical papers devoted to the +~ fusion are
concerned with:

IDENTIFIE
BY'C. D_ANDERSOM O methods for extracting information on the
vy — h transition from exp. data
D 1970 - production of e*e~ pairs was discovered in O effects connected with the production of
collisions of virtual photons at the e*e™ - storage ring Ieptons

VEPP-2 in Novosibirsk X
O search for new physics

9 L
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HISTORY

EQUIVALENT PHOTON APPROXIMATION

s=(p1 +P2)% = 2m2 + 2E.E; — 2pq - p2
§=(q1 +q)° = M}
ai = (pi — P}y

IN THE C.M. FRAME OF e*e™:
pi1=p2=pand E; = E; = E

d*o(e*e~ — eteX;s) (Olem)z 1 E1’ Eé ! '
-_— —_ _——p v /V/
dE]ds2 dE}dS2, 8r?) PR EE'T 7 T

dn; = sin2 0; d0,-d¢>,-

X p,‘."ﬂ - the electron density matrix
X Wy, - the amplitude for forward elastic v+ scattering

Ignoring the dependence of the amplitude p?ﬂ on the azimuthal angle:

d2o(ete™ — ete~X;s)
dUJ1 dwz

= n(wy)n(wp)o(yy — X; W?)
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LEPTONS PRODUCTION

PHOTON+PHOTON — 2 LEPTONS

oo o me = 0511 MeV
o —u ¢ m, =105.658 MeV

% m; =1776.84 MeV
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LEPTONS PRODUCTION

PHOTON+PHOTON — 4 LEPTONS

)

c

< E +
x 3 n
1 f e
E -
© E

T E KATIE - it is an event generator that is
ol == specially designed to deal with initial
102l / ’_____________————; states that have an explicit transverse

o7 1 momentum dependence, but can also
w0 T 3 deal with on-shell initial states. KATIE
et 7 P 3 is a parton-level generator for hadron

" I L ] scattering, but requires only a few
10% 5 70 15 20 adjustments to deal with photon

W (GeV) scattering.
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QUARKS PRODUCTION

QUARKS PRODUCTION

¢ Q/Q - heavy-quark/-antiquark
% me=1.5GeV
% mp=4.75GeV
¢ g/q - light-quark/-antiquark
% my =0.3GeV
% my=0.3GeV
% ms=0.5GeV
¢ In contrast to dimuon production, the QQ

. Current quark masses for all six flavors in comparison, as
state cannot be directly ob_served balls of proportional volumes.
because of the quark confinement en.wikipedia.org

O 2 — 2 process (Born amplitude)

2 4m?
o rraa (Wor) = Noehy 22%em Qo [ 202 4, [y o
W5~ 2mq W3~

am2 W2_ — 8m? am2 4m?
e x 1+ W —a /1= 20 14 20
W’Y'Y W’Y’Y W’Y’Y
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en.wikipedia.org

S PRODUCTION

® QQqq production
® LO QCD corrections

Y q U Q
q Q

M Q
5 Q 5 q

® single-resolved mechanism
v 2¢] U -
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MESONS PRODUCTION

MESON PRODUCTION

Quantum numbers: Meson = qq
D S-spin
D L - the orbital angular momentum
D J - the total angular momentum; J = |[L — S|[to J=|L+ S|,
» P - parity; P = (1)
» C-parity; |qg) = 1gg) = C=+1,|q9) = —14q) — C = -1

%

JPC gt 0+, o 4+

v scalar v scalar
v pseudoscalar v pseudoscalar
v tensor v vector
v 4-spin meson v tensor
v 4-spin meson




MESONS PRODUCTION

P1ION-PAIR PRODUCTION
¢
The quark structure of the pion.

en.wikipedia.org

® the Born term matrix elements for non-resonant pion pair production

Y(q1, A1) T (per) (g, A1) T (Prr) (@, M) ot
AAME - > == ANAAR = .
* + ,I« N -7
| |,’/ ‘\ \A~\
V\V VIV VS . ~
Vg2, A2) T (p—) a2 A2) T (pem) a2 A2) L

® p* meson exchange
g A1) 7 (k)
ANAF - > - —

0 6,
D s h) ) Y

! 7

5 (k) | p (k) Z ()

' [ A |
AVAVAVAV R el S DN ()= > -
(g2, A2) 7r?(k'z) ﬁm ) (k) “?(PZ)

Continuum

M (A, A2) = ME(A, Ao) + MY (A, A2) + MO (A, o)
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en.wikipedia.org

s-channel v~ —resonances

(2}
10% T 3
1,(1270) i
107 E
T ol 4
= ]
w L ]
T 3
= ]
%10"* E
] 2
0% E W"I’Y _mR
E| T
oy I—R(Wﬂw):FRmZ—F‘/ (W’Y’Y~H) F/ (W'y’w.‘:(')
107 % .
W, =M, [GeV] B -m2

- the Blatt-Weisskopf form factor

2
\/6471-2 W2 x8r(2J+1) (%) el (wﬂ, N ) Br(R—s~~)Br (HAM\'*/OW_/O)
M (A5 A2)

iR
W'zy'y —m%w’mR]'R (WA,A‘ )
Y%"w @)ifor fy (W )2
YZ(6, ¢);for (1270), £5(1525), £(1950) —\Y="mr
X V2651 5, %(9 $); for £,(1565) &P a2
Y4%(9 ¢); for £,(2050)

Hysics




| pQCD mechanisms |

® Brodsky-Lepage perturbative mechanism
1 1

M ()\1 y )\2) = /dX/dy D (X. /1)2() T“_/>1>\2 (ny,/.tz)(bﬂ (y, /l,i) FQOCD (s)

0 0

X, y - fractional momentum of hadron carrying by g or ¢
¢~ - parton distribution amplitude

1x,, =min (x/y,1 —x/y) s(1 — z2)

THA1 *2 (x, v, uz) - a hard-scattering amplitude

AERNEENEENEN

FPACD (5) - form factor

® Handbag mechanism

S S O A
S
A+7 = A7+ = —47'l'OéemE Rgﬂ. (S)
= M. Diehl, P. Kroll and C. Vogt, "The Handbag contribution to vy — 7= and KK ",
Phys. Lett. B532 (2002) 99;
== M. Diehl and P. Kroll, "Two-photon annihilation into octet meson pairs: Symmetry relations in the handbag roach ”,
Phys. Lett. B683 (2010) 165. kS Pl abi o scincts




MESONS PRODUCTION

TOTAL CROSS SECTION FOR THE ~yy — T

10T 10—
’B,A‘GV'Z‘ E| E
FBy=4Gel 3 E ]
SALEPH o Crystal Ball
— Belle B —_ 9
i CELLo g_ ]
T 10F *CLEO En
e E OTwo Gammag o
N Markll ] ? ]
~ 1F AVENUS -
= f 1 =
° r h © h
107 E
gl v bl L gl bl N
0 1 2 3 4 0 1 2 3 4

5 5 6
W,, =M, [GeV] W, , =M, [GeV]

= M. K-G and A. Szczurek, *z* 7~ and 7070 pair production in photon-photon and in ultraperipheral ultrarelativistic heavy
ion collisions ”,
Phys.Rev. C87 (2013) 054908




MESONS PRO TION

ANGULAR DISTRIBUTIONS FOR THE vy — 77
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MESONS PRODUCTION

Belle - [cos 6] < 0.6

Our results prove that the correct description of the high-energy cross section requires to take
into account both

O the Brodsky-Lepage and

O handbag mechanisms.
The black solid line represents only the handbag model result, which is independent of § and is
constant (= 3).
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LIGHT-BY-LIGHT SCATTERING

LIGHT-BY-LIGHT SCATTERING

208 P b
"

f-}/

ﬁ e T
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LIGHT-BY-LIGHT SCATTERING

LIGHT-BY-LIGHT SCATTERING

O Maxwell classical theory
v light doesn't interact with each other

O Quantum theory
v interaction of photons through quantum Boxes WELL-KNOWN

fluctuations
1 ~N 1 ~N
”mm o N ”mm NNN
v W, e Ty, ow o Yy
W {0
NN [ PN “
4 Fermionic boxes (LO QED) W Box
4 1
® | o(yy = vY) x agy, (W) — very small FormCalc. 5 LfOPT,?O}S-A
|Moyysyy |2 = a2, 0, 8)

® Photon beams
X High-power lasers I VDM-Regge | I WE ADD I I 2-gluon exch. I

> K. Homma, K. Matsuura, K. Nakajima,
PTEP 2016 (2016) 013CO01

Testing helicity-dependent yy — ¥y " A ne=s=s A A daan
scattering in the region of MeV P ) )
v Ultrarelativistic heavy-ion collision U U o o

O Cross section oc Z*;
Pb-Pb collisions = 82* ~ 45 x 10°
O Quasi-real photons
ks =




LIGHT-BY-LIGHT

= Ty
S g
© E ™\ 3
10°E E
BN Y Y E
10 E B TN total 3
o > leptons..... ]
10 E quarks 3
102 W-bosons-—4
0 ./ N E
ON
E TN 3
. N E
107 R
107 \\ E
10° 102 10" 1 10 10 10°
Vs (GeV)

4 Jikia et al. (1993)
4 Bernetal. (2001)
4 Bardin et al. (2009)
Bern et al. consider QCD and QED corrections

(two-loop Feynman diagrams) to the one-loop fermionic

contributions in the ultrarelativistic limit (3, |#|, || > mf). The

Fermionic box LO QED - FormCalc. corrections are quite small numerically.

INSTITUTE OF NUCLEAR PHYSICS

The one-loop W box diagram - LoopTools. ROLSHACADEMY OF SCIENCES




LIGHT-BY-LIGHT SCATTERING

VDM-REGGE CONTRIBUTION

3 3
2 2
Ayor(8,1) = 2D C0 v Ay Gy
j

i

3
(Z C: % AVV%VV(S t) ZC? »V

j=1
i.j = p,w, ¢ Aw (s, 1) = A(s, 1) exp (1)
5\ oR(D—1 s\ op(h—1
As.t)~s((1+1)Ca (-) +iCp (-)
So So

2 e
> C = N

> Cp, Cr - Donnachie-Landshoff
> ag (1), ap (t) - trajectories
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LIGHT-BY-LIGHT SCATTERING

MESON EXCHANGE

:8'/‘ "o fermionic contributioné

———— i —— mesonic contributions J

(o) -1/ I scalars 3

- W e
APIANNANRNANT ) A EDANNANRNANN T P1) £,(2050) E
o ' iz E
7(112)’\/\/\/\;\/\/\/\,7’(111) w(pz)/\/\/\/\;\/\/\/\,w(zl.x) 10 E
(500)  x0 £(1270) 107 3
f(980) g a(1320) )
0(1870)  nc(15)  £(1565) 5 (GeV)

xeo(1P)  me(2S) ax(1700)

s—channel diagrams (leading to peaks at /s = my,)

t— and u—channels (leading to broad continua)

= P. Lebiedowicz and A. Szczurek, "The role of meson exchanges in light-by-light scattering”,
Phys. Lett. B772 (2017) 330

ﬁ e
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LIGHT-BY-LIGHT

2-GLUON EXCHANGE

16 diagrams = / 7
z =cos 0 ;6 - scattering < Pt, = psing
ngzz‘ ‘I A h ] — 3£, m=0.75 Gev % 10—25‘ CTTTTTTTTTT—3F, m=0.75 GeV
:’ [ £-gluon exchange — 4f, mg=0.75 GeV (0] L 2-gluon exchange — 4f, mg=0.75 GeV
ke ——3f, m=0 s I 9 9¢ _— 3¢, m0
= ——4f, m=0 m =0
W=10GeV1 ]
FI e 7
AN T ]
10°F /] -
g \\\ /1] 3 E
SANNNN /// ] ]
B \ \\ -, /, T T
10\ T~ ==/ A E
E N\ ——— / E E
L 7 7 7
- \\\___—/// 1 —~———— ]
W [ e — ] ol b b
i 05 0 05 0% 1 2 3 7
z p(y
_ my ~ 0.15 GeV
3f=u.,d,s mg ~ 0.15 GeV
_ mg ~ 0.30 GeV
4f=u,d, s, c me ~ 1.50 GeV

NUCLEAR PHYSICS
EMY OF SCIENCES

Significant effect of ¢ quark inclusion at z ~ 0 (large p, ) - interference b
9 e




W =10 GeV

v boxes
v VDM-Regge
v 2-gluon exchange

W =50 GeV

W =200 GeV

T J2-giuon exchange, =4
— my=0.75 GeV

—— =0

T T T2-gluon exchange, =4
boxes — my=0.75 GeV
VDM-Regge | —— m=0

Zgluon exchange, =4
75 GeV

—— =0

W=10 GeV/

dcyww/dp‘ (nb/GeV)

- W=50 GeV

W=200 GeV

_ | the International e*e~ Linear Collider or the Compact Linear Collider |

JuLy
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LIGHT-BY-LIGHT SCATTERING

AA— AA~y - ATLAS RESULTS

> ATLAS Collaboration (M. Aaboud et al.),
Evidence for light-by-light scattering in heavy-ion collisions with the ATLAS detector at the LHC,
Nature Phys. 13 (2017) 852
Phys. Rev. Lett. 123 (2019)* 052001

w ] > 1 T T T
S 14F —-—Data Aao ub? ATLAS 4 8 L +Da|a 450 ub' ATLAS
S | Ow-wMc Cvr—yyMc
o 12, Hnocemc POPb sy =502 TeV ?‘2 10 Epyoeemc Pb+Pb (5=5.02TeV -
= r| EECEPyyMC 1 2 [ mmcEPyyMC
10 . g o
i - ] fim) T ]
o Signal selection ] r Signal selection q x pt’y > 3 Gev
T A i t 3 with Aco < 0.01
: no Aco requiremen ] 6 < X |7)~/‘ <24
6 - [
i 1 ar X My, >6GeV
4 ] C X pt,., < 2 GeV
o ; ] L .1 X Aco < 0.01
0 0.01 0.02 0.03 004 005 0.06 0 5 10 15 20 25 30
Yy acoplanarity m,, [GeV]

v vy — v - Our results
v background:

V oy ete ATLAS :>| o =70 £ 20(stat.)=17(syst.) nb |
v 99 =7 (2019)* = | o = 78 + 13(stat.)£7(syst.)£3(lumi.) nb
v yvv—4qq

v 13 events Ourresult = | 0 =51 £0.02 nb

59 events (2019)*
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LIGHT-BY-LIGHT SCATTERING

AA—AAyyFOR M,, <5 GEV ?

BACKGROUND

A A A A A
O
2
1
N A
\VAVAVAVAV) “
~ Nrf Y ~
N
o
A A A A A
~ 10 T T 10°g 3
2 wov o E E|
& fermionic contributions3 E ]
© 10° O }f\f;ﬁi‘; e Crystal Ball
—— mesonic contributions 5 Belle
""" =
) --- psudoscalars =
10° —— fensors % 1F
B £,(2050) « f
ToF
10 H - 1
= F
B/ o r
0" H /: w0
il ¥ I | T . ST
107 10 1 2 3 7

= P. Lebiedowicz, A. Szczurek,
Phys. Lett. B772 (2017) 330,
The role of meson exchanges in light-by-light
scattering

5
W, = M, [GeV]

M. K-G, A. Szczurek, Phys. Rev. C87 (2013) 054908,

a*r ™ and 7070 pair production in photon-photon

and in ultraperipheral ultrarelativistic heavy-ion ‘iﬁ felonileiryc o I
COlliSionS NJJ  POLISH ACADEMY OF SCIENCES




LIGHT-BY-LIGHT

UPC OF AA...

boxes
ALICE cuts v bkg LHCb cuts

v mesons

<.

T T T
\Say=5.02TeV, UPC ]
M, <09,E, >200MeV ]

T T T
1021 [5xy=5.02 TeV, UPC B
o | mese)  2<n,<45.p,, >200 MeV ]

e

=X
T

<
T

10°F || E

\\ 71 background
\

do(PbPb—>PbPbyy)/dM,_ (pb/GeV)
3
il
do(PbPb—sPbPbyy)/dM, (pb/GeV)
3,
T

n

e

. vy signal
[ 2 4 B 10 2 4 6 8 10
M, (GeV) M, (GeV)
Total nuclear cross section [nb]
Energy [ Wy =(0—2)GeV | W, >2GeV
Fiducial region [ ALICE ] LHCb | ALICE [ LHCb
Boxes 4890 3818 146 79
7070 bkg 135 300 40 866 46 24
n 722 573 568 499
n’(958) 54 241 40 482
nc(1S) 9 5
Xco(1P) 4 2
16(25) 2 ] oy s




SEMICENTRAL COLLISION

SEMICENTRAL HEAVY-ION COLLISIONS

> From ultraperipheral to semicentral collisions — dilepton sources
> ~~ fusion mechanism
> Invariant mass
> SPS (NA60 data)
> RHIC (STAR data)
> LHC (ALICE data)

> Low-P7 dilepton spectra

> RHIC (STAR data)
> LHC (ALICE data)

> Acoplanarity
> LHC (ATLAS data)
ks N(
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SEMICENTRAL COLLISION DIELECTRON

DIELECTRON INVARIANT-MASS SPECTRA - RHIC

v ~~v-fusion | 3 centrality classes |
Pt >0.2 GeV, . Y
v thermal radiation
me| <1 v hadronic cocktail
Vere— <1
10? STAR-200GeV Au: 60-80% STAR-200GeV Au: 60-80%
10 . 40-60% x 107 40-60% x 1079
. 10-40% X 107 -
1 Yy—e'e sum of yy—e'e , ilnof#e[gsi:1<m 1;?,
77777777 in-medium p + QGP QGP and cocktail
———- cocktail J
s, E

S
5

and is comparable to the cocktail and thermal radiation yields in semi-central collisions.
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SEMICENTRAL COLLIS

EPA in the impact parameter space - the pair transverse momentum P.‘fr is neglected

do(yy — £727;8)
2 2 2 2 2
T py Ay Ay Ag =/N(W1.b1]/\/(_,,‘2,b2)6( )b — by 7b2)/d b1 d“bd"b dy,+ dy, — dpj , B —

& k;-factorization

2 2
dNy dwy dwy o o dN(w1, a7y dN(wz, q5,) ) o= .
_— = — —d d —_— ¢ + —P & A s
P / o o q1¢d°qz; 2q,, Pan (@1t + 92t = P7 = )5y ) s

< Exact calculation

dolC] ) d?q, d?q +p— dwy dwy
- = - —t 771_2 5(2)(P$' - 9y — q2) -

dng_*l* 2w T Wy wy
Q Q Q Q1 5 X _
E; (W1,Q1 + E)Ef ("-’17‘71 - E)Ek (W:e’% - E)E’* (Wz’% + 5)£ E Mii\A’V’ji\M ds(ereT).
AX

The factorization formula is written in terms of the Wigner function:

X

o) . Q . Q 2 . s - bs
Nj(w,b,q) = /W explfle]Ei(w,q+ E)E’ (qu - 5) = /d s expligs] Ei(wab+ E)E’ (Wab* ?)v
2
Nw.q) = 6;,/d2bNi,(w,b,q) = 5 Eiw, F (. q) = |Ew.q)| "
d’q . 2
N(w,b) = ¢ WNV(“"b'q) = 9 Eilw, D) (w0, b) = |E(w’b)} ’ gﬁ s
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SEMICENTRAL COLLISION DIMUON

ACOPLANARITY - ATLAS DATA

3 ARARASAS 3 BAARASAR 3 AABRARRS 3 ASRasans
B o rrsorsrmen ATLAS prel. 2 o mrrornn ATLAS prel. 2 mronmr ATLAS prel 2B mnommar ATLAS pr
g — theory s — theary g theory & theory
8. o ERE- T 1 8. % 8. o E|
Lok p 4GV M, =445 GeV, nl <24 ] b b2 4GeV M, = (445 GeV, Inf <24 ] P P> 4GeV, M, = (445) GeV, I < 24 ] 5 gb p, 4GV M, = (445 GeV, In| <24 ]
s 3 3
o e=09% 1§ o o= (5:10)% 7 & - = (10-20% FiE €=(20-30% 3
st 4 £ 4 4 2 2 4 E
E E £ E
E| E 9 E|
E E P E
E| E | E|
L of S L L Sl L
0002'000+ 0,006 0.008 6.07 0.072 0014 3002 '0.004 0:006 0008 0.01 0012 0074 3002 0:004 0.006 0008 0.01 0012 0074
« o o «
3 ARRARARN " 8 T N El ARBRAARL: " 3 AARARARN
3 o rorrorbncn ATLAS prel. B rorme: aTLAS prel. B nomrm: ATLAS pre B Frnomm ATLAS pr
g — theory 2 — theary g theory 3 theozy
g 7 B % 1 sl ER P 3 E
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pt >4GeV,

A successful description of ATLAS data by ~~-fusion alone | M,,.,~ =(4-45) GeV,

A correct normalization and shape of the distributions |nu|<2.4 &fe wmim e
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CONCLUSION

%

W (GeV)
O EPA in the impact parameter space
Ultraperipheral & semicentral heavy-ion collisions

O Multidimensional integrals — differential cross
section

O Description of experimental data for UPC and
semicentral events

)

O Predictions focused on experimental acceptance
O Collaboration - theoreticians and experimenters
Thank you

Photon collisions: Photonic billiards might be the
newest game!, EurekAlert!

Ultraperipheral collisions of lead nuclei at the LHC
accelerator can lead to elastic collisions of photons with
photons.

Creation without contact in the collisions of lead and
gold nuclei, EurekAlert!

Semicentral or central collisions of lead nuclei in the LHC
produce QGP and a cocktail with contributions of other
particles. Simultaneously, clouds of photons surrounding
the nuclei collide, resulting in the creation of £* £~ pairs
within the plasma and cocktail, and in the space around
the nuclei.
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https://www.eurekalert.org/news-releases/503969
https://www.eurekalert.org/news-releases/525821
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