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Coherent photons as “partons” in heavy-ion collisions

Coherent limitation: Q2 < 1/R? => quasi-real !

Photon four momentum: g% = (w, qr, w/v)

NVV_)<_/wv wZ
PN PV V.V 2 2
Q —';E'+'QT
- Z,e |4
vV ~cC w =< wmax""E

® View photons as “partons” being present with fast moving ions!

The extent of photons swarming about

the ions:

The radius of nuclear matter Ry, ~ 6.3 fm (Au)
Rphotons >> RNuc

Take the photoproduction of p (Au+Au 200
GeV )in ultra-peripheral collisions (UPCs) as

example: <R;.oqucton> ~ 40 fm

Physics Today 70, 10, 40 (2017)
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Photon interactions in A+A

Ann. Rev. Nucl.
Part. Sci.55:271
(200%5)

V=p,o ,0, Jy

]

Photon-photon Photon-nucleus

Electromagnetic interaction interactions interactions

® This large flux of quasi-real photons makes a hadron collider
also a photon collider!
v" Photon-nucleus interactions: Vector meson
v" Photon-photon interactions: dileptons ...

® Conventionally believed to be only exist in ultra-peripheral
collisions (UPC) to keep “coherent”!
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Vector meson photon-production

® \/ector meson production:
v chargeless ‘Pomeron exchange’
v' Light meson production is
usually treated via vector
meson dominance model:
p, direct n*m-, o....

v' Heavy quarkonia production o 2
could be treated with pQCD: @ 1s
Jhy, v, Y(1S), Y(2S), Y(3S)...

© [erests Q2 =2.4 GeV? -

| |ncTEQ15 =

® Sensitive to the gluon

| PR R | bl

distribution:
do(yA — V 4) 571 SR 2
= lom” xGy(x D
i | 3oap T oAl 0]
My etY

107 1072 107
X

EPPS16: EPJC 77 (2017) 163
nCTEQ15:PRD 93 (2016) 085037
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Jhy photoproduction in p+Pb UPCs

Equivalent photon Approximation: The results from Run |
Eur. Phys. J. C 79 (2019) 402
dSN,},(k, T) ZQ&TQKQ( ) ur. Phys. J. C 79 (2019) 40 X
— xI 10°2 10° 10 10°
dkd?r m2kr2 1 g e v R TR i IS (A R iR
’g_\ ¢ ALICE (PRIT1 13 (2014) 232504) g
g . z?wer-lawfﬂtoALICEdata ' QQ' .
. . . . i vV ZEUS *QQS;—"'
® Negligible contribution of 2 [ o uoomum s gt
photon flux frompside ..  _g#* 1
v" No ambiguity for gamma- pcieib it

proton center-of-mass
energy (in comparison with

CGC (IP-Sat, b-CGC) 7

that in p+p collisions) i }Z: E
® Small background from ;:; 11
gamma-gamma to lepton " of L
pair e s
Wyp ~ [20 — 700] GeV
Exclusive J/\y photoproduction off a
x = [102-10-9] proton with ALICE at Vsw=5.02 TeV
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Jhy photoproduction in p+Pb UPCs
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Run 2 results
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® Collected statistics 2-5 times compared to Run 1 data
(more efficient triggering)

® Reachable gamma-proton CMS above 1 TeV

® x reaches 10-°
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Jhy photoproduction in Pb+Pb UPCs

do/dy (mb)
= e w >
- (%) N (2] o (2] - (3, [4,]

S
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Pb+Pb @ 5.02 TeV

P
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=X ¢  ALICE mid-rapidity =
£ »  ALICE forward-rapidity 7
= Run | v CMS =
3 Pb+Pb @ 2.76 TeV E
= @ E
E 1 1 l L L 1 1 l L 1 L 1 J L 1 L 1 l | L 1 1 I L L 1 IE
1 0 1 2 3 4 5

y

ALICE: EPJC 73 (2013) 2617
ALICE: PLB 718 (2013) 1273
CMS: PLB 772 (2017) 489

0 1 2 3 4

<U’l IIIIJIIIIlI\II‘IIIlll\ll‘IIl!lHII|IIII|I[II|II\I

ALICE: PLB 798 (2019) 134926
LHCb: LHCb-CONF-2018-003

Various precise measurements!
Powerful to constrain nPDF
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The results: impulse approximation

=
o

do/dy (mb)

e o N W B, 2] ~ 0 O

-0 T i L
E impluse approximation
2 e  ALICE mid-rapidity E
5 ALICE forward-rapidity = —
= cMS =
] Pb+Pb @2.76 TeV
= shadowing 3
= v —
: ® =
3 &1 E
E l 1 l L 1 l L E
1 0 1 2 4 5

y

-
N

-
o
|

do/dy (mb)

(o)

III|III|III|I|I|III

Pb+Pb @ 5.02 TeV

—— impluse approximatio
e ALICE
v LHCb

n

III|III|III|III|III|I

The impulse approximation significantly overestimates the data =>

Significant shadowing effect

The difference becomes smaller towards forward rapidity => Less

shadowing effect towards high x
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The Bayesian reweighting of nuclear PDFs

The PDFs replica f;, can be constructed by the Hessian error set:

Jsr — s~ JHEP08 (2012) 052
fk:fSD+;( f > F)Rr‘k (2012)
Any quantity O|f] depending on PDFs can be determined via:
1 Nl‘ep
(0) = — Y Olfl
rep ; _
k=1

For a new measurement, ¥ = AW 425005 Ui § , the reweighted PDF could
be evaluated by:

1 Nrep
<O>nmﬁ. — N wko[fk]
rep ;_
k=1
(x3)=z 5(n— 1)6 Xi/2 n

S~Neer (1 2) 3 (n=1) =33/ Xi (W, fr) = Z(yi — yilfr])eovi (y; — y;(fu])

Nrep 1,7=1
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Nuclear shadowing from J/yy measurements in UPCs

& 2 L T T L ) Il T T T T l| L T T LB II T L] I--. g 2__ L || T T T T TTT |:
® 1 EPPS16  (2=24 GeV2 ® 1sf nCTEQ15 E
[ ] default ] B [ ] default ]
16 [ ] reweighting = 1.6 [_] reweighting =
1.4 ] 1.4 -
1.2 1.2~
)= Q2 =2.4 GeV?
1 —
0.8 0.8
0.6 — 0.6
0.4 = 0.4 A
0.2 — 0.2\ —
0: il | l L 0: | ol ol
107 10° 107 107 107 10° 107 107
X

® The UPC measurements dramatically reduce the uncertainty band

of EPPS16 and nCTEQ15 PDF sets.
® Significant shadowing effect has been observed in both PDF sets at

small x.
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Further measurements from Run 2 at mid-rapidity
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Anomalous excess of J/y production observed at ALICE

< -
o< 3# ALIGE, Pb-Pb |5, = 2.76 TeV
6 25<y<4
5r + 0 < p_<0.3 GeV/c, global syst = = 15.7 %
4,

+ 0.3 = p_<1GeV/c, global syst = = 15.1 %
3r b 1= p_<8GeVrc, global syst==11.5%
ol % Common global syst = + 6.8 %

ALICE: PRL 116, 222301 (2016)

Run |
Hy
0.8} %
0.7
0.6/ i
0.5 g
04\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\l\\\
"0 50 100 150 200 250 300 350

(Noa)

® Significant enhancement of J/y

yield observed in printerval 0 —
0.3 GeV/c for peripheral collisions
(50 — 90%).

Can not be described by hadronic
production modified by the hot
medium or cold nuclear matter
effects!

® Origin from coherent photon-nucleus interactions?

CLHCP2020 - Wangmei Zha 12



The observations at STAR

STAR: PRL 123 (2019) 132302

< 10°F
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5

W g |

¢

Au+Au 60-80%
Au+Au 40-60%
Au+Au 20-40%

U+U 60-80%

o U+U 40-60% ol
[ ] p+p baseline uncertainty -
I 60-80% N__, uncertainty -
Bl 40-60% N__, uncertainty |
I 20-40% N__, uncertainty

O + o m |

STAR

Ll

.
i

" %@g“ﬁ "

il | 1 L Ll

1072

107

1 10
P, (GeVic)

Significant enhancement of
J/y yield observed at py
interval 0 — 0.2 GeV/c for
peripheral collisions.

No significant difference
between Au+Au and U+U
collisions.

107 2 L T

Au+Au

— exponential fit

---.interference shape
centrality: 40 - 80%

%

¢ Au+Au
o U+U

]

I 0.04 0.06 — 0.08
t = p2 [(GeVicy]

B, d°N/(dtdy) [(GeV/c)?]

-
<
(4]

® Similar structure to that in UPC case!

® [ndication of interference!
v Interference shape from calculation PRC 97
(2018) 044910

® Similar slope parameter!
v" Slope from STARLIGHT prediction in UPC case
— 196 (GeV/c)?
v Slope w/o the first point: 177 + 23(GeV/c)2
¥2/NDF =1.7/2

CLHCP2020 - Wangmei Zha 13



Comparison with model calculation

y

dN/d

Au+Au @ 200 GeV |y| <1
p_= 0.1 GeVic

«impluse approximation

- ==/ shadowing effect
104k -=\W/ observation effect

107F

™

10°E, cherrilee

.,
F.l|||||||

Pb+Pb @ 2.76 TeV 2.5 <y <4
P, < 0.3 GeVic
e data A

0 5[! 1'I]B 150 200 250 300 350 E} 50 100 150 200 250 300 350 400

N

part

® \Well described by the coherent photoproduction mechanism for

peripheral collisions

® Hint of disruption from the medium

v The observation effect
v' The QGP swallowing

PRC 99, 061901 (2019)
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The ob

servations at Run 2

dO_COh J/\U /dy (}lb)

o
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More statistics

New measurements at mid-rapidity
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Comparison with model calculation

y

dN/d

el Pb+Pb @ 5.02 TeV |y| <1 I 25<y<4
= p,<03GeVle,..ow. | P, <03GeVic

1 D_d f“(’-—' ........

- «mimpluse approximation
- ==/ shadowing effect

[ ==+w/ observation effect [ e data

10-°E .. T T Tt O Tt Tt LTI P [ ATty bpbep et Barppk e

0 50 10{} 150 200 250 300 350 D 50 10[] 150 200 250 300 350 400
N N

pari part

® \Well described by the coherent photoproduction mechanism for
peripheral collisions
® Hint of disruption from the medium
v More statistics at mid-rapidity
v" More precise measurements toward central collisions

CLHCP2020 - Wangmei Zha

16



Photon-photon interactions in UPC

® Test QED --- yy - Dileptons
v Za. ~ 0.6, so perturbation theory might fail

10"

Pb Pb \SNN = 2 76 TeV ALIGE Prellmlnary

1 0_2 f'l"‘ —+— ALICE (2010 data) stat. errors
+-|+ —4— ALICE EPJCT73 (2013) 2617

t‘l.l‘. ALICE sys. error

o IO A

STARLIGHT

. Pb4Pbi — PhiPbayy —» PhPbaele

do/dM,. (|, ,|<0.9) (b/Gev)

||||||,|]E |||||||,|] R | ||||||,|,|] Ll

4 2 3 4 5 6 7 8 9 10
M.... (GeV/c?)

Data is in excellent agreement with lowest order QED!

CLHCP2020 - Wangmei Zha

17



The measurements in non-UPC collisions

[ pr<015GeVie T o0 60-80% -
107 - Solid: Au+Au 200 GeV % 40-60% x 102 1 102 Data - Cocktail @ Au+Au 200 GeV|- - ggiﬂﬁegi g:))ee %}E; lii'mli)t)
: - Fpet < 0.15 GeV/ + E Sl _ e ee (2 1ght)
— - Spens UHLIRI Gev ¢ 0 10-40% x 107 2= Py eVie OUU193GeV 17 HotMed (broadened p+QCF)
..&: | ® g —— Au+Au Cocktail > 10'f o P02 GeVie, ¢l<1, [y|<1L--- Photonuclear produced p, ¢
; 1 (3 10~ e " Centrality: 60-80% ‘g Centrality: 40-60%
- = 3 ¥ Kot 9 ]
% E? 10 _* @
3 = T "#—_T.— =
E Z d R it B 1 R d ::
3 = Py
= - * . " - . .1
Z lﬂ—:l' H Loak: '8 L Lt P I
= 0.5 25 05 25

1 15, 2 1 15, 2
M.,. (GeV/c) M., (GeV/e?)

STAR, PRL 121 (2018) 132301
PLB 781 (2018) 182

Data/Cocktail

05 1 1.5 2 25 3 3.5
M., (GeV/c?)

® Significant excess in 60-80% central Au + Au and U + U collisions for
the whole invariant mass range!
® The excess can be described by the coherent photon-photon process!
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The puzzle: pair pt broadening

107" - - - . . .
= Centrality: 60-80° 1 --yy—ee(Zha et al)
[ ¥, = ae}tﬁ 1 G Vfl ] === yy—ee (Zha et al) with EM
ol p;70-2GeVie 1 yy—ee (STARIight)
& 102} 8 MI<L y"I<1 &7,
- . . iave, STAR
= 1% eig.
5 1{]—3- e | e
=@ gt O) m, WS
= [0.4-0.76 GeV/e® e, JOTGI2 GV e TR
°_ : ' A '+A zmll Gev lo 0.002  0.004 0.006 0.008
o ® AutAu e 2 2
= Q. eV/e
<) gi:gﬂ O U+U 193 GeV P {(Geviey)
Z 107 T i 1
© C kil W™ e,
s S sop-d G
() T e | e @ |
1.2-2.6 GeV/c % ik
lﬂ—-il : l x ) & L 3“11:1:
0 0.002  0.004 0.006 05 1 15 2 25
2
p2 ((GeV/e)) M,. (GeV/c?)

® The equivalent photon approximation could not describe the pair pt

distribution
® Possible medium effects --- magnetic field trapped in the QGP?
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The puzzle: pair pt broadening

e B ©0-10%] [ 10-20%] b 20-40%] h © 40-80 %
- 1 t 1t ATLAS { | —Pb+Pbdata
400 - 1 B 1 F  Ysw=502Tev ] [ —>80%data
‘ i _‘+ i 1 [y Pb+Pb,0.49nb’ [ :
. ¥ 7 ]" i i t 1 E STARIight +
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ATLAS, PRL 121 (2018) 212 301 (/N)dN/da —
300¢ T ztj:;:;\nz
250 \ | aaea JL=(100MaV)?
® The broadening increases towards 2000 %
. . 150
central collisions ook
® Possible medium effects --- QED 50} 2
multiple Scattering? ®"0.002 0.004 0.006 0.008 0.010 0.012 0.019

S.R. Klein etal, PRL122 (2019) 132301
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The physics origin of the puzzle

Final-state broadening Initial-state broadening
400
Z|S EPb+Pb5.02TeV 0-10%
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A ’ 40
\ ’ - 5 i A
\\ ,, spb——v ¢ 1o Ly —
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The excess observed from Run 2 data

- e e e e L o e e L
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® Significant excess has been observed in peripheral collisions
® Can be described the lowest-order QED calculation (initial broadening)
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Check the broadening baseline in UPCs

Prn(0)

UPC

STARLIGHT 3.13 |

LHC beam energy
il — XnXn i
i —— On0On i
» XnOn .
L e P RS
0 10 10 10°
b (fm)

Shuai Yang, Hard Probe 2020

Control the “centralities” in UPCs

- == 05

><‘|O_‘3

| CMS

[ Preliminary
1.5y 1<24

L
I p# >3.5GeV, n'l<2.4 *
1.4f 8<M,, <60 GeV |
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0’70/7 Ony n On X hy n ’h ¥, Xn Xn

12} :
L @ -.- STARlight | @
1.4 @
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Significant “centrality” dependence
for the broadening in UPCs
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The “centrality” trigger capability in UPC at ALICE

Events /(25)

. i ALICE Performance 31/03/2016

10°
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Excellent “centrality” trigger capability in UPCs
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Summary

® The J/y photoproduction in p+Pb UPCs
v'Constrain the gluon PDF in proton at small x

® The J/y photoproduction in Pb+Pb UPCs

v’ Significant shadowing effect

® Excess of J/y production at very low p; in Pb+Pb peripheral
collisions

v Existence of coherent photoproduction in non UPCs
v"Novel probe for QGP?
® Dielectron photoproduction in UPC
v'Agree well with lowest order QED
® Excess of dielectron at very low p; in Pb+PDb peripheral
collisions
v'Coherent photon-photon interaction in non UPCs
v'Can be described by initial broadening
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Outlook

One photon physics
Probing the PDF
Facility: HERA, EIC,
EICC...

Link the Past,
Present and Futurel!

Measurements of
coherent photon

products in HHIC!
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