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Search for collectivity in DIS and photoproduction
ZEUS: arXiv:2106.12377 submitted to JHEP, JHEP 04 (2020) 070
H1: Hlprelim-20-033

Charged particles and entanglement
Eur.Phys.J.C81 (2021), 212

rho(770) photoproduction
Eur.Phys.).C80 (2020), 1189
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H1 and ZEUS @ HERA

HERA COLLIDER Two collider
experiments:
Operated from 1992 to 2007, 500 pb!to ZEUS/H1 H1 and ZEUS .

6.3 km circumference
Asymmetric detectors

e*or e colliding with p
Center of mass system boosted in p direction = asymmetric detectors

Dﬁﬁ'd?ambe'?' tail catcher / muon chambers Muon chambers
as main tracking
devices + silicon
vertex detectors

SpacCal

electron beam proton beam

|

41 em+had |

calorimeters blaiccl;:ard |
tracker

tracker 1

Q2~0
‘ E_ = 920 - 460 GeV .
‘ Do + 02
§ = (p. + ])2)2 ~ 2p - pa, Y = P29 T = ‘) Q2 >0 DIS

P2 P2 2pa - q



Search for collectivity in DIS and photoproduction
ZEUS: arXiv:2106.12377 submitted to JHEP, JHEP 04 (2020) 070
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“Everything...

@ Long-range (2 < |An| < 4), near-side (A@ = 0) angular correlations are seen at LHC at various Vs in

@ heavy ions (XeXe and PbPb), and
@ “small systems”, i.e., high-multiplicity (250-60) pPb and pp collisions

Di-hadron
correlations

@ Signs reminiscent of collective behavior of a quark-gluon plasma (QGP) ) associated
trigger
pp 7 TeV | pPb5.02 TeV | PbPb 2.76 TeV, 0-5%
CMS pPb =502TeV.N_ 1 =110 . r
(d) N>110, 1.0GeVie<p_<3.0GeVic ol : :*- \ ol e
T 1< P, < 3 GaVic A : AFENG, . = 276 lo:.&!\-m?,_,.
azg 180" e ,:,;,:5:3;;;‘;"::: §2§ 6.6/
RERY e
i 1 ol ~ | | =60 R
4 |
2 . X 0 r - 2 ‘-...-.‘.-.. .
ﬂ 0 ‘_,." .2 b“ 0 _2
“ ¢

Slide by 6. Krintiras at this workshop
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CMS PbPD |5, = 2.76 TeV, 220 < Njj ™" < 260

Motivation o

In heavy ion collisions evidence of long-range correlation
in An for particle pairs produced at small Ag (ridge)
= understood as fluid-like behaviour (QGP)

CMS pPb ‘:§=smm.mu{:‘,“'<:so C“SPP\;=13TW,N:""‘2 108

1<p_<3GeVic P
1<p" <3 GeVic Pr . ™

1<p™™ <3GaVlc

Also at LHC similar structure

in pPb and pp systems

What happens in an even smaller systems, i.e. electron-proton collision?



Formalism

Two-particle and four-particle azimuthal correlations defined as

Cuf2} = (cos[n(pr — ¥2)])
Cn{4} = (cos[n(p1 + p2 — @3 — p4)])

@; the azimuthal angle of particle i

n the harmonics

( ) averages over pairs and quadruplets
(corrections for non-uniform acceptance taken into account by proper weights)

S(An, Ap)

Also two-dimensional correlation functions C(An,Ap) = ——"—"~
B(An,Ayp)

S (signal)
B (background)
formed with pairs from the same- and mixed- event respectively
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Ridge in DIS?

H1 Preliminary
ep s =319 GeV
5 <Q° <100 GeV?
15 <N < 20
0.3<p™<3.0GeV

d2 Npair

517 R , AT
oo R AU

s =318 GeV

05< p < 5.0 GeV

-1.5<n<20

0? > 20 GeV?

NN, 220
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dge in DIS?

H1 Preliminary
ep Is =319 GeV ZEUS
2 2
PSQ 5100 Ge (s =318 GeV TN @#>20GeV?
15 < Nyyo <20 05<p_<5.0GeV N, 220

03< p:CM <30 GeV -1.5<n<20 |
. g 1s5]
s |
“ole~  1.01,
< O 3
% o5t NIRRT
~ 2-: . \ ’ lﬂ‘l\\\\‘.‘\: \

Near-side (A@ ~0) peak and away-side ridge clearly visible

No visible long-range near-side double ridge
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Ridge in DIS?

H1 Preliminary
ep Is =319 GeV
5<Q® <100 GeV?
15 < NJ»° < 20
0.3< p:CM <3.0GeV

d2 Npair

Ridge limits extracted
using a Zero-Yield-At-Minimum assumption
with bootstrap procedure

- Limits indicate

small room for existence of ridge

T T

H1

T
Preliminary
_ ep (s =319 GeV

T T

002 5< Q% < 100 GeV?

YRidge

0.00[—--

-0.02[—

L 0.3< p:CM <3.0 GeV
- 1.5<Iam™ <20

T T

0.02

YF{idge

0.00

-0.02

10
obs
Ntrk

_ H1
. ep (s=319

HCM,

- 2.0<lAn

T
Preliminary

GeV

. 5<Q%< 100 GeV?
. 0.3< p:'_CM <3.0 GeV

l<3.0
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Ridge in photoproduction?
H1 Preliminary ZE U S

ep photoproduction

(W_) =270 GeV (s =318 GeV N @P<1GeV?
15 < N < 20 05<p.<50GeV _— | N\ Ny>20

0.3<p_<3.0GeV 1.5<n<20

G
- <
s c
(3] .
o3 3
- o
z

Near-side (Ap ~0) peak and away-side ridge visible

No visible long-range near-side double ridge
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2-particle cumulants in photoproduction

c{2}

C,{2}

ZEUS

0.05

Is =318 GeV e ZEUS yp (366 pb™)
- 0% <1GeV? PYTHIA 8
N 0.1<p_<50GeV — p;z_a;:z cgev <MPI>= 8.3
N 15<n<20 p=3Gev <MPI>(= 3.8
i Nep 2 20 --- p’Te;=3 GeV, CR off
pei=aGev <MPI>= 2.2
0 e s B o st nBME,I ______________ -—
- Ex e
- \ ,.‘E
- (]
b v e I ° L
_ | | i
0.050 1 > 3
|An|
0.06
I /s = 318 GeV e ZEUS yp (366 pb™)
2 2
i 0" <1GeV eV PYTHIA 8
i 0.1 <P <5.0 Ge _ prTe(:=2 GeV
-1.5<n<20 — '3 GeV
0.04(— N,, 20 pn:-
L - == p”=3 GeV, CR off
TO
B p’Te;=4 GeV
[ ]
0.02—
e L ~o~
0.. ................... I_ ..................... l. ........... -
0 1 2 3

C, negative much more than C, is
positive, in constrast to heavy-ion
collisions
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2-particle cumulants in photoproduction

ZEUS

0.05
& (s = 318 GeV e ZEUS yp (366 pb™)
?;_ - 0?<1GeV? PYTHIA 8
- 0.1<p <50GeV  _— yeiogey <MPI>= 8.3
AN T T0
~ -1.5<n<20 — p=3Gev <MPI>=3.8
i Nep 2 20 - - - pl*'=3 GeV, CR off
— me<:=4 Ggev <MPI>= 2.2
0 IR I, Jm  m nal-\ﬂ-Pl """"""" -
- Ex %
! - )
L 1 (]
L4 v e I Y L]
— 1 1 ! | | | L ! ! L L ! i L L
0.05, 1 2 3
|An|
0.06
& [ Vs =318 Gezv e ZEUS yp (366 pb™)
:’)E(: i 0°<1GeV PYTHIA 8
I 0.1<p <50GeV _ p:0f=2 GeV
-1.5<n<20 — p¥=3 GeV
0.04— Nch >20 T‘:
i - - = pl*'=3 GeV, CR off
: — pl¥=4 GeV
0.02
0

NO-MPI and many MPI disfavoured
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4-particle cumulants in photoproduction
ZEUS

C{4}

T T T T T T T T T T T T 0.02
" H1 Preliminary i g - PYTHIA8 e ZEUS yp (366 pb™)
- ; _‘ N | — p=2 GeV
0.02[~ ep photoproduction 1 O - p:g:s . <MPI> = 8.3 ,A
- (W_) =270 GeV 1 0.015\— 0 <MPI> = 3.8 d
IR GeV ] - - - - pl'=3 GeV, CRoff - v
0.01~ ?IS <1pET5 <30Ge - [ — p[=4GeV <MPI>=2.2
- <t 1 - MPI -
- : oot
oo RN FR MR ape - - (5=318GeV
i i [ 0%°<1GeV? L
0 01: * Standard Not corrected : 0.005f '<Pr<50 GeV A
—oirr - ] - -1.5 2.0 z
i = 2 Subevent for efficiency ] N <n<
" ¢ 3 Subevent i [ N, =20
C_ 1 | | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 [ B -
5 10 15 20 0 I - I ._I._._._._l._._._.l_ ....... I_._._._.I _______ | _______ e _I
NP 0 2 4
p_ (GeV)

4-particle cumulant is positive, in contrast to heavy-ion collisions
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Measurement of charged-particle azimuthal correlations

by H1 and ZEUS in DIS and photoproduction do not show

a long-range near-side ridge = no collectivity

Data sensitive to the number of MPI: a useful tool to help

understand the onset of collective behaviour?



Charged particle multiplicity and entanglement entropy of partons
Eur.Phys.J.C81 (2021), 212
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Multiplicity distributions

Charged particle multiplicity
distributions measured on a
4x4 grid in Q2 and y

MC models underestimate
the tails at large N

1078

10°°
10

ep Vs =319 GeV

FH1 o00s7sqy<0075 ¥ 0075<y<0.15 ¥ 045<y<03 T 03y<06
1 5<Q’<10 GeV? ¥ 5<Q’<10 GeV? ¥ 5<Q%<10 GeV? 1 5<Q%<10 GeV? 1
i ]
: ]
’ iR 3
g’ 1
r Pl P F E:" —— ;
4 0.0375<y<0.075 ¥ 0.075<y<0.15¥ 0.15<y<0.3 E
:; 10<Q%<20 GeV>+ 10<Q°<20 GeV? & 10<Q%<20 GeV?+ 10<Q%<20 GeV? +
: ]
i 3
]

]

E . : " { | | " | | " | | Tl k
3 © 0.0375<y<0.075 ¥ " 0.075<y<0.15¥ 0.15<y<0.3 ¥ " 0.3<y<06 1
20<Q*<40 Ge VA 20<Q@’<40 GeV2+ 20<Q®<40 GeV?4 20<Q’<40 GeV? 4

]
]
E LT 3
-rf T t I;ri' I""-i""i'_"_ UL N l""l""'i'1
0.0375<y<0.075 0.075<y<0.15 0.15<y<0.3 0.3<y<0.6
3 40<Q?*<100 GeV?¥ 40<Q’<100 GeV?¥ 40<Q@*<100 GeV4 40<Q?<100 GeV?
1
]
eHidata ]
—DJANGOH "t
--RAPGAP 1
--PYTHIA 8 ¥
30
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Mean multiplicity as a function of energy

(N)

10

(y?
0.05 0.11 0.22 0.41
. H1 ep (s=319 GeV
Q*ﬁ:‘:\\: ‘:“.“.\; - SECLUTELLL
i @" ‘‘‘‘‘ -
I frf -
i H1data RAPGAP Q? ranges
i @  ceeeeem 5<Q®<10GeV? |
B e 10 < Q% < 20 GeV?
] * . 20 < Q<40 GeV? |
+ S 40 < Q* < 100 GeV?
| | | | I | | | | | | | | | | | | | | I | | | |
0 50 100 150 200 250

W (GeV)
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Entanglement entropy

Theory prediction [PRD 95,114008 (2017)]

Shadron 2 final state hadron entropy calculated from particle multiplicity distributions

Saon 2 €ntanglement entropy for gluons at low x

Are the data compatible with S, = Spadron ?

19



Test of quantum entanglement in DIS

Multiplicity distribution converted
to the hadron entropy S; .4/0n

Sgiuon from HERAPDFs
not compatible with S, 4,0

Update in theory: arXiv:2102.09773

gluon

hadron’

7))

0<n*<4.0

T T TTT

I T IIIIIII

ep Vs =319 GeV|

" H1data RAPGAP HERAPDF Q? ranges ]
. e — 5<Q®<10GeV®
e — 10 < @ < 20 GeV?
% . 20<Q®<40GeV? |
+ _— 40 < Q@ < 100 GeV?
O | | | | | | | | | | | | | I | |
107 1073 1072
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Predictions for the entropy of gluons disagree with
hadron entropy obtained from multiplicity measurements



edsny ‘IN T20T X-MoO1
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Transition soft 2 hard

Soft - Regge Hard - QCD

VM (JP¢=1-"):
VM ( )

Ys P> ¢, J/W,Y,...
p

IP

With increasing scale (Q?, My, t)

x106| . '
N —— Data
% H1 3 Excl. 7w elastic
(@) 5 @ Excl. n7 p-dissociative ]
> B w— 37
— = ¢
gk |l o — 4w
=& 4t [ y-dissociation

[ Beam-gas
[ MC uncertainty

Events /Am
w

05 1 1.5 2
mree (GeV]
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Differential cross section do(yp—=2> m* ' Y)

) (ub/GeV]

do(yp - ntn~Y

103;
102;

10

elastic and pdiss

my = Myp
¢ Data
Total uncertainty

my, < my < 10 GeV
$ Data

| | Total uncertainty

Mar |GeV]

24



o(yp — pop) [lesp{2021 M. Ruspa

Energy dependence of p° cross section

30}

25

20

15

10

- H1

[t < 1.5 GeV?

!

Data

0.2

1 —1.45
— Fit (%) +0.02 (%)
Total fit uncertainty

Fit components
Fixed target
H1

ZEUS

= Fit to H1 elastic and pdiss data

0y (Woy) = 7,(Wo) (WW)

by =+0.171 £0.009 TS0
6pg = —0.156 + 0.026 79981

Simultaneous fit to all elastic data

0o (Wip) = 0,(Wo) ((%)h +/n (Wﬁ)&n)

o o = +0.207 £0.015 T5'0%3
SR =-145 +0.12 79

fr=[2.0£0.7 (stat.) *29 (syst.)|%

- Small IR contribution

25
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ouble differential cross section do(yp—=> n* T Y)

elastic pdiss

H1 t Data ---- Rel. BW(p°%)
. I 0
Total uncertainty Non-resonant H1 + Data Rel. BW (p")
my = My . 7] Total uncertainty Non-resonant
T F'lt T Interf. 'terms‘ my <my <10GeV. Fit --- Interf. terms
1000} 0<t| <0016 GeV? | 0<|t| <0.016 GeV* | 0< t] < 0.016 GeV* | 0< [t| < 0.016 GeV* | T T T T
- 20 < W,y < 28 GeV ]| B<W,, <38GCeVT 38<W,,<30GCVT| 50 <W,, <80 GeV L 0<|t|<005Gevid  0<|t| <0.05GeViL  0<|t| <0.05GeVi 0 <|t| <0.05 GeV? o
[~e) P P P »
> fa 20 < W,,, < 28 GeV 28 <W,, < 38 GeV 38 <W,, < 50 GeV 50 < W,,,, < 80 GeV
) >
[}
@) o]
\ ~
Q0 Q
3 ~mrmemnos =
= N
—~ 1000 fo.016 < IOD’&GG\’2"0016< '0mﬁcv2"0016< lomﬁcv2"00m< 1t 'omsc V2 W j j C j
S . 2(]-('"“7 s 1 2§<|le s o 1 3s_<t|uf oo 1 55!1; o oy b 200[ 0.05 < J¢] < 0.11 Gev® T 0.05 < [¢] < 0.11 GeV> T 0.05 < |¢] < 0.11 Gev? T 0.05 < [¢] < 0.11 GeV? |
» ¢ =W © S Wop <50 Ge S Wop <80 Ge I 20 < W, < 28 GeV 28 < W,, < 38 GeV 38 < W,, < 50 GeV 50 < W,, < 80 GeV
» £ » (3
| &
I +
+ | E &
S E“ T
IS
T ) e 'S
) + + t + ~— + + + +
[ 1000 fo.036 < |t] < 0.062 GeV? T 0.036 < |t < 0.062 GeV2 [0.036 < |t| < 0.062 GeV? T70.036 < |¢| < 0.062 GeV* ] Nb 011 <[t} <021 GeV2 | 0.11 < | <0.21 Gev? | 0.11 < [t < 0.21 Gev? | 0.11 < [¢| < 0.21 GeV?
s 20 < W,y < 28 GeV 28 < Wi, < 38 GeV 38 < W, < 50 GeV 50 < Wa, < 80 GeV o 100 20<W1,,<28GeV__ 28§W,,,<38GeV__ 3SSWW<50GeV__ 50£WW<80GeV_
b
™
ge)

h . ’ 100 j 24 J 24 I >
500 oo2<i<o1ce: ] noe2<i<01Gevi L ooe2< i <01Gevi ] 0062 I <01 Cev? | 022015‘!‘3‘ <£';‘8Gé:’v 022315113 <3-38G(‘§ZV 03;";(5‘11‘) <<°»;OG(§$ 05201511[‘) <<°-§OG(§ZV
20 < Wy, < 28 GeV 28 < W,y < 38 GeV 38 < Wy, < 50 GeV 50 < W,y < 80 GeV w W <Wap <Woy

I I L

10F 04<ltl<15Gev’ L 04<|t|<15GeV’L 04<t|<15GV' L 04<t <15 GeV* ]

L

t + + t
500F o01<it<015Gev T 01<t<0.15GVP T  0.0< [t <0.05GeVET 0.1 < [t] < 0.15 Gev? ] 0<W,,<28GeV | 28<W,, <38GeV | 38<W,, <50GeV | 50<W,,<80GeV
20 < W, < 28 GeV 28 < W, < 38 GeV 38 < W, < 50 GeV 50 < W,, < 80 GeV

. 13 cmm
h h h it
T

} i f
200F o015<)t <023 Gevi T 0.15< 1] <023 GeV2T 0.15 < || < 023 GeV2 T 0.15 < |¢] < 0.23 GeV* ]
20 < Wy, < 28 GeV 28°< Wy, < 38 GeV 38 < Wy, < 50 GeV 50 < Wi, < 80 GV

+ + t
0.23 < [t| < 1.5 GeV? 0.23 < |t| < 1.5 GeV? 0.23 < |t < 1.5 GeV? 0.23 < |t| < 1.5 GeV?
20 < W, < 28 GeV 28 < W,, < 38 GeV 38 < W,, <50 GeV 50 < W, < 80 GeV




t dependence of p° cross section

elastic pdiss

¢ Data C\.']> H1 ¥ Data
o .
Total uncertainty O 108 mp < my < 10 GeV |:| Total uncertainty
WAle(t)-1) ~~ - W4(e(t)—1)
- v—% ook B Flt X (17bt)a‘
b4\ -2
(1—2t) =

\' 0 02 04 06 08 1 12 14
]

- 2
0 02 04 06 1. t] [GeV7]
t] [GeV?]
= Fit t dependence elastic and pdiss simultaneously
do dor b\ ~® ber = 9.59 40.10 %1 Gev 2
5 B =4 (t=0) (1 - ;) : 2y =198427 49

bya = 4.79 £0.19 '30 Gev 2
ape= 9.1£15 3!
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. elastic pdiss
IP trajector ST T T

J YV 7w g H1
20 < W,p < 80 GeV 20 < W,, < 80 GeV
my = my 1.1F mp <my <10 GeV

= Fitting trajectory in each t bin 11} + daa - b data ]

[] Total uncertainty 1.05} D Total uncertainty f
— 2D fit: non-linear «(t)

------- 2D fit: linear «(t) & — 2D fit: non-linear o(t)
__4ayt -1 1 __ Donnachie [
a(t) = o + B ((e - +4 1) _— _) 1.05¢ & Landshoff 7 1 1
2 2l i
- 0.95}
| | —
PR | | Hil

o "/ | 0.9}

1t - | I . .
-1.5 7-0.6 -0.4 -0.2 0 ) 15 " 08 06 04 02 0
. . . t [GeV7] t [GeV?]
= pdiss data suggest non-linear trajectory
T Ll Ll T IE Ll Ll Ll L) ' T T T ! T L T T
H1t ~1 H1 - H1F a2 H1
w = pp : WwPD :
20 < W, < 80 GeV H " < 80 Ge\é :
t| < 1.5 GeV? : | <15 GeV
non-linear ap(t) : -linear ap(t)
HE =] { Tmb = :
P = p°p 280 Cov
B! g % L5 Gev?

linear ap(t)

4 US fit

linear ap (t)

ZEUS fit |

7P~ p°p

w = p'p ' "p < 94 GeV

8.2 < W,, < 94 GeV : | < 1.0 GeV?

t| < 1.0 GeV? : linear ap(t)

linear ap(t) :
Britzger et al |- .
o =+ X, ep = eX
2 tensor pomeron model :
. —> Low intercepts: DL § -
IR contribution? A S
S S 0 0.25 0.5
1.02 1.08 1.14

o (0) o/p(0) [GeV 2 .



t* T cross sections measured multi-differentially with high precision
Non-linear effects at large t?

Precise leading trajectory from single experiment

Potential IR contribution



