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Investigations: 1992 -2007

- Fundamental forces and particles in ep collisions at the highest energy

- Quark and gluon interactions

- Properties of the hadronic final state — including the Bose-Einstein correlations
- Verification of the Standard Model

- Looking for new physics

Leszek Zawiejski, LHCb workshop, CERN, 20 — 22 October 2014




Hadron production in ep interactions
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HERA: e* (27.5 GeV) — p (820/920/575/460 GeV)

— y"p — hadrons
Q?=0 (quasi-) photoproduction (PHP)
Q?>0 deep inelastic scattering (DIS)

DIS (Quark/parton model, QPM):
vy proton = sum of inter. y" quark/parton
parton fragmentation — hadrons = mesons (!)
= factorisation of the ,hard” and ,soft” interaction
« Proton structure, quarks, gluons...

« Quantum Chromodynamics (QCD)
— theory of quarks and gluons interactions

E, /GcV

Breit frame separates struck quark (current hemisphere)
and proton remnant (target hemisphere)

Current region is analogous

to a single hemisphere in e*e- annihilation

Target region is similar to a proton fragmentation region
in pp interactions )



DIS interactions

Kinematic variables for ep — e X

e’ (k)

Diffractive events:

no hadrons between current and proton remnant - rapidity gap events
particles density

current

hadrons

color exchange

YM proton remnant




HI1 and ZEUS contributions to the studies on BEC

All investigations have been performed in DIS

@ H1: DIS (e*p scattering), one dimensional measurement (1D), charged particles

e Different parametrisations of correlation function
Goldhaber shape of parametrisation for a static source with Gaussian density distribution
exponential shape in relation to the Lund string model

power law behaviour in relation to fluctuation in particle production (intermittency case)
e Diffractive and non-diffractive events

e Different intervals of the charged multiplicity

Reference samples:

— two-particle unlike-sign inclusive distribution

— uncorrelated pairs by mixing tracks from different events - mixed events
— Monte Carlo without BEC

— double ratio using mixed events

ﬁ.ls ZEUS: DIS (e* p scattering) - Breit frame, charged particle , 1D and 2D
S— e different parametrisation (Goldhaber, exponential shape)
e charged and neutral kaons, 1D

Reference samples:

— two-particle unlike-sign inclusive distributions
— Monte Carlo without BEC

— double ratio using mixed events



Bose - Einsten Correlations (BEC)

Bose - Einstein correlations originate from the symmetrization of the two-particle
wave function and lead to an enhancement of boson pairs emitted with small
relative momenta. BEC can be used to investigate the space —time structure

of particle production in different particle interactions

BEC are usually described in terms of the two-particle normalized density R

R=P(1,2)/ (P(1) * P(2)),

P(1,2) - two-particle inclusive density
P(1), P(2) - single-particle inclusive densities

In experiment, Ris constructed normalizing to a reference sample Pref
which is two-particle density inthe absence of BEC

R(Q1) = P(Qy) / P™(Qyy) ,

where Qi, is the Lorentz invariant four-momenta difference of the bosons
with four momenta p, and p, given as:

Q12 = \/ '(pl - p2)2 = \/ M2 - 4 mzboson
M is invariant mass of the pair of bosons and m,.,, is the boson rest mass

P(Q) = 1/N(dn®/dQ,,),
where nPP is number of boson pairs and N is the number of events

Two bosons with momenta p;, p;
produced at points r; and ro
R

1, T2 - bOsons



@) H1 results :

Data 1994, integrated luminosity (IL) = 1.21 pb?
non-diffractive data and Monte Carlo predictions
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Good agreement with MC prediction

) ) . o ) ) For small T <0.2 R'™ data systematically exceed 6
Bose-Einstein effect is visible in like-sign pairs BE effect rises faster than expected from a Gaussian par.



@) H1 results

Diffractive data nad MC

“
03 0408080703081 12 14 16 18 2

- o Hidata
185 % RAFA
Rum_ Pg I'H k- __ - = RAPP ]
“henm . £ — A
0.5 | -
1
=
1.5 E ]
; i -
m_PlgPI 1 ) = an = = _;: S au 9z - =
0.5 .
B T B ARTIRRERTREY
[ =
185 - <} -
1:*“:@
P 1
oafl 3
PN T N T T T T T NN TN T N T T T T T N T T T T T T (N T T T Y T B
9 02 04 06 08 1 12 14 16 18 2
T (GeV)

BE effect visible for like-sign pairs



@ H1 results

Using double ratio RR:

Rdmtn (rl v)

RR(”’) = RMC(II\)

Non-diffractive and diffractive data

RR discriminate BEC from other dynamical correlations, it correct for the detector acceptance, analysis cuts ...
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Data set event-mixed p; @ p1(1) Observed differeces due to
r (fm) Py x2/ndf the production of long-lived
non-diffractive | 0.54 &+ 0.03 505 | 0.32 + 0.02 *5 05 | 96/72 resonances and _
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<>) H1 results
Kinematical and multiplicity dependence of BEC

Non-diffractive sample
rfm) A

z 0.60:0.06 0.30+0.03
(0.0001 < z < 0.0006)
0.52+0.04 0.42£0.04
6<@<12)
0.520.07 0.2620.05
(65 < W < 120)

r(fm) A
0.56:£0.05 0.3420.03
(0.0006 < z < 0.0019)
0.63:2£0.08 0.25£0.04

(12< Q%< %)
0.48£0.03 0.42+0.04

(120 < W < 180)

r(fm) A
0.4440.06 0.3840.07
(0.0019 < z < 0.01)
0.4740.04 0.4140.05
(25 <@*<100)
0.68+0.08 0.341+0.04
(180 < W < 240)

Fitto the RR Gaussian parametrisation
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to be independent of the kinematical region considered

Observed | Corrected | event-mixed py @ py(T) | unlikessign pi(T)
Multipliity | Multiplicity |~ r(fm) A rifm A
<nT [ 494110 | 0420050372005 | 0534006 0.54£008
1<) | 824161 | 0564005 0314003 | 0774007 0541006
n>12 | 136424 | 0810120424007 | 0.T2H009 0654009

Parameter r increases with increasing multiplicity.
Small changes for A are observed
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H1 results

Alternative parametrisations of BEC
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RR™ | 1.82 +0.20 1033 | 0.005 + 0.002 +g gg 0.94 £ 0.01 1003 | 52/33
Exponential a [GeV™] r [fm] A x* /ndf
RR'™ 0.08 + 0.04 0.68 + 0.11 Ty 0.64 + 0.06 +3 }g 85/72
RRM 0.13 £ 0.02 0.99 + 0.09 +0 % | 1.00 £ 0.08 ¥D | 85/56
Gaussian a [GeV~! r [fm A X2 /ndf
RR™™ 0.02 £ 0.01 0.54 £ 0.03 709 [0.32+0.02 7% | 96/72
RR™ 0.08 + 0.02 0.68 + 0.04 +3£ 0.52 + 0.03 tg.;‘{ 77/56

RR('I“) = R(14al)(14 hexp(-r*1%)
2 RM)= R $hepl1)

8
3 RR(M)=A+e- M+B(A;2)

1. Gaussian
2. Exponential
3. Power Law

The exponential parametrisationin T
and power law in invariant mass

can describe

the Bose-Einstein enhacement
Observation confirm

the existence of a scale-invariance
in multi-hadron production?
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H1 and other experiments

Radius vs charged particle density
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The H1 results are consistent with the trend observed in hadron-hadron collisions
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ZEUS: 1D - charged particles

The double ratio R(Q,,) was used :

R(Qp) = R(Qu)™ / R(Qy;)MC00ED

An

1.2

11

0.9

Region with decay products of the resonances
which are not well descibed by MC simulation

Data 1996 -2000, IL=121 pb? , 4< Q? < 8000 GeV?
1997 , 39pb?t, 01 < Q2 < 1 GeV?

R¥ (Qqz) = p®a(++,- - )/ p®a(+,-), where p=1/N*dng, / dQy;
In similarway R(Q,)Y¢(°BE) was calculated

example
ZEUS

-|I TT I | L 5 ) | i | l Tl 8 I LI I | o TR} I 1§ ik B | 5
_\II
|+ ZEUS 96-00 Q7> 4 GeV?

O included in the fit
I \. — Gaussian fit
L exponential fit
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0 0.2 04 0.6 0.8 1 1.2 14 1.6

1.8

Q,, (GeV)

BE enhancement is clearly visible

Values obtained for radius of source r and
incoherent parameter A from

Gaussian (y 2/ ndf = 148/35)

r = 0.666 £0.009 (stat.) +/- 0.023/0.036(syst.)
A = 0.475%0.007 (stat.) +/- 0.021/0.003 (syst.)

and from

exponential (x2 / ndf = 225/35)
r = 0.928 £0.023 (stat.) +/- 0.015/0.094 (syst.)
A = 0913%£0.015 (stat.) +/- 0.104/0.005 (syst.)

Both parametrisations give fits of similar quality

12
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Studies of Q? dependence of the r and A parameters. The

ZEUS — 1D —charged particles)

This has been done for the total measured phase space
and for current and target regions of the Breit frame

t(fm)

)
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e Within the statistical and systematic uncertainties, the data indicate no variations with virtuality
of the exchange photon, Q?, inthe range of 0.1 < Q? < 8000 GeV?
Itis consistent with H1 measurement given for 6 < Q2 <100 GeV?

e No significant difference between the BE effects in the current and target regions of the Breit frame

Gaussian parametrisation was used

Average value
with y / ndf ~ 0.5

e No sensitiveness to the hard subprocesses ? - possible that it is a global feature of hadronization phase 13



E ZEUS — 2D correlation function

To probe the shape of the bosons source the Longitudinally Co-Moving System LCMS was used

i 1 1 T P+ P
In DIS ( Breit frame), the LCMS is defined as : \f‘ =
P P,
7
. . q :
The physical axis was chosen b = XN Y
- . —
as the virtual photon (quark) axis i =
current region target region

® In LCMS, for each pair of the particles, the sum of two momenta p,+p, is

perpendicular to the y ™ g axis,
® The three momentum difference Q = p,-p, IS decomposed inthe LCMS into:

transverse Q+ and longitudinal component Q, = | P. 1 - P2 |
® The longitudinal direction is aligned with the direction of motion of the initial quark

(in the string model LCMS - local rest frame of a string)

Parametrisation -
inanalogy to 1 D:  R=a(l+ BrQr + B Q)(1+A exp( - rrQ% - r? Q%))

The radii r and r, reflect the transverse and longitudinal extent of the pion source

14
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R(Q,,Q) calculated in LCMS

in analogy to 1 D analysis

- using two-dimensional
Gaussian parametrisation
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ZEUS BEC - 2 D charged particles

ZEUS
E 16 [
TulF®"" zeuses-00 N
L |
1.2 —
' E % | !
Z_. ..... =1 i.. ..... : ..... )
0.8
- X L i
06 [ [ = 0 1
04 [ N ETIT B S AT A Y] B S AT R T N S AW AT RS W T
< N
0.7 :-
0.6 f—
s [ | I
e [ i 2 -
ok ?
0_2: AT BT B BT B
10" 1 10 102 10° 10!
Q? (GeV?)

No significant dependence of the elongation on Q?

The pion-emitted region, as observed
in the LCMS, is elongated with
r_ being larger than r;

It was reported also
by LEP (3D) experiments:
DELPHI, L3, OPAL

The results confirm the string
model predictions:
the transverse correlations length

showed be smaller than

the longitudinal one
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Results - 2D DIS and e*e-annihilation

Can we compare DIS results (i.e. r{/r) with ete” ?

In e*te- studies, 3D analysis and different reference samples are often used,
but for OPAL and DELPHI experiments (at LEP1, Z° hadronic decay) - analysis

Is partially similar to ZEUS:
OPAL (Eur. Phys. J, C16, 2000, 423 ) - 2 D Goldhaber like fit to correlation function in

(Q1,Q) variables, unlike-charge reference sample,
DELPHI (Phys. Lett. B471, 2000, 460) - 2 D analysis in (Q,Q,), but mixed -events as
reference sample.

We try to compare them with DIS results for high Q2: 400 < Q?< 8000 GeV?

ZEUS: r{/r =0.62 + 0.18 (stat) +/- 0.07/0.06 (sys.)
OPAL: ry/r_ =0.735 £ 0.014 (stat.) (estimated from reported ratio r /ry)
DELPHI : r{/r, =0.62 £ 0.02 (stat) £ 0.05 (sys.)

DIS results compatible with e*e-

17
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ZEUS 1D -charged and neutral kaons

DIS events, 1996 — 2000, Vs = 300 /330 GeV, IL = 121 pb1, 2 < Q2 < 15 000 GeV?2

An example for positive charge

dE/dx (mips)

]
T

agse.

P =0.9GeV

dE / dx = 1.25 mips

mmv,.c ———
<@ = 35 GeV?

P PRI B 1

14 18 18 2

P (GeV)

®)

Combinations/0.002 GeV
-E888888¢88

T T

o ZEUS (121 pb™')
Fit

M(x'r’) (GeV)

dE/dx vs track momentum, p

f, F - functions of p, motivated
by Bethe-Bloch equation.

K+

f=0.008/p? + 1.0

F =0.17/p? + 1.03 (mips, GeV)
K.

f= 0.008/p2+ 1.0

F =0.18/p? + 1.03 (mips, GeVO

-

secondary

vertex 7/
/

4
;K%

4
primary vertex
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ZEUS 1D - charged and neutral kaons

The correlation function used in analysis :

R(le) =

P(Q12)dat.a

P(Qm)MC,noBEC

Prix(Q12)98% / P (Q12)MCnoBEC

R(Q12)

16

14

12

Gaussian parametrisation:

Results of analysis:

Qiz=v—(p1 —PpP2)? = V ME g — 4mi

R(Q12) = a(1 + Xe~%2")(1 + SQ12)

ZEUS ZEUS
ML T T T T T 1 T T W ] L L L T
g
[ + ] & . [ KS KS ]
K*K*
. [ < Q%> =35 GeV? ]
B <Q?> =35 GeV? | .
e ZEUS (121 pb™) 1
® ZEUS (121 pb™) 18 [ — Fit ]
—— Fit
B 7 16 —
14 _-
i 12 + .
i + Ryt F bt o
¢ ¢ ? I 4
08 -
L - | L 1 L. [ MR
o 02 04 [X 0.8 1 1.2 14
M B B B | 1 Q,z(KgKg)GeV
[} 02 04 0s 0e 1 12
Q,, (K* K*) GeV
A 7 [fm]

K*K#* (corrected)
KSK§ (raw)

K$K} (corrected)

0.37 + 0.07 *38
1.16 + 0.29 +9:28

0.70 + 0.19 +0:28+0.38

0.57 + 0.09 *3:13
0.61 + 0.08 *3.%%

0.63 + 0.09 327+

.09
.02
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H1+ ZEUS + LEP
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DIS results agree within the statistical and systematic uncertainties with measurements from L2I(E)P




Other studies

KO KO% : rapidity correlations

No cut for Q,, for kaons pairs

—=NWNAUIDH N0
QOOOOOO0OC

Cut for Q,, where BE effect
was observed

y1 vsy2 qlZos

A significant amount of short range correlations may come from BE

effect 21



Dependence of BEC radius on hadron mass

Experimental indication:

_ . . . . .
£ r(m,) >r(mg) >r(my) > r(m,)
« 1F T
A ZEUS (121 pb™) : Theory:
B ZEUS (121 pb™) 1 e LUND model does not predict such
T vV H1(1994) : dependence of r(m)
08k ) ® LEP Experiments J however
Expectations based on § 4 e Heisenberg uncertainty relations and
] Uncertainty principle QCD via virial theorem can describe
osk —  QCD approach such mass dependence
-] But the situation is not so clear:
1 r values for pions and kaons are not so different and
0.4f . the large effect comes from heavier particles.
There are no HERA results for pp and AA correlations
- due to the limited range of proton
0.2k - momentum available for measurements and
J ] low statistics for A particles.
m_om :].p Coom, strt %l;esge;l)r;retrcﬁzgtfggltﬁrﬁlstﬂpg results for FD correlations
0.2 04 0.6 0.8 1 1.2

Hadron mass (GeV) ILC / CLIC or FCC accelerator.
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Conclusions

e The results on the Bose-Einstein correlations received by
H1 and ZEUS experiments working at HERA constitute
a significant contribution and deepen the knowledge of this effect

e An interesting fact is the high compatibility of the obtained values of the
radius of the hadron production volume, r, between experiments where BE
effect have been measured for different types of particle interactions: ep, e*e,
PP.

Can it be associated with the universatility of the hadronisation phase of these
interactions?

e Itis expected that further theoretical and experimental efforts
will allow for discovery the new aspects of BE effect
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