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The recently reported effect of long-range near-side angular correlations at LHC occurs for large
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CMS ridge effect as a manifestation of Bremsstrahlung of gluons off accelerated quargsris Arbuzov

In paper P] the effect in proton-proton collisions at LHC is reported for existence of a ridge
in the plot of data for two-particle correlations versus pseudo-rapidity differ&ncand azimuth
angleAg plane. This ridge means essential excess of eventsiwitblose to zero and largén.

It is important to emphasize, that the effect is observed under condition that the accompanying
charged particles have multiplicity 100 and are each situated in restricted region of transverse
momentunilGeV < pr < 3GeV.

The result already causes discussion devoted to possible interpretation of thg] egiag].

In note [3] possibilities of interpretation of the effect in terms of quark-anti-quark strings are dis-
cussed. The first pointis that a string is formed being stretched close to the direqtipicolfision

and thus might decay withg ~ 0 and~ 1. However it is emphasized i3], that there is no rea-
son, why the effect is observed only for very high multiplidity> 100, while multiple production

of hadrons via string decomposition leads to randomization and thus simulations show no ridge.

In the present talkll] we would try to explain why even for high multiplicity the correlation
persists when we take into account radiation of gluons in the process of QCD quark—anti-quark
string formation in proton-proton collision at very high energies. As a matter of fact we mean that
in the course of collision a quark is moving with acceleration in the strong colour field which in
particular may be described in terms of formation of a string between either quark from the first
proton and anti-quark from the second one or vice versa. However we do not use some patrticular
string model (see e.gl€]). We qualitatively assume a formation of some extended object of
cigar-like shape inside which quark and anti-quark interact with each other due to strong colour
field which accelerate both of them. We shall use simple qualitative considerations based on the
classical theory of radiation which is described e.g. in babH pnd then we perform quasi-
classical estimates.

Each quark (anti-quark) moves considerable time in a very strong colour field which we de-
scribe in terms of the string tensign The direction of the acceleration is evidently close to the
direction of momenta of the colliding protons. In this case an acceleration has almost the same
direction as the velocity and thus we may use the well-known classical expression for dipole elec-
tromagnetic radiation of electric chargenoving with acceleration being parallel to velocity of the
motion [17]

dE  2aw?, 1
G- 3 1)
wherew is an acceleration and is the fine structure constant. We take initial expressi)rin
an accompanying reference frame. For strongly interacting quarks we ciiarigette following

relation
dE as [ A? 2
_ Us [ A
a@ o <m> / @

where acceleratiow = A2/m with A andm being the string tension and a light quark mass. We
also change& — a5 with the evident colour factor. In view to make estimates we take the following
values for fundamental quantities enteri) (

my = 2.5MeV; my = 5MeV; A=420MeV, 3)

where light quark masses are chosen to be in the middle of interval of their possible values:
1.7MeV < my < 3.3MeV; 4.1MeV < my < 5.8MeV [18].
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So quarks are moving with acceleration and thus radiate gluons. Let us obtain simple quasi-
classical estimate of the mean energy of radiated gluons in an accompanying reference frame. In
view of this we rewrite expressio)in the following form

AE as (A2
el (4)
At 9\ m

Now to obtain the quasi-classical estimates we use the well-known uncertainty relation

AEAt = 1. (5)

Finally we have for the mean energy of a gluon

as A?
AE = | = —.
9 m (6)
Then we use the standard one loop expressionfat scaleAE
121
as(AE) = 3o I [ 2 ; ()
(33—2N¢) In (%)

We have for one loop expressicr) with Ns = 4, Aqcp ~ 190MeVL. Then with this result the
solution of relationsi&, '7) under conditions3) gives us the following estimates for radiation off
quarksu andd

AE, =~ 112GeV; AE4 =~ 5.6GeV. (8)

The result'8) gives an estimate for mean energies of the bremsstralung gluons in an accompanying
reference frame.

First of all let us consider an explanation of large differences in pseudo-rafigiafong with
small differences in azimuth anglep. Here we are to take into account both quarks constituting
the extended object (a cigar). Namely let "the cigar" be produced with some overall momentum
k while its position remains being (almost) parallel to the lingogdf collision. Such situation is

presented if.

Y
A
\

p p
Figure 1: The string moving with momentuifrom the point of collision of two protons);, Y- are angles
andqs, g2 are momenta of the quarks.

1We normalizeas at the point ofr-lepton mass due to better precision of data here.
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Then velocities of quarks are not parallel to the direction of acceleration, but constitute some
anglesn, Y» with this direction in laboratory reference frame. When a velocity and an acceleration
are not parallel w= vwcosy and there are two accelerated quarks we have the following angular
distribution [L7]

2
G o (#))
dt 24w\ m

<¢(w1, 0,9,v1) + O (Y, G,rp,Vz)) dQ; 9)
X +Vv8Y
‘D(QU, 6,(p,v) = %

X = sir? 8 — 2vsinysinB cosp
Y = cog 8 sir? @ +sirf 8sir? Y cog @
Z = 1—v(cosy cosb + sinysinf cosy);

wheret’ is a time with account of a retardatiof7], Y., y» are respectively angles for the first
and the second quark. Smalp along with the wide spread in pseudo-rapidity in the eff@ft [
is connected with the same signsafy, because quarks are directed to one side from the line of
collision (se€l). Then the distribution in polar anghas two maxima divided by some significant
interval A8, while distribution in azimuth angle is again close to zero. After integration &) (
by ¢ and @ correspondingly we have these distributions. The situation is illustrai2aimd3, in
which we present normalized distribution in rapidifyand normalized angular distribution gnin
pforyr =0.1 yp =m—0.1, v = v, = 0.999 From2,3we see thaf\n may be quite significant
while Ag is small. One should note that the peak2iand3 become narrower with increasing of
speed and with increasing g¢f Emphasize that the effect of a peak arognd 0 is connected with
transverse movement of "the cigar" as it is illustrated.inThe more is transverse momentim
i.e. anglegl;, the narrower becomes the distributionginProvided transverse momentuibeing
very small the distribution ip becomes practically isotropic.

2
dE(n) _ as (A dn .
dt/ _247T<m CD(r')cosl‘?n'

q)(n) = ‘/_nchZ(wivViveafp)cosezf(n)d(P; (10)
_sinhn
f(n) = coshn’
2
dE A2
= sin(() oo
®(g) = [ ®12(41,v..9) sinode: (11)
D12(Uh, Vi, 6, 9) = O(Yn, 0, ,v1) +
D(Y2, 0,0, V2).
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Figure 3: Behavior ofdy (@), v=0.999 ¢4 =01, ¢p=m—0.1, —T< < TT.

Now let us consider properties of gluon radiation of a single quark. For this purpose we ap-
proximately assume the same direction of the velocity and of the acceleration in the actual reference
frame of LHC. Angular distribution is described by the following expressiof [

2
2 H !
dE  as <A> : Sit 6 4o —

dt — 24m\ m ) (1—vcosd')5

2
s A2 I .
an (m> Do(6')dQ; (12)
®o(8') = ®(0,6',9,v);

wherev is a velocity of a quarkd’ is a polar angle andQ = sin8’d6’dg. Using angular distri-
bution of the radiation12) we estimate the megmy of the radiated gluon
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<p$>—\/£|1' IZ—/CDO (8')d

1_
1 = /dJo A(v,0')sinf'dQ; (13)
) cosf’ (1—V?) —vsirt g’
(w6)=1+ 1—-Vv2cog o ’

where®d(8’) is defined in/l2). Calculating integrals inl3d) with the aid of the following relation
valid forv — landp > 4

(1-vcosf)P (1_V2)p_u/2|—(v)r(1%u +p)’

/ﬂ sit-toge 27T (4)r(3)ree-m
0

we obtain for quarki andd respectively withv — 1

9mAE,

<pi(u)>= 3~ 99GeV;
9MIAE
<pi(d) >= "32 9~ 4.95GeV. (14)

We have to bear in mind also that in the process of hadronization a gluon give few ordinary
hadrons. We assume that a radiating quark moves together with the proton to which it belongs!
Then we estimate the multiplicity for gluon energy in an accompanying reference @umethe
following expression valid in the region of fe@eV for charged multiplicity 19

<Ngh>=a+blny/s;
a= —0.43+0.09; b= 275+0.06. (15)

Neutral particles have to be also taken into account. In view to estimate the total multiplicity we
multiply expression/15) by % Then we estimatg/s = ,/2AEM, + Mg and corresponding mean

multiplicity
u: /s=415GeV; <N>=52;
d: /s=337GeV; <N>=43. (16)

We take valuesl(6) with spreadt-2 and thus obtain estimate for transverse momenta of hadrons
9
pr = pr/N

u: 1.3GeV < pr < 3.0GeV,;
d: 0.8GeV < pr < 2.0GeV. a7

Estimates/17) just correspond to the interval of the ridge effe2jt [Of course, by changing light
guark masses in their allowable regions we can move boundarié3)inHowever order of mag-
nitude of the effect remains the same.
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Next point of our interpretation is that gluons are flying in the narrow cone in the directions of
a quark and the average angular spread for the multiple gluon radiation is estimated to be

<0G >~ ,
<Eg> Ng

whereNy is the multiplicity of bremsstralung gluons in the event. Obtainihg) (ve take into
account that average transverse momentum squarég fmoduced gluons

< PF(Ng) >=< p§ >?Ng

due to statistical nature of the multiple radiation. We take for transverse momentum of a gluon
pd estimates14) and < Eg > is a mean energy of a gluon. Dispersion of polar ar@eleads

to dispersion of angleg in distributions .G, [11). In this connection a significant increase/d#

leads to widening of distribution ip (11). From (18) we see, that for small multiplicity of gluons

AB increases and this explains why the effect disappears in this case. For estimation of the real
experimental situatior2] we replace the denominator if8) by the energy of partons’ collision

2<pd> /Ny
JSX1xos ]

wherexy, xo are values ofk for quark in the first proton and the anti-quark in the second one.
Number of radiated gluorisy depends on anglgy and velocityv. Using again formulas fronl[7]

we have the following estimate
V/X1X2S

20E\/1+ 54

For example withy = 0.1 andv = 0.999, averag\E = (AE,+AEy)/2=28.4GeV, /s=7TeV[2]
and with average of the produet x; x» >~ 0.01 (see, e.g.20] and references therein) we have
Ng ~ 17. Now in our interpretation one bremsstralung gluon gives average number of charged
hadrond\q, =~ 3.2. Bearing in mind, that our quasi-classical estimate corresponds to non-coherent
production of gluons, witiNg ~ 17 we estimate total number of charged particles produced by
a quarkNgh = 54 that gives just multiplicity> 100 for two radiating quarks. Provided one takes
into account bremsstralung of gluons off all valence quarks moving in the strong colour field the
multiplicity of charged particles can only increase, that corresponds to re2juis [ower limit of
multiplicity Ngh > 100 So our mechanism does not contradict to real experimental situg}ion [

However our qualitative considerations do not take into account possible correlations between
gluons, that may lead to decreasing of the estimate under discussion.

Now with Ny = 17, \/s= 7TeV, average< pgTJ >=7.4GeV and < x; X2 >= 0.01 we have
from (19)

<NO >~ (19)

<O >~ 0.09; (21)

This angular sprea®() actually gives widening of distribution4@, 11) in n and¢. The resulting
Ag is to be obtained by simultaneous account2i) (and of d(¢) width (11). Let us also draw
attention to widening of the ridge witkys decreasing. E.g. fot/s = 0.9TeV in accordance
with (19) < A6 >= 0.8, that means vanishing of the effect because distribufi@plfecomes very
broad.
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At this point we would emphasize, that with energy increasing on the one side angle distribu-
tions (10, 11) become narrower and thus the effect becomes more prominent and on the other side
number of radiated gluons in the strong field increases that leads to increasing of the multiplicuty.
These properties just correspond qualitatively to the essence of &fect |

Thus, one can conclude the simple mechanism of gluon bremsstralung off quarks moving in a
strong colour field describes gualitatively the CMS ridge effect. Of course, a real situation could
be much more involved. In particular, other colour configurations, as was pointed out in various
studies (see, for exampléld]), may play a significant role. Our consideration based on simple
guasi-classical estimations shows that constituting string configurations may lead to basic features
of the ridge effect, namely, correlations in particular kinematic region at very high multiplicities.
Obviously, in order to show more accurate properties of proposed mechanism one should elaborate
in more detail corresponding model and develop corresponding event generator to perform more
realistic simulations.

Let us note, that the accelerated quarks radiate photons as well. The same guasi-classical
estimation gives for radiated photons two values of mgafor two values of (anti-)quark charge
(shown in brackets)

2e 25
€. pr 2 29Gevx — 2.
( 3) Pr ~ 2.9GeV x eV
&) . o~ 072GeVx — > 22)
3) Pr=0 ra(MeV)

It seems to be interesting to check these predictions with CMS data in the region of the ridge.
In case of confirmation of the effect, measuremenm;06f the photons may give useful information
on current masses of light quankg, my. Let us remind, that for the moment these parameters are
known with considerable uncertainty.
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Figure 4: Data driven signal isolation distribution for leading photon obtained usingthe photon candidates
(solid circles) or extrapolated from electrons (continuous line)(extracted Rahi[g. 2b).

Note that quite recent data from ATLAR1] may contain hints for this effect. Namely single
photonEr distributions show unexpected fluctuatiorEat~ 5GeV (seed), which could be related
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to the first value of22) (u-quark) withm, ~ 1.45MeV. Such value of the u-quark mass for energy
scale~ 300GeV is quite natural due to its RG evolutidn

my(Eo)

a7
(1 + k) |n(5§))

With valuemy(Ep) = 2.5MeV (3) for E = 300GeV, as(Eg) = 0.3 we havem,(E) = 1.425MeV,
which just corresponds t6.1GeV spikes. Recent results of CMS for two photo@g][also may
serve as indications on behalf of the present mechanism — excess foAgnudithe two photons.
Just "CMS ridge effect” for photons.

my(E) = Eo = 2GeV. (23)
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2The evolution ofmg(E) practically does not influence results on hadrons due to decreasngfy.



