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1.Introduction
Semi-inclusive events in pp collisions

pp — nm + X
Normalized two-particle BEC function

C"T(LQ)(A:U) ApT - ﬁc(z)(Ay: APT);

f f fpgzz)(ylvprri y1 + Ay, pir + Apyp)dyi d°pyy
I/ PP (1, prr) oSV (v1 + Dy, pyp + Apr)dys d2pyy

e Multiplicity distribution P(n)

CP(Ay, Apy) =

e Single-particle momentum density p$ (p)

e T wo-particle momentum density pgf)(pl,pz)

Parameters on the BEC (source radii) are included in the multiplicity
distribution.

Data Analysis CMS pp at 7 TeV |n| < 2.4

e Multiplicity distribution P(n)
e Two-particle BEC CfP(QmV)



2. Formulation in the quantum-optical approach
The n-particle momentum density in the QO approach
pn(P1s-- > pn) = co (|F(p1)? -+ | F(pn)[?)
F®) =) aipi(p) + f-(p)

9
a

i=1
oi(p) : amplitude of the ¢th chaotic source «co : normalization factor
f.(p) : amplitude of the coherent source a; : Gaussian random variable

Parenthesis (F'), denotes the average of F over the complex random
number a; with a Gaussian weight:

12
(Fla = l_[(;A /exp[—la%]dzai)F.

=1
p1(p1) = colr(p1,p1) + c(p1,p1)];
pa(p1,p2) = cof{p(p1)p(p2) + |r(p1,p2)I” + 2Re[r(p1, p2)c(p2, p1)] }

r(p1,p2) = Z Nipi(p1)9; (p2), c(p1,p2) = fe(p1) fi(p2)



Cumulant expansion of momentum densities

Pl(Pl) - Cogl(Pl),
pn(P1, - Pn) = 91(P1)Pn—1(P2, - -+, Pn)

91(p1) = r(p1,p1) + c(p1,p1),
92(p1,p2) = r(p1,p2)r(p2,p1)

n—2
Z Z Gi+1(P1, Py 5 Pi) Prn—i—1(Djisss - 5 Pj)  Fe(pr,p2)r(p2,p1) + r(p1, p2)c(p2, p1)
i=1

+cogn(p17°";pn); n — 1:2:"'
k-particle momentum density at fixed n (n > k)

(pla"'apk):( !

(k) -
P n—k)!

r(p:, pz)

2
2

]
\)

C(p1,p2)

d>pr+1
/'"/pn(pla"'7p/€:pk—|-la'"7p'rb) T
Ery1

kth order cummulant (n > k)

1

(k) - -
9n (p17 7pk3) (n—k)'

d>pr+1
/'"/gﬂ(pla"':pkapk-f-la"'apn)
Eria

d>pn
E. j
JAN
! i
g(p1, pz, ps)
(4,7) = (2,3),(3,2)
d>pn

E,

cf. N.S. and M.Biyajima, Prog. Theor. Phys., 88(1992)609 ;

Phys. Rev. C 60(1999)034903

° T.Csorgd, et al., Eur. Phys. J. C 9(1999)275



Multiplicity distribution
1 0 ,
P(n) = =Y jgdPP(n—3j), P(0)=c
n .
=1
One-particle momentum density at fixed n

o) = Y i )P — )
j=1

Two-particle momentum density at fixed n

n—1 n
D (p1p2) = Y (n —j)gj(-l)(pl)pr,g,l_)j(pz) + > g§2)(p1,p2)P(n —7)
j=1 j=2



¢@ = Ia®4ia?D) j=12..

J s
9§1)(p1) = Ri(pr,p1) + > Tijoalpp), i=1,2,...
i1 [=0
92 (p1,p2) = Ri(p1, p2) Rj—i(p2, p1)
P =1
+Y > ATmi-mP1,p2)Rji-1(p2,p1) + Rj—1-1(p1,02) T i-m(p2,p1)},  §=2,3,..
=0 m=0

R;(p1,p2) is made from the chaotic component only, and

T;.;(p1,p2) contains the coherent component c(p;, pm):

a3k d3k _
Rj(plpr) - /T(plak)Rjﬁl(kapz)Ta AER) - /Rj(knk)ja J = 1727"'
APk d3k A3k
T;1(p1,p2) = [ Rj(p1,k1)c(ky, k2) Ri(k2,p2) - = A(‘T)g = [ Tju(k,k)—,4,1=0,1,...
. w1 w2 T , w

with Ro(k1, ko) = w153(k1 — k»).



2-1.Parametrization

Chaotic component

r(y1, P17i Y2, P2r) = psmy/p(y1, P17)p(y2, Por) I (Ay, Apyir),
Coherent component

c(y1,p17iy2, P2r) = (1 —psm)y/p(y1, P17)P(y2, P2r),

T

v
P pir) = (no)y/" % expl-as? - Bpdy)
I(Ay, Apr) = exp[—v(Ay)? — yr(Apr)?],
Ay = yp—vy1, Apr=Dp2r—PiT-
psm = 7(pi, pi)/p(p;) . chaoticity parameter in the semi-

inclusive events (psm = const.)
6 parameters : psm, (no), o, B, v and ~r.

(ng) satisfys, P(1) = (no)P(0).



r(y1, P17 Y2, P2T),
c(y1, P17 Y2, PoT)

R1(y1, P17 Y2, P2T)
To,0(y1, P17 Y2, P2T)
For j,l=1,2,...
Ri(y1,P17y2,Por) = N;exp[—A;(yf + y3) + 2Cy192]
x exp[—U;(pir + p51) + 2W,p17P2r]
Ri1i(y1, P17, Y2, P2oT) = [Rj(ylaplTay:pT)Rl(y:pTvyQaPQT)ddePT

Recurrence equations

-3/2
-+ 74V
A+ AU+ )
C2 02 C.-C
A=A —— =4 ——L Cj—}—l:j—l
A+ A A+ A A+ A
W2 W2 W, W
J _ [ _ Jrvi
Ujy1 =Uj — = U — o Wi
U, + U, U; + U, U; + U,
all? a
N1 = psm{no) 326, Air=—=~+v, Ci1=ni, U1=é+’)f’r, W1 = ~r.
w3/ 2 2

These recurrence equations can be solved.



ro(l —u) 14 u? ul/?

A= > 1w GiTrl-wi—s =120
(1 —w) 14 o 2)5'/2 .
UJ - > ].—’Uj’ W t2(1_7-)) 1 — i’ J=12,....
\/T2t2 1/21—U .
N. — ] , :1,2,..,
J 7.(.3/25{ } ]_—’U] J
 142h - JIFaRg _ l42h+VIFAR
rn —« 2 ’ r — 2 ’ L_/YL/C“:
B 1—|—2hT—\/—1—|—4hT 14 2hp + VT F4hp B
t1 =p =p ht = ~y1/B.

2 J
w=r1/ro = (QhL/(1+2hL+\/1+4hL)) 0<u<l,
fu:tl/tQ:(2hT/(1—|—2hT—|—\/1—l—4hT)) , O<wv< 1.

¢ = ps”"f}gfﬁ=<1—\/ﬂ><1—\/5>2psm<no>,

Ao = V1—u(1—v)(1—-psm){no).
Cf. T.Csorg6 and J.Zimanyi, Phys. Rev. Lett., 80(1998)916,

N.S., M.Biyajima and T.Mizoguchi, Phys. Part. Nucl. Lett.,
8(2011)1007.



2-2.Multiplicity distribution in the QO approach

P(n) = Zyg< 'P(n — Z<A<R>+ AP —j),

AR (5 A(T) Apgit
(1 —wi/2)(1 — vi/2)2’ e V1—u(1— i)

The MD is approximately given by the Glauber-Lachs formula.

A m g, AP~ A = P(n) = (1 - )€ expl—Ao/(1 — )] Lu(Ao/€)

® KNO scaling function

1 z+ 1 — p; 2
$(z) = — exp|[— 0 I0(——/(1 = pin)2)-
Pin Pin Pin
— 2 . pin(”) . 2h
g—(l—\/a)(l—\/'t_)) p5m<n0>_1+pm(n>3 _(1+2hL+f/m)27
AO — /1 —u (1 . ’U)(l —psm)<n0> — (1 - pm)(”) _ ( 2hT )2

L +pn(n)? 1+ 2hr+ 1+ ahs

4 parameters, psm, {(no), hy and hp, are contained in the MD.

cf. N.S., M. Biyajima and T. Mizoguchi,

°
Phys. Part. Nucl. Lett., 8(2011)1007



3.Data analysis
3-1. Multiplicity distribution

10—
R E CMS pp 7 TeVri<2.4| p+p—=na+X, |[n<24
= | “‘“ ' CMS Collaboration, V. Khachatryan, et al,
1040 ¢ U J. High Energy Phys. 01(2011)079
10d0° E 2 parameters, pin and (n) (= @) are
: ' contained in the KNO scaling function.
100 L - :
: ; paremeters estimated value
Pin 0.514 + 0.008
(reh) 30.48 £ 0.12
10 0 50 100 150 200 Xz/NdOf 110'5/(126_2)

Estimated values of pi, and (n) give 2 constrants among

4 parameters, psm, (no), hy = v/ and hyr = ~¢/8.



3-2. Analysis of BEC |
CMS collaboration JHEP05(2011)029

pp 7 TeV, Inl<2.4, pr>200 MeV/c variable : Qinv
Range of k7 (GeV/c) : kr = (0.1,0.3),(0.3,0.5),(0.5,1.0),
where kr = |kr|, kr = (P17 + Por)/2

nP(n) f P52 (1, P17 1 + Dy, pip + Apr)dyid2 Aprli~e
n =1 [ p(y1,prr)es (1 + Ay, iy + Apr)dyrd2 APy,
(i) Change variable from Ay to Qinv

2 (Qinv, k1) =

mv QL + QT ~ 2<mT2>(COSh Ay—1)+ APT ) - Qian — ApT? 11
Ay~ In(a+ Va®—1) 2(m?)
If Ap+? << 1, we can aproximate 4o = 2<Qi2nv2> +1
2 mT
Ay~ In(ao + Vao? —1) — APt ,
2(mr2)\/ap? — 1 (m72) = 0.14% 4 0.32

|ﬂ(ao—|—\/ao —].)
(Ay)? ~ {In(ag+ Va2 —1) —
) { 0 0 } (mT2> —ao —

(ii) Change variables from pit, Apt to kT, Apt, and integrate over Apr.
it = kTt — Apt/2, (P21t = kT + ApT/2)
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Multipicity depandence of R

kT depandence of R
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Source radius R increases with multiplicity n, and de-

creases with k.



9. Summary

$ The MD and C’T(,,Q)(va) measured in pp collisons in |n| < 2.4 at
7 TeV by the CMS collaboration is analyzed by the model with 6
parameters, psm, (no), «, B, vz and vyt in the QO approach.

{ From the analysis, the chaoticity parameter p;, in the inclusive
events and the average charged multiplicity (n.,) are estimated.

& pin @and (ng,) /2 gives two constraints among parameters, pgm,
(no), h =L/ and hr = ~r/B.

& Source raius R increases with multiplicity n, and decreaes with
k+. Source radius R in fm is within the range (from 0.403 to 1.13).



