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Two-particle rapidity correlations

— _ 2-particle rapidity
C, (Y Vo) =p(Yu, Yo) —p(Y)p(Y,) <« P elation fanetion

1 do, (V. V,) = 1 d’c,
o, dy NPT G vy,

In

p(y) =

one- and two-particle densities

jdyldyz C(Y,,Y,) = D°~<n > (= 0 for independent emission)

C J 1 dzo-in 1 do-in dGin
K, (e y,) = —20at2) —; -1
p(Y)pe(y,) \g, dydy, o, dy, dy
2
F, _<nh-h> D7 1 +1, D*=<n’>-<n>*

<n>2 <n>? <n>

Scaled factorial moment

Generalization to higher-orders is straightforward:
|.M.Dremin and W.J.Gary, Phys. Rept.349 (2001) 301
E.A. De Wolf, .M. Dremin, W. Kittel, Phys. Rep. 270 (1996) 1



2-particle azimuthal and (pseudo)rapitity correlations

S(An,Ag)
B(An, Ag)

An=mn-n, ; Ap=¢ —¢,

R(An,Ag) =

S(An, A¢): particle pair distribution from the same event

B(An, Ad): particle pair distribution from different events



2-particle azimuthal and (pseudo)rapitity correlations

Signal distribution: Event 1 Background distribution:
1 d:;\ru~ : ‘ ¢ 1 d.":\?-x
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N, dAndAg
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mixed event pairs

S(An,A¢)
B(An,Ag)

Divide signal by background

dR(An, Ag) =

S(An, Ad): particle pair signal distribution from the same event
B(An, Ag) : particle pair background distribution from different events
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Ridge structure

“Ridge” structure extending over An at A¢p =0

CMS Collab. J. High Energy Phys. 1009 (2010) 091 |Intermediate py: 1-3 GeV/c |

« Expected Iin heavy-ion collisions (hydro, high density)
« Unexpected in pp (and pA) interactions

 No explanation so far, while many models proposed



Correlated-cluster model

Y
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reference frame ¢ X me
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dependence

1) Isotropic cluster emission

Lorentz boost v+

2) Isotropic particle emission in clusters: w*(¢*) = constant

for cluster and particle distributions inside clusters
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The cluster correlation length 52, > 52 <1 the cluster decay "width",

and the cluster azimuthal decay "width"
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1
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M.-A .Sanchis-Lozano, ESG, Phys. Lett. B 766 (2017) 170



Correlated-cluster model

s(Ay, Ag)

R[i'n.y_ Ag) = b( Ay, Ag)
B _r.;E:]t[-,ﬂy, .j.-ﬁ-:l +"‘]]ll:'_ﬂ-i::lr'j'::l] s Ei""ﬂ! p&.:%-‘ o> l::_'ﬂ"rrp'::_'ﬂ"rrr — J.]:' h]-]:ll.“ﬂc'.llj
contribution:

R (Ay, Ad) =

f-:;;;:H':ﬁ.f-"- Ap) o [-,il-,,‘gl,-;f—j - '_ .::ﬁ,ﬁj'-’
ep(Ay, Ag) - exXp 4&'2 Xp ] 4{53

contribution.

”:"f TRFA Y (WA Yo
RR(Ay, Ag) = t _*a_:;;jm] ~ E“EDAJ)/}{WD _gm&j.|_¢ ]]
near-side rldﬁy’ | -
For 52Cy> >52 % 0.1 radians (pr* 1 GeV)
MAIN RESULT: The ridge effect of 2-particle

correlations at small A¢ over a wide (pseudo)rapidity
range is naturally explained within

M.-A .Sanchis-Lozano, ESG,
Phys. Lett. B 766 (2017) 170



3-particle correlations

C3(1,2,3) = p3(1,2,3) + 2p(1)p(2)p(3) — p2(1,2)p(3) — p2(2,3)p(1) — p2(1.3)p(2)

1 d 3-partice
Oin dy1dyadysd dpados densi-ry
Correlation function ratio:

P3(Y1, Y2, Y3, O1, @2, P3) =

§q + 2bs — 8193 — S231 — S132
b4

Signal (s): = 04248) 9= (91,00,

A A i 2 a _ = didd = dydysdyy ddyddydd.
s3(Ay, Ag) = /dy do 6(Ay) 6(Ad) palif, d) Yy aq Y10Y20Yz AP104P2003

Background (b):

by(Ay, Ag) = / dj do 5(Ay) 5(A¢) p(yr, ¢1) p(y2, d2) plys, ¢3)

C__:;{iy iﬁ}} — £y1 —Hﬁﬂ for "ﬂyij! "ﬂ{.ﬁij

E(i\.yj = 0(Ay12 — 1 + ¥2) 6(Av1z — Y1 + Y3)

I L. | | . .
s13(Ay, A9) = / dj do o(Ay) 0(A9) plyr, 01) pa(¥a, P2, s, Pa) permutations

M.-A .Sanchis-Lozano, ESG,
Phys. Rev. D 96 (2017) 074012



Correlated-cluster model: 3 clusters

(&y _"u::} -+ sh;., (&y _”Ecp} Jr:;‘J (&y _’m)
bi[iy Ad)

D) )&y, &) + el _mdge 06,
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c3(Ay, Ag) =

et
\arg®

Three-particle three-cluster contribution /
for 82.,>>8% and ¥°3>> 8%

{f‘wc_;

h® (Ayra, Atng, Adra. Adrz) ~ exp

X (L“}Zp —

MAIN RESULT: The ridge effect of 3-par’ric|e

correlations at small A¢ over a wide (pseudo)rapidity
range is natural and to be observed as predicted in

(Ay12)? + (Ay13)? + —(Avi2)(Ayis)
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M.-A .Sanchis-Lozano, ESG, Phys. Rev. D 96 (2017) 074012



Correla‘red clus‘rers 3- part. contour plots
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Left panel: structured asymmetric two-dimensional plot, results
from the two correlation scales - a short-range azimuthal
correlation scale set by single cluster decay vs. long-range
correlation length from h(® term of three cluster formation, the
ridge effect due to transversly correlated-cluster emission

Right panel: rather structureless plot dominating by sinige

cluster decay short-range correlation scale
M.-A .Sanchis-Lozano, ESG, Phys. Rev. D 96 (2017) 074012




Usually expected signatures of New Physics @ LHC

Mainly on the transverse plane:

> Lower background
> such as
- high-p+ jets, leptons or photons
- missing transverse energy/momentum
- displaced vertices ... LHC potential

- mass peaks must be fully used

Novel signals should not be overlooked however, e.g.

- related to multiparticle production (soft physics) diffuse
- but tagged by hard signals signal

May be helpful for discovery of a new stage of matter (Hidden/Dark Sector)
manifesting in the of high-energy pp collisions.

Not an easy task!

Techniques related to the quest for QGP in heavy-ion collisions



Depending oh the model Hidden Valley + SM shower
parameters

Some v-particles can be stable,
decay ou’rsudle Tze de*ﬁd‘:‘rs' Multiplicity distributions
or promptly decay bac of final state particles
to SM quarks and gluons QCD parton cascade and

Unseenv-particlg ~ _» rapidity/azimuthal correlations
Strassler 0806.2385 \ can be affected by

the extra step
in the cascade

Kind of diffuse signal

Final state SM particles

M.-A .Sanchis-Lozano, Int.
\@ >> A, J. Mod Phys. A24 (2009)

Final non-perturbative 4529
hadronization

One more (and different) step than in conventional QCD-parton showers



Estimates
M, ~350-1000TeV, A, ~10-100GeV

M.-A .Sanchis-Lozano, ESG,
Phys. Rev. D 102 (2020) 035013

M
t="5 (=1fm - ?“ +Mgz5—10fm
h AQCD A,
S £ radians = 1850‘ Very long rahge azimuthal
i (tf /th) S correlations

can be expected!
Maximum angle (causality) in a linearly | ‘

expanding universe

Such long range azimuthal correlations suggest
uncovering the existence of a hidden/dark matter stage

on top of the QCD parton cascade

M.-A .Sanchis-Lozano, ESG,
MDPI Physics 1 (2019) 84



Effect of NP contribution in 3-step cascade

Two-particle density 1 d*¢c /’d(f)
oin dprdgy

x [ [ dde P (de; ds) p5 (b1, p2; be) + [ dderdder P (be1, doa; Bs) pt (@1;cf>c1)p(l)(€f>2;¢5c2)]
' ' (fo1—0s2)°

) 2

X [ dderdies p(er; 1) p(dez; bs2) PV (1, ber) p1 (d2; dez)

We use again to parametrize the effect of a hidden/dark sector
| (Ag)? _ 2 2 2
C(Ag)=e , Oy >>0., >>0
(A9)~exp) - 2(5 +252 + 252)f ’ ’ ’
|
M.-A .Sanchis-Lozano, ESG, 552¢ 12

Phys. Lett. B 781 (2018) 505



3-particle correlations in 3-step cascade

Focusing on azimuthal variable

1 d3
o _ qub
Tin dp1dpadps
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Ay12 =Y1—Y, Ale =Y1— Y, A¢12 :¢1_¢2 ’ A¢13 :¢1_¢3
M.-A .Sanchis-Lozano, ESG, Phys. Lett. B 781 (2018) 505
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3-particle correlations from three hidden sources

X

, , 1 '| 01 ':I

flﬂ{ﬂﬂa‘lﬂrﬂiﬂli{] — (.\’} tl lﬁ.m,?\‘%%?jh{ ][aﬂﬂlz iﬂ*lj] —hl‘ I:ﬂ'ucm_a ﬂ.tjlj}
o \arg® '*

Three-particle contribution from three hidden sources
for 824>> 82.5>> 8%

PR | (Ad12)? + (Ad13)2 — Ada Ay
h® (Adrs. Adrs) ~ exp |- 12)” + (AQ13) p12AQ13

+ exp | — (Ao }2 Lexp |- (&1313]2 +exp |- {iq}lijz L (jﬂjlj}z — 2Ab1aAdya
2205, +03,) | | 2202 +03,) 2202, + 02,)

MAIN RESULT: The effect of NP to be observed in
the three-particle correlations on top of the ridge
phenomenon is predicted in the model of clusters
correlated in the transverse plane

M.-A .Sanchis-Lozano, ESG, Phys. Lett. B 781 (2018) 505
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Ay

Three-particle pseudorapidity correlations

\
@mos’r no differenaj

SM

M.-A .Sanchis-Lozano, ESG,
Phys. Lett. B 781 (2018) 505
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Three-particle azimuthal correlations

NEW PHYSICS
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NP effects should rather
. . . M.-A .Sanchis-Lozano, £SG,
manisfest in azimuth! Phys. Lett. B 781 (2018) 505



Signal vs background
QCD-like scenario

The HV particles have to be pair-produced

SIGNAL BACKGROUND

ete™>y'/2% > DyDy ~ hadrons efe” > /2’ > q7 - hadrons

my, = 100 GeV, - | oo
v *Pythia8
ay=0.1 eFastlet
e *ROOT

P ——

We take into account the ISR contribution




at {52250 GeV, 0.5< p(GeV/c)<5.0 & N, 210

Pythia8,|e’e — qﬁ(nf:5)—> hadrons
SPHERICITY FRAME
Particle level
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Y
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R. Perez-Ramos, .Sanchis-
A\jLozano ESG, Phys. Rev. D 105
(2022) 053001



Pythia8,

SPHERICITY FRAME
Particle level

o

C,(Ay, Ap)
e

Mo

(%]
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Near-sideridge

e'e’> D,D,~ hadrons

at {s=250 GeV, 0.5< pt(GeV/c)S5.0, m, =100 GeV & N, 210

(&3]
Ly

rrrrr

l \
tt

-1 -3 R. Perez- Ramos, M.-A .Sanchis-Lozano, ESG,

Phys. Rev. D 105 (2022) 053001



1"II

Projection A¢=0 Particle | |
arTiCle leve
SPHERICITY FRAME  « e in=h)- hacrons, m, =100 GV a 5=350 GeV
1 .
' g'e— tt— hadrons
" ge— D,,'ﬁ,,a hadrons, qu=1 00 GeV & “‘n,=1?5 GeV

B ' ge— qquv-; hadrons, m1=1I]IJ GeV& rnz*=35ll GeV
o
Jé_ [
g I
>
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N '
O -
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[ ] [ ] ]

nt iy

o ", note the interpolating position
L " of the top-antitop channel
|l|.ll II:ll |I. |l"““
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R. Perez-Ramos, M.-A .Sanchis-Lozano, ESG,
Phys. Rev. D 105 (2022) 053001
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Heavy-ion collision analogy with universe evolution

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern  Dark Ages Development of
375,000 yrs. Galaxies, Planets, etc.

Inflation

Quantum’ -
Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years

Relativistic Heavy-Ion Collisions

final detected
particle distributions
Kinetic
freeze-out _—"

izati Y 3
Initial energy Hudmmznn_gif
density ______,,r-—c*ﬁ”?' :

| prée-
eﬁulhbrlum

ynamics viscous hydrodynamics
e il e

free streaming
collision evelution . i

t~0fmle t~1fm/c t~10 fm/c t ~ 101 fm/e




Analogy with high-energy collisions
High-energy collisions Final-state particles

s FmeeEen v D=

K .
QD #",ﬂ‘
QCD cumggf

Equivalent to recombination in cosmology o

g

....

1..‘-1 '''''
[
-----

el

.-M" Bound
% - Hidden

111!’"..

Lty
“iin

1 M
— (=1lam) ct, =—2 (= 1fm
Mh ( ) i Agh ( )
l ! | et

Inflation + early universe expansion+

M.-A .Sanchis-Lozano, ESG, | ~lm
Phys. Rev. D 102 (2020) 035013 Notatscale




. lanck
Cosmic analogy of pp ponck R

. Maximum fluctuation dlstanc

CO”ISI?I‘\S atany cosmictimet, . T

C(cosd) = (T(f;)T(ny)) = " Z(Zi + 1)CiPi(cosb) . . (t)=27R() }“*"
R =Ct Universe  — The distance to the last scattering surface due to

the expansion is given by
F. Melia, arXiv:1207.0015 [astro-ph.CO]

. t ot ' ty
— Linear : a(t)=— rreczcjt d—I:ctfj =t In( J
400 - - — - t trec a_(t ) trec t trec

The maximum angular size of any fluctuation
0 associatedto the last scattering surface should
be of order - e (L
o where the proper distang(etref)o the last scattering
U surface is Y t
» R(t,..) =a(t,.) I =at,.)ct, |n[tm]_ctm In [t—f]
| 6= 2r_ % ol ~ 5" t.. = 380000 years
w0 o] m 4 T t, =1.38 Gyears
0 (degrees)



Conclusions

provides an explanation of the two-particle ridge effect
and predicts the ridge phenomenon to hold In three
particle correlations

are shown
to be directly tested by experiments using (multi)particle
correlations (with the selection cuts to enhance NP
effect)

IS proposed upon the
assumption of an unconventional early state: an
expanding universe before recombination/decoupling up
to present days vs formation of hidden/dark states iIn
high energy collisions followed by QCD cascade to
hadrons



Conclusions

provides an explanation of the two-particle ridge effect
and predicts the ridge phenomenon to hold In three
particle correlations

are shown
to be directly te ** ¢ 1 < xim 0 s 1 1 ¢ (multi)particle
correlations (A1 v € cztic)y Y&t © enhance NP

effect)

IS proposed upon the
assumption of an unconventional early state: an
expanding universe before recombination/decoupling up
to present days vs formation of hidden/dark states iIn
high energy collisions followed by QCD cascade to
hadrons
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