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Two-particle rapidity correlations

_ _ 2-particle rapidity
C,(Yi, o) = (Y1, o) —p(Y)p(Y,) < o relation funetion

1 do,

(Yoo y,) =90
o, dy YT vy,

In

o(y)= one- and two-particle densities

J-dyldyz C(y,,Y,)=D?~<n> (=0 for independent emission)

C,(Y1Y,)
K,(y,, Y,)=—=2
S oy p(Ys,)
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<n>2 <n>% <n>

Scaled factorial moment

Generalization to higher-orders is straightforward:
|.M.Dremin and W.J.Gary, Phys. Rept.349 (2001) 301
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2-particle azimuthal and (pseudo)rapitity correlations

S(An,A¢)
B(A7,A¢)

An=mn-n, ;, Ap=¢ —09,

R(AR,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:
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same event pairs mixed event pairs
A S(An, A
W R(A7,A) = (An,Ag)

Divide signal by background

S(An, Ag): 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 AnatA¢ =0

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

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

 No explanation so far, while many models proposed




Correlated-cluster model
Ty

laboratory
cluster f >\ reference frame |
reference frame 0} ‘
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dependence

1) Isotropic cluster emission Lorentz boost y;
2) Isotropic particle emission in clusters: w*(¢*) = constant

for cluster and particle distributions inside clusters
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The cluster correlation length 52, 62 <1 the cluster decay “width",

and the cluster azimuthal decay “width" 5y ~
| UT VT

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



Correlated-cluster model

s(Ay, Ad)

R(Ay, Ag) = b{Ay, Ag)
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el (Ay, Ag) (Ag)
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near-side r'ld
For 52Cy> >52 ~ 0.1 r'adlcms (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) = pa(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 &0 3-partice
Oin dy1dyodysdddgades denSiTy

Correlation function ratio:

P3(y1, Y2, U3, 01, 2, @3) =

e 53 + 2b3 — 5123 — S231 — 5132 I |
c3(Ay, Ag) = b ., Ay, A¢ for ﬂyiJ-,ﬂmiJ-

Signal (s): F= 4 4s) 0= (61,00,09)

TNV _ T T 20 A L+ di dé = dy,dyadys dodoado
s3(Ay, Ag) = [rjy do 5(Ay) 6(A) ps(T, D) Yy aq Y1aY2ale aPadpaaps

5(Ay) =6 12— U1 +12) Ay —y1 +us
Backgr'ound (b): (Ay) = 8(Ayrz — 11 + 1) 0(Ayiz — vy +13)

by(Ay, Ag) = / dij d 5(Ay) 5(AD) plyr, d1) plya, d2) plys, d3)

- o | | . :
s123(Ay, Ag) = / dy do o(Ay) 0(A9) plyr, 01) p2(ya, P2, Ys, 3) permutations

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



Correlated-cluster model: 3 clusters

(&y _”'n;r} -+ sj (&y _"n::r} +.5J (&y _“'u:J:l
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MAIN RESULT: The ridge effect of 3-particle
correlations at small A¢ over a wide (pseudo)rapidity
range is natural and to be observed as predicted in
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02

- (Apr2)?
2{%}

(Adhya)*
242

e

) (Ad12)? + (Ads)® — 2Ad19A¢13
2{%}

|

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



Correla’red clusTers 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(3 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 Phy5|cs @ 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 taskl

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



Depending on the model Hidden Valley + SM shower
parameters

Some v-particles can be stable,
deﬁ? gg::'ff Ts‘:c‘ie*f)‘;‘;‘,’fs' Multiplicity distributions
promptly 4 of final state particles
to SM quar'ks and glUOﬂS QCD parton cascade and

Unseen v-particle 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.
J. Mod Phys. A24 (2009)
4529

Final non-perturbative
hadronization

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



Estimates

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

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

M
t,=—r(~1fm) ¢ = [2\ M, * ~5-10fm
Ay AQCD Ah
- 27 ~7zrad|ansl80° Very long range azimuthal
nft, it ) ST 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*0c /dqb
Tin dgbld(ﬂf@ B ‘

y [ / dde P (Ge; 6s) Py (61, s de) + / dbe1dder P (b1, dez; ds) PV (15 der)p™ (d3; de2) ]
: ' (bs1—052)°

' 2
+ /dgbsldgbsz e 252,

. / dperdier p (de; ds1) P (dez; ds2) PV (1, be1) P (¢2; Gea)

We use again to parametrize the effect of a hidden/dark sector
= : .
C(A¢) =exp| - > (A¢)2 > , §S¢2 >> 5C¢2 >> 5¢2
2(0,,” +20,,+205,)
- f
|
M.-A .Sanchis-Lozano, ESG, 532¢ iy

Phys. Lett. B 781 (2018) 505



3-particle correlations in 3-step cascade

Focusing on azimuthal variable

o dcm dr;ézd(ba f d¢

. [ﬂ“’)(qbc;qss)p (61, b2, B33 be) + P5 (et Pe2; ) P (15 be1) s (b2, b3; be2)
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[Jr P (et d1) 057 (bez, bess be2) PP (b1 0e1) P (625 6e2) 0V (31 bes) + Combi“&timls]}

+ [ A dc;shquss

X {p(")((ﬁm; Bs1) P\ (dea; bs2) P (Bess bs3) P (615 her) P (B2 de2) oM (3 ¢c3)]

A)’12 =Y1—Y, Ay12 =Y =Y., A¢12 :¢1_¢2 1 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

. q oF
_ , 1y a O e Al Brar A
ca(Ar2, Adns) = 53 R (ﬁm@.&\&%\'}%w—d ; }h{**'lz&mz. Ad13) + b (Ad12, Adia)

Three-particle contribution from three hidden sources

2 2 2
for 8%4>> 82 5>> 8%

(3} ' 1 taﬂfﬂz‘Fllfg—&G .-'jtlf
h® (Adrs. Adya) ~ exp Adq9) (Agqs) D12 AP

+ exp | — (Adrz)” +Lexp |— (Adi3)? +exp | — (Ad12)? + (Ad13)? — 2Ad12Ad13
2200 +86) | | 2020 +5) 2207, +2,)

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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Three-particle pseudorapidity correlations

\

NEW PHYSICS

@mos’r ho differeny

SM

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




Three-particle azimuthal correlations

NEW PHYSICS
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NP effects should rather
manisfest in azimuth!

M.-A .Sanchis-Lozano,;E&SG,
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 e*e” -y /7% > qq > hadrons

TOOLS:
ePythia8
efFastlet
*ROOT

I ———

We take into account the ISR contribution




Pythia8,

e'e— qﬁ(nf:5)—> hadrons
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R. Perez-Ramos,
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Pythia8, f'e - DVDV—> hadrons pt {s=250 GeV, 0.5< pt(GeV/c)s5.0, m, =100 GeV & Nch>_>10

SPHERICITY FRAME
Particle level
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Phys. Rev. D 105 (2022) 053001



1"II

Projection A¢=0 Particle | |
arTicle leve
SPHERICITY FRAME  + e diin=5)- hadrons m, =100 GeV at 15350 GeV
1 .
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Heavy-ion collision analogy with universe evolution

Dark Energy

Accelerated Expansion

Afterglow Light
Pattern
375,000 yrs.

Dark Ages Development of

Galaxies, Planets, etc.

Inflation

Fluctuations ™ {&

1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years

Relativistic Heavy-Ion Collisions
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Analogy with high-energy collisions
High-energy collisions Final-state particles

ctmiz,. E =energyof the initial parton, 0 = final virtuality

QCD casca’gg_-'

Equivalent to recombination in cosmology o

Lh
....
1."-.!. '''''
.......
b

Inflation + early universe expansion+

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



Cosmic analogy of pp

collisions

| 1
Cleost) = (T(@)T () = - Z(21+ )G

R, =Ct universe

F. Melia, arXiv:1207.0015 [astrg-ph.CO]
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Planck mission

Maximum fluctuation diSt"’._-‘ﬂi’;"‘
at any cosmic time t, .

T

A (1) =27 R() -

e Rl R e

The distance to the last scattering surface due to
the expansion is given by

. . tf ot 4ot
Linear: a(t)= T [, =C L % =t L e c

The maximum angular size of any fluctuation

associated to the last scattering surface should
ﬂ“ (trec)

_"max
max_

be of order

R(t,, _
where the proper distanC((e fz) the last scattering

surface is

t t
R(trec) = a('[rec) Moc = a(trec) ct, In [_fj =Cly, In (_fj

rec rec

2 t.. =380000 years

0= ~Z rad ~ 45"
inft, 1t ) 4 T t, =1.38 Gyears



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
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