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Angular correlations

Powerful method to study the underlying mechanisms of particle production
Uncover possible collective effects resulting from high particle densities

Two-particle correlation function G,
“B” does not stand for

S(A , A “background = SM
CZ(A}’, A¢) — ( Y ¢) pricesses”.

B(AYa A¢) Expresses completely
uncorrelated pairs
: : : . : : (different events)
Density of particle pairs produced Density of particle pairs produced
within the same event: in the different events:
1 d>Neame 1 g2N™Mix
S(Ay,A¢) = B(Ay, Ag) =
Npairs dAyA¢ ( Y ¢) Nmix dAyAgb
2 n7same 2 Aymix . 1.
airs = ” N dAydA¢ Ny = ” N dAydA¢ y: rapidity
P dAydA¢ dAydA¢

¢: azimuthal angle
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Two-particle angular correlations in collisions

(a) CMS PbPb |s,,, = 2.76 TeV, 220 < N'™ < 260 (b) CMS pPb |s,,, = 5.02 TeV, 220 < Noi'™ < 260
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Two-particle angular correlations in collisions

(a) CMS PbPb |s,,, = 2.76 TeV, 220 < N'™ < 260 (b) CMS pPb |s,,, = 5.02 TeV, 220 < Noi'™ < 260
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Hidden Valley (HV)

“Meta-model”: large class of theoretical scenarios

Z’, Higgs,
SUSY LSP,
sterile neutrinos,
charged-particle
loops, ...

Communicator

Higher-dimension operators - O(TeV) scale

G, with v-matter

SU(3) xSU(2) x U(1)

SM particles

v-particles
0(GeV) scale

Strassler & Zurek, Phys.Lett.B 651 (2007) 374
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Hidden Valley concept Multiparticle

production
TeV scale in Valley

Entry into Valley
via portal

i Communicator for E
! production may be
. different from |

Tevatron,
EP

communicator for

HV

SM Some particles

unable to decay

> within Valley
Inaccessibility

(slow) decay back to
SM sector via portal
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Why HV? How to probe them?

- Why Hidden Valley scenarios?

 extra sectors common in string theory, SUSY breaking, extra
dimensions, etc.

* incredibly exciting if found: new particles, forces, dynamics
 can drastically change phenomenology of SUSY/extra dims/etc.
* implications for dark matter, early universe cosmology,
astrophysics, ...

- Experimental probes
* relatively weak experimental constraints!
» vast array of possibilities
« phenomenology challenging for hadron colliders
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QCD-like HV scenario

Communicator: Fy,

Charged under Gsy,, and Gy,
Pair-produced in collisions
v-quarks, g, and v-gluons, g,
Prompt decays

* F, = fqy— hadrons

* Ey2eqy ¢
* Qy=>4qqy

q

q pp collisions

V.A. Mitsou

Perturbation
in conventional QCD cascade
and final hadronisation

g

anomalies in angular correlations
e.g. ridge-like structures

e*e- collisions E.
Carloni & Sjostrand,


https://doi.org/10.1007/JHEP09(2010)105
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Signal and background processes

Signal
e ete” > y*/Z-> D, D, - hadrons
e g
Background q .
— . . v/ Z
* gq production with ISR [ q Vs =250 GeV
N 7 No polarised beam
q
+ — ~ N~ OPyYTHIAS EfﬁCienCy
e WW 9 gqqq o g Process fpbl %) < Ney 5
ete”™ = DD,
ot W+ et W+ et W+ mg, = 0.1 GeV 0.13 36 12.4 +£3.7
mg, = 10 GeV 0.12 36 12.4 +£ 3.7
, mq, = 50 GeV 0.12 42 11.4+3.5
Y 70 mq, = 100 GeV 0.12 42 6.5+ 2.1
ete” — qq with ISR 48 <0.01 99+34

¢ W= e W= e W= WW — 4q 7.4 <0.001
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Correlation-related variables

Thrust axis 11

Angular correlations = event shape
y, ¢ coordinates defined w.r.t. thrust axis

> |pi -

T — max —

i 2 |pil
1

e+

{ Y N
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Analysis with detector effects

x10°
- L NI NN DAL L B R B
£ 18 —HV, m =100 GeV
. r —HV, m'=50 GeV A
Event selection 16F- RV M= 10 Gev -
i r = HV, mqj: 0.1 GeV ]
* no secondary vertices 14 Losm E
* neutral PFOs* <22 and charged PFOs < 15 2 E
* reconstructed ISR photons °F E
_ Vs = 250 GeV 8 E
_ L=2ab? o E
A -]
* Di-jet invariant mass: m; <130 GeV F E
* Leading jet invariant mass: Ej, < 80 GeV N =l L L
0] 20 40 60 80 100 120 140
. m.. [GeV]
Process Ohemus Ny < Nen > Pythiag+SGV (ILC detector) ’
] [pb) %)
ete” = DD, Simulation tools
mq, = 0.1 GeV 013 36 12.4=3.7 Monte Carlo event generator:
mg, = 10 GeV 0.12 36 12443.7 :
Pythia8
mq, = 50 GeV 0.12 42 114435 _ _
Mg, = 100 GeV 0.12 42 6.5+ 2.1 Fast detector simulation
ete” — qq with ISR 48 <0.01 9.9 +3.4 * SGV 3.0 with ILD geometry
WW — 4q 7.4 < 0.001 - Analysis: |LCSoft

*PFOs: Particle Flow Objects. Detector level particle candidates in ILD



Angular correlations

Decay D, = d g, initiates a partonic (visible + invisible) shower

Corfu 2024 V.A. Mitsou

Near-side peak at (Ay = 0, A} = 0) mainly from track pairs within same jet
Near-side ridge with two pronounced bumps at 1.6 < |Ay| <3, Ap =0, in

HV scenario

* absent in
background

Away-side correlation

ridge around Ap = 1t

= back-to-back

momentum balance

HV (mq =100 GeV)
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Effect of event selection  short range lon range

SM reduced while keeping HV Z . —:W" ’;’fGV’Vf&Sé”ME 2k —gg;;qu),ccww&&ng_f
. g é IEiSMmT ‘ E © é_ CJsMm _E

Yield becomes observable for OV~ ,*¢ ER :

discovery > o5} 2 o5 E

Long-range, near-side before 2 ok ;

ridge in SM due to ISR cuts z i

effect (resonant Z 05 °-Z;

production) °

Pythia8+SGV (ILC detector)

Different behaviour

© ] © SprrTrrr T T T

between signal and background ¥ 45 T evem 4 9 asE iV e 3
<>1‘ —HV (m, = 10Ge V)&SM ] >t . —HY (= 10Ge V)&sM ]

=> hint of New Physics 3 Von-orcvas S 4p ] HV (0 01 Gevy 8 S
after . °° o 2 asf ! o E

3 s 8f E

cuts ” 25 & 2.5§— E

i 6<|Ay|<3 S(Ay, Ag)dy

f1 6<|Ay|<3 B(Ay, Ag¢)dy

Y(Ag) =

Pythia8+SGV (ILC detector) Pythia8+SGV (ILC detector)
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Uncertainties and sensitivity

Uncertainties

e statistical from luminosity: 100 fb! (first year)

e parton shower, fragmentation and hadronisation: HERWIG7.3 vs PYTHIA8
* detector modelling: partially or totally cancelled in two-particle correlation

>_ 22_!IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_ >_ 22_IIII|IIIIIIIIIIIIIIIIIIIlIIIIlII_
< 20 :_ Stats® Optimistic Sysl(mofb"@ det. modeling ® fragmentation) _: < 20 :_ Stats® Optimistic Syst (100 fb'® det. modeling ® fragmentation) -
~ - 4 L
= E Yield, 0<IA yl<1.6 = E Yield, 1.6<IA yi<5
= 18| — = 18| —
on [ HV (m, =100 GeV) & SM ] 0 [ === HV (m =100 GeV) & SM ]
> g F = HV(m=50Gev)&SM = > g E = HV(m =50Gev) & SM =
1 [ — HV (mq‘: 10 GeV) & SM 3 1 [ — HV (m‘[‘: 10 GeV) & SM ]
(% 14 | - HV (mq:: 0.1 GeV) & SM - % 14 :_ ------ HV (mq:: 0.1 GeV) & SM _:
+ C + r
> - g > r -
£ 12¢ z 12f
S . t . t > 1of 3 = q1F E
ensitivity of
e > 50 in far peak °F
p 4 :
2F
of

Pythia8+SGYV (ILC detector) Aq) Pythia8+SGV (ILC detector) Aq)
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Sensitivity improvements

Conservative uncertainty estimation = room for improvement

Assuming that systematic uncertainties improve by an order of magnitude, much
better prospects

Different hidden-quark (g,) masses affects the sensitivity

>_ 22:|||||||||||||||||||I||||I||||I||: >_ 22:||||Il|||||||||||||||||||||||I||_
< o0 [ Statse Optimistic Syst (100 1”& get ";%de"”g ® "ag'"fgta"on‘ A < o0 [ Stats® Optimistic Syst (100 16”® det "%de""g ® f'agmfgta"o"' A
~ e ] ~ E ]
- E Yield, 0<IA yl<1.6 ] - C Yield, 1.6<A yl<5 3
5 BF_w (m, =100 GeV) & SM E 5 BF (m, =100 GeV) & SM E
> 16 | — HV (m, = 50 Gev) & SM = > 16 | = HV (m, = 50 Gev) & SM =
1 [ —— HV (mq\: 10 GeV) & SM ] 1 [ — HV (mq‘: 10 GeV) & SM ]
(% 14 E = HV (mq‘: 0.1 GeV) & SM . % 14 E - HV (mq‘: 0.1 GeV) & SM .
£ C £ u ]
= 12 :— T 12 :— —:
Z  1of > 1of E
8k 8
6 6
4+ 4t
2 2
0 Coa al O C

Pythia8+SGV (ILC detector) A¢ Pythia8+SGV (ILC detector) A(I)
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Higher energies

In the HV sector, T, T, channel appears
tt(bar) production appears in the SM background
Contribution from SM decreases with the energy

Process O, /s=500GeV [Pb] O./s=1TeV [Pb]
mp, = 250 GeV  mp, = 500 GeV
ete” — D,D, 2.4 x 1072 4.4 %1073
mr, = 250 GeV  m7, = 500 GeV
ete” = T,T, 9.5 x 1072 1.8 x 1072
ete” — qq with ISR 11 2.9
ete” = tt 0.59 0.19

WW — 4q 3.4 1.3
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Conclusions

Two-particle angular correlations in a e*e™ factory can become a useful
tool to discover New Physics

* e.g. Hidden Valley scenarios

Such searches are complementary to more conventional searches, thus
increasing the discovery potential

With conservative systematic uncertainties, sensitivity of > 50
Future work

* longitudinally polarised beams
* FCC-specific detector

E. Musumeci et al, “Two-particle angular correlations in the search for new physics at future e+e—
colliders,” Proc. LCWS2023, (2023), [hep-ph] < particle level
E. Musumeci, A. Irles, R. Perez-Ramos, I. Corredoira, E. Sarkisyan-Grinbaum, VAM, M.A. Sanchis

Lozano, “Exploring hidden sectors with two-particle angular correlations at future e*e” colliders,”
[hep-ph]


https://www.slac.stanford.edu/econf/C2305153/
https://arxiv.org/abs/2307.14734
https://arxiv.org/abs/2312.06526

Thank vuow for uowr
attention!
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PYTHIA HV codes

name | partner code name | partner code

D, d 4900001 E, e 4900011
U, U 4900002 VEy Ve 4900012
Sy s 4900003 || MU, L 4900013
Cy c 4900004 || vmuw Yy 4900014
B, b 4900005 || TAU, T 4900015
T, t 4900006 || vr AU vy 4900016
v 4900021

Yo 4900022

Qv 4900101

Carloni & Sjostrand, JHEP 09 (2010) 105
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Azimuthal yield Y A4¢@)

Correlation-function projection for 1.6 < |Ay| < 3 (long range)
f1.6§|Ay|§3 S(Ay, A¢)dy

_ Q A T T IR L I

rae) Jioziap<s BIAY, AG)dY T ook rmmsom

Two completely different behaviours E 3_ DZ:'QSC:DW S

between signal and background g 250 E

Ap ~ 0 ° E

e bump for the HV case 151 E
* valley in the SM expectation :

AP ~ T
* valley (i.e. no contribution) for HV

e SM contribution remains ~constant

Analysis at particle level, Pythia8
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Distribution shapes
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Pre-selection (w.r.t. beam axis)

* final-state particles with transverse momentum p; > 0.5 GeV

* |cos¥| <0.99 for detector acceptance

Charged-particle
multiplicity and
di-jet invariant
mass different
between signal
and background

q,~dependent cut

0.08F
0.06F

0.04F

0

0.02F

0

.....

— e*e—=D,D,, m =100 GeV
— e'e—D,D,, m =50 GeV
« e'e— D,D,, m =10 GeV

I:Iee—>qq

10

20

Analysis at particle level, Pythia8

40

3:0,3—' T L L L LB L B =
@ L
C — e'e—>D,D,, m =100 GeV
0. - — e*e—D,D,, m =50 GeV 1
|: - e'e—D,D,, m =10 GeV
¥ I:Iee—>qq

0.05}-

0 50 100 150

visible

Analysis at particle level, Pythia8



