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Charged hadron spectrum in pp colissions

Charged hadron spectrum, UA1 Collaboration
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Charged hadron spectrum in pp colissions

Charged hadron spectrum, UA1 Collaboration U nru h Ra d |at|0 N

—

e Ther conceptually related to Hawking Radiation
\\Iha/* A,
ard
e

_l.d
o <

—5
=
-~

(o)/dP% [ub/GeV?]

—

a2

[ Fa
-

d
o
-

—n
=
i

-5
107 s Thermal Component '
10° |- 5 \ %

- |pf+m?

107 - A T \

= thermal € T\
10 — i | i e gl 1 i 'IL Ll ll

107 1 10
E, [GeV]

Tunruh ~ T

5/21/2019 Christian Weber 3



Entanglement Entropy 0

|‘I’) € Hy ® Hp
paB = |Z)(¥| g
reduced density matrix 04 = Z(]‘B (|\Ij> <\IJD ‘])B = TIB(pA_B)
J

entanglement entropy S(PA) — TI[PA lﬂgPA]



Example: e-P deep inelastic scattering

’

e e Proton Volume Probed
transverse scale
g "gx o h
This example is for DIS deBroglic ‘g‘
scattering; In proton-proton
scattering dxl is the colliding
protons overlap region. longitudinal scale
MX

M - proton mass
prOton X - parton momentum fraction
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oroton-proton collisions and entanglement

Proton: pure macrostate consisting of
a region of parton microstates probed in the collision +

o .e
— s A - B
Y o) =86 A
]
not separable - entangled
A\ A |, B
Yo)=V VAV )
separable - not entangled

when only one term contributes the state is separable;
otherwise the state is entangled

region A probed in p-p collision
regions A and B are entangled

| probed
region

unprobed region




oroton-proton collisions and entanglement

Proton: pure macrostate consisting of
a region of parton microstates probed in the collision +

O ..
— s A - B
Ye)=ac AT
]
Schmidt Decomposition: can find |[W4), |[¥Z) such that

" probed
Wap) = Y a,|Wi)|PE) region
n

region A probed in p-p collision
regions A and B are entangled

Py =g pap = Za%|‘{"2> <\P1;H unprobed region
n

|dentify 0!%l = Pn ,von Neuman Entropy S — = E Pn ln Pn
n



Example:

Pure state
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Pure state
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Quantum thermalization through entanglement in an

isolated many-body system
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Greiner Lab, Harvard University); Science 353, 794 (2016)

Isolated quantum state at T=0 (cold Rb atoms), a pure state;
subsystems appear pure if negligible entanglement

Sudden perturbation by a quench (laser firing), full system
evolves unitarily, developing significant entanglement between
all parts of the system.

Full state remains pure (zero entropy); entanglement entropy
causes subsystems to equilibrate; local, thermal mixed states
emerge within globally pure quantum state

Quantum entanglement C entanglement entropy C thermalization; thermal entropy
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LHC Data
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Transverse momentum distribution of charged hadrons in

proton-proton collisions at+/s = 13 TeV
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Data: ATLAS collaboration, Eur. Phys. J. C76, 502 (2016); PLB 758, 67 (2016)
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pp collisions

/s =13 TeV
In| < 2.5
f(lum) = 151 ub~!
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Transverse momentum distribution of charged hadrons in
proton-proton collisions at+/s = 13 TeV
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Data: ATLAS collaboration, Eur. Phys. J. C76, 502 (2016); PLB 758, 67 (2016)
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Example: e-P deep inelastic scattering

’

e e Proton Volume Probed
transverse scale
g "gx o h
This example is for DIS deBroglic g‘
scattering; In proton-proton
scattering dxl is the colliding
protons overlap region. longitudinal scale
MX

M - proton mass
prOton X - parton momentum fraction
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Di-Muon pair transverse momentum distribution
doubly diffractive yy scattering in pp collisions
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Baker, O. K., & Kharzeev, D. E. (2018)
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(1/P ) do/dP; (fb/GeV?)

Extends to Higgs sector ...!
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Higgs temperature anomaly

Tin, GeV T, GeV R Process

none 0.14+002 | 1.0+0.1 pp (vy) = (up)pp

3.0x0.7 144+03 10.15x=0.05 pp— H — vy

35+07 144+0.3 [023+£0.05 pp— H— 4l (e, p)

0.174+0.03 0.724+0.1 J0.16 =0.05 pp — charged hadrons

T, T, [GeV]
* *

g ¢

K

T =409 - (1/5)"% MeV,

Typ = 98 - (/3)"06 MeV.

Holds not true for Higgs anymore.
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Higgs temperature anomaly
Tthy GeV T, GeV

R

process

none 0.1 £0.02 1.0 +0.1

pp (vy) — (pit)pp

3.0x0.7 144+03] 0.15x=0.05

pp— H — vy

3.0x0.7 144+0.3] 0.23 £0.05

pp— H — 4l (e, p)

0.17+0.03 0.72x=0.1] 0.16 =0.05

But R is consistent with other channels.
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Higgs temperature anomaly

Tih, GeV T, GeV R process
none 0.14+0.02 1.0+0.1 pp (vy) — (pp)pp
3.5+0.7 14.4+0.3 0.15+0.05 pp— H — v~

35+07 144+0.3 023+0.05 pp— H— 4l (e, p)

0.1740.03 0.7240.1 0.16 =0.05 pp — charged hadrons




Additional studies . ..

Investigate tt transverse momentum distribution at /s =13 TeV

tt differential cross section spectrum
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Quantum information science in high energy physics

ATheoretical and experimental studies of thermal radiation and
entanglement in pp collisions

AFirst demonstration of this QIS related effect at highest LHC energies

ACan quantum entanglement be used to address open problems in:
Ahadron structure?
Adark sector searches?
Aquark confinement?
Athermalization in HEP?
A qubit decoherence in quantum computing?



Thank youl!

Talk based on:
Baker, Oliver K., and Dmitri E. Kharzeeuv.

"Thermal radiation and entanglement in proton-proton collisions at
energies available at the CERN Large Hadron Collider."

Physical Review D 98.5 (2018): 054007



1+1 conformal field theory
Quench introduces entanglement entropy
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