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Recent Past and Present 
• Quantum Entanglement Quantum Information Science in High Energy 

Physics – Christian Weber Lightning Talk

• Unsupervised Quantum Machine Learning Algorithm in Higgs Boson 
Analysis – Daniel Qenani Lightning Talk

• Quantum Algorithm in Detector R&D for HL-LHC/ATLAS Inner Tracker Stave 
Core – Argyris Manes Lightning Talk

• Grover’s Algorithm Applied to BSM Physics Search in Higgs Boson Decays to 
4 leptons – Anthony Armenakas (Harvard)

• Quantum Entanglement in Higgs Boson Decays to 4 leptons at LHC/ATLAS
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Quantum Entanglement in Higgs 
Boson Decays to 4 Leptons:

Status

• OKB, Yale-WL
• 4-April-2022

•Wright Lab Quantum Sensing Workshop
• Yale Quantum Week
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Overview

• Proposed Higgs boson decay to four leptons (electrons and muons)

𝐻 → 𝑍𝑍∗ → 4𝑙

Reminder - spin and parity assignments

0" → 1# + 1# → 4 × $
%

make use of all final states:

2e2µ, 4e,  4µ
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Possible states of  vector bosons emitted in decay

R2R1

Three possible polarization states for the two vector bosons:  
right-handed longitudinal and left-handed longitudinal (60%; shown) 

and transverse (40%; not shown)

L1 L2
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Consider the case of RR and LL handedness

Ø Both vector bosons linearly polarized
Ø Two separately distinct possibilities
Ø This correlation used to test Bell’s Inequality
Ø Their total angular momentum sum to zero, as they must

𝝍 = 𝟏
𝟐
(𝑹𝟏)( )𝑹𝟐 + (𝑳𝟏)( )𝑳𝟐
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in good agreement with refs. [26, 28]. The coe�cient of the cos(2�) term is about 10%

of the constant one and about four times larger than the coe�cient of the cos� term.

The presence of a large contribution proportional to cos(2�) was pointed out in [26],

while the smaller term proportional to cos� went unnoticed. The longitudinal longitudinal

component accounts for about 60% of the partial width while each of the left left and right

right components contribute 20%.

Figure 3. Invariant mass distribution of the e
+
µ
+ pairs. No lepton cut is applied. The curves on

the right are normalized to unit integral.

Figure 4. Azimuthal separation, in the Higgs center of mass system, between e
+ and µ

+ for ZZ

events in the absence of cuts.

One could wonder whether the distributions discussed in this note have any chance of

being measured. We recall that CMS, with 35 fb
�1 at 13 TeV, collected about 50 four

lepton events on the Higgs peak [34, 41]. For comparison, Run 2 has provided about 140

fb
�1 to each large experiment; Run 3 is expected to accumulate about 200 fb

�1 at 14 TeV

and finally HL-LHC will deliver 3000 fb
�1 [42, 43]. Therefore we can expect of the order

of 500 events by the end of Run 3 and thousands of additional events from HL-LHC.

Fig. 1 shows the distribution of the invariant mass of the same flavour, opposite charged

leptons. The curves in the right hand side plot are normalized. In addition to the expected

peak at the Z mass, the curves display a wide increase at small invariant masses. The
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MC Data
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A. Aspect resultsHàZZ*à4l MC analysis
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Summary

• Testing Bell’s Inequality with Higgs decays
• Polarization analysis initial results
• Bell’s inequality initial results
• Applications (future presentation)

• Application
• H -à Z*Zd--> 4l for  Z1-mass = Z2-mass (60.0-65.0 GeV)
• H à Zq
• Di-Higgs à 8 leptons?
• . . . 
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Backup
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MC16
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Run2 actual collision data
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Alain Aspect experiment for comparison

Atomic physics 
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Energy levels in Calcium showing states used 
in production of entangled pairs of photons

6.1 Tests of Bell s Inequa lit ies 151

Two-Photon  Entangled Sta tes For tuna tely, fa r  bet ter  exper imenta l designs
have been  found. At  presen t , the most  successfu l exper iments have worked
with  en tangled sta tes of photons produced by a tomic cascades.7 These cas-
cades a re produced by means of t ransit ions between  sta tes in , for  instance,
a tomic ca lcium. Calcium has two elect rons ou tside a  closed shell. Since both
elect rons a re in  s-sta tes, and their  spins a re oppositely a ligned, the ground
sta te has a  tota l angula r  momentum J  (orbita l plus spin) of zero. F igure 6-1
shows the energy levels for  the ground sta te and relevant  excited sta tes. If we
sta r t  in  a  h igher -lying J  = 0 sta te, two dipole t ransit ions take the a tom from
it s in it ia l excited s-sta te, th rough an  in termedia te p-sta te (J  = 1), to the
ground sta te, which  aga in  has J  = 0. Two photons a re emit ted in  the process,
one ofwavelength  551.3 mn and the other  of 422.7 nm. We now show tha t
they a re in  an  en tangled sta te.

Note tha t  the tota l change in  the angula r  momentum of the a tom is zero.
Thus the two photons must  have opposite angula r  momenta . But  the spin
angular  momentum of a  photon  is rela ted to it s pola r iza t ion  sta te. The spin
of a  photon  can  only be a ligned para llel or  an t ipara llel to it s direct ion  of
mot ion ; para llel a lignment  cor responds to r igh t -handed circu la r  pola r iza-
t ion , an t ipara llel to left -handed circu la r  pola r iza t ion . The two photons need
not  be emit ted in  opposite direct ions, bu t  if we select  those tha t  a re, conser -
va t ion  of angula r  momentum now requires tha t  their  handedness be the
same. Therefore, they must  have the same pola r iza t ion : both  r igh t - or  both
left -circu la r ly pola r ized (F igure 6-2).

Either  will do. Of cr it ica l impor tance for  our  considera t ions is the degen-
eracy of the in termedia te p -sta te. This sta te has th ree sublevels, which  a re
the project ions of J  on to it s quant iza t ion  axis, usua lly labeled by m = 1,0, -1.
Because these th ree sta tes a re degenera te, we have the ambiguity needed for
the crea t ion  of an  en tanglement  between  the two possibilit ies diagrammed

-J =0

651 nm

423 nm

J =l

-J =0

Figure 6-1 Energy Level Diagram of Calcium showing the sta tes used in  the pro-
duct ion  of en tangled pa ir s of photons.

m = 1 or -1
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Aspect paper
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152 Chapter  6 I Test ing Bell's Inequa lit ies: Entangled Sta tes

423 nm
(Li)^ —9-~J ~

or

423 nm
(R,)^  — e-

551nm
-e—^ 2)

551nm
-^ —>(.R^ )

Figure 6-2 Possible Sta tes of the Photons emit ted by the t ransit ions illust ra ted in
Figure 6-1.

in  F igure 6-2. This en tanglement  is just  the kind su ited for  t est s of Bell's
theorem.

The two decay pa ths per t inen t  for  our  purposes pass th rough either  m = 1
or  m = -1 on  the way to the J  = 0 ground sta te. They a re illust ra ted in
Figure 6-3a . In  one case, the two emit ted photons a re both  r igh t -circu la r ly

m=^ -l m=0

.7=0

Photon

J =l

Photon

J =0

1

a)

2

Single Photon  Source

Slit  1 Slit  2

Detect ing
Screen

b)

Figure 6-3 Product ion  of an  Entangled Sta te in  the two-photon  decay of ca lcium.
The decay can  pass th rough either  of the two in termedia te c7= 1 sta tes, as illust ra ted
in  (a ). Note the st rong simila r ity between  th is and the classic two-slit  in ter ference
exper iment  (b),

decay can pass through either of  the two 
intermediate J= 1 states, as illustrated.

Taken from The Quantum Challenge, Greenstein and Zajonc, Jones and Bartlett Publishers (2006)17


