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Quantum entanglement in H — WW*

Bell's theorem

"If (a hidden-variable theory) is local it will not agree with quantum mechanics, and if
it agrees with quantum mechanics it will not be local.”

- Bell, John S. (1987). Speakable and Unspeakable in Quantum Mechanics

e Study "spooky action” at TeV scale

lr &
e Construct a Bell test in H - WW* 5‘/7 /
* Exploit Higgs J and the V — A ‘a

structure of weak interaction < ,@ @ @

/
® Verify entanglement in spin-1 WW ’/ ” s
pair from Higgs decay b 7

VR
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From theory to experiment

8 8 8 8
1 1 1
oww = 6]19 + Z aj\j ® §H3 + Z §]13 ® bk + ZZ GikAj ® Ak
j=1 k=1 Jj=1 k=1

* Weyl-Wigner transformation:
Invertible mapping between Hilbert space operators and phase space functions.

* [Theory] Forward mapping: Operator (p) — Angle (®3(f))
Construct operators — obtain angular distribution

* [Experiment] Reverse mapping: Angle (¢} (f)) — Operator (p)
Measure lepton angular distribution in W rest frame — obtain operators

L X ! i R
aj, bj <= aj, bj = 5 <¢Jp(n)> Cik <= Cjk = Z <¢f(n1) ¢f(n2)>
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Bell test in H — WW*

e Construct coordinate system in Higgs
center-of-momentum (CM) frame

k(2)
Projective measurements in W CM frame .
o CGLMP Bell operator CIZIIETID Ax) /N
Optimal Bell test for qutrit pairs = —acm—m-ea - 4_;._|5
B 8 P o° Beam axis
<BCJZGLMP> =5 <§7rfi_ + Efgj_> R
2 2 2 2 "$ PEEY
+25 ([(¢)? — (&) — (§)) P(9)
+100 <€,-+Ej+€7 5}> (ijelxy 2}, i) o ¢E =8 0, & c{nik}
® max {(BgGLMP>} > 2 "Entanglement”

e Denote £% as £y direction in
Exceeding classical bound

parent W= boson CM frame

6 Nik[hef



Approaches to quantum entanglement observables
® Unknowns:
Neutrino,
W=, Higgs
kinematics
Knowns:

Lepton

kinematics,

Missing

> Bij
(BloLmp) e Target:
e CM frame reconstruction is essential to extract
Transverse

Energy

(MET)

Observables
W spin information from final-state leptons

in CM
frame,
ensemble
average
e Straightforward approach: Regression on
missing kinematic information. Calculate CM
frame observables using estimated values. -
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Overview of truth-level study

e Motivation

® Verify theory using standard ATLAS simulation sample
® Understand effects caused by experimental selection cuts

* Truth-level study: Full knowledge of neutrinos, W*, and Higgs
four-momentum

® Generator: Powheg + Pythia8 (v8.212) + EvtGen (v1.2.0)
* Event Selection: (ggF) H > WW* = £t v £~ iy
¢ Different flavor channel: £ € {e, u}

* Baseline selection: | <5, p-?(l’ > 15 (5) GeV ({(1)0 denotes (sub)leading lepton)
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Distribution of CGLMP Bell operator values (B¢Z yp)

(Blowwr) = 5 (&F&7 +&7¢ ) +25 (1€ - (€ PIIE)? - (&7 1) + 100 (gf g ¢gy )

@ 014 @ 014 @ 0.14
E () E (57) E (%)
3 ook BY) = 22139 E 3 ook B = 2.4911 E 3 ook B>) = 2.7427 E
gom N = 2963669 S 012 - N- 2963669 S 012 - N - 2963669
3 SEM = 0.0069 ] 3 SEM = 0.0056 ] 8 I SEM = 0.0058 ]
& o101 X — i Z q & ot0- ZX q
] ] @ ] s ]
£ [ ] £ ] £ [ ]
S oosf- ] S ] S oosf- .
4 0.06F 4
— 0.04— —
| 0.02— —
0003500 0 70 20 30 00035200 0 70 20 3 00035500 o 70 20 3

o max {(BZ. up)} observed in ij = zx, with expectation value of 2.74
® Referenced paper quotes 2.62 (no cuts) ~ 2.75 (comparable cuts) =

10 Nik[hef



https://arxiv.org/abs/2106.01377

Selection cut definition

Referencing the Run 2 ggF H — WW* — evpuv signal region

* Geometry: Category Criteria
Detector coverage Ine| < 2.5
. Geometry
® Preselection: |ne| ¢ [1.37,1.52]

Enhances hard scattering events

_ P > 22 (15) GeV
Reduces multiple background sources

Preselection my > 10 GeV
piss > 20 GeV
A¢ll’E_rrniss > 7T/2

® Background rejection:
Transverse plane kinematic

requirements Background rejection "
V
e Event topology: pr > 30 Ge
Enhances resonant H — WW?* events Event Topology myg < 55 GeV .
Ay < 1.8 b
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https://arxiv.org/pdf/2207.00338#table.caption.3

Overview on selection cut effects

. — == p|
® Dashed line: Sample mean e _ i _ ]
. i i . 8. — Theoretical bound (Bsup) Baseline E
at baseline (projection axis & °F mm (BYup) Baseline  mml (BZ.p) Baseline ]
2 F CGLMP g ]
® Red line: Theoretical upper “ . Til= s = .
bound ———— . — =
— 4/(61/3 —9) ~2.87 R ~ g
. - 1: n n n n n n n n n n n B
® Negligible Standard Error & Q@@ \Qoa\ & \®<§’°\ 5’“& R &05 n‘L& Qe@ v\@@
& a IS R *
of the Mean (SEM) SIS U
— Sufficiently large sample & &9

® (BEE mp) is consistently the greatest among the combinations
e Selection cuts bias expectation values to greater values
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Overview of reconstruction-level study

® Motivation: To emulate practical setting

® Account for detector effects

® |mplement neural network regressor in CM frame estimation

® Reconstruction-level sample implemented

® Objective: Reconstruct four-momentum of intermediate particles H, Wy, W1

14

® Geometry and preselection cuts applied (N = 590, 902)
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Association with leading lepton

e SM H — WW?™* produces off-shell W*

(At baseline) 83% of £y decayed from
the more massive W boson

o 0.30F : .
S Faw 1 e Analytical Approximation (AA)
<] B > .
R —y E ® On-shell conditions for £y constraint
% 020F E equations
E | ] ® Neural Network (NN)
= olsp E ® Possibility of on-shell W boson mass
010k E as implicit constraint
- 1 * Notation:
O'OSSA L _ ® L1)o: lepton (sub)leading in pr
0.00 : : : ] ® Subscript (1)0 denotes association
0 20 40 60 80 100 . B
Mass [GeV] with the (sub)leading lepton £1)o =
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Neural Network setup
® Features:
Object

Lo, {4y
74

® Target: WO (Erperyva) y Wl (Ev Px:Py:Pz)

Component (Total: 26)
pTvaIPyvav E:77
MET

PT. Px: Py, Pz, E. M, Agg g, M

@,

S H:
&/
N

Dense

PT. Px: Py, Ddg MET, A, MET, Adoe, MET

Standardization
X'=(x-u)o

¢ Model structure: (ADAM optimizer, MAE loss, L2-regularization)
(batch, 26)

Output layer
256 units (batch, 8)
| | EomE Tensor

split
-~

Tensor
add

W, P4 W, P4
(batch, 4) | (batch, 4)
Prof

loss
n

HP*
(batch, 4)
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Reconstruction-level neural network regressor results

® Results in four-momentum estimation: @D, @A,
e Similar estimation performance with reconstruction-level input

® Neural network regressor estimations — entanglement observable calculation

3 2 s 2 =
[ c c
o 3 8 2 8
s " o <
B3
W %_x %LN
=z z =
2 g g
= ] 3
3 g g
ki k] 3

2 2
E £ £
& & &

1 N — 10
0 100 200 300 400 500 600 -200 -100 0 100 200 -200 0 200 400 600
Truth Leading W EW [GeV] Truth Leading W P)'("’n [GeV] Truth Leading W F’;M’ [GeV] =
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Reconstruction-level neural network regressor: B&g| yp

o T

—(Bp) = 3161
0.150) SEM =0.0307
Estimated
o

Normalized Counts
Normalized Counts

® Observable of

interest

* Significantly ST
skewed Bl i 2
distribtion B

® Correlation
observed in
earlier stages
does not carry
over

Estimated By e
Estimated B e
Estimated BZ5,p

T30 20 -0 o 10 20 30
Truth Bgguwe =

20 30
T B
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Take home messages

® Truth-level results in agreement with phenomenology paper

® Selection cut shifts observable distribution and biases expectation value

® Neural network regressor outperforms analytical approximation

® Proposed viable methods in intermediate particles’ four-momentum estimation
® Model viability verified at truth and reconstruction-level

® Entanglement observable calculation with neural network regressor estimations
® Results highlight the sensitivity of entanglement observable

® Significant impact from imperfect Wy, Wi, H four-momentum estimations
20
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Outlook

e Optimization of experimental selection cuts
® Quantitative measures to address experimental selections
e Utilization of physical constraints in neural network regressor

® Employ advanced machine learning models and strategies
® Thorough error analysis for every derived observable

Nik|hef
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Quantum Tomography

® Lepton emission angle measurement in the W+ boson rest frame
— Projective measurement (von Neumann measurement)

* Probability density function for W= boson with density matrix p

d

=+

P(E1p) = - Te(p T
® W produces £T in direction h

— positive helicity selected by projection operator T4 4 = [+); (+]a
¢ Eigenstates of the S, operator: {|+),|0),|—)}
Active rotaton of angle 0, ¢ about ¥, Z axis

Mia = |£A) (£A] = Uy |£), ([, U],
U9'¢ = eX (
23
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https://arxiv.org/abs/2209.13990

Spin and projection operators in d = 3

® Explicit form of the projection operator T 3 =

cos* g ﬁ sin @(1 + cos 6) L exp(—2i¢)sin? @
33 exp(i¢) sin 6(1 4 cos 6) Lsin20 33 exp(—i¢) sin §(1 — cos 0)
%exp(2i¢) sin® 6 2f sin @(1 — cos 6) sin @
® Recall: PDF for W boson with density matrix p
Pt p) el LCRLESE))
® Wigner Q symbols
24

P(LE; p)

3 (1
A7

T

> o
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Wigner P, Q@ symbols for spin-1 (j

=1)
q)Q:i: <:|:ﬁ|)\(3) | ﬁ> — TI’()\( )'n':t n)

3
J
® | epton angular distributions are also Wigner transformations

Tr(pM )

(A[ p|n)

_ 3 g0z
4
2a = /dQﬁP(F )oPE = 5 =
® Linear terms a;, by : 4; =

=3(%f)

® Quadratic terms ¢jx : Gk = % <<1>JP(n1) o (n2)>

N =

o)
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Explicit expression of Wigner P, @ symbols

Wigner Q symbols

J CDQi:\%smG(cosO:tl)cosgb
o O9F = %sm@(cos&:tl)singb
o 09 = L(+4cosf +3cos26 + 1)
o OQE = 1sin® 6 cos2¢

Wigner P symbols

® oP* = /2(5c0s0 + 1)sin 6 cos ¢
¢'§'i = \/5(5 cosf £ 1)sinfsin¢
oPE — T(+4 cos 6 + 15cos 20 + 5)
cbf'i = 5sin? 0 cos 2¢

<1>5Q'jE = % sin® 0sin 2¢

oP* = \/Li sinO(— cos@ + 1) cos ¢
O3 = Josinf(—cos6 + 1)sing
e9* = \—1[(:|:12 cosf — 3cos26 — 1)

<l>f’jE = 5sin? @sin 2¢
®FF = v/2(+1 — 5cos ) sin f cos ¢
®P% — \/2(+1 — 5cos6) sinBsin ¢

¢Pi 4\[(:l:12c050— 15co0s26 — 5)
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CGLMP inequality
¢ CGLMP inequality: (computational basis: |¢) = \%(|OO) +[11) + |22)))
2>13 = P(Al = Bl) + P(Bl = Ay + 1) + P(A2 = Bz) + P(B2 = Al)
P(A =By 1)~ P(Bi=A)) — P(Ay = By — 1) — P(By = A, — 1)
spin basis: [1hs) = Z=(|+~) — [00) + [+-))
* T3 = Tr(pwwBceump) — max {(Bg up)}
© Se= (Mt de) Sy =52t A) S: =300+ v3k)
* TrlowwSi ® 5j) = —4 <§7r€f>
° <(f;r)2 - (i;r)z> = %34 <§j§;r> = %35

Nik|hef
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https://arxiv.org/abs/2106.01377

CGLMP Truth values at individual cut stages

Category Criteria ‘ Individual cut ‘ (B mp) ‘ (BEeimp) ‘ (B2 mp)
el <25
Geometry 2238610 2.3363 £ 0.0079 | 2.5316 + 0.0064 | 2.8648 & 0.0068
[mel| ¢ [1.37,1.52]
pﬁ“’ > 22 (15) GeV 1628280 2.5468 + 0.0094 | 2.1147 +0.0071 | 3.1033 + 0.0082
Preselection mgg > 10 GeV 2806878 1.7284 +0.0071 | 2.3305 4 0.0057 | 2.5851 + 0.0059
piss > 20 GeV 2675839 2.4276 +0.0073 | 2.4702 + 0.0058 | 3.0046 + 0.0063
Ay priss > /2 2436549 2.5259 +0.0076 | 2.5929 +0.0061 | 3.0832 £ 0.0066
Background rejection =
P > 30 GeV 2326116 2.8625 £ 0.0077 | 2.5644 +0.0061 | 3.4332 & 0.0069
mgg < 55 GeV 2579470 2.6443 £0.0075 | 3.3608 + 0.0060 | 3.6579 & 0.0062
Event Topology

Agy < 1.8 2162319 3.5454 £0.0079 | 3.1135+0.0065 | 4.0372 & 0.0071
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Analytical approximation method
Method proposed in the dissertation Spinning the Higgs by R. Aben

1. Di-lepton di-neutrino energy-momentum relation, under my,, constraint

mH2 = 2EyE,, — 2Py - P + m£€2 + muu2

H ; H v : _ truth
2. Solve quadratic equation in terms of p%”, assuming m,, = <mW
v — —htvb?-sac Select solution
Pz = T resulting in min.
y‘“‘&l a,b,c defined in Eq 1.6 cos (ee)]
fL":
My = 125 GeV 5
£
My, =30GeV  [Usy, B
% &
My =125GeV ) tions, | pyv = 2
M,, = 0 GeV BB

3. Collinear vv approximation. Solve for a scaling factor to separate estimated p,,

4. Correct the neutrino energy in the "off-shell” £v pair, such that m,, = (m,,)

29 Nik[hef



http://cds.cern.ch/record/2012081

30

2. Solve the quadratic system:

Where

Spinning the Higgs Method - 1

1. Start with the di-neutrino di-lepton system energy momentum relation

mu® = 2EyE,, — 2Py - Pow + me® + my,
0= [P“ - Eeez] pY2 + mi

2

a

1
2pps + {—mﬁx2
N—— 4

b

2 2 2
mex™ = my® — my® — my,~ + 2p

c

174

X

miss2
- E££2 [ET + muuz} }

E;niss + 2pu E}r/niss
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Spinning the Higgs Method - 2

3. If b? — 4ac < 0 retry with m,,, =0

4. If my, = 0 still causes negative determinant, extremize m%, with respect to py”

/ fee2
miss 2
v 7 ET My
Pz =P, —u2 >
E¥" —p¥

5. Choose solution where ££ is system closer to the pr plane in reconstructed Higgs
CM frame

6. Designate the lepton where my, ;4 is greater as the "on-shell” pair, denote with
subscript 0

31
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Spinning the Higgs Method - 3

7. Assume p,, = &?py, + (1 + o?)py,

8. The collinear approximation leads to the assumption that M,, = 0, since the

massless constraint on individual neutrinos require the total energy of this newly
approximated di-neutrino system to:
2 = 2\ = 2 24 = -
E,, = &°|pu| + (1 = a)|pun| = |epuw + (1 — @)P| = ||

m\%V = EI%V - |5W|2 = (EVO + Elo)2 - Iﬁvo + pzol2

= (a2ELI/u + Elo)2 - |a2,5uu + ﬁlo|2

2 2
a2 — mW - ml()
2(EL,/A/EEO — Puw - ﬁlo)
32
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Spinning the Higgs Method - 4

neutrino energy

9. Correct the di-neutrino mass to be equal to the mean value of calculated from the
simulation sample (M,,), and add the correction term my to the sub-leading

2
2, ~ 1 = (mu)? = [l + /(1 = I+ 2| — AP
2
= _(1 - a2)2|ﬁuu|2 + |:_a2|ﬁuu| + |ﬁuu|2 + <muu> :| = mf

10. The final neutrino four-momentum in terms of (m, px, py, pz)

33

pu, = (0,0°p”, a®p*”

)

,apy”
pu, = (me, (1 —a®)ps”, (1 —a?)p}”, (1 — a?)ps”)
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Reconstruction-level neural network regressor metrics
Particle | Component IVIAI;\IN (Reconstruction-level) -
E 38.49 0.61
Px 12.20 0.84
Wo Py 12.22 0.84
P2 44.69 0.79
E 29.46 0.47
W Px 10.90 0.73
1 P, 10.93 0.73
Pz 51.39 0.71
E 85.01 0.66
Px 11.83 0.93
Py 11.84 0.93
D, 70.01 0.83
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Reconstruction-level NN: W, CM frame reconstruction

3510, MAE = 38.4907 10 MAE - 122014 a0 MAE - 12.2238 0t MAE = 46,6946
2 a2 22 9t
£ 2 g 2
3 3.0| = Truth 3 H — Truth H = Truth 3 12F e Truth
< — Estimated O 20] ~—— Estimated O 20 ~—— Estimated o —— Estimated
25| E 10F E
15 1.5} ok 7 3
10 10 06 E
04 E
05 0.5}
o02F E
00! 00!
H E j K £ 3 £
3 s 3
£ g - £ ofls j £ ol 1 £ E et j
2 FHEL S e IN SR T TE YR e 2 TP U T VYR = m g L
ERL Sy e : i & e Sl
o 100 200 300 400 500 600 200 150 100 50 0 50 100 150 200 200 150 100 50 O 50 100 150 200 600 400 200 0 200 400 600
Leading W E* [GeV] Leading W PY*" [GeV] Leading W P} [GeV] Leading W P¥ [GeV]

. 600, " _ . oo A= 08405
3 € = 2 = R =4 2
5 3 2 g
S 3 S 3 o) 3
£ 500 © <, 8 5 8
; a 10° > 102
] =
£ a00p- g 2
g 3 g
S 3 3
3 s00f 3 3
g 2 2
g g 10! g 101
B 2001 a &
- e oo 100 E .
200 100 [ 100 200 200 100 o 100 200 600 400 200 0 200 400 600
Truth Leading W P% [GeV] Truth Leading W P} [GeV] Truth Leading W P¥: [GeV]

Truth Leading W E%: [GeV]
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Reconstruction-level NN: W; CM frame reconstruction

s MAE - 20.4614 10t MAE = 10,8983 10t MAE - 10.9349 10t VIAE - 33.4899
g 2% g £ 1.50F E
5 = Truth S — Truth 5 1s0b Tt E - Truth
3 —— Estimated S —— Estimated { 3 —— Estimated O 1.25] Estimated

! 1.25]
1.00} 1.00
1.0} 075 0.75|
05| 0.50] 050
0.25] 0.25}
00! 0.00 0.00!

£ = 5 5

g E it j 2 . g At 2

b3 S S e s B R R R VTVt N O = I * ol

5 i EN t 2 O

0 50 100 150 200 250 300 350 400 850 00 =0 ) 50 100 150 450 100 50 ) 50 100 150 400 -300 -200 -100 O 100 200 300 400

Subeading W E¥ [GeV] Subeading W P (GeV] Subeading W P}¥ [GeV] Subeading W P [GeV]
= 2 2 s = £
= 3s0f- S e 38 = <. ©
i £ 100 102 g 0F &
= 300F = H 2
2 2 5o g sop B
5 2501 b 3 3
g g g §
2
3 200F R 3 a
3 3
3 3 10! B B
£ b £ g g
£ E £ £
£ = 7 7
i 100] & w v
-100
50|
, ~ 8 B 100 150 3 100 fa | s
X 050 00 80 0 50 100 150 S150 -100 -50 0 50 100 150 200 0 200 400
Truth Subeading W E% [GeV] Truth Subeading W P¥: [GeV] Truth Subeading W P} [GeV] Truth Subeading W PY: [GeV]
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Reconstruction-level NN: Higgs CM frame

reconstruction

ot AE - 51386 L e MAE - 11.8272 Y MAE - 11.8420 gy MAE = 70,0098
ER £ E g
H [ H  Truth S sob - Tuth 3 - - 3
32 T etimated 3 8, —— Estimated ] 8 o —— Estimated 3 I e
20|
H
1.5
i 1.0}
05
o 0.0
£ £ B <
o — L . = I T . R R ]
£ £ - S = wtrecsereces : £ v axg]
ERlI NHME g 2 i3 Eoog e I
0 200 400 600 800 1000 900 300 200 100 O 100 200 300 400 400 300 200 -100 0 100 200 300 400 {000 750 500 250 0 250 500 750 1000
Higgs E¥ [GeV] Higgs P! [GeV] Higgs P}/ [GeV] Higgs P [GeV]
2 - R? = 09262 R?=0.8268
= — 400 R?=0.9265 w = @ = 2
5 2 .
8 K o § 8 10° 3 8 H
= = 300 3 = 38 S om0 3
T = = T
3 & 200] 3 & 500
8 3 38 8
T £ I I
B g 100 102 B 102 3 0
g H] 5 g
£ £ E £
£ E o £ £
] G & &
&
100 -250F
' 10'
-200 " -500
_a00) ~750f
¢ 100 10°
800 1000 00 00 - 20 Yho0 200 0 200 400 -1000  -500 o 500 1000
Truth Higgs P¥ [GeV]

Truth Higgs £* [GeV]

Truth Higgs P! (GeV]

Truth Higgs P}’ [GeV]
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Estimated Wy invariant mass

2 2 —12 25719
m* = E* —|p| £ %% :
g r B Truth Wo b
O 20 Estimated WD_ -
® Model captures difference in invariant g %ifhﬁ’vjface"'ke 1
m ween W, 1.5~ Estimated W, -
ass betwee 0.1 r 1 0.76% space-like ]
® Smooth distribution of the squared 100 77 1.07% 21 space-like W 3
mass extends below 0 — space-like W 1
® Rectify space-like four-momentum by ' E
correcting energy component _ ]

® |Impose my, or my, conditions -2 00 02 04 06 08 x1014'°

® Keep p fixed Squared Invariant mass [GeV?]
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Preliminary ideas in lepton pr cut optimization

o
©
a

0.90

T ‘ T T T ‘ T T T
p¥ Threshold [GeV]

o
0
a

mw, > My, fraction

o
©
S

LN B B A

0.75

0.70 ' ' 30 20 50 50

pr threshold [GeV]

o
o
n
o

0
150 175 200 225 250 5 300 325 350
p¥ Threshold [GeV]
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