LPSC

GRENOBLE | MODANE

=N e
TerasScale -

IRN Terascale

Quantum information in Higgs to tau tau at future

lepton colliders

[arXiv:2211.10513]
Mohammad Mahdi Altakach

In collaboration with: P. Lamba, F. Maltoni, K. Mawatari and K. Sakurai

25 Apr. 2023



Part 1

Introduction




@ In classical mechanics, the components of angular momentum (I, ly, 1)

take continuous real numbers.

® A striking fact, found in the Stern-Gerlach experiment, is that the

measurement outcome of spin component is either +1 or -1 (in the 7/2
unit).
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Alice & Bob

Alice ‘ S (spin 0) Bob
o (spin 1/2) ¥ B (spin 1/2)

® - 2 . @

(l=0)

® Alice and Bob receive particles a and §, respectively, and measure the spin z-
component of their particles. Repeat the process many times.

® Alice and Bob will find their results are completely random (+1 and -1,
50-50%).

® Nevertheless, their result is 100% anti-correlated due to the angular

momentum conservation. If Alice’s result is +1, Bobs result is always -1 and
vice versa.
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Hidden variable theory

® The most natural explanation would be as follows:

® Since their result is sometimes +1 and sometimes -1, it is natural to think that the

states of o and B are different in each decay. The result look random, since we don't
know in which sate the a and 8 particles are in each decay.

® This means we can parametrise the state of a and § by a set of unknown (hidden)
variables, A.

® For i-th decay, their states are: a()i), B(Ai).

:(, - 1 If A, € {i_} = Sla)l=+1, S[A)]=- F
DY D fAL el .} = Sla@)l=-1, S[pA)]=+1

1

PAe {A,_}) = PAe{i}) = 5
\- J

® In this explanation:

® Particles have definite properties regardless of the measurement. ((realism))
-

® Alices measurement has no influence on Bob's particle. ((IOCali’ry)\
Y,
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Quantum mechanics (QM)

® The explanation in QM is very different.

® Although their outcomes are different in each decay, QM says the state of the particles
are exactly the same for all decays:

i V2
\UP to a phase e’ y ( (nO realism) )

® Before the measurements, particles have no definite spin. Outcomes are undetermined.

® At the moment when Alice makes her measurement, the state collapses into:

é ” N
+, _>z -+ Alice finds S [a] = + 1

V) —— 5

/ \ —,/+)z - Alice finds S,[a] = — 1

Alice’s
kmeasurement J

/

Bob's outcome is completely determined (before his measurement)
and 100% anti-correlated with Alice's.( (non-local) )
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Entanglement

® The origin of this bizarre feature is entanglement.

( general )ﬁ’) = 611|++>Z+612|+_>z+621|_+>z+622|__>\Z

(separablej |Weep) = [Cix| +), + & | — >Z] ®@Z ) cfl B

(en’rangledj |‘Pent) -4 [Cf‘l +)Z + Cg| — )Z] X [Clﬁ| +>z + C§| —>z]

(en’rangled) | P00y = [+—). = 1=+)
\_ V2 Y
Bob's measurement collapses the state of § to | + )Z or | — )Z but does

not influence the state of o.
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EPR paradox

® Einstein, Podolsky and Rosen (EPR) did not like the QM explanation.
® EPRS local-real requirement: [Einstein, Podolsky, Rosen 1935].

® Physical observables must be real: they have definite values irrespectively with the
measurement.

® DPhysical observables must be local: an action in one place cannot influence a physical
observable in a space-like separated region.

® QM violates both local and real requirements.

® It seems difficult to experimentally discriminate QM and general hidden variable
theories.

® John Bell (1964) derived simple inequalities that can discriminate QM from any local-real
hidden variable theories: Bell inequalities.
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Bell inequalities

Alice . S (spin 0) Bob
o (spin 1/2) ¥ B (spin 1/2)

® - 2 . @

® The experiment consists of 4 sessions:
@ (s) 1

Alice and Bob measure s,[a] and sp[B], respectively. Repeat

the measurement many times and calculate <$4-Sp>-
|_ ' (s) 2- Repeat (1) but for a and b’

3. Repeat (1) but for a’ and b. b /)
4. Repeat (1) but for a’ and b'.
® Finally we construct: b (s)
e " ~
Rensn = 5 [(5,5) = (5,8,) + (5.9,) + (5,5,) |
- y

One can show in hidden variable theories that: R poy < 1
[Clauser, Horne, Shimony, Holt, 1969].
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Bell inequalities

® In QM, for:

4 )
|\p(0,0)> ~ |+_>Z— |_+>Z

L V2

® One can show: [(Sasb> = (PO |55 | PO = (&- f))]

® Therefore:

(" )

1
Rensn = o [(5:9) = (5:5) + (s.5) + (s.5,) |

1

2

@A@-b)y— @-b) + (@-b) + (ﬁ’-f)’)|

S T e
L _L 1 1
V2

violates the
upper
bound of

hidden
variable
theories!

V2
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Part 11

Spin 1/2 biparticle system




Density operator

/7 Probability of having|y)

@ For a statistical ensemble{{pl vy A s v b {ps lys) ), } we

( )
define the density operator/matrix: 0<p <1
( )
p = Zm\%ﬂ%\ Pab = (€alplen) d pe=1
\ k y k
<8a|8b> — 5ab
® Density matrices satisfy the conditions: - -
N N )
pt=p
Trp =1

P is positive definite, that is o) {p|plp) > 0

® The expectation of an observable 0 is calculated by:
)

(0 -7[o]
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Spin 1/2 biparticle system

® The spin system of « and § particles has 4 independent bases:

((Iel),lez),|e3),|e4)) = (|++>,|+—),|—+),|——))J 3><?.

marrix
® ==>p_, is a 4x4 matrix (hermitian, Tr=1). It can be expanded as(

é x )
p=—(1®1+B,.6;®1+B.1®0;+C;.06,®0,), B,B,C,eR
\ Y,

® For the spin operators §* and §” :
[<§a> =TSP =B, (V) =TSPl =B, (%) = Trses/p) = J

spin-spin
correlation
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Entanglement

® If the state is separable (not entangled):

[ A
p=zpkp,?®p,f, O0<p,<1 and Zpk=1
k k

.

J

® Then, a modified matrix by the partial transpose:
[ )
plr =" ppf @ Ip/1"

" k Y

is also a physical density matrix, i.e. Tr=1 and non-negative.

® For biparticle systems, entanglement <— p'# to be non-positive. [Peres-
Horodecki (1996,1997)].

® A simple sufficient condition for entanglement is:
[E =0t Cp—C3> 1)
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Estimation of Cj;

® |ets suppose a spin 1/2 particle o is at rest and spinning in the s
direction.

® o decays into a measurable particle |, and the rest X: oo => |, + (X)
dI’ .
e Ihe decay distribution is generally given by : 0 x 1 +£x,(1,.s)
x € [—1,1] is called spin-analysing / )
power and depends on the decay Unit direction vectof of L,
x=1for7> = v measured at the rest frame of «

® One can show for oc-l-B -> [la + (X)] + [IB + (X)]:

[<§a§ﬂ> =-9. (I I'B>J measurable at colliders, but

needs to reconstruct the o

\—/ (B) rest frames
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Part 111

Higgs to tau tau @ lepton colliders




Why lepton colliders?

Events/ 10 GeV

Data — Bkg

Background Z/y — 777 is much smaller at lepton colliders

A\

We need to reconstruct each 7 rest frame to measure /. This is challenging

at hadron colliders since partonic CoM energy is unknown for each event
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Simulation

ILC FCC-ee
energy (GeV)| 250 240
luminosity (ab™?) 3 5
beam resolution e™ (%)| 0.18 |0.83 x 107*
beam resolution e~ (%)| 0.27 [0.83 x 10~*

olete” — HZ) (fb)| 240.1 240.3
# of signal (6 -BR-L-€)| 385 663
# of background (o -BR-L-€)| 20 36

® Events were generated with Madgraph5
® We incorporate the detector effect by smearing energies of visible particles

(EW ~ E? = (1 + 05.0) . E™ 6, = 0.03 )

\Random number from a normal
distribution

® We perform 100 pseudo-experiment to estimate the statistical uncertainties
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Solving kinematical constraints

® To determine the tau momenta, we have to
reconstruct the unobserved neutrino

momenta: (py,py, pY), (P2, ph. pY).
® 6 unknowns can be constrained by 2 mass-

shell conditions and 4 energy-momentum
conservation:

m;: = (p,.)* = (P, +Dy)
m; = (p,)> = (P +p,)
k(pee —p) = pﬁ] = [(pﬂ‘ + D)+ Dy +pﬂ)]/:

boost of H
® With the reconstructed momenta, we define ot H rest frame helicity
(7, 71, k) basis at the Higgs rest frame. \ ?Aasiisf()
I, N,

r —_ VaN VN 1
— (o@D — -7+
C,;= (S S. ) =—9L ) /
. ° _ ’7-
L(z,] =r,n,k) )
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Impact parameter (IP)

® We use the information of the impact parameter
b, measurement of 7~ to “correct” the observed
energies of = and Z decay products.

® We check whether the reconstructed 7 momenta

are consistent with the measured impact
paramefters.

® We construct the likelihood function and search

for the most likely 7 momenta.
-

Ea((sa) = (1 T 05 ' 5a) ' Egbs

5'+ = |[§'+| (Sin_l O €+ — tan™ O - 5w+)

K3, ({6) = by = B, (sin™ ©({6)) - €5 ({3}) — tan™" ©L({6)) - 1)

LE({8)) = [Aii({5})]it[Aii({5})]§ N [Aii(~2{5})]§

O'bT O'bz

L'({6}) = L\ ({6}) + L. ({6})

- .
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Results

ILC FCC-ee
0.830£0.176  0.020 +£0.146 —0.019 £ 0.159 | / 0.925+£0.109 —0.011+0.110 0.038 + 0.095
Ci; ||| —0.034+0.160 0.98140.1527 —0.0294+0.156 | | { —0.009 £ 0.110 0.929 +0.113  0.001 4 0.115
—0.001 £ 0.158 —0.021 +0.155 —0.729 +0.140/ | \ —0.026 £ 0.122 —0.019 + 0.110 —0.879 + 0.098
E 2567 £0.279  >50 2.696 + 0.215 >50
Rcusn 1.103 + 0.163 1.276 + 0.094 ~30
4
] ™)
SM values: C,= 1
-1

E=3 Entanglement — E > 1

\ Repsy = V2 ~ 1.414  Bell-nonlocal => Reysy > IJ

ILC FCC-ee

H ority of FCC ILC | energy (GeV)| 250 240
e superiority o -ee over IS luminosity (ab_l) 3 5

due to a better beam resolution \ beam resolution 6+ (%) 0.18 0.83 . 10—4
beam resolution e~ (%)| 0.27 | 0.83-107*
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Part 1V

Summary




® High energy tests of entanglement and Bell inequality has
recently attracted an attention.

® We investigated feasibility of quantum property tests @ ILC
and FCC-ee.

® Quantum tests require a precise reconstruction of the 7 rest
frames and IP information is crucial to achieve this.

Entanglement  Bell-inquality
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Backup slides



Hidden variable theory

One can show in hidden variable theories:

1
RCHSH = E ‘(Sasb> _ <SaS/)/> + <S(1’Sb> + <S(1'S/)'>‘ S 1

4 )
(ab) — (abf)] = ' / 0 (ab—ab’)P'

? + abad'b' P — (£ abd'b'P) = 0
= /d)\ lab(1 £a'b")P —ab/(1 £a'b) P

IA

/d)\(labul £ V| P+ [ab[1 £ a'b|P)
lab| = |ab’| =1
1xab'|,|1xab| >0
- /d/\[(lia’b’)PJr(lia’b)P] [=abr], [T abl

= 2+ ({(d'b) + (a'D))

(SaSp) = /sa(A)sb(A)P(A)dA

max (RcpsH) = max (RCHSH) / PiAdr =1
K (@b, d,0) (@,b,d, V) J
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