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Particle Collider

Quantum Computer

C. Altomonte, A.Barr [2312.02242]
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To investigate the computational property of colliders, we need to control
input (spin) states.

=) Polarised lepton colliders



Particle Theory = Quantum Computer

C. Altomonte, A.Barr [2312.02242]
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To investigate the computational property of colliders, we need to control
input (spin) states.

= Polarised lepton colliders
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® New precision test of SM

® Foundational test of QM
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High Energy Test of Quantum Mechanics

Classical Quantum ‘ -
Mechanics Mechanics 9 Grawty
(Local) (Nonlocal) -
large < > gmall
distance

Motivation: - QM might be a low energy effective theory of more fundamental short-
distance theory.

- QM might be modified at shorter distances to be married with gravitation.

Currently, no LHC analysis can distinguish between anomalies from
QFT-based BSM and those from beyond-QM

- Non-linear extensions of QM: [Weinberg (1989), Polchinski (1991), D.E.Kaplan, S.Rajendran, (2021)]
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Plan

* Review: qubits, density matrices, quantum state tomography

- Quantum State Tomography at colliders: pp — ¢t

« Quantum Process Tomography (QPT), Choi matrix
- QPT of eTe™ — tf with polarised lepton collider

« Summary



Qubit

- The qubit system has two basis kets: |0) and | 1). The general state is

‘\Ij> :CO‘O>+61’1> (Ci E(C, ‘61’2+|02‘2 = 1)

. The n-qubit system has 2" basis kets:

[ W1tha - Pp) = |Ph1) @ he) @ -+ @ |thp) i) € {]0), (1)}

Ex.) The general state in the 2-qubit system:

‘\If> = COQ’OO> + 601‘01> + 010|1O> + C11’11> (Cij e C, Z ‘Cz'j|2 = 1)
(2]



Quantum Mechanics

. Consider a measurement of an observable A on a pure state |y). A= Z ala)(a|

Ala) = ala) ({ala’) = Saa
probability to find a = Py (a) = |{a|1h)|?

post-measurement state — |¢>(a) = |a>

expectation value = (A) ., = aP,, (a) = (|Afp)

a



Density operator (matrix)

- Consider a statistical ensemble of pure states: {p1;|v1)}, {p2;|¥2)}, ... pi>0,) pi=1

- We define the state is represented by the density operator (matrix)

{p = Zm%ﬂ%\ J —> p=p', Trp =1, {£|pl€) =0, V|¢)




Density operator (matrix)

- Consider a statistical ensemble of pure states: {p1;|v1)}, {p2;|¥2)}, ... pi>0,) pi=1

- We define the state is represented by the density operator (matrix)

{p = Zpiwv;}(%\ J —> p=p', Trp =1, {£|pl€) =0, V|¢)

probability to find a = P,(a) = Y p;i P, (a) = (alp|a) = Tr [,p] I, = |a){(al
a) g pll, T
post-measurement state &  Pafter — a){a] = P,(a) projective
P measurement

" " operator
expectation value = (A4), = Z aP,(a) = Z alalpla) = Tr [Ap}

a

, p has only one nonzero eigenvalue, p; = 1 == Trp2 =1

- If the state is pure, p = |11) {1

- If the state is mixed, == < Trp2 <1

Q.=

d = dimH

- Maximally mixed state == 0 — é ) ]‘dxd

max mix
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- A classical ensemble is different from a coherent superposition.

measure z-component

V) = 5[l 1) + 1 12)] > 12 (50%), L2 (50%)

P = 31 TV 1+ 51 L) | — 12 (50%), Lo (50%)

12



- A classical ensemble is different from a coherent superposition.

measure x-component | Tx> measure z-component
T (100%) < 1)) = %H )+ )] » 1. (50%), . (50%)

o (50%), Lo (50%) +— Powem = 3| D) [+ 3 L) | — 1. (50%), L. (50%)
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- A classical ensemble is different from a coherent superposition.

measure x-component | Tx> measure z-component
T (100%) < 1)) = %H )+ )] » 1. (50%), . (50%)
To (50%), bo (50%) *— Puwemie = 3| T2) (T2 [+ 5l L) | — 12 (50%), 4. (50%)
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Two-qubit system

‘ 0 < > @
d pp — ti,ttr”

* For a 2-qubit system, the density matrix can be expanded by two independent Pauli matrices:
1 i §5) i i '
p = Z(lAB+Bi' [0 ®]—B] + B; - [1A®0] + Cij - [0 ®O"7})

- There are 15 parameters: B;, B;,C;; € R (i,5 = 1,2,3) 5.

IS
||
-
s
v
||
w
=

2w
[

Tr[psf] = (3F) «—
Tr

[psisB] = (§;4§f> <——— spin-spin correlation

- An experimental reconstruction of the density matrix is called "Quantum State Tomography”
15



Two-qubit system

pp — ti,ttr”

* For a 2-qubit system, the density matrix can be expanded by two independent Pauli matrices:
1 i §5) i i '
p = Z(lAB+Bi' [0 ®]—B] + B; - [1A®U] + Cij - [0 ®O"7})

- There are 15 parameters: B;, B;,C;; € R (i,5 = 1,2,3) 5.

T A ~A

spin polarisation of A and B
Bi =Te[psf | = (sP) «—
Cij = Tr[psitsP] = (§;4§f> <——— spin-spin correlation

- An experimental reconstruction of the density matrix is called "Quantum State Tomography”
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Particles with chiral decays are their own polarimeters

- Consider t = buvZ ™ at the top’s rest frame.

measurement axis

m

p(+ |m)

| {4 |+ )17

I+ @m-s)

f+

unit vector of
lepton’s direction

!

dU 1+(7 -s)

aQ

2
A

by measuring the direction of 7 at the top’s rest
frame, we can infer the spin of the top

_|_
Works for weakly decaying particles in the SM: T, [, W_, ZO
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s : spin direction of the decayingparticle
x : direction of decay product x (unit vector)

dl' 14, -(x-s)

1
Ld(x-s)

helicity basis

(el, €9, 63) — (Il, r, k)

2

a, € [—1, + 1]: spin analyzing power

T o v axl t—bul"
T pv: ax~045 t— but™
T s e vr: a~—0.33 t —> bud:
t — bud :

A 3
B;=(s"¢e)=—(x-€) +~—

a~1

a ~ 0.39
a~—0.32
a~0.97




helicity basis

(el, €9, 63) — (Il, r, k)

-----------------
- ~
- ~

P
~
-, -
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neutrino momenta must be reconstructed (by
solving kinematics) to reconstruct the top and
antitop rest frames.




Alternatively, one can fit the angular
distributions to obtain B, C,

[Claudio Severi]
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Quantum State Tomography of the 77 spin state at LHC

cms  [CMS 2409.11067] 138 o (13 TeV)
| Inclusive from m(tt) vs. Icos(0)! bins brost Dta’f[at . B
— + stat, total unc.
| A-=0.663 = 0.029 = Pobocibe
[ -0.062+0.053 ————- == Powheg+H7 [ : '
| -0.0037x0.0077 o MG5+P8 T 3
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Particle-level D

The highest-energy observation of entanglement!

[ATLAS 2311.07288] CMS [CMS 2406.03976] 36 3 151 (13 Tev)

1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
osl ATLAS éﬁ. ] u:njun POWHEGV2+HERWIG+++m / e
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ol 7 /'] MC Stat.
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3 < ~3 is a sufficient condition for entanglement [Y.Afik, J.R.M.Nova 2003.02280]




Quantum Process Tomography of e e~ — 1t
with polarised lepton colliders

Clelia Altomonte, Alan J. Barr, Michat Eckstein, Pawet Horodecki, KS
[2412.01892]
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+ {
Pin p(a;ut
What we do: e t

- collide e*e™ with a certain initial spin sate, p., «———— collision = unitary time evolution by S

- observe the ¢f final state in a certain momentum region, x <«——— measurement

. reconstruct the #f spin state pjfut

24



et t
Pin p(a;ut
What we do: e t

- collide e*e™ with a certain initial spin sate, p., «———— collision = unitary time evolution by S

- observe the ¢f final state in a certain momentum region, x <«——— measurement

. reconstruct the tf spin state pgut

Mathematical formulation: Hin  Hous
W, W,

- for each x, the above procedure defines a function (or a map), 7., , that takes p,, to p;

Lz (pin) = Pout

25



+ t
Pin Pout
What we do: ¢ t
- collide e*e™ with a certain initial spin sate, p., «———— collision = unitary time evolution by S

- observe the ¢f final state in a certain momentum region, x <«——— measurement

. reconstruct the #f spin state pjfut

Mathematical formulation: Hin  Hous
W, W,

- for each x, the above procedure defines a function (or a map), 7., , that takes p,, to p;
Ly (pin) = Pout
- understand the conditions of Z.. , which must be satisfied in any quantum theories.

—> If one of the conditions is violated, QM will be falsified!
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+ t
Pin Pout
What we do: ¢ t
- collide e*e™ with a certain initial spin sate, p., «———— collision = unitary time evolution by S

- observe the ¢f final state in a certain momentum region, x <«——— measurement

. reconstruct the #f spin state pjfut

Mathematical formulation: Hin  Hous
W, W,

- for each x, the above procedure defines a function (or a map), 7., , that takes p,, to p;
Ly (pin) = Pout
- understand the conditions of 7, , which must be satisfied in any quantum theories.

—> If one of the conditions is violated, QM will be falsified!

. through Z,. , we can calculate the output Py forany input p,. , meaning Z,.is the theory itself!
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™ t
Pin p(a;ut

What we do: € t

- collide e*e™ with a certain initial spin sate, p., «———— collision = unitary time evolution by S

- observe the ¢f final state in a certain momentum region, x <«——— measurement

- reconstruct the #f spin state p_

Mathematical formulation: Hin  Hous
W, W,

- for each x, the above procedure defines a function (or a map), 7., , that takes p,, to p;
Zz(Pin) = Pout
- understand the conditions of 7, , which must be satisfied in any quantum theories.
—> If one of the conditions is violated, QM will be falsified!
. through Z,. , we can calculate the output Py forany input p, ., meaning Z,is the theory itself!

« directly reconstruct Ly using polarised lepton colliders = “direct reconstruction of the theory”!
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t
p(a;ut

t

What we do:
- collide e*e™ with a certain initial spin sate, p., «———— collision = unitary time evolution by S

- observe the ¢f final state in a certain momentum region, x <«——— measurement

- reconstruct the #f spin state p_

Mathematical formulation: Hin  Hous
W W,

- for each x, the above procedure defines a function (or a map), 7., , that takes p,, to p;

Lo (pin) = Pout

understand the conditions of 7, , which must be satisfied in any quantum theories.

—> If one of the conditions is violated, QM will be falsified!

through Z,. , we can calculate the output Py forany input p, ., meaning Z,is the theory itself!

directly reconstruct Ly using polarised lepton colliders = “direct reconstruction of the theory”!

provides a new framework for the SM test, as well as the test of the QM itself!
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t
p(a)jut

t

What we do:
- collide e*e™ with a certain initial spin sate, p., «———— collision = unitary time evolution by S

- observe the ¢f final state in a certain momentum region, x <«——— measurement

- reconstruct the #f spin state p_

Mathematical formulation: Hin  Hous
W W,

- for each x, the above procedure defines a function (or a map), 7., , that takes p,, to p;

Lo (pin) = Pout

understand the conditions of 7, , which must be satisfied in any quantum theories.

—> If one of the conditions is violated, QM will be falsified!

through Z,. , we can calculate the output Py forany input p, ., meaning Z,is the theory itself!

directly reconstruct Ly using polarised lepton colliders = “direct reconstruction of the theory”!

provides a new framework for the SM test, as well as the test of the QM itself!
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[,00 € 3(7‘[0)]

Quantum Instrument
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K environment \
|O> E € HE

. [,00 € 5(7‘[0)]/

po = 10)(0[& ® po

Quantum Instrument
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Quantum Instrument

f environment \ K \
VEEHE | oot UpoU'
[,00 €S (7‘[0)] >
J \_ J

i U
5o = [0Y(0] 5 ® po . U{|O><O|E®po} Ut



Quantum Instrument

po = 10){0]z @ po

f environment \ K
0)e € HE _ ity
po € S(Ho) >
\_ [ ]J \_

Nid2)

UpoU'T =N

P.U10)0] @ po| UTP,

, U[|O><O|E @ po} Ut

l measuring E’

) Pe= Z lex) (x| B

kEx

!

measurement outcome lies in x
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Quantum Instrument

po = 10)(0| @ po

f environment \ K
0)E € HE _ it
[Po €S (7‘[0)] >
\_ / \_

Y
Hpr)®

UpoUT =N

TIE/

>[ O, € B(Hl)]

P.U10)0] @ po| UTP,

, U[|O><O|E @ po} Ut

l measuring E’

l tracing out £’

) Pe= Z lex) (x| B

kEx

!

measurement outcome lies in x

0, = Trp [PmU[]())(O\E ® po] UTPm}
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f environment \
|O> E € HE

Quantum Instrument

~

~.
>
()

[Po € S(Ho) j/

\_

po = 10)(0| @ po

Kraus operators:
Ey = (e,|U|0)E
Ek : 7‘[0 — 7‘[1

Y ElE, <1
kex

\_

\
HE:

. J
UpoUT S

TIE/

P.U10)0] @ po| UTP,

, U[|O><O|E @ po} Ut

l measuring E’

l tracing out £’

) Pe= Z lex) (x| B

>[ O, € B(Hl)j

kEx

!

measurement outcome lies in x

0, = Trp [PmU[]())(O\E ® po] UTPQC}

= ) (e JU[0){0]5 ® poUT|el,)

kEx

= B}

k€Ex
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Quantum Instrument

f environment ) K \ N
0)p € H . He)® T
FETE Ju=ett | gap | N0 B
[po c S(’Ho)] > >[ Oz © B(Hl)]
J \_ o Pa=) ler)erl s
kex
_ U I
po = |0){0|g ® po > U “O} 0lp ® PO} Ut measurement outcome lies in x

l measuring E’
P.U10)0] @ po| UTP,

l tracing out £’

Kraus operators: O0r = ITrp [PxU[IOMO\E ® Po] UTPx}
By = (€]

£ = lU0s = S IT10)(0]5 © poU e}
Ek : HO — Hl kex

™ Quant T, : S(Ho) — B(Hy)
Y ElE, <1 — Z EppoEl uantum
ke Lco Instrument /_ L (,00) — Ox 37




* In any quantum theories, the map Pin — 04 is given by the quantum instrument:

(" )

Ia: (pin) — Qx = ZEkPmE;

L kEx y

Kraus operators:
« The properties of the quantum instrument:

Ey = (e,|U|0) g
- Linear E :Ho — Hy
T
- Positive 0z = 2:(1*71.3\/,0113)(E,lm/,oin)Jr > () %EkEk <1

kex

—> If one of the conditions is violated, QM will be falsified!

Outcome 04 is not normalised:

post-Ql (hormalised) state
4 )

pr = =
Y Tro,

+ state-to-(normalised)state map is NOT linear

38



Choi matrix

. I, is a linear transition from a 4 x 4 matrix pin (e+e_ spin state) to a 4 x 4 matrix o, (tf spin state)

« Such a linear function can be represented by a 16 x 16 matrix, the Choi matrix

39



Choi matrix

. I, is a linear transition from a 4 x 4 matrix pin (e+e_ spin state) to a 4 x 4 matrix o, (tf spin state)

« Such a linear function can be represented by a 16 x 16 matrix, the Choi matrix

Pin = Z P (KL |I J)NK, L| eTe” spinbasis: |I,J) = [I)e- @ [J)c+
[1,J],[K,L] g
4 x 4 = 16 basis operators in H;,, I,J,K,L €{+,—}
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Choi matrix

. I, is a linear transition from a 4 x 4 matrix pin (e+e_ spin state) to a 4 x 4 matrix o, (tf spin state)

« Such a linear function can be represented by a 16 x 16 matrix, the Choi matrix

Pin = Z P (KL |I J)NK, L| eTe” spinbasis: |I,J) = [I)e- @ [J)c+
[1,J],[K,L] v
7 l 4 x 4 = 16 basis operators in H;,, IJ K, L&t~}
xr

A

Or = L, (pin) = Z p??’J],[K’L]Ix(u, JYK,L|) € Hout = theresultis represented
[1,J],[K,L] by the ¢f basis: |A, B) = |A); ® |B);

A,B,C,D e {0,1}
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Choi matrix

. I, is a linear transition from a 4 x 4 matrix pin (e+e_ spin state) to a 4 x 4 matrix o, (tf spin state)

« Such a linear function can be represented by a 16 x 16 matrix, the Choi matrix

Pin = Z P[I 7, KL]|I J)NK, L| eTe” spinbasis: |I,J) = [I)e- @ [J)c+
[1,J],[K,L] v
l 4 x 4 = 16 basis operators in H;, I,J,K,L €{+,—}
Ly
Or = Lp(pin) = Z ,O[I K L]Ix(U, JYK,L|) € Hout = theresult is represented
[1,J],[K,L] by the tf basis: |A, B) = |A); ® |B);
l A, B,C,D e {0,1}
[é ][A B],| o Z pIJ[K L] A7B‘Ix(|l7 J><K7L|)|C7D>
[1,J][K,L] — — ol .
~ din = dimH;,
the 16 x 16 Choi matrix 7.
/Ix(| + )+ + Dpnion  Zo(l++){+ = Dslcn e \
7 _ 1 Zo(] = +)(++ Dia,n1,10,0]
IiB(H? J><K3L|)[A,B],[C’,D] Al
Zo(| + =)+ + [1a,5),[c,D)
\Zx(! — =)+ + Dia,B1,ic,D] .. Zo(| = =)= = |)[A,B],[C,D]/
JA2




Quantum Process Tomography

» The Choi matrix, fx , has the entire information about the Ql map, Z,. : pin — Pout
* In some sense, it is a “matrix representation of the theory”

- Different theories must give different Choi matrices

- Experimental reconstruction of Choi matrix is called Quantum Process Tomography (QPT)
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Quantum Process Tomography

» The Choi matrix, fx , has the entire information about the Ql map, Z,. : pin — Pout
* In some sense, it is a “matrix representation of the theory”
- Different theories must give different Choi matrices

- Experimental reconstruction of Choi matrix is called Quantum Process Tomography (QPT)

- QPT offers:

_~ ~~

- Powerful SM test: [I;c]eXp g [Ix]SM

- Positivity test of the QM:

~

QM is excluded if one of the eigenvalues of |Z,.|“*P is negative

- Linearity test of the QM:

QM is be excluded if an initial state independent from the ones used in the QPT

02170 oo D P e e (IL D)KL LR

[I,J][K,L]

, D]
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=t s Choi matrix in QFT

PO = que|86><56| Se = {_I__I_? +—, =, __} <QSe > 0, que — 1)
Se Se
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=t s Choi matrix in QFT

PO = que|86><36| Se = {_I__I_v +—, =, __} <QSe > 0, que — 1)
Se Se

]_) Po — ’pin><pin‘ X PO — 15() ‘pin> — ’pe_ape+>



=t s Choi matrix in QFT

PO = que|86><36| Se = {++7 +—, =, __} <QSe > 0, que — 1)
Se Se

]_) Po — ’pin><pin‘ X PO — 150 ‘pin> — ’pe_ape+>

2) po — SpoST = py



=t s Choi matrix in QFT

PO = que|86><56’ Se = {_|_+7 +—, =, __} <QSe > 0, que — 1)
Se Se

tf phase-space selection

1) Po = [Pin)(Pin| ® po = Po  |pin) = |pe-, Pe+) /

2) fo — SpoST = py PI=Y [ dalp.si) o
- d>p;
3) p1— Trp, p; [PuprPs| = 0, 1:;[(ienf[dﬂi)|f)<f|]’ M= Gy,
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=t s Choi matrix in QFT

PO = que|86><56’ Se = {_|_+7 +—, =, __} <QSe > 0, que — 1)
Se Se

tf phase-space selection

1) Po = [Pin)(Pin| ® po = Po  |pin) = |pe-, Pe+) /

2) fo — SpoST = py PI=Y [ dalp.si) o
- d>p;
3) p1— Trp, p; [PuprPs| = 0, 1:;[(ienf[dﬂi)|f)<f|]’ M= Gy,

Z qse/dHtt ptast‘s‘p1n756><pmasels |ptt78t>‘8t><8t’

Seastast

1 1
PIiX — Z’S 50l X E Z dse [2—8/:1; LIPSMZZ;tnsie Wﬁi nsie] ]’3t><32‘
Se,St,S)

on = ole” et (pi™) — ti]
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=t s Choi matrix in QFT

PO = que|86><56’ Se = {_|_+7 +—, =, __} <QSe > 0, que — 1)
Se Se

tf phase-space selection

1) Po = [Pin)(Pin| ® po = Po  |pin) = |pe-, Pe+) /

2) fo — SpoST = py PI=Y [ dalp.si) o
- d>p;
3) p1— Trp, p; [PuprPs| = 0, 1:;[(ienf[dﬂi)|f)<f|]’ M= Gy,

Z qse/dHtt pt,St‘S‘pm,SeMpmaSew |ptt78t>‘8t><8t’

Seastast
1 1
pmix _ Z’S ; X —— > . [2_3 / T pg Mbinyoe [M 5] ]!80(82\
e , x

mix

on = ole e (p™*) — ti]

Blpy) = 5= 2. MuBlA B
QFT formula for the Choi matrix: o
~ 1 1 1,J K,L\*
[ dZ(|I,JK,L|)a,B) (c,D) = _NQ_S deMA,B (MC’,D) ]
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Standard Model prediction

- We compute the Choi matrix in the SM at LO:

L > ZAQ [wefy,u(cLPL+CRPR)¢6][¢t7M(dZ PL+d PR)wt] e+ t
Z/v
i A7 cr b d’ dy
A S —€ —e % %e e t
Z s—m2Z gZ(—%+sm29w) gz sin” 0, gz(% %SIH Qw) gZ(—zsm 0. )
_|_
€ €
N s - R
Mgyt = MfTT = 67’¢22A27_1cﬁz51n9(di+d}%), Map=My5=0
tfj\ ++ z’qb' s i i i
Mgt = =30 (14 cosO)[dL(1 — B) + din(1+ B)]
. S . . .
M = =) | 5kl = cosO)ldp(1+ ) + dR(1 - B)],
SR o = / ”fcm
Moy = My = —6_Z¢22A2’7_1 ¢t sin0(dy + d%), 1287r $v/s Mis
__ — S i i
My = —e ¢Z2A20L(1_003‘9)[dﬂ1—5)+dR(1+5)],
—— —i S i i
My = —e ¢Z2A20L(1+0089)[dL(1+5)+dR(1—ﬁ)],
[dI(uaJ><K7L|)(A,B),(C,D) " o2 SdeM ) ]
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+
o) }\/52370 GeV

+_
a! )}\/52370 GeV

o™ | /=370 Gev

d[(++,++)

dcosfdo

a1+

dcosfdg

a1

dcosfdo

[ 0.503
~1.442
0.364
\ 0.503

(~0.800
2.293
—0.578
\—0.800

/ 1.271
—0.420
3.146

\ 1.271

—1.442
4.137
—1.043
—1.442

0.264
—0.758
0.191
0.264

—0.420
0.139
—1.040
—0.420

oo |asse(lree)  afs(1-¢f)

(I§:++,++) 0 0 ]£++,——)\
~ 0 0 0 0
Lo = 0 0 O 0
&S 0 0 1)
asy aiyse(lvce) aiyse(l-co)  a))sh

ag)SQ(l +cp) ag)(l + 09)2

(+) (+) a(g%)(l—cg)

+ + +

asy se(1-cp)  as, (1_6(3) Agg (1_09)2
afs2  afyse(1+co) afyse(1-co)

(+-) .2
a1 "Sp

agz)59(1+09)
agZ)SQ(l—CQ)

(+) 2
Ayq° Sp

Y

(+-) .2
A14 " Sp

a%_)(1+0g)2 a;_)s(;(1+ce)
oS 7sg(1-co) a3 (1-¢o)?  ali7(1-c2)  ali 7 sp(1 - co)
ai7s2 by se(1—co) alise(1+c)  ali7)s?

agg)SQ(l +cp) agzl)sg

0 (1-c2)  a$)se(1-co)
agg)(l +cp)? agzl)sf;(l +cp)

ag_):s@(l - cp) a%_)b’g(l +cp)

ag)s@(l —cp)
a$y) (1= cp)?

alPso(1+¢p)  aly)(1-c)

Igg__’++) _ [I§;++’__)]T

oi’s3  aFse(l-cp) alPse(l+c)  al))s?

0.364 0.503\ /0.219 —0.777 —0.494 0.219\
1043 —1.449 . ) —0.777 2755 L751  —0.777 | oo
0263 0364 | V7 ] i mev 0494 1.751 1.113 —0494 | Y
0.364  0.503 ) \ 0219 —0.777 —0.494 0.219 /
~1.979 —0.800\ (—0.340 —0.810 —1.162 —0.340

5676 2203 | o () 1.205 2870 4117 1205 | | o
—1.431 —0.578 ’ a ‘\/§=1Tev 0.766 1.824 2.617 0.766 | ’
~1.980 —0.800) \—0.340 —0.810 —1.162 —0.340)

3.146 1.271\ (0.527 1.256 1.802 0.527

~1.040 —0.420 102, O 1.256 2.990 4.200 1.256 | |

7.788  3.146 Vs=1TeV 1.802 4.290 6.154 1.802 ’
3146 1271 ) \0.527 1.256 1.802 0.527

This prediction should be compared with the experiment
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7/~ (I§++’++) 0 0 I§;++’__)\
) ) ~ | o 00 o0
’ ! L=1 0 00 o0
S 0 o0 I

ijB =ngg3 =0

T

The zero structure is unique for the s-channel vector boson exchange at LO

 This zero structure is broken by the LO contributions of various types of new physics:

s-channel scalar s-channel tensor t-channel scalar

l l l

Slevdibn],  TWeouvdidio v, bbb |-

- In the QPT approach, LO of new physics can directly competes with NLO of SM.

Powerful tool to search for new physics!
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QPT with polarised lepton collider

- The density operator representing a polarised beam in the n direction with the degree 0 < ¢ <1

n(g;n) = gm)(n| + (1 —¢)1 =3 [1+g)n)(n|+ (1 —¢)|—n)(-n|] = > C((i’g)\IMK!
K=+
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QPT with polarised lepton collider

- The density operator representing a polarised beam in the n direction with the degree 0 < ¢ <1

n(g,n) = gn)(n| + (1 - )1 = L [(1 + g)ln)(n| + (1 —¢)| —n)(-nf] = Y CLN|N(K]

(g,n)
1K=+
- Consider 4 electron beam settings: oy, .- =1(¢,+), pp .- =12, ), Pl o =n(q, Z), P =14, 9)
. . . + _ ~ — _ - T _ ~ = 7] _ — -
. Consider 4 positron beam settings: Pie+ = 1@ +)s Pt =0T =), Pher =100 T), Py o+ =1(T,9)

we need transversely
polarised beams
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QPT with polarised lepton collider

The density operator representing a polarised beam in the n direction with the degree 0 < g <1

n(g,n) = gn)(n| + (1 - )1 = L [(1 + g)ln)(n| + (1 —¢)| —n)(-nf] = Y CLN|N(K]

Consider 4 electron beam settings: .- =7(a,+), py .- =1(a, ), Pl o =n(q, Z), Pin

(
. . . + (A — (A 7 (A 7] -
Consider 4 positron beam settings: Pier = NG 1) Pt =T —)s  Pier =0T D), Py o+ = 1(T7)

Noting |7) = %(H) +1-)) and |y) = %( +) +i|—) ), one can write:

we need transversely
polarised beams

I.K
DK = X800 I =Vl
a b
l1+¢g —(1—-¢q) 0 O
1+ -9 2 2 B )
X‘Z —1+i —1+4+i 2 =2 Y = X4
—(1 — Q) 1 + q 0 0 columns are indexed by a and the row by pairs (I, K).
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QPT with polarised lepton collider

The density operator representing a polarised beam in the n direction with the degree 0 < g <1

n(g,n) = gn)(n| + (1 - )1 = L [(1 + g)ln)(n| + (1 —¢)| —n)(-nf] = Y CLN|N(K]

Consider 4 electron beam settings: .- =7(a,+), py .- =1(a, ), Pl o =n(q, Z), Pin

(
. . . + (A — (A 7 (A 7] -
Consider 4 positron beam settings: Pier = NG 1) Pt =T —)s  Pier =0T D), Py o+ = 1(T7)

Noting |7) = %(H) +1-)) and |y) = %( +) +i|—) ), one can write:

we need transversely
polarised beams

I.K
DK = X800 I =Vl
a b
l4+qg —(1-q) 0 0
1+ -9 2 2 B )
X‘Z —1+i —1+4+i 2 =2 Y = X4
—(1 — Q) 1 + q 0 0 columns are indexed by a and the row by pairs (I, K).

(a,b) @ b

Perform 16 data taking campaigns with the 16 beam settings: p;,,"" = pi, .- ® pj o+

= QST to reconstruct the 7 spin state: Qf,f“b)
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QPT with polarised lepton collider

The density operator representing a polarised beam in the n direction with the degree 0 < g <1

n(g,n) = gn)(n| + (1 - )1 = L [(1 + g)ln)(n| + (1 —¢)| —n)(-nf] = Y CLN|N(K]

Consider 4 electron beam settings: .- =7(a,+), py .- =1(a, ), Pl o =n(q, Z), Pin

(
. . . + (A — (A 7 (A 7] -
Consider 4 positron beam settings: Pier = NG 1) Pt =T —)s  Pier =0T D), Py o+ = 1(T7)

Noting |7) = %(\H +1-)) and |y) = %( +) +i|—) ), one can write:

we need transversely
polarised beams

I.K
DK = X800 I =Vl
a b
l1+¢g —(1—-¢q) 0 O
1+ -9 2 2 B )
X‘Z —1+i —1+4+i 2 =2 Y = X4
—(1 — Q) 1 + q 0 0 columns are indexed by a and the row by pairs (I, K).

(a,b) @ b

Perform 16 data taking campaigns with the 16 beam settings: p;,,"" = pi, .- ® pj o+

= QST to reconstruct the 7 spin state: Qf,f“b)

The basis operators are related with the initial state as |1, J)(K,L| = ) xRy (L) lasb)

a b in

a,b
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» The Choi matrix is obtained as: [Ix(l, IWK L) =) xi" HOY IR (ple?)y = ZX(I,K)%(J,L)Q(a,mJ
5

QPT with polarised lepton collider

The density operator representing a polarised beam in the n direction with the degree 0 < g <1

n(g,;n) = g[n)(n|+ (1 —¢)1 = L [(1+g)[n)(n|+ (1 —g)|—n)(-n[]] = > C, 7 IINK

Consider 4 electron beam settings: .- =7(a,+), py .- =1(a, ), ph - =nlq.E), pl =

(
. . . + (A — (A 7 (A 7] -
Consider 4 positron beam settings: Pier = NG 1) Pt =T —)s  Pier =0T D), Py o+ = 1(T7)

Noting |7) = %(H) +1-)) and |y) = %( +) +i|—) ), one can write:
we need transversely
polarised beams

_ I,K (I,K) b
K=Y X{"Fpe ZY pos
a
l1+¢g —(1—-¢q) 0 O
1 —(+i) —(1+d) 2 2 B
7] S A I A Y = Xlgog
—(1 — Q) 1 + q 0 0 columns are indexed by a and the row by pairs (I, K).

1n

- Perform 16 data taking campaigns with the 16 beam settings: p-(a”b) = Pine- @ Pt

= QST to reconstruct the tf spin state: Q(“ b)

» The basis operators are related with the initial state as |1, J)(K, L| = Z xU ol

a T

a,b a,b




[ A () Y0:90 1) NN

_1
14

S X Ry D) [ gah)]
a,b

[AaB]>[C’D]j
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~SM

[ A () Y0:90 1) NN

1 K (J,L) a,b
= 1 ZXC(LI’ )Yb [Q;(c ’ )][A,B],[C’,D]

]

) (++,=-)
I£++ + 0O O I:U \
0 0 0 0
0 0 0 0
I 0 0 187

Precision test of SM
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~SM

(I:§:++’++)

0
0

\Ié__’++)

[ A () Y0:90 1) NN

1 J,L a
=7 2 XYl ’b)][A,B],[c,mj
a,b

I§++’")\
0
0

1)

o O O O
o O O O

Precision test of SM

~

)\min(z-m) = min{)\’ det (fx — )\) — ()} > (7

Positivity test of QM
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~SM

(I:§:++’++)

0
0

\Ié__’++)

[ A () Y0:90 1) NN

1 J,L a
=7 2 XYl ’b)][A,B],[c,mj
a,b

I§++’")\
0
0

1)

o O O O
o O O O

Precision test of SM

prediction __
[Qx][A,B][C,D] o 2 :

[, J][K,

L check

experimentally

Line

~

)\min(z-m) = min{)\’ det (fx — )\) — ()} > (7

Positivity test of QM

in,new i’-exp(u7 J> <K, L|)

’O[I,J][K,L] xr
L]

_]

arity test of QM

[A,B][C,D]
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Summary

- We formulated spin-to-spin transitions in particle collisions as Quantum Instrument — an
quantum evolution of subsystem in an environment (environment = momentum Hilbert space).

- The state-to-state map can be described by Choi matrix, enabling us to write a theory in a
matrix form: a 16 x 16 matrix for 2-qubit -> 2-qubit

- Experimental reconstruction of the Choi matrix (Quantum Process Tomography) offers :
2 A powerful probe of BSM physics

Two theories that predicting different spin-spin transition necessarily give different Choi matrices

2 Foundational tests of Quantum Mechanics
- Linearity test: confront the Choi matrix prediction with the measurement

- Positivity test: eigenvalues of the Choi matrix must be non-negative

If one of these tests fails, QM will be experimentally falsified!
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Thank you for listening!
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