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The plan for today

@ nuclear dynamics, computation of scattering cross sections
o EXAMPLE: neutrino-*°Ar cross section for DUNE
o inclusive scattering and the response function
e calculation of two-point functions
o direct calculation of response in frequency space

o complexity of these calculations, can we actually run them on

current/near-term NISQ devices?
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@ advanced algorithms + one slide on error correction

@ Fermionic Swap Networks o Amplitude Amplification

@ Linear Combination of Unitaries @ Qubitization
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Exclusive cross sections in neutrino oscillation experiments

Goals for v oscillation exp.

@ neutrino masses

@ accurate mixing angles
candidate Pzt o -
@ CP violating phase
Run 5390, Event 1100
. . Am?2L
P(vg — vg) = 1 — sin?(20)sin® | ——
4F,

@ need to use measured reaction products to constrain E,, of the event

DUNE, MiniBooNE, T2K, Minerva, NOVA,. ..

Sanford Underground
Research Facility
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Inclusive cross section and the response function

@ xsection completely determined by response function
. 2
 Ro(w) = _[(101%0)| 6 (w— By + Eo)
\ !

e excitation operator O specifies the vertex
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Inclusive cross section and the response function

o

@ xsection completely determined by response function
. 2
Ro(w) = >_[(£101%0)| 8 (w — By + Eo)
!

e excitation operator O specifies the vertex

Extremely challenging classically for strongly correlated quantum systems J

@ dipole response of 160

T T
4 Ahrens et al.

o Ishkanov er al.
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e quasi-elastic EM response of 12C
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Real time correlation functions

The response function Ro(w) can be obtained from the two point function
Co(t) = (Wo|O¥(H)O(0)[Wo) = FT™" [Ro(w))
using the Fourier transform. The final energy resolution is 6 ~ 7 /t,qz-

e if O is unitary, Co(t) can be computed efficiently [Somma et al. (2001)] J
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Real time correlation functions

The response function Ro(w) can be obtained from the two point function
Co(t) = (To|OT(1)O(0)|Wo) = FT™" [Ro(w)]

using the Fourier transform. The final energy resolution is 6 ~ 7 /t,qz-

e if O is unitary, Co(t) can be computed efficiently [Somma et al. (2001)] J

0) [} H = (Z)a =R [(W|U}UB|W)]
o)

Anti-controlled unitary

I Ny

Choose U = U(t)O and Uy = OU (t):

(Z)a = R [(WIUT()0TU(1)0|w)]
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Real time correlation functions |l

The response function Ro(w) can be obtained from the two point function
Co(t) = (Wo|OT(£)0(0)|Wo) = FT~' [Ro(w)]

using the Fourier transform. The final energy resolution is 6 ~ 7 /t,qz-

e if O is unitary, Co(t) can be computed efficiently [Somma et al. (2001)] J

0) < H] ! U

= (Z)a =R [Co(t)]
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Real time correlation functions |l

The response function Ro(w) can be obtained from the two point function
Co(t) = (Wo|OT(£)0(0)|Wo) = FT~' [Ro(w)]

using the Fourier transform. The final energy resolution is 6 ~ 7 /t,qz-

e if O is unitary, Co(t) can be computed efficiently [Somma et al. (2001)] J

0) < H] ! U

= (Z)a =R [Co(t)]

H HI {H| H

ORV®HU® RO onvQ@)Ho

BONUS: no need for controlled time-evolution! Maximum time O(1/4)
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|dealized algorithm for exclusive processes at fixed q

@ prepare the target ground state

Roggero & Carlson (2018)
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|dealized algorithm for exclusive processes at fixed q

@ prepare the target ground state
@ right after scattering vertex the target is left in excited state
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Roggero & Carlson (2018)
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|dealized algorithm for exclusive processes at fixed q

@ prepare the target ground state
@ right after scattering vertex the target is left in excited state
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|dealized algorithm for exclusive processes at fixed q

@ prepare the target ground state
@ right after scattering vertex the target is left in excited state

,“@ o=0 P(w)
9B @

;“\ 4P oo

(0]

Roggero & Carlson (2018)
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|dealized algorithm for exclusive processes at fixed q

@ prepare the target ground state
@ right after scattering vertex the target is left in excited state
@ energy measurement selects subset of final nuclear states

_@ o=0 P(w)
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Roggero & Carlson (2018)
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|dealized algorithm for exclusive processes at fixed q

@ prepare the target ground state

@ right after scattering vertex the target is left in excited state
@ energy measurement selects subset of final nuclear states

o further time evolution to let system decay

‘0@ o=0 P(w)
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Roggero & Carlson (2018)
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|dealized algorithm for exclusive processes at fixed q

@ prepare the target ground state

@ right after scattering vertex the target is left in excited state
@ energy measurement selects subset of final nuclear states

o further time evolution to let system decay

@ measure asymptotic state in detector

@ ©=0 P(®)
2

(0]

Roggero & Carlson (2018)
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Quantum algorithm for exclusive processes at fixed q
@ prepare the target ground state on a finite qubit basis
@ right after scattering vertex the target is left in excited state
@ energy measurement selects subset of final nuclear states
o further time evolution to let system decay
@ measure asymptotic state in detector

@ ©=0 P(®)
2

(0]

Roggero & Carlson (2018)
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Quantum algorithm for exclusive processes at fixed q
@ prepare the target ground state on a finite qubit basis
@ apply vertex operator O(q) to ground state probabilistically
@ energy measurement selects subset of final nuclear states
o further time evolution to let system decay
@ measure asymptotic state in detector

@ ©=0 P(®)
2
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Roggero & Carlson (2018)
Alessandro Roggero JLAB - 18 Mar 2020 7/14




[from yesterday] Can we apply a non-unitary operation?

YES, but only with some probability )

@ this can be useful for example if the transition matrix element we
considered before is genereated by a non unitary operator

0) > 0@+ 1)@ 5|
9 U

[~ ]
e we will measure |0) with Py = %(1 + R(B|U|¢)) = |6o) = ]2-\‘;];] 16)
0

Concrete example: projection operators

If we take U to be the reflection around |¢), like U = (2|¢)(¢0|—1), we find

Po= () = \¢o>=%|¢>=w>

Alessandro Roggero JLAB - 18 Mar 2020 8/14




Quantum algorithm for exclusive processes at fixed q

@ prepare the target ground state on a finite qubit basis

@ apply vertex operator O(q) to ground state probabilistically
@ energy measurement selects subset of final nuclear states

o further time evolution to let system decay

@ measure asymptotic state in detector

ﬂa):o P(w)
8-
O(q) > A
L G
&
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Roggero & Carlson (2018)
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Quantum algorithm for exclusive processes at fixed q

@ prepare the target ground state on a finite qubit basis

@ apply vertex operator O(q) to ground state probabilistically

@ energy measurement selects subset of final nuclear states (finite Aw)
o further time evolution to let system decay

@ measure asymptotic state in detector

o=0 P(w)

=
3 9 [
o7 E
.||| |||I|.

Roggero & Carlson (2018)
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QPE on general states
0 4]
0) [H] QFT'

_D ..
|% @

If we start with the excited state Vo) = >, cg) |¢j) we find

2m—1 2m—1
[®5) =D ¢f Z (2% > exp (zi—’“@% —q>)>

k=0

|

T

-~

19) @ |b;)

The new probability becomes approximately Sp with resolution Aw ~ 1/M

2s1n2 Mr(¢p; —q/M)) . -4
(] MQZ} O’ Sll’l (77'( ' Q/M)) NSO <W_M) J

Alessandro Roggero JLAB - 18 Mar 2020 9/14




Approximate response function with QPE
If we start with the excited state [¥p) =}, cg? |¢j) we find for M = 2™

2 sin? (M ( (¢ —q/M)) _ _q
PO =57 1 =y~ %= 30) }

sin? (7(¢;

e original response recovered for M — co: Sp(w) = }_; ‘C-O
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Approximate response function with QPE
If we start with the excited state [¥p) =}, cg? |¢j) we find for M = 2™
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Approximate response function with QPE
If we start with the excited state [¥p) =}, cg? |¢j) we find for M = 2™
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Approximate response function with QPE
If we start with the excited state [¥p) =}, cg? |¢j) we find for M = 2™

2s1112 Mm(¢; —q/M)) _ _q
P = 31 DI s gty ~ 5 (= 17)

e original response recovered for M — co: Sp(w) = }_; ‘cjo
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QPE as state preparation
0) {&
L N
o) ] o
T
[Wo) gz T)
@ before the ancilla measurement we have

M-1 M-1
|3) => > (% > exp G% (M — (D)) la) @ |65)
J q=0

k=0

o after measuring the integer value g the system qubits are left in

M a
w,) Z OSISI; m <Z>g )) 16;) ~ Z C? 16;)

~ i) 65— 3153
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Quantum algorithm for exclusive processes at fixed q

@ prepare the target ground state on a finite qubit basis

@ apply vertex operator O(q) to ground state probabilistically

@ energy measurement selects subset of final nuclear states (finite Aw)
o further time evolution to let system decay

@ measure asymptotic state in detector

o=0 P(w)

=
3 9 [
o7 E
.||| |||I|.

Roggero & Carlson (2018)
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Quantum algorithm for exclusive processes at fixed q

@ prepare the target ground state on a finite qubit basis

@ apply vertex operator O(q) to ground state probabilistically

@ energy measurements select subset of final nuclear states (finite Aw)
o further time evolution to let system decay

@ measure asymptotic state in detector

o=0 P(w)

i
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Roggero & Carlson (2018)
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Quantum algorithm for exclusive processes at fixed q

@ prepare the target ground state on a finite qubit basis

@ right after scattering vertex the target is left in excited state

@ energy measurements selects subset of final nuclear states (finite Aw)
o further approximate time evolution to let system decay

@ measure asymptotic state in detector

o=0 P(w)

-

O(q) % o
@
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(0]

Roggero & Carlson (2018)
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How practical is all this?Can we make it in time for DUNE?
e pionless EFT on a 10? lattice of size 20 fm [a = 2.0 fm]

we need a quantum device with ~ 4000 qubits (currently we have < 100) J
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How practical is all this?Can we make it in time for DUNE?
e pionless EFT on a 10? lattice of size 20 fm [a = 2.0 fm]

we need a quantum device with ~ 4000 qubits (currently we have < 100) J

e we want Sp(w) with resolution Aw for a single excitation operator O
@ neglect overhead from error correction — lower bound on complexity
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How practical is all this?Can we make it in time for DUNE?
e pionless EFT on a 10? lattice of size 20 fm [a = 2.0 fm]

we need a quantum device with ~ 4000 qubits (currently we have < 100) J

e we want Sp(w) with resolution Aw for a single excitation operator O
@ neglect overhead from error correction — lower bound on complexity

10 T T ™ T T 10
Aw=10 MeV Aw=100 MeV

T

L i

— linear split

Number of CNOT gates

| | L | | L
1 10 100 1 10
Number of nucleons A Number of nucleons A

For “OAr we need ~ 102 — 10'* CNOT gates to run the QPE part J
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How practical is all this?Can we make it in time for DUNE?
e pionless EFT on a 10? lattice of size 20 fm [a = 2.0 fm]

we need a quantum device with ~ 4000 qubits (currently we have < 100) J
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How practical is all this?Can we make it in time for DUNE?
e pionless EFT on a 10? lattice of size 20 fm [a = 2.0 fm]

we need a quantum device with ~ 4000 qubits (currently we have < 100) )

e we want So(w) with resolution Aw for a single excitation operator O

@ neglect overhead from error correction — lower bound on complexity

T T T
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T T

3 10°
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o
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T

— linear split
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For °Ar we need ~ 10'2 — 10'* CNOT gates to run the QPE part J
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How practical is all this?Can we make it in time for DUNE?
e pionless EFT on a 10? lattice of size 20 fm [a = 2.0 fm]

we need a quantum device with ~ 4000 qubits (currently we have < 100) J

e we want Sp(w) with resolution Aw for a single excitation operator O
@ neglect overhead from error correction — lower bound on complexity

10 T T T

o F Ao=10 MeV
E
10 [~
d

T T ™1 10

Aw=100 MeV e

— linear split

QPU hours
57\)

107~

T

| Ll I | |

1 10 100 1 10
Number of nucleons A Number of nucleons A

For “OAr we need ~ 102 — 10'* CNOT gates to run the QPE part |

@ simple scheme: we have time for ~ 5 samples (= 355) to estimate So
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How practical is all this?Can we make it in time for DUNE?

e pionless EFT on a 10? lattice of size 20 fm [a = 2.0 fm]

we need a quantum device with ~ 4000 qubits (currently we have < 100) |

@ we want Sp(w) with resolution Aw for a single excitation operator O

@ neglect overhead from error correction — lower bound on complexity

108 T T T T — 10°
o Ae=10 MeV Aw=100 MeV

— linear split

QPU hours
SN

| | . | |
1 10 100 1 10 100
Number of nucleons A Number of nucleons A

@ simple scheme: we have time for ~ 5 samples (~ 355) to estimate So

@ simple scheme: we need to keep coherence for ~ 15 months (6 days)
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How practical is all this?Can we make it in time for DUNE?

e pionless EFT on a 10? lattice of size 20 fm [a = 2.0 fm]

we need a quantum device with ~ 4000 qubits (currently we have < 100) |

@ we want Sp(w) with resolution Aw for a single excitation operator O

@ neglect overhead from error correction — lower bound on complexity

108 T T T T — 10°
o Ae=10 MeV Aw=100 MeV

— linear split

QPU hours
SN
\

10°F -7 10°
E -7
10257 — 10°
| | . AT il L
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Number of nucleons A Number of nucleons A

@ simple scheme: we need to keep coherence for ~ 15 months (6 days)

o parallel scheme: we need to keep coherence for ~ 11 hours (9 minutes)
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How practical is all this?Can we make it in time for DUNE?
e pionless EFT on a 10? lattice of size 20 fm [a = 2.0 fm]

we need a quantum device with ~ 4000 qubits (currently we have < 100) )

e we want Sp(w) with resolution Aw for a single excitation operator O
@ neglect overhead from error correction — lower bound on complexity

10 T T
(o F A0=10 MeV

T T ™1 10
Aw=100 MeV

— linear split
— quadratic split A
— quadratic split B

T

QPU hours
EN

2 T ™ -7 amF 2
AU T (RO v/ N ol DRI
1 10 100 1 10
Number of nucleons A Number of nucleons A

@ simple scheme: we need to keep coherence for ~ 15 months (6 days)
@ parallel scheme: we need to keep coherence for ~ 11 hours (9 minutes)
o faster schemes: we need to keep coherence for ~ 15 minutes (36 sec.)
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How practical is all this?Can we make it in time for DUNE?
e pionless EFT on a 10? lattice of size 20 fm [a = 2.0 fm]

we need a quantum device with ~ 4000 qubits (currently we have < 100) )

e we want Sp(w) with resolution Aw for a single excitation operator O
@ neglect overhead from error correction — lower bound on complexity
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@ simple scheme: we need to keep coherence for ~ 15 months (6 days)
@ parallel scheme: we need to keep coherence for ~ 11 hours (9 minutes)
o faster schemes: we need to keep coherence for ~ 15 minutes (36 sec.)
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How practical is all this?Can we make it in time for DUNE?
e pionless EFT on a 10? lattice of size 20 fm [a = 2.0 fm]

we need a quantum device with ~ 4000 qubits (currently we have < 100) ]

@ we want Sp(w) with resolution Aw for a single excitation operator O
@ neglect overhead from error correction — lower bound on complexity

8
|||||||| T T T TTTTT T T

10 T

coherence time for “°Ar
Aw=10 MeV .
simple ~ 15 months

optimized =~ 15 minutes

&

=]

=

2 . . L

5 e algorithm efficiency is critical

@ there is still a long way to go
10°p7 ae=" e find new algorithms and/or

1 10 100 approximations for near term

Number of nucleons A
A.R., A.Li, J.Carlson, R.Gupta, G.Perdue (2019)

Alessandro Roggero JLAB - 18 Mar 2020 12 /14



Summary: quantum algorithms for the nuclear response

So(w) = / dte“'Co(t) with Co(t) = (Wo|O()O(0)|¥o)

@ strategy A [Ortiz, Somma et al (2001-2003)]

o compute Cp(t) on quantum computer for different times
o perform Fourier transform classically using t,,q. = O(1/A)
o the total cost is O(1/A) gates and O (x=z) repetitions

@ strategy B [Roggero & Carlson (2018)]
o sample directly final states from approximate response function

25) = Y V/So(w) lw) ® )

o cost is O(1/A) gates (larger prefactor) and O (1/€?) repetitions
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Summary: quantum algorithms for the nuclear response

So(w) = / dte“'Co(t) with Co(t) = (Wo|O()O(0)|¥o)

@ strategy A [Ortiz, Somma et al (2001-2003)]

o compute Cp(t) on quantum computer for different times
o perform Fourier transform classically using t;na. = O(1/A)
o the total cost is O(1/A) gates and O (z=z) repetitions

@ strategy B [Roggero & Carlson (2018)]
o sample directly final states from approximate response function

25) = Y V/So(w) lw) ® )

o cost is O(1/A) gates (larger prefactor) and O (1/€?) repetitions

o both algorithms have a gate cost of O (poly(A)/A) for A nucleons
and target energy resolution Al

Alessandro Roggero JLAB - 18 Mar 2020 13 /14



Summary: quantum algorithms for the nuclear response

So(w) = / dte“'Co(t) with Co(t) = (Wo|O()O(0)|¥o)

@ strategy A [Ortiz, Somma et al (2001-2003)]

o compute Cp(t) on quantum computer for different times
o perform Fourier transform classically using t;na. = O(1/A)
o the total cost is O(1/A) gates and O (z=z) repetitions

@ strategy B [Roggero & Carlson (2018)]
o sample directly final states from approximate response function

25) = Y V/So(w) lw) ® )

o cost is O(1/A) gates (larger prefactor) and O (1/€?) repetitions

o both algorithms have a gate cost of O (poly(A)/A) for A nucleons
and target energy resolution Al

o both algorithms are (probably) too expensive for a realistic description
of final states in neutrino 4°Ar scattering with NISQ devices
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Quantum Error Correction and the Threshold Theorem(s)

check out lecture notes from: S.Aaronson, D.Bacon, A.Childs & J.Preskill

o effect of environment can be described using quantum channels

p=lUNT = A=) OlpOy,  with ZkOZOkzl
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Quantum Error Correction and the Threshold Theorem(s)

check out lecture notes from: S.Aaronson, D.Bacon, A.Childs & J.Preskill

o effect of environment can be described using quantum channels

p=U)(¥| — Alp Z OpOk with Z OTOk—l

Bit-Flip error Phase-Flip error
Ax(p)= (1 —=p)p+pXpX Az(p) =1 —plp+pZpZ
A.. [|1) with prob (1 —p) As |[+) with prob (1 —p)
= {|O) with prob p I+ = |—) with prob p
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Quantum Error Correction and the Threshold Theorem(s)

check out lecture notes from: S.Aaronson, D.Bacon, A.Childs & J.Preskill

o effect of environment can be described using quantum channels

p=U)(¥| — Alp Z OpOk with Z OTOk—l

Bit-Flip error Phase-Flip error
Ax(p) = (1 —p)p+pXpX Az(p) =1 —p)p+pZpZ
As. [|1) with prob (1 —p) A._ [|+) with prob (1 —p)
= {|O) with prob p I+ = |—) with prob p

@ this produces a finite coherence time 7., ~ 1/p
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Quantum Error Correction and the Threshold Theorem(s)

check out lecture notes from: S.Aaronson, D.Bacon, A.Childs & J.Preskill

o effect of environment can be described using quantum channels
p=lUNT = A=) OlpOy,  with > Oloy =1

Bit-Flip error Phase-Flip error
Ax(p) = (1 —p)p+pXpX Az(p) =1 —p)p+pZpZ
As. [|1) with prob (1 —p) A._ [|+) with prob (1 —p)
= {|O) with prob p I+ = |—) with prob p

@ this produces a finite coherence time 7., ~ 1/p
@ assume uncorrelated noise on every qubit = k errors with prob p*
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Quantum Error Correction and the Threshold Theorem(s)

check out lecture notes from: S.Aaronson, D.Bacon, A.Childs & J.Preskill

o effect of environment can be described using quantum channels
p=lUNT = A=) OlpOy,  with > Oloy =1

Bit-Flip error Phase-Flip error
Ax(p) = (1 —p)p+pXpX Az(p) =1 —p)p+pZpZ
As. [|1) with prob (1 —p) A._ [|+) with prob (1 —p)
= {|O) with prob p I+ = |—) with prob p

@ this produces a finite coherence time 7., ~ 1/p
@ assume uncorrelated noise on every qubit = k errors with prob p*
@ simple error correction channel R fixes one error = prob 1 error is cp?
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@ assume uncorrelated noise on every qubit = k errors with prob p*

@ simple error correction channel R fixes one error = prob 1 error is cp?
e using ¢ levels of concatenation we can bring this to c(cp?)?’

Th resho|d Theorem(s) Ben-Or, Aharonov, Kitaev, Knill, Gottesman,. . .

If p < py, = 1/c we can extend T:g with O <po|y|og < eff/c)) effort

Teoh
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