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Hadron Physics

@ The main goal of Hadron Physics is to provide a quantitative understanding of the
strong interaction, especially in the low-energy regime.

examples:

— understand how the spectrum and structure of hadrons (bound-states of quarks
and gluons) emerge from the forces among their fundamental constituents,

— find out whether there are new forms of matter ~» exotic states.
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Hadron Physics

@ The main goal of Hadron Physics is to provide a quantitative understanding of the
strong interaction, especially in the low-energy regime.

examples:

— understand how the spectrum and structure of hadrons (bound-states of quarks
and gluons) emerge from the forces among their fundamental constituents,

— find out whether there are new forms of matter ~» exotic states.

@ Big challenge:

— Why are single quarks not observed in isolation? ~~ confinement - Millennium
prize.
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QCD theoretical tools for Hadron Physics

@ Understand the origin of visible matter in our Universe ~» unravel the physics of
hadrons!
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QCD theoretical tools for Hadron Physics

@ Understand the origin of visible matter in our Universe ~» unravel the physics of

QCD theoretical tools for hadron physics

Lattice QCD EFTs

hadrons!

AN

Still, alternative approaches are
needed!
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Previous work - Relativistic phenomenology of mesons

@ Recently, | have used the Covariant Spectator Theory (CST) to construct

a manifestly covariant theoretical model for all mesons interpreted as quark-
antiquark bound states, and derived directly in Minkowski space-time.

Sofia Leitdo (PIQTG) Can we simulate hadrons on a QC? Café com Fisica



Previous work - Relativistic phenomenology of mesons

@ Recently, | have used the Covariant Spectator Theory (CST) to construct

a manifestly covariant theoretical model for all mesons interpreted as quark-
antiquark bound states, and derived directly in Minkowski space-time.

@ Start with the homogeneous BSE, with total momentum P = ki — k», and relative
internal momentum k = %(kl + ko) = (ko, k),

q p1 p1 k1

[ == = v .l
P2 D2 ky

Sofia Leitdo (PIQTG) Can we simulate hadrons on a QC? Café com Fisica



Previous work - Relativistic phenomenology of mesons

@ Recently, | have used the Covariant Spectator Theory (CST) to construct

a manifestly covariant theoretical model for all mesons interpreted as quark-
antiquark bound states, and derived directly in Minkowski space-time.

@ Start with the homogeneous BSE, with total momentum P = k; — ko, and relative
internal momentum k = (k1 + ko) = (ko, k),

q p—ln— E‘
q P2 .
@ Integrate over ko but keep only pole contributions from constituent particle
propagators ~~ reduction to 3D loop integrations, but covariant!

d*k 2 d*k m;
/ / 6+(m —k ) (271_)3 E_ik,
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Previous work - Relativistic phenomenology of mesons

@ Covariant kernel: V(p, k; P) = %Fl B2 Y, V. ki P) OfWee,

=1, singlets momentum dep. | grents structure 1;, S

v" Confining interaction: Lorentz (scalar + pseudoscalar) mixed with vector
Coupling strength o, mixing parameter y:

Vip k) =[1-y) (LL®L+71©7%) —y 1 @yl Vi(p, k)

equal weight
(constraint from chiral symm.)

v One-gluon exchange with constant coupling strength as+ Constant interaction
(in r-space) with strength C (Lorentz vector)

Voce(p, k) + Ve(p, k) = = @ v,2 [Vocr(p, k) + Ve(p, k)]
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Previous work - Relativistic phenomenology of mesons

@ Covariant kernel: V(p, k; P) = %Fl B2 Y, V. ki P) OfWee,

=1, singlets momentum dep. | grents structure 1;, 'y?, o7

v" Confining interaction: Lorentz (scalar 4+ pseudoscalar) mixed with vector
Coupling strength o, mixing parameter y:
Vip k) =[1-y) (LL®L+71©7%) —y 1 @yl Vi(p, k)

equal weight
(constraint from chiral symm.)

v One-gluon exchange with constant coupling strength as+ Constant interaction
(in r-space) with strength C (Lorentz vector)

Voce(p, k) + Ve(p, k) = =1 @ vu2 [Vocr(p, k) + Va(p, k)]
@ Some limitations:

v' CST does not have a systematic renormalization scheme - equations regu-
larized with form factors (cut-off parameters fitted to data).
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Previous work - Relativistic phenomenology of mesons

@ Covariant kernel: V(p, k; P) = %Fl B2 Y, V. ki P) OfWee,

=1, singlets momentum dep. | grents structure 1;, 'y?, o7

v" Confining interaction: Lorentz (scalar 4+ pseudoscalar) mixed with vector
Coupling strength o, mixing parameter y:
Vip, k) =[1—-y) (L®l+11®7) —y 1 @] Vi(p, k)

equal weight
(constraint from chiral symm.)

v One-gluon exchange with constant coupling strength as+ Constant interaction
(in r-space) with strength C (Lorentz vector)

Voce(p, k) + Ve(p, k) = =1 @ vu2 [Vocr(p, k) + Va(p, k)]
@ Some limitations:

v' CST does not have a systematic renormalization scheme - equations regu-
larized with form factors (cut-off parameters fitted to data).

@ Ultimately, test CST by comparing the theoretical predictions with experimental
data.
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Previous work - Data sets used to fit the spectrum

Data set
Data set State JPO  Exp. Mass S1 S2 S3

State JP©  Exp. Mass S1 S2 S3 X(3915) 0fF 39184 +1.9 e o
T(45S) T 105794+12 . ¥(3770) 17~ 3773134035 o o
x61(3P) 17t 105121423 . $(25) 17~ 3686.097 +0.010 o o
T(3S) 17~ 10355.2+0.5 ¢« o ne(25) 0t  3639.2+1.2 . °« o
76(35) 0" 10337 he(1P) 1*~  3525.38 4+ 0.11 o
hs(2P) 1"~ 10259.8+1.2 . xa(1P) 17" 3510.66 + 0.07 .
xb1(2P) 1+ 10255.46 + 0.22 4 0.50 . Yol(1P) 0f* 3414754031 e .
Xxe0(2P) 0" 102325404405 ¢ J/w(1S) 1= 3096.900 = 0.006 o o
T(o) 177 10155 7e(15) 0"  2983.4+05 o o o
T(29) 17 10023.26.+0.31 o e D (2536)% 1F 253510 £ 0.06 .
76(25) 0 9999 + 4 o o o b .

- .1(2460)F 1 2450.5 + 0.6 .
ho(1P) 1 9899.3 £ 0.8 . AP

- Di(2420)F° 1 2421.4 .
xb1(1P) 1 0892.78 £ 0.26 4 0.31 . Do (20000 OF 2318420
Xso(lP) 0T 0859.44 +0.42 +0.31 o« . 5(2400)° 07 . e
T(15) 17" 0460.30+0.26 o« o(B17)7 07 2317.74£0.6 L
75(15) 0*  9399.0+23 e o e g , L 2u21x04 * o
B.(25)* 0~ 6842%6 . D" (2007) 1 2008.62 .
B 0~ 6275.1 + 1.0 « o o Dsi , 0 1968.27 +0.10 . « o
Ba(5830)  1°  5628.63+£0.27 . D* 0~ 1867.23 o o o
Bi(5721)*° 1t 5725.85+13 .
8; 1” 5415815 o @ S1: 9 PS mesons,
B 0 5366.82 4 0.22 e o o
B 1= 5324654025 .« . @ So-
e o soroen . oo S2: 25 PS+S+V mesons,

@ S3: 39 PS+S+V+A mesons.
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Previous work - Spectroscopy
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Predictive power of the covariant kernels

@ Constant constituent quark masses m,, mc, ms, mq = m, ;4 held fixed during the
fits (values in bold).
- Model P1: fitted to 9 pseudoscalar meson masses only (set S1)

- Model PSV1: fitted to 25 pseudoscalar+scalar4vector meson masses

Model | o (GeV?) as C (GeV) y mp (GeV)  mc (GeV)  ms (GeV)  mg (GeV) | N brms (GeV)
P1 0.2493  0.3643  0.3491  0.0000 4.892 1.600 0.4478 0.3455 9 0.036
PSV1 0.2247 0.3614  0.3377  0.0000 4.892 1.600 0.4478 0.3455 25 0.030
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Predictive power of the covariant kernels

@ Constant constituent quark masses m,, mc, ms, mq = m, ;4 held fixed during the
fits (values in bold).
- Model P1: fitted to 9 pseudoscalar meson masses only (set S1)

- Model PSV1: fitted to 25 pseudoscalar+scalar4vector meson masses

Model | o (GeV?) as C (GeV) y mp (GeV)  mc (GeV)  ms (GeV)  mg (GeV) | N brms (GeV)
P1 0.2493  0.3643  0.3491  0.0000 4.892 1.600 0.4478 0.3455 9 0.036
PSV1 0.2247 0.3614  0.3377  0.0000 4.892 1.600 0.4478 0.3455 25 0.030

@ The results of the two fits are remarkably similar! ~> kernel parameters are already
well determined through pseudoscalar states (J© = 07)
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Predictive power of the covariant kernels

@ Constant constituent quark masses m,, mc, ms, mq = m, ;4 held fixed during the
fits (values in bold).
- Model P1: fitted to 9 pseudoscalar meson masses only (set S1)
- Model PSV1: fitted to 25 pseudoscalar+scalar4vector meson masses

Model | o (GeV?) as C (GeV) y mp (GeV)  mc (GeV) ms (GeV) mg (GeV) | Ni  drms (GeV)
P1 0.2493  0.3643  0.3491  0.0000 4.892 1.600 0.4478 0.3455 9 0.036
PSV1 0.2247  0.3614  0.3377  0.0000 4.892 1.600 0.4478 0.3455 | 25 0.030

@ The results of the two fits are remarkably similar! ~> kernel parameters are already
well determined through pseudoscalar states (J© = 07)

@ Almost 100% L = 0, S = 0 (S-wave, spin singlet)
(0"|L-S|07) =0 Spin-orbit force vanishes
(07]|512/07) =0 Tensor force vanishes

(07|81 S»|07) = —3/4 Spin-spin force acts in singlet only
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Predictive power of the covariant kernels

@ Constant constituent quark masses m,, mc, ms, mq = m, ;4 held fixed during the
fits (values in bold).
- Model P1: fitted to 9 pseudoscalar meson masses only (set S1)
- Model PSV1: fitted to 25 pseudoscalar+scalar4vector meson masses

Model | o (GeV?) as C (GeV) y mp (GeV)  mc (GeV) ms (GeV) mg (GeV) | Ni  drms (GeV)
P1 0.2493  0.3643  0.3491  0.0000 4.892 1.600 0.4478 0.3455 9 0.036
PSV1 0.2247  0.3614  0.3377  0.0000 4.892 1.600 0.4478 0.3455 | 25 0.030

@ The results of the two fits are remarkably similar! ~> kernel parameters are already
well determined through pseudoscalar states (J© = 07)

@ Almost 100% L = 0, S = 0 (S-wave, spin singlet)
(0"|L-S|07) =0 Spin-orbit force vanishes
(07]|512/07) =0 Tensor force vanishes
(07|81 S»|07) = —3/4 Spin-spin force acts in singlet only
@ Good test for a covariant kernel: Pseudoscalar states do not constrain spin-orbit

and tensor forces, and cannot separate spin-spin from central force ~~ Model P1
indeed predicts spin-dependent forces correctly!
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Sensitivity to the parameters

@ In a new series of fits we treat quark masses and mixing parameter y as adjustable

parameters.

Model o (GeV?) s C (GeV) y mp (GeV)  me (GeV) ms (GeV) mg (GeV) | Ns  Grms  Arms (GeV)
(P1)MO0s; 0.2493 0.3643  0.3491  0.0000 4.892 1.600 0.4478 0.3455 9 0.017 0.037
M1s; 0.2235 0.3941  0.0591 0.0000 4.768 1.398 0.2547 0.1230 9 0.006 0.041
(PSV1)MOs, 0.2247 0.3614  0.3377  0.0000 4.892 1.600 0.4478 0.3455 25 0.028 0.036
Mls, 0.1893 0.4126  0.1085  0.2537 4.825 1.470 0.2349 0.1000 25 0.022 0.033
Misy/ 0.2017 0.4013  0.1311 0.2677 4.822 1.464 0.2365 0.1000 24 0.018 0.033
(best)M1ss 0.2022 0.4129  0.2145  0.2002 4.875 1.553 0.3679 0.2493 39 0.030 0.030
MO0s3 0.2058 0.4172  0.2821  0.0000 4.917 1.624 0.4616 0.3514 39 0.031 0.031

y held fixed, other parrameters
refitted

O Milss
A Misz
O Miss

O MOs;

0.0 0.1 0.2 0.3 0.4
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Sensitivity to the parameters

@ In a new series of fits we treat quark masses and mixing parameter y as adjustable

parameters.

Model o (GeV?) s C (GeV) y mp (GeV)  me (GeV) ms (GeV) mg (GeV) | Ns  Grms  Arms (GeV)
(P1)MO0s; 0.2493 0.3643  0.3491  0.0000 4.892 1.600 0.4478 0.3455 9 0.017 0.037
M1s; 0.2235 0.3941  0.0591 0.0000 4.768 1.398 0.2547 0.1230 9 0.006 0.041
(PSV1)MOs, 0.2247 0.3614  0.3377  0.0000 4.892 1.600 0.4478 0.3455 25 0.028 0.036
Mls, 0.1893 0.4126  0.1085  0.2537 4.825 1.470 0.2349 0.1000 25 0.022 0.033
Misy/ 0.2017 0.4013  0.1311 0.2677 4.822 1.464 0.2365 0.1000 24 0.018 0.033
(best)M1ss 0.2022 0.4129  0.2145  0.2002 4.875 1.553 0.3679 0.2493 39 0.030 0.030
MO0s3 0.2058 0.4172  0.2821  0.0000 4.917 1.624 0.4616 0.3514 39 0.031 0.031

@ Quality of fits not much improved.

y held fixed, other parrameters
refitted

O Milss
A Misz
O Miss

O MOs;

0.0 0.1 0.2 0.3 0.4
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Sensitivity to the parameters

@ In a new series of fits we treat quark masses and mixing parameter y as adjustable

parameters.

Model o (GeV?) as C (GeV) y mp (GeV)  mc (GeV) ms (GeV) mg (GeV) | N5 bims  Awms (GeV)
(P1)MO0s; 0.2493 0.3643  0.3491  0.0000 4.892 1.600 0.4478 0.3455 9 0.017 0.037
M1s; 0.2235 0.3941  0.0591 0.0000 4.768 1.398 0.2547 0.1230 9 0.006 0.041
(PSV1)MOs, 0.2247 0.3614  0.3377  0.0000 4.892 1.600 0.4478 0.3455 25 0.028 0.036
Mls, 0.1893 0.4126  0.1085  0.2537 4.825 1.470 0.2349 0.1000 25 0.022 0.033
Misy/ 0.2017 0.4013  0.1311 0.2677 4.822 1.464 0.2365 0.1000 24 0.018 0.033
(best)M1ss 0.2022 0.4129  0.2145  0.2002 4.875 1.553 0.3679 0.2493 39 0.030 0.030
MO0s3 0.2058 0.4172  0.2821  0.0000 4.917 1.624 0.4616 0.3514 39 0.031 0.031

uality of fits not much improved.
y held fixed, other parrameters Q Y P

refitted @ Best model Mls3 has y = 0.2 (but minimum

very shallow) ~ Vector contributions to the
o M linear confining interaction between 0% and
o Mier ~30% lead essentially to the same agreement
D e with the data.
B Moss

0.0 0.1 0.2 0.3 0.4
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Sensitivity to the parameters

@ In a new series of fits we treat quark masses and mixing parameter y as adjustable

parameters.

Model o (GeV?) as C (GeV) y mp (GeV)  mc (GeV) ms (GeV) mg (GeV) | N5 bims  Awms (GeV)
(P1)MO0s; 0.2493 0.3643  0.3491  0.0000 4.892 1.600 0.4478 0.3455 9 0.017 0.037
M1s; 0.2235 0.3941  0.0591 0.0000 4.768 1.398 0.2547 0.1230 9 0.006 0.041
(PSV1)MOs, 0.2247 0.3614  0.3377  0.0000 4.892 1.600 0.4478 0.3455 25 0.028 0.036
Mls, 0.1893 0.4126  0.1085  0.2537 4.825 1.470 0.2349 0.1000 25 0.022 0.033
Misy/ 0.2017 0.4013  0.1311 0.2677 4.822 1.464 0.2365 0.1000 24 0.018 0.033
(best)M1ss 0.2022 0.4129  0.2145  0.2002 4.875 1.553 0.3679 0.2493 39 0.030 0.030
MO0s3 0.2058 0.4172  0.2821  0.0000 4.917 1.624 0.4616 0.3514 39 0.031 0.031

uality of fits not much improved.
y held fixed, other parrameters Q Y P

refitted @ Best model Mls3 has y = 0.2 (but minimum

very shallow) ~ Vector contributions to the
o M linear confining interaction between 0% and
o Mier ~30% lead essentially to the same agreement
D e with the data.
g ws, @ The mass spectrum alone does not constrain
00 01 0z 03 04 much the parameter y and the quark
y constituent masses!
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Sensitivity to the parameters

@ In a new series of fits we treat quark masses and mixing parameter y as adjustable

parameters.

Model o (GeV?) as C (GeV) y mp (GeV)  mc (GeV) ms (GeV) mg (GeV) | N5 bims  Awms (GeV)
(P1)MO0s; 0.2493 0.3643  0.3491  0.0000 4.892 1.600 0.4478 0.3455 9 0.017 0.037
M1s; 0.2235 0.3941  0.0591 0.0000 4.768 1.398 0.2547 0.1230 9 0.006 0.041
(PSV1)MOs, 0.2247 0.3614  0.3377  0.0000 4.892 1.600 0.4478 0.3455 25 0.028 0.036
Mls, 0.1893 0.4126  0.1085  0.2537 4.825 1.470 0.2349 0.1000 25 0.022 0.033
Misy/ 0.2017 0.4013  0.1311 0.2677 4.822 1.464 0.2365 0.1000 24 0.018 0.033
(best)M1ss 0.2022 0.4129  0.2145  0.2002 4.875 1.553 0.3679 0.2493 39 0.030 0.030
MO0s3 0.2058 0.4172  0.2821  0.0000 4.917 1.624 0.4616 0.3514 39 0.031 0.031

uality of fits not much improved.
y held fixed, other parrameters Q Y P

refitted @ Best model Mls3 has y = 0.2 (but minimum

very shallow) ~ Vector contributions to the
o M linear confining interaction between 0% and
o Mier ~30% lead essentially to the same agreement
D e with the data.
g ws, @ The mass spectrum alone does not constrain
00 01 0z 03 04 much the parameter y and the quark
y constituent masses!

@ To investigate wether or not other physical observables (e.g. decay constants) are
more stringent with respect to y and the masses.
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New beginnings...

NOW FOR
SOMETHING
COMPLETELY
DIFFERENT...




Recent developments in Quantum Computing

@ A quantum computer (QC) is a device that processes
information exploiting QM properties ~ superposition,
entanglement, ...

[ B
Classical Bit Qubit
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Recent developments in Quantum Computing

@ A quantum computer (QC) is a device that processes
information exploiting QM properties ~ superposition,
entanglement, ...

o1

Classical Bit

@ Technical hurdles to create a QC:
— qubits were difficult to create,
— superconducting quantum processors needed to be cooled,
— significant shielding required.
< Currently, 72 qubits (Google) ~~ go to thousands and
beyond.
— significant error correction.
— create a truly fault-tolerant quantum computer.
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Recent developments in Quantum Computing

@ A quantum computer (QC) is a device that processes
information exploiting QM properties ~ superposition,
entanglement, ...

o1

Classical Bit

@ Technical hurdles to create a QC:
— qubits were difficult to create,
— superconducting quantum processors needed to be cooled,
— significant shielding required.
< Currently, 72 qubits (Google) ~~ go to thousands and
beyond.
— significant error correction.
— create a truly fault-tolerant quantum computer.

@ Recent key developments
— new hardware and online resources.
— increasing business interest in future commercial application.
— significant discussion of “quantum supremacy".
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Recent developments in Quantum Computing

Software & Consultants Quantum Computers
D:Waue Google

( pyQuntm ogie DAWa

o e B Microsoft rigetti -
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New Funding Strategies

CREATIVES @ et Quantum vauﬂ]

[ e

Representative list of players. A very active ecosystem!

@ Quantum Flagship ~~ a large-scale European research program for quantum
technologies (>1 billion €).
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What is a QC good for?

@ Factoring large numbers
15=5x%x3,21=3x%x7,8193 =3 x 2731 ~~ Schor’s Algorithm
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What is a QC good for?

@ Factoring large numbers
15=5x%x3,21=3x%x7,8193 =3 x 2731 ~~ Schor’s Algorithm

@ Search databases ~ Grover's Algorithm
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What is a QC good for?

@ Factoring large numbers
15=5x%x3,21=3x%x7,8193 =3 x 2731 ~~ Schor’s Algorithm

@ Search databases ~ Grover's Algorithm

@ Simulate quantum systems ~~ original Feynman'’s proposal

“.. because nature isn't classical, dammit,
and if you want to make a simulation of nature,
you'd better make it quantum mechanical.”
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Quantum simulation

® Why?
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Quantum simulation

® Why?

@ Imagine a simple scenario...

ow Wl

P, (Store;)  P»(Store;)

Py, (Store;, Store;) 7! Py (Store; ) P> (Store;)
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Quantum simulation

® Why?

@ Imagine a simple scenario...

ow Wl

P, (Store;)  P»(Store;)
Py, (Store;, Store;) %Pl(Store,-)Pg (Store;)

@ For a complex system, “highly entangled”, a classical probabilistic computing
machine simply cannot reproduce the required quantum probability distributions!
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Quantum simulation

® Why?

@ Imagine a simple scenario...

ow Wl

P, (Store;)  P»(Store;)
Py, (Store;, Store;) %Pl(Store,-)Pg (Store;)

@ For a complex system, “highly entangled”, a classical probabilistic computing
machine simply cannot reproduce the required quantum probability distributions!

@ In fact, it is precisely the chance of preparing and manipulating entangled states,
together with the superposition principle, that allows for the computational
quantum advantage.
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Quantum simulation - time evolution of a system

! Model system E
] L]
: lv’ (o)) . lv’ @) i
s Evolution :
: i
" ]
L e e e e cmccccceceeen - 1 o
- I /e
' Quantum simulator "
' :
i '
: i _ ]
: —  |woy lwy — P— :
! Initialization Evolution Measurement H
; AN~ :
' _— N ~—— '
" - ~— '
: _— PN ~ -
' — Analog N Digital - '
: :
I - - » 1]
H — - '
H — U=exp(-iHt) — '
' - — 1
. = :
i :
H '
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Richard Feynman - Simulating Physics with computers

@ “If you had discrete quantum systems, what other discrete quantum systems are
exact imitators of it, and is there a class against which everything can be

matched?”

quantum
energy levels

=y

|¥) =alo)+B|1)
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Richard Feynman - Simulating Physics with computers

@ “If you had discrete quantum systems, what other discrete quantum systems are
exact imitators of it, and is there a class against which everything can be

matched?”
quantum
& energy levels \u)
)
' ,'. )=alo)+B|1)
@ ... Yes! ~» Digital quantum computing

Seth Loyd 1998: efficient technique for the quantum simulation of time-evolving
physical systems

[B(8)) = O()[(0),  O(t)=e ™",
using Lie-Trotter expansions U(t) = [U(t/n)] !
U(t/n) _ e—i/:lt/nh ~ e—r'l:llt/nhe—iltlzt/nh“?.

with A = I:Il + ’:I2 + ... ~» quantum gates, quantum circuits
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Motivation from QCD

Even with some remarkable improvements over the last years, Lattice QCD faces some
challenges:

@ the well-known sign problem.
< If we are interested in the time evolution of systems with baryon number,
isospin, electric charge, strangeness, etc. ...or currents, viscosity, non-equilibrium
dynamics ~~ real-time evolution.

0 B
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@ Required computational power can be excessive, even for the current most

powerful superconductors
— Can we make use of quantum supremacy in the future?
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Motivation from QCD

Even with some remarkable improvements over the last years, Lattice QCD faces some
challenges:
@ the well-known sign problem.
< If we are interested in the time evolution of systems with baryon number,
isospin, electric charge, strangeness, etc. ...or currents, viscosity, non-equilibrium
dynamics ~~ real-time evolution.

0 B

@ Required computational power can be excessive, even for the current most

powerful superconductors
— Can we make use of quantum supremacy in the future?

@ What about bound-states in equilibrium?
Heg. |W) = E|W) — for instance, finding lowest E?
< Can we simulate hadrons on a quantum computer?
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|deal systems for quantum simulation - Molecules

Why ideal?... HW) = E|WV)

@ “The underlying physical laws necessary for the mathematical theory of a large
part of physics and the whole of chemistry are thus completely known, and the
difficulty is only that the exact application of these laws leads to equations much
too complicated to be soluble.” - P.Dirac
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|deal systems for quantum simulation - Molecules

Why ideal?... HW) = E|WV)

@ “The underlying physical laws necessary for the mathematical theory of a large
part of physics and the whole of chemistry are thus completely known, and the
difficulty is only that the exact application of these laws leads to equations much
too complicated to be soluble.” - P.Dirac

@ Molecular electronic Hamiltonian (in Born Oppenheimer approx.):

— S e Te &2
i ; ( Z Ameo|Fi — RA|> +;j4weo|ﬁ — 7
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|deal systems for quantum simulation - Molecules

@ To represent as a N-qubit problem we must discretize ~~ basis of Molecular orbitals
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|deal systems for quantum simulation - Molecules

@ To represent as a N-qubit problem we must discretize ~~ basis of Molecular orbitals

@ For each orbital define 3, and E;Z satisfying:

{éj7ék}:{AJT7éZ}:05 {éhélt}: J'kH

Sofia Leitdo (PIQTG) Can we simulate hadrons on a QC? Café com Fisica



|deal systems for quantum simulation - Molecules

@ To represent as a N-qubit problem we must discretize ~~ basis of Molecular orbitals

@ For each orbital define 3, and E;Z satisfying:

{ajvak}_{ T Af =0, {ébélt}: jic]

@ Write a second-quantized Hamiltonian:

A= Zhua 5+ Y hwalaa

ijkl
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|deal systems for quantum simulation - Molecules

@ To represent as a N-qubit problem we must discretize ~~ basis of Molecular orbitals

@ For each orbital define 3, and E;Z satisfying:
(3,80 =1{8,8[} =0, {3,3]} =l
@ Write a second-quantized Hamiltonian:
H= Zhua 5+ Y hwalaa
ijkd
@ Map the operators with a Jordan-ngner transformation:
519 st e, & -I1¥'es @ (67)°V,
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|deal systems for quantum simulation - Molecules

@ To represent as a N-qubit problem we must discretize ~~ basis of Molecular orbitals

@ For each orbital define 3, and E;Z satisfying:
(3,80 =1{8,8[} =0, {3,3]} =l
@ Write a second-quantized Hamiltonian:
H= Zhua 5+ Y hwalaa
ijkd
@ Map the operators with a Jordan-ngner transformation:
519 st e, & -I1¥'es @ (67)°V,

@ Obtain an Hamiltonian expressed in the basis of Pauli operators {I', o', }, for each
nuclear configuration R. Example for N = 2:

af
HR) =Y gi(R)546%
ij
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|deal systems for quantum simulation - Molecules

@ Example: number operator hpp3}3, — ﬁgﬂ(]l —67)
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|deal systems for quantum simulation - Molecules

@ Example: number operator hpp3}3, — ﬁg’i(]l —67)

@ Use Trotterization
s 5= = [~ihpp (T, — 62) £]" "
e*i"w(ﬂr"v)f:z:—[ 2 ”’{“’I D" here M —-&) =2 (I,—67) VnZ®
mn

U(t)=
n=0
1 — zhpp R | . 1 52y 4 1
= EZ (L, —op)—§(]lp—ap)+][1,:§e PFL(]IP_JP]"‘E(HP"‘“)
= %E Fihppt [(E’}“‘PP‘ +e_21§“‘n‘) ( Fihppt _ e_éihppt) E};]

. h
= ¢~ Tihppt (oos—l[iJ + isin %ap)

; hyt h hypt hppt
— e aihmt {(w&—’; +isin—gp ) ((1) 8) + (cos —’; 13111—2 ) (g (1])]
— e’%ihw‘ {e%ikppf (é g) +e gihppt (g {1])]
1 0
= 1o e—themt

Café com Fisica
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|deal systems for quantum simulation - Molecules

@ Example: number operator hpp3}3, — ﬁg’i(]l —67)
@ Use Trotterization
. ) o & =ik (L —67) 6" .
0(t) = e~ #hor(o=33) Z 3 w where (I, —&2)" =2" (I, — 6%) VnZ*

n=0

> 00 =53 R - 00) — 5 (= 3) 1y = e (=) + 5 ()
1

1. . 1; 1 L;
= EE —gihppt [(E’}‘h??‘ + E_E’hn‘) ][p + (e’lﬂ‘m?t — e_ﬁ"hppt) E};]

. hppt

e~ Fihppt (oos —l[iJ + isin —— 9 &;)
bt hpp 10 bt h,,t 00

_—Lihppt Nppt et - pp
=e 24P {(w& 2 + isin 9 )(0 O)Jr(cos 9 7810 B )(0 1)]
— e’%ihw‘ {e%ikppf (é g) +e’%’h1=pi (g {1])]
_ (1 0
=l e—itert

@ T-gate: ~ |0) — |0), |1) — e~ ?|1) ~ single qubit rotation
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|deal systems for quantum simulation - Molecules

@ Example: number operator hpp3}3, — ﬁg’i(]l —67)
@ Use Trotterization
. ) o & =ik (L —67) 6" .
0(t) = e~ #hor(o=33) Z 3 w where (I, —&2)" =2" (I, — 6%) VnZ*

n=0

> 00 =53 R - 00) — 5 (= 3) 1y = e (=) + 5 ()
1

1. . 1; 1 L;
= EE —gihppt [(E’}‘h??‘ + E_E’hn‘) ][p + (e’lﬂ‘m?t — e_ﬁ"hppt) E};]

. hppt .
e~ Fihppt (oos—l[p+zsm 9 g;)

bt hpp 10 hypt h,,t 00
Lihppt ppt PP°_ igip P2
ezt {(w& 2 + isin 9 )(0 O)Jr(cos 9 7810 B )(0 1)]
:e’%ﬂ‘pp‘ {e%ikppf (é g) +e’%’h1=pi (g {1])]
_ (1 0
=l e—itert

@ T-gate: ~ |0) — |0), |1) — e~ ?|1) ~ single qubit rotation

> Y

* 'y 5 *
@ Construct the associated quantum circuit. . e .
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Variational Quantum Eigensolver (VQE)

@ How to find the ground-state energy Eq classically? Using the variational method

f V*HWdr
f v2dr
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Variational Quantum Eigensolver (VQE)

@ How to find the ground-state energy Eq classically? Using the variational method
f\U*H\IIdr
f\llzdr

@ Now... the VQE algorithm uses a quantum subroutine inside a classical
minimization task. The quantum subroutine consists of two parts:
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Variational Quantum Eigensolver (VQE)

@ How to find the ground-state energy Eq classically? Using the variational method

f\U*H\IIdr
f\llzdr
@ Now... the VQE algorithm uses a quantum subroutine inside a classical
minimization task. The quantum subroutine consists of two parts:

@ Prepare a quantum state |W(6)),
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Variational Quantum Eigensolver (VQE)

@ How to find the ground-state energy Eq classically? Using the variational method

f V*HWdr
f v2dr

@ Now... the VQE algorithm uses a quantum subroutine inside a classical
minimization task. The quantum subroutine consists of two parts:

@ Prepare a quantum state |W(6)),

@ Measure the expectation value of H in the state |W(6)):
~ by linearity (W(8)|H|W(0))= (Hi)+(Ho)+(Hs)+...
v Easy task for a QC... ex: Measurements of < of >, < 0{05...0%2 >, ...
X In general, it may be very hard to calculate this expectation value for a
classical representation, containing an exponential number of configurations
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Variational Quantum Eigensolver (VQE)

@ How to find the ground-state energy Eq classically? Using the variational method

f V*HWdr
f v2dr

@ Now... the VQE algorithm uses a quantum subroutine inside a classical
minimization task. The quantum subroutine consists of two parts:

@ Prepare a quantum state |W(6)),

@ Measure the expectation value of H in the state |W(6)):
~ by linearity (W(8)|H|W(0))= (Hi)+(Ho)+(Hs)+...
v Easy task for a QC... ex: Measurements of < of >, < 0{05...0%2 >, ...
X In general, it may be very hard to calculate this expectation value for a
classical representation, containing an exponential number of configurations

@ We get an expectation value dependent on g parameters. This value can be
minimized with a gradient-free optimization method such as Nelder-Mead method
on the classical computer.
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VQE Quantum-classical hybrid algorithm

@ In summary...

QUANTUM PROCESSOR s CLASSICAL PROCESSOR
- ) W CLASSICAL
PB(LERN  OPTIMIZATION OF

STATE i Hy e
->

PARAMETER

| |

I PREPARE () I

I => HENEEF—> I
ANTUM 7

| QUANTU —_ ANSATZ |

| |

| |

@ It is now a reality, to use a cloud-based quantum computing (Google, D-Wave,
Rigetti, IBM, ...)
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Results using VQE

@ H2 molecule using Google's quantum computer (only 2 qubits)

Prepare Measure Calculate
Hardware |Initial State Expectation Values Energy

o

61(Zo)

92(Z1)

93(Z0Z1)

9a (YE)Yl)
+ 95(XoX1)
=(H)

Classical Optimizer Suggests New Parameters §

P.J.J. O'Malley et al. Scalable Simulation of Molecular Energies Physical Review X (2016). DOI: 10.1103/PhysRevX.6.031007

02,

—— Exact Energy
VQE Experiment
PEA Experiment

—0.2

0.6/

-0

Total Energy (Hartree)

—1.0]

)
I
il
it
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Results using VQE

@ Results using the IBM quantum computer (up to 6 qubits)

a b c
04 -6.6 0 -12.0
Q8
0.2 Y O % 20 125
0 ok 104 o] -130
T -02 i @ [Q».
£ 72} 102) -135
& 04 W !
5 7atl U H 140
o -06 it 1
i) 78 \ =145
-0.8 :
-15.0
10 -7.8
=155
1.2 -8.0
0 1 2 3 4 1 2 3 4 5 1 2 3 4 5
Interatomic distance (A) Interatomic distance (A) Interatomic distance (A)

Abhinav Kandala et al. Hardware-efficient variational quantum eigensolver for small molecules and quantum magnets, Nature
(2017). DOI: 10.1038/nature23879
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Quantum simulation of the deu

PHYSICAL REVIEW LETTERS 120, 210501 (2018)

Cloud Quantum Computing of an Atomic Nucleus

E. E Dumitrescu,’ A, J. Mc(‘askcy.: G. Hagen, “'G.R. Jansen,™" T.D. Morris,"" T. Papenbroc K
R.C. Pooser, " D.J. Dean," and P. I.nugm'skil'i
'(“rmrprmmumrﬁ' Sciences and Engineering Division, Qak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
:('our,r)rdn' Seience and Mathematics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
'."J:.\'m'v Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
"M',rmrfmmf of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996, U/SA
*National Center for Computational Sciences, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA

® (Received 12 January 2018; published 23 May 2018)

We report a quantum simulation of the deuteron binding energy on quantum processors accessed via
cloud servers. We use a Hamiltonian from pionless effective field theory at leading order. We design a
low-depth version of the unitary coupled-cluster ansatz, use the varnational quantum eigensolver algorithm,
and compute the binding energy to within afew percent. Our work is the first step towards scalable nuclear
structure computations on a quantum processor via the cloud, and it sheds light on how to map scientific
computing applications onto nascent quantum devices.

DOL: 10,1103 PhysRevLett, 1 20210501

@ Results using IBM QX5 and Rigetti 19Q quantum chips, using 2 and 3 qubits.
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Quantum simulation of the deu

@ The deuteron ground-state energy is -2.22 MeV ~» extrapolation to infinite space
is within 3% of the exact result.

10
-
-
g}
=
~ o
E from exact diagonalization
! N Ex O(e=2t) O(kLe*L) O(e—HL)
~ 2 -1.749 -2.39 =219
<o 3 —2.046 -2.33 =220 =221
E from quantum computing
-1 N Ey O(e k) O(kLet)  0(e™H)
! J,i_:.:,'."r‘?"wET’:‘,. T 2 —1.74(3) -2.38(4) -2.18(3)
5 YIS ¢ S 3 —-2.08(3) -2.35(2) -221(3) —-2.28(3)
S0 g
-1
m
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Quantum simulation of the deu

@ The deuteron ground-state energy is -2.22 MeV ~» extrapolation to infinite space
is within 3% of the exact result.

10
-
-
g}
=
~ o
E from exact diagonalization
. N Ex O(e~2t) O(kLe*L) Ofe~H)
~ 2 -1.749 -2.39 =219
Qo 3 —2.046 -233 =220 =221
E from quantum computing
-1 N Ey O(e k) O(kLet)  0(e™H)
! J,ir_:':,'.ﬂ'l""'t“l“’:‘,. T 2 —1.74(3) -2.38(4) -2.18(3)
5 YIS ¢ S 3 —-2.08(3) -2.35(2) -221(3) —-2.28(3)
S0 g
-1
w2 n

@ Can we compute binding energies of hadrons on a quantum computer?... Yes!
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Summary and Conclusions

@ Both Nuclear and Hadron Physics have already greatly benefit from the advances
in classical computing ~~ supercomputers worldwide allow to tackle increasingly
more complex calculations, ex: Lattice QCD, ...
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Summary and Conclusions

@ Both Nuclear and Hadron Physics have already greatly benefit from the advances
in classical computing ~~ supercomputers worldwide allow to tackle increasingly
more complex calculations, ex: Lattice QCD, ...

@ However, in the last few years we are witnessing a “Second Quantum Revolution”
~> explosion of new Quantum Technologies and Quantum Algorithms.
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in classical computing ~~ supercomputers worldwide allow to tackle increasingly
more complex calculations, ex: Lattice QCD, ...

@ However, in the last few years we are witnessing a “Second Quantum Revolution”
~> explosion of new Quantum Technologies and Quantum Algorithms.

@ Some QCs can already be tested through the internet Cloud access,
Quantum-Classical algorithms.
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Summary and Conclusions

@ Both Nuclear and Hadron Physics have already greatly benefit from the advances
in classical computing ~~ supercomputers worldwide allow to tackle increasingly
more complex calculations, ex: Lattice QCD, ...

@ However, in the last few years we are witnessing a “Second Quantum Revolution”
~> explosion of new Quantum Technologies and Quantum Algorithms.

@ Some QCs can already be tested through the internet Cloud access,
Quantum-Classical algorithms.

@ Quantum Simulation for Nuclear and Hadron Physics is at its infancy. However,
reasonable results achieved for small molecules: hydrogen, beryllium dihydride, and
now, for the deuteron as well.
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Summary and Conclusions

@ Both Nuclear and Hadron Physics have already greatly benefit from the advances
in classical computing ~~ supercomputers worldwide allow to tackle increasingly
more complex calculations, ex: Lattice QCD, ...

@ However, in the last few years we are witnessing a “Second Quantum Revolution”
~> explosion of new Quantum Technologies and Quantum Algorithms.

@ Some QCs can already be tested through the internet Cloud access,
Quantum-Classical algorithms.

@ Quantum Simulation for Nuclear and Hadron Physics is at its infancy. However,
reasonable results achieved for small molecules: hydrogen, beryllium dihydride, and
now, for the deuteron as well.

@ Attention from the HEP community - Workshop @ FermiLab (September, 2018)
“Next Steps in Quantum Science for HEP".
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Summary and Conclusions

@ Both Nuclear and Hadron Physics have already greatly benefit from the advances
in classical computing ~~ supercomputers worldwide allow to tackle increasingly
more complex calculations, ex: Lattice QCD, ...

@ However, in the last few years we are witnessing a “Second Quantum Revolution”
~> explosion of new Quantum Technologies and Quantum Algorithms.

@ Some QCs can already be tested through the internet Cloud access,
Quantum-Classical algorithms.

@ Quantum Simulation for Nuclear and Hadron Physics is at its infancy. However,
reasonable results achieved for small molecules: hydrogen, beryllium dihydride, and
now, for the deuteron as well.

@ Attention from the HEP community - Workshop @ FermiLab (September, 2018)
“Next Steps in Quantum Science for HEP".

@ The future is both challenging and promising!

Sofia Leitdo (PIQTG) Can we simulate hadrons on a QC? Café com Fisica



Acknowledgements

Thank you for your attention!

We gratefully acknowledge the support from:

T - E

o) 4 John F L cos

s Templeton UROPEAN

Foundation Fundagio para a Ciéncia e a Tecnologia CIENCE -
1 i OUNDATION

gz:li:z;:-laiouzn?on Funding OUANTUM 2.: :', Q U A N T E R A

2 for Research & Innovation FLAGSHIP i,

Sofia Leitdo (PIQTG) Can we simulate hadrons on a QC? Café com Fisica



Physics of Information and Quantum es Group - Lx

*

Technologi
<o ot D

e

ST, 26 September 2018

To check other research topics at our group: http://www.phys-info.org

Sofia Leitdo (PIQTG) Can we simulate hadrons on a QC? Café com Fisica


http://www.phys-info.org

