Towards computing

the standard model of particle phy5|cs

by tensor renormalization group

Yoshifumi Nakamura
RIKEN, R-CCS

TNSAA 2019-2020,

Dah-Hsian Seetoo Library/National Chengchi University
Taipei, Dec/05/2019

@ cm
RIM=N R ccs



2 Plan m

e Standard model of particle physics
e Recent works for quantum field theories by TRG
e 2D complex ¢* with chemical potential
e 2D U(1) gauge theory with 6 term
e 2D free boson
e 4D Ising model



R Particle physics ot

e Study matter, motion in the universe
e Question since the beginning of human history
o What is elementary (fundamental) particle

N Proton/neutron
om nucleus o qaurk 10 5m
[10'1°m]/\ [10-14m] i’t (3 colors) \0 | 0 ]

a
electron O
(lepton) 6 o o o

e What is fundamental interaction?

e How did the universe start, develop and become
what it is today?

e How will the universe be?
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Quarks and leptons (fermions) o

qguarks : Components of hadrons, 6 flavors, 3 colors (red, blue, green)

up

Mass : 2.3 MeV/c?

Charge : 2/3

down

Mass : 4.8 MeV/c?

Charge : -1/3

charm

Mass : 1.275 GeV/c?
Charge : 2/3

strange

Mass : 95 MeV/c?
Charge : -1/3

top

Mass : 173.07 GeV/c?
Charge : 2/3

bottom

Mass : 4.18 GeV/c?
Charge : -1/3

leptons : charged leptons, neutrinos

electron neutrino

muon neutrino

Mass : <2.2 eV/c?
Charge : 0

electron

Mass : 0.511MeV/c?
Charge : -1

Mass : 0.17MeV/c?
Charge : 0

muon

Mass : 105.7MeV/c?
Charge : -1

tau neutrino

Mass : 15.5 MeV/c?
Charge : 0

tau

Mass : 1.777GeV/c?
Charge : -1
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Elementary particles
mass — =2.3 MeV/c* =1.275 Ge\W/c? =173.07 Ge\ic* s :;’25 Gallic?
charge = 2/3 213 213 0
spin = 1/2 ljl 112 C/ 1/2 L 0 H
up charm top tla_lclnggﬁ
=4 .8 MeV/c? =95 MeV/c? =418 GeVic*
113 /3 S -1/3 Giving mass
12 12 - 112
down strange bottom photon

Carrying forces

ikipedia (Credit: MissMJ)
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Four fundamental forces
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Forces among particles (interaction) are carried by gauge particles

Particle Particle
A B
Force Electromagnetic force Weak force Strong force Gravity
Origin of force electric charge weak charge color charge mass
Range oo 108m 10m oo
Potential % Cap-my,r % e %
Gauge boson Y : photon Z,W : weak boson g: gluon (graviton)
Classic theory electromagnetism General relativity
Quantum field | QED Qcb Not known
theory Electroweak theory (super string theory?)
(Glashow-Weinberg—Salam theory)

Standar!zl model
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Quantum field theory

e Quantization of fields
e scalar boson, fermion, gauge boson
e Gauge theory and symmetry
e describing interaction
e U(1), SU(2), SU(3), - symmetries
e Spontaneous symmetry breaking
e Higgs mechanism, chiral condensate
e Lattice field theory
e the discretized theory of quantum field theory
o Calculated numerically

e Standard model (QED, EW theory, QCD), ¢*,
Gross—Neveu, Schwinger model, + many more ...



R Sign problem on lattice field theory

e Monte Carlo simulations is powerful method to
solve numerically gquantum field theories on the
lattice in no sign problem case

e Models suffering from the sign problem
e QCD with chemical potential ﬂ
e QCD with theta term
e Chiral gauge theory
e Models with chemical potential @ Beyond standard models

Tensor network approach

Effective theories

e Models with theta term
e Supersymmetric models
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QCD with chemical potential

QCD phase diagram

©

Temperatu

Quark gluon plasma phase Other methods:

eavy lon Complex Langevin

xper iments o ° Lefschetz thimbles

Hadron phase

)
éj. Color superconductivity

sroton, neutron, ... Neutron star

. N
Lattice QCD studies with Chem |Ca I DOtent la I

Taylor expansion, reweighting,
analytic continuation

Interesting physics at finite chemical potential




2 QCD with theta term 2

e The two biggest unsolved problems of the strong

interactions 0
o
. CMI Millennium Prize problem 6 e
We can observe only
° color white particles
« Strong CP problem

Constraint from experiments and LQCD
|60] < 10719 or vanishing

New scalar particle (Axion?) solve the strong CP problem?
Peccei, Quinn, PRL38(1977)1440, PRD16 (1977)1791

Both problem relating?

Models suggest no confinementat 8 + 0
4D)Cardy,Rabinovici, NPB205(1982)1; Cardy, NPB205(1982)17
3D)Fradkin, Schaposnik PRL66(1991)276
2D)Coleman, Ann. of Phys. 101 (1976) 239
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Field treatment on tensor network

e We need to treat scalar, gauge, and fermion fields

e Obtaining finite dimensional tensor network from action
containing continuous variable (Lagrangian TN)

e Scalar field
« Orthogonal function expansion : Shimizu, Mod.Phys.Lett.A27(2012)1250035
. Gauss-Hermite quadrature : Kadoh et al., JHEP03(2018)141
. Gaussian SVD/TRG : Campos et al., PRB100(2019)195106

o Gauge field

. Character expansion : Liu et al., PRD88(2013)056005

. Gauss-Legendre quadrature: Kuramashi, Yoshimura, arXiv:1911.06480
e Fermion field

« Grassmann TRG : Shimizu, Kuramashi, PRD90(2014)014508, Takeda,
Yoshimura, PTEP2015(2015)043B01
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R 2D Complex ¢* with chemical potential =

Kadoh, Kuramashi, YN, Takeda, Sakai, Yoshimura
in preparation

S = [@e {0760, + (m® — 12)Iof" + (@50 + 026"0) + Nol' |

e m,u, A : mass, chemical potential, quartic coupling constant
e ¢ : complex scalar field
e Suffering from sign problem

Lattice partition function

7 = /nge_s
2

§= 3 [t mloul? + Ault = S (2 6hbnis + 6 60)]

r=1
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2D Complex ¢* tensor network

Kadoh, Kuramashi, YN, Takeda, Sakai, Yoshimura
in preparation

=111 % (¢n: dnss)

1 A
£, nto) = exp { = (4 = m?)(180 ] + [6n452) + 5 (10nl" + on1s]"

+ et gt g, o+ e ! 5”’2¢Z+a¢n}

Gauss-Hermite quadrature of ¢ = \/—15 (Ppr +ip))

oo oo K K
/_ d¢R[ dqbffv(gbnaqanrﬁ) ~ ZZw wge a—l_mﬁfl/(}cnaa;nJru)

a=1 6:1

1 K? x K? matix
T = —(xa + ’ixg) components
V2
K : degree
w : weights fv(Pn, bni1)
X : nodes




SVD: f, (X, Xn17) = Z; U,i0i

fv (xn' xn+T)

V+

LXn+1

2D Complex ¢* tensor network
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Kadoh, Kuramashi, YN, Takeda, Sakai, Yoshimura

Uy, i0;

+

in preparation

—)

I

SVD for other directions and sum over x including weight/node factors of GH

k
Vo Vix, %

J

anj\/?j

ani\/Fi.

VoiVix,

l

J

Tijik

m) -
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Average phase factor

m? =0.01,1=1,K = 64, Kadoh, Kuramashi, YN, Takeda, Sakai, Yoshimura
Bond dimension D = 64 in preparation

m—— - - = e
— 7 - feig\e_sf o f|e_S| few]e_sf

_ f Oe' |€_S| Zipq (Oeit?)pq

Zpq f€i9|e_s| N 6i9>pq

1.0 o=

09 fL% | §¥=§§x§§ —— 1 |If average phase factor is ~0,
. V=2 X . . .
os b ovoow o ....i.¥=§$x§$ 1lone can’t obtain signal in the
=2 _X
F v=2%2 —— ||Monte Carlo simulations

V=3x8 ——

0.5 | |
o4t Lo
03 Pt k%N

22,

: Average phase factor is ~0
| 1at large volume and chemical
potential in this system

o2 b SR, V) S —
0.1 F

0 . 0 “_'-:::-:::-:-:::-:::-:-:-:-:::-:::-:-:-:-::-:-:-:-:-:-:::-:-:-:::::-:::A:::-7-::?:::-:::-7-:::-:::-:::?:':‘Eff::?-:::::-f:i-:::-:-:::-:::-:-:-:-:::-:::~:::-:-:::A:::-7::::-:::-:::-:-:::-:::-:::-7::::-:::-:?:’:?:T:-':::-:::-:-:::-:::-:-:::-::-:::-:-:::-:::-:::-:-:::-:::-::::7::::-:::-:::::-:::-:::-:::-:-:::-:::-7::-:-:::-:::-:::::-:::-:::



Silver blaze phenomenon

m? =0.01,1=1,K = 64,
Bond dimension D = 64
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Kadoh, Kuramashi, YN, Takeda, Sakai, Yoshimura
in preparation

Observables do not depend on the chemical potential below the critical point

35 .

V=:2ji><2f1 ——
VL
3.0 -V=2g;23
V=282
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Particle number density

1 0J0InZ

ny =
( ) NSNT 0u
Numerical derivative

1.0

1.2

1.4

1.1
V=it
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V=22
09 |
0.8
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Impure tensor method 7! =



= Comparing with sign problem free form =&

m? =0.01,1=1,K = 64, Kadoh, Kuramashi, YN, Takeda, Sakai, Yoshimura
Bond dimension D = 64 in preparation
Vv =210 x 210

1.1

naive TRG ' ' ' —— '
1L TRG w/ sign problem free form :
| Sign problem free form (real action)
| Endres, PoS(LAT2006)133,
08 | PRD75(2007)065012
NOT T Integrating out angular modes using
o6 | character expansion after expressing
polar coordinate
03 |
0.2 ' ' ' i ' '
06 07 08 09 1 11 12 13 14

1)

Good agreement : TRG works in system with sign problem in MC
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S = —ﬁZcospm — 100

Pz =Pz1t Porio = Patsl — P2

2D U(1) gauge theory with 6 term R

Kuramashi, Yoshimura, arXiv:1911.06480

e f,0 : coupling constant, vacuum angle

e Suffering from sign problem

1
Q= Dy E 0zs Gz = Py mod 27 e Phase transition at 6 = = in the strong
T

(‘Og;,p; E [_ﬂ-, ﬂ-]

Partition function

T d(,OJ;,
o (H /_ mf) [ 7(or 0 si000sn10$2)

coupling limit. [Seiberg,PRL53(1984)637]

Tensor form partition function

Z = § : I l Tor,lam+i.2a$+éars2

z, N {a} =
0 /Wi W WEwW i j 2 I
Gauss-Legendre quadrature

10° i T T L | K - i AV

E 5 a . ~ , () danalytic = Z (ZP (0 + 277(12: d))
107 F ° e Y a 4 Plain quadrature /dsﬁf((’o) - Z U/(_yf (P ) Q=—o¢

° L e Improved method ’ a=1 ™ dipp 0
10 F * . 4 zp(0,8) = [ . &P (.3 cos p + iﬁwp)
6 ® A T

t Relative error btw
10" analytic and TRG
wf atD = 32,60 =m,
. onV = 10242

' 1 '

0 10

Wiese, NPB318(1989)153

Improvement using character expansion
for initial tensor leads to machine precision



2D U(1) gauge theory with 6 term wels

B =10,D =32,K = 32

Kuramashi, Yoshimura, arXiv:1911.06480

T L=16 10°¢ 3
L L s L=32 B O Numerical data
0.005 g . tz?;g E 101; — Fit result i
I v L=256 g E
o L=512 :
Z f 3 3 2 0 E
é, 0.000 s f
Y I X
L J 10'1? <
-0.005_ 10’2% E
107 F E
R S B B S ‘ L S F L
0.90 095 1.00 105 .10 0990 0.995 1.005 1010 10 10 100 1000
0/n L
t BY X( ) T V 962 Xmax X
)4
L =1.998(2)
vV

TRG works in system with sign problem in MC

15t order phase transition
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2D free boson
Lattice partition function Campos, Sierra, Lopez, PRB100(2019)195106

7 = fHdCbz'j e~ 3 i [(Bis—tir1)? + (Pij—bijy1)? +m> ¢ ]
1]

Vertex form

Pijv1 Qi 1,541 D1 Bi1,j+1
> W

@'r,r l:b,'. 1. ﬁl}l’.j qﬁr F1.f

VV(QESL) = 6_% Zf:l [(@_@41)2 + mTQl]b?:I

Gaussian SVD(TRG) with using new fields i
¢L><¢R = ¢L>—<¢R

W = pe— 390 ALéL—3¢1 Arér+éL Bér

W (br,dr) = Grlor) W(br, or) Grldr)
W = /dw e 0L UT G(r) emim TV 0n

p : normalize constant Using SVD of B
. . Slng (0] . 1 —%WTD_IW
A, Ag, B : real matrix B = D+ S = oo aeD ¢

G = e~ 3L (AL=UDUT) ¢y . Gp= o 3%s (AR=VDVT) ¢r
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2D free boson
Campos, Sierra, Lopez, PRB100(2019)195106
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=

L=2"m=12x10"°

of &t
*® -2
1 0—2 _xx 10 Xmax
% _ 4
- 8
1075} — 16
1 0_5 - x)&%‘ | .32
. | i 40
L NS MR U _ 64
8 ’sﬁ%« 10-8 [rv v Vo5 T W N, Ve TN,
10 | m . m
10 30 50 Xmax

Relative error for free energy is small at small mass
Central charge agrees to theoretical value, 1, at massless limit
How about Interacting case?




2= 4D Ising model (HOTRG with D = 13)
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Akiyama, Kuramashi, Yamashita, Yoshimura, PRD100(2019)054510

Computational cost 0(D*3)/process : HOTRG(cost:0 (D) on D? processes

PISIFT T T T T T T T T T T T T T T - ] - T
| Ton=22 ~_{/Phase transition | oo .
OTSEF| aa =24 (L=64) f-—*—'* —— i ?
e R G | | Weak first order:
= 0750} n=32 (L=1256) N g 003 }
2 _ n=136 (L=512) P =
8 ool L@ 1 =40 (L=1024) | 8 ok i
E 761 _ __-E—-f::ﬁ’ﬁ - - g
a0 W b 0.01F -
B . A ,--—'&”__J".
07620 | " .
—— 0.00F & =
0763 5 1 P P P ; ] .
6.650300 6.650325 6.650350 6.650375 6.650400 6.650425 6650350 6650375 6650400
T
l(]"jf | ' ' T ' ' T ' ; | 5f = 111ZN(D)—IDZN(D_13)|
i G—o n=20 (L=32) o —
w—x n=40 (L= 1024) In ZN(D 13)
10°F E . .
: 1 | Cost reduction is very important
& ATRG : Adachi, Okubo, Todo, arXiv:1906.02007
2d+1
0T = 6.64250 ‘ 0(D*)
i ' ATRG improvement : Oba, arXiv:1908.07295
Swapping bond part : 0(DMax(@+3.7))
T N NEW : talk by Kadoh at Dec. 6, TNSAA7 2019-2020
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R Summary
e I introduced the standard model of particle physics and
two sign problem systems on standard model
e QCD with chemical potential
e QCD with 6 term
e Recent works for quantum field theories by TRG
o 2D complex ¢* with chemical potential
e 2D U(1) gauge theory with 6 term
o 2D free boson
e 4D Ising model
e Future studies for SM
e non-Abelian gauge theories

o 4D systems with better algorithm on massively parallel
machines (e.g. 150k+ nodes (600k+ proc.) supercomputer Fugaku)



