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motivation & plan

¥ lattice simulations can be used as a
lab to explore quark massiN¢, volume
dependence of hadron dynamics

¥ ditto: number of colours

<z explore N dependence In problems

where qualitative/guantitative Insight
can be expected
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e original motivation: non-leptonic kaon decay, especially ! 1=1/2

e spin0%s (current focus)meson properties (mass, decay constants) and interactions
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QCD @ large N

varyingNc lattice simulations have become a mature tool [cf. review by Hernindez,
Romero-L—pez 2012.03331 |

¥ Yang-Mills
- string tension, glueball masses [Bali et al. 2013]
- topological susceptibility [Ce, Garc’a Vera, Giusti, Schaefer 2016]
- Wilson-f3ow coupling and factorisation [Garc’a Vera, Sommer 2019]

¥ quenched QCD

- meson masses, decay constants [Garc’a Vera, Sommer 2019]
- kaon weak decay matrix elements [this talk]
¥ dynamical

- Nt =2: meson+baryon masses, topological susceptibility, Pnite T [DeGrand, Liu 2017; DeGrand 2021]
- Nf=4: kaon weak decay matrix elements, ChiPT LECs, meson interactions [this talk]

¥ also: reduced models [cf. review by Garc’a PZrez, Lattice 2019]


https://arxiv.org/abs/2012.03331
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QCD @ large N

't Hooft’s large N¢ limit of QCD:  Nc!" |, - 2 =pxed
~ N .
"~ la Ot Hooft proper:N—f 0" mi, = m?, U(dhijal symmetry
C
. . Nt 2 w2 -
la Vene2|ano:N— =const I my " m%, SUONRKal symmetry
C
¥ preserves asymptotic freedom al _ 11 |

L T 3
¥ captures most non-perturbative propertie

(conPnement, chiral SSB, E) W@m

¥simplibPes the theory by suppressir
dynamical quark e%ects WQW




lattice setup

¥ simulate for Nc=3,E,6 (+7,8,17 quenched) at bxed lattice spacing (+1 at
Nc=3), change quark mass alongny=mg=ms=mc

- quenched: use line of constant physics provided by quenched study of meson physics [Bursa et al. 2013]

- dynamical: use gradient 3ow scalé&y to set constant physics

¥ use Wilson fermions for seaHiRep code), twisted-mass QCD for valence

- twisted valence ~ la Frezzotti-Rossi allows to avoid mixing with wrong-chirality operatolsrezzotti, Rossi 2004]
- mixed-action approach requires matching of valence and sea, performed with meson mass
- check for residual cuto% e%ects by changing valuesqf+ simulation on Pner lattice

- use perturbative renormalization and running (non-perturbative results unavailable)

[Constantinou et al. 2011; Alexandrou et al. 2012]
[Ciuchini et al. 1998; Buras et al. 2000]

¥ develop/check necessary bits of SU(&PT



N scaling of xPT LECs

Goldstone boson physics Is well-parametrized by Chiral Perturbation Theory
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N scaling of xPT LECs
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N scaling of xPT LECs

aM ?
m

4.6

4.4

4.2

4.0

3.8

3.6

3.4 -

C

N
N
N

(@)
[
o~ W

C
N.=6

------- SU(4) NLO
—— U(4) NNLO

0.04 0.06

0.08

0.10
M 2

16 2F?

0.12 0.14 0.16

e
1 M7 | M
| og —F5
Nt (4mFy )2 s
_ (0) (1)
Lm = Ncly, + Ly
1.75 -
0 L
‘ - 0.0008
1.70 -
L e
651 | e X3 - 0.0004
..... 'f'" L|\/|
abB ‘ =M
I S NC
1.60 - R
““"‘ ........... N OOOOO
““‘.‘ | A ..
1.55 - *
- 1 0.0004
150_ | | | | | | | |
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35



N scaling of xPT LECs

¥ LO LECs:
= N
- == 67(3)" 26(4)N—f MeV # Fy, - =86(3) MeV Fn, =3 = 71(3) MeV
C C
ETM 15A [386] 86.3(2.8)
Engel 14 G0] 85.8(0.7)(2.0)
Brandt 13 [49] 84(8)(2)
QCDSF 13 [402] 86(1)
TWQCD 11 [394 83.39(35)(38).
ETM 09C [48] 85.91(07) [, JLQCD/TWQCD 10A[ 389 71(3)(8)
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Hasenfratz 08 [397] 90(4) , " MILC 10 [ 36] 80.3(2.5)(5.4)
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N scaling of xPT LECs

¥ LO LECs:
Fo ,, N
- L= B7(3)" 26(4)— MeV # Fy, - =86(3)MeV
NC NC
- 10 =2239) Mev  vs 1 Y3 =214(6)(24) MeV
|« _ N
- = =1.49(10)  vs ' =151(11
. Nf:2 . Nf:2
¥ NLO LECs:

- B =51(3) vs B =4.40028

Fn, =3 = 71(3) MeV

. . oLy ,, 2.9(6)
- n.b. subleading corrections to LECs are S|zable.N 1 10° = " 0.2(2) + N
C C



weak decay and ! 1=1/2
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weak decay and ! 1=1/2

CP-violation e%ects negle(:te(ii/\iC xt? I 10 3), keep active charm quark
ud Vus
| g\%\, | ! | | | | § a WA ‘
HY = oz VesVur - {1 Q1 + K5Q5) W \?}/
W | =+
Qf = (! yu)(m ! yd) + (8! ,d)(mtyu) ! " d | |
S d s d

ﬁqz =(mg ! mZ){mg(a d;) + ms(8.d.)} E>g< \@
(do not contribute to physicalk ! Il transitions) ,

(penguin contributions cancel In GIM limiting = my)




weak decay and ! 1=1/2

CP-violation e%ects negle(:te(;L(C Vis I 10 3), keep active charm quark

Vud Viis

S = ViV {401+ K03 M %

Qi :(BL!}JUL)(ﬂL!de) aa (ﬂL!de)(ﬂL!puL) | [U ) C]

Qs =(m?%! m2){mg(8 d:) + Ms(8.d )} E>g< é

Ao | _ ki (Mw) !(7m)1=0 |Q; |K" Ki (Mw) ,,
Az| ki (Mw) Y(7m)=2 |Q7 |K" k+ (Mw)

# 2.8

O bulk of e%ect should come from long-distance QCD contribution

O reliable non-perturbative determination mandatory



weak decay and ! 1=1/2

approximate methods/effective theory

o spectacular failure of naive IN; expansion

O(N¢) O(Nc) O(1)

TIKOD 19191 0 # |2 "2

o elaborate approaches that combine N,
chiral perturbation theory+vector
dominance, and quark-hadron duality clail
(non-universal) success
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lattice QCD
far-reaching e%ort by RBC/UKQCD collaboration

Vo R e

0 &0

Contraction !'1 Contraction 2

m Naive factorisation approach: 12 " 1/ 3!1

m Our computation: 12 "# 0.7'1

Oemerging understanding of thel=1/2 ruleO



anatomy of ! [=1/2

several possible sources f8rl=1/2 enhancement:

o physics at OintrinsicO QCD schlé o

O physics at charm scale (penguins)

o Pnal state interactions

o all of the above (no dominating OmechanismO)

separate low-energy QCD and charm-scale physicensider amplitudes as a
function of charm mass for Pxed u,d,s masses

mC:mu:md:mS .rl mc# mu:md$ms

Implementation:

O active charm
O use fermions with good chiral properties (good renormalisation, arbitrarily low masses with GW)
O give up (too expensive) direct computationjse ChiPT(<z FSI captured at weak pion coupling only)



anatomy of ! 1=1/2 (GIM limit)
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anatomy of ! 1=1/2 (GIM limit)
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anatomy of ! 1=1/2 (GIM limit)
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anatomy of ! [=1/2 (GIM limit)
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anatomy of ! [=1/2 (GIM limit)
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O scaling withN¢; conbrms expectations, with naturaD(1) coe'cients
o dynamical quarks enhance e%ect
o lighter quark masses enhance e%ect



anatomy of ! 1=1/2: Bk
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anatomy of ! 1=1/2: conclusions

. INf _ 1
R - =0.67(2)stat (6)z+ (3)pt

MK:M!

— 24(5) stat (4) bt (5) Z* (3) NLO

ReAg)/ REAy) = 22.456)  [expt]

d RAg)/Re(Ar) = 19.9(2.3)(4.4)
[RBC/UKQCD, PRD 102 (2020) 054509]



anatomy of ! 1=1/2: conclusions

¥ Bk displays a largeN: (in GIM limit), chiral dependence

= 0.67()stat (6)2+ ()

e ratio of decay amplitudes in GIM limit comes very

close to the physical value (!) = 24(5) stat (4)pt(5) 7+ (3)NLO

¥ handle onNf dependence In principle allows us to make
connection with other physical kinematics, but we are Re(Ag)/ Reg(Ay) = 22.456)  [expt]

still missing a direct analysis of then:. dependence d RA)/Re(Ar) = 19.9(2.3)(4.4)

¥ Omechanism budgetO:

o short-distance —_ X 3
‘ o physics at OintrinsicO QCD scéle! oco —_— X 4 [gluons] x 2 [quarks] (s ’?’???)‘
o physics at charm scale (penguins) —_— X O(1) (?77?)

o Pnal state interactions —_— small?



conclusions & outlook

¥ non-leptonic kaon decay remains an open problemE and a fertile ground to learn about
strong interaction physics

- Indirect CP violation well under control

- direct CP violation, isospin enhancement still withess claims of new physics

¥ lattice toolbox making steady progress

- controlled quantitative predictions for amplitudes are at hand

- the anatomy of the e%ect Is ever better understoopure “low-energy’ dynamics seems to play
major role in enhancement

¥ Interesting spino%s: qualitative understanding of meson interactions at low energies

¥ a theoristOs paradise: beld-theory, phenomenology, and computational physics all
simultaneously at play!



backup



QCD @ large N

't Hooft’s large N¢ limit of QCD: N !”

" N
"~ la Ot Hooft proper:—f' 0" mf =

N.

. . Nt 2
la Vene2|ano:N— = const ! my
C

O preserves asymptotic freedom

O captures most non-perturbative propertie
(conPnement, chiral SSB, E)

O leads to somequantitative non-perturbative
predictions!

I = 92N . =Pbxed

m# , U(dhigal symmetry

m#? , SUENRiral symmetry

(0] A7, (2) A, (y)|0) o< FZ ~ N,
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QCD @ large N

't Hooft’s large N¢ limit of QCD: N !”

I = 92N . =Pbxed

N N
"~ la Ot Hooft proper:—f' 0" m{ = m#, Uhigal symmetry

N.

. . Nt 2
la Vene2|ano:N— = const ! my
C

O preserves asymptotic freedom

O captures most non-perturbative propertie
(conPnement, chiral SSB, E)

O leads to somequantitative non-perturbative
predictions!

m#? , SUENRiral symmetry

49
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lattice setup

quenched simulations In 16 lattices at
(roughly) constant PS mass [Wilson+Wilson]

dynamical simulations at varying PS mass
and constantto [lwasaki+Clover]

| | S

N. T/a | T~ Ao R R Ensemble| N¢| ! csw | IV L | amg
| 3A10 36! 20[-0.4040
3 48 6.0175 -0.002(14) 0.2718(61) 0.774(21) 1.218(31; AATT 287 241-0.4040
4 48 11.028 -0.0015(11) 0.2637(39) 0.783(15) 1.198(19 2250 1 3 |1.7781 69287 24120 2060
5 48 17.535 0.0028(9) 0.2655(31) 0.839(8) 1.145(12 X | - [28T 24104070
6 32 25.452 0.0013(7) 0.2676(28) 0.871(6) 1.125(7) g Ajg 63; 35 _8' 4880

7 32 34.8343 -0.0034(6) 0.2819(19) 0.880(5) 1.122(5) ' '

3B10 | 5[4 go0lq g6/48" 24[-0.3915
3B20 | PP60T 32[-0.3946
renormalisation (Rl scheme) at scale around 2 4A10 36! 20]-0.3725
. 4A30 | 4 |3.570/1.69[487 24[-0.3760
GeV performed using one-loop P.T. AAZ0 50T 3510 3780
5A10 36! 20[-0.3458
5A30 | 5 |5.969|1.69[487 24[-0.3500
5AZ40 601 32[-0.3530
. . . 6A10 36! 20[-0.3260
perturbative two-loop RG running In Rl to 5230 | 6 |8.97411 601287 54103311

+ extra quenched points (N=8,17)
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chiral and finite volume corrections
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chiral and finite volume corrections

Ag| L 7
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[Hernindez, Laine 2006]
[Colangelo, DYrr, Haefeli 2005]



meson scattering

Long-term goal : understand QCD at largé\.
@ Resonances Stable (| " 1/ N¢)

@ EXotic states (tletraquarks?)

Intrinsic QCD € ects [Donini, et al. 2020]

KM )=02 Einal state interactions

This work: ! scattering at largeN. from lattice simulations D! C

@ Nf=4(u,d,sc)! 7channels (4 with s-wave) D+ C

Ci=2
Can

15# 15=84$% 45% 45$% 20$ 15% 15% 1 < > 8
D

@ Match to Chiral Perturbation Theory (ChPT) to constrain Low Energy
Coupling (LECs)



meson scattering

Il scatering amplitudes folNs RBavours are known to NNL@Veinberg 1979
asser, Leutwyler 1985

Bijnens, Lu 2011]

N M 2 | 16M 2 M 2 " M 2 s
I.!_ M ag2 = ! 16! !F,Z 1! F.Z! Li=2 + 33 éF,2 143 In = % |
5 | |

_ 1 (0 (1)
5 . : o Li=2 = LE ;NC+ Ll(f)2 + ...
1 M 2 16M 2 M 2 M 2 L., = LONc+ LY + ..
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meson scattering

| =2 channel
Finite-volume spectrum: Scattering properties: 006 3 MIEmme LN o |
'Ey, = By | 2M, M, kCOt!O1 ap. .. ' 1 T
q
L . é—SU(4): "2/ dof = 1.00
ol U(@): " 2/ dof = 0.94
- . , 1_ Lk
LuscherOs formalism [1986] |k cotlo = - LZ 5T

Threshold expansion

!E!! = |

I .
4l ag N ao
L

M, L3

O (L' 6)[Hansen, Sharpe 2017]

V.

[slides from Jorge Baeza-BallesterosO talk @ Lattice 2001]



meson scattering

| = 2 channel
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