T scattering at Large N

Jorge Baeza-Ballesteros

In collaboration with P. Herndndez and F. Romero-Lépez

Lattice21 - 27th July 2021
IFIC VNIVERSITAT
DG VALENCIA

INSTITUT DE FISICA
CORPUSCULAR

J. Baeza-Ballesteros Lattice21 - 27th July 2021



Large Nc
®000000

QCD in the Large N, limit

QCD simplifies in the Large N limit ('t Hooft limit)

N. — oo A = N.G? ~ N.as = constant
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D in the Large N, limit

QCD simplifies in the Large N limit ('t Hooft limit)
N. — oo A = N.G? ~ N.as = constant

It keeps many non-perturbative properties:
@ Asymptotic freedom
odh 11 2N\ N
PO = ng, = ( 33 Nc) 82

@ Spontaneous chiral symmetry breaking and confinement

@ Pseudo-Goldstone bosons spectrum
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D in the Large N, limit

QCD simplifies in the Large N limit ('t Hooft limit)
N. — oo A = N.G? ~ N.as = constant

It keeps many non-perturbative properties:

@ Asymptotic freedom

_oodx 11 2N N
PO = ng, = (3 3Nc)8712

@ Spontaneous chiral symmetry breaking and confinement

@ Pseudo-Goldstone bosons spectrum

Large N. has predictive power in the non-perturbative regime!J
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Meson observables at large N,

Long-term goal: understand QCD at large N
@ Resonances — Stable (I" ~ 1/N.)
@ Exotic states (tetraquarks?)

Intrinsic QCD effects [Donini, et al. 2020]

0 K — (mm)i= . . .
(7m)i=0,2 { Final state interactions
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Meson observables at large N,

Long-term goal: understand QCD at large N
@ Resonances — Stable (I" ~ 1/N.)
@ Exotic states (tetraquarks?)

Intrinsic QCD effects [Donini, et al. 2020]

0 K — (mm)i= . . .
(7m)i=0,2 { Final state interactions

This work: 77 scattering at large N. from lattice simulations

@ Nf=4 (u, d, s c) — 7 channels (4 with s-wave)

15015=84 0450450200150 1501
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Meson observables at large N,

Long-term goal: understand QCD at large N
@ Resonances — Stable (I" ~ 1/N.)
@ Exotic states (tetraquarks?)

Intrinsic QCD effects [Donini, et al. 2020]

0 K — (mm)i= . . .
(7m)i=0,2 { Final state interactions

This work: 77 scattering at large N. from lattice simulations

@ Nf=4 (u, d, s c) — 7 channels (4 with s-wave)

15015=84 0450450200150 1501
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Meson observables at large N,

Long-term goal: understand QCD at large N
@ Resonances — Stable (I" ~ 1/N.)
@ Exotic states (tetraquarks?)

Intrinsic QCD effects [Donini, et al. 2020]

0 K — (mm)i= . . .
(7m)i=0,2 { Final state interactions

This work: 77 scattering at large N. from lattice simulations

@ Nf=4 (u, d, s c) — 7 channels (4 with s-wave)

15015=84 0450450200150 150 1
mrat rmtDf — KtD*
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Meson observables at large N,

Long-term goal: understand QCD at large N
@ Resonances — Stable (I" ~ 1/N.)
@ Exotic states (tetraquarks?)

Intrinsic QCD effects [Donini, et al. 2020]

0 K — (mm)i= . . .
(7m)i=0,2 { Final state interactions

This work: 77 scattering at large N. from lattice simulations

@ Nf=4 (u, d, s c) — 7 channels (4 with s-wave)

15015=84 0450450200150 1501
ot rmtDf — KtD*

G = D-C <>
Csa = D+C < >
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Meson observables at large N,

Long-term goal: understand QCD at large N
@ Resonances — Stable (I" ~ 1/N.)
@ Exotic states (tetraquarks?)

Intrinsic QCD effects [Donini, et al. 2020]

0 K — (mm)i= . . .
(7m)i=0,2 { Final state interactions

This work: 77 scattering at large N. from lattice simulations

@ Nf=4 (u, d, s c) — 7 channels (4 with s-wave)

15015=84 0450450200150 1501
ot rmtDf — KtD*

G = D-C <>
Csa = D+C < >

D C

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

ww scatering amplitudes for N flavours are known to NNLO
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7 scattering in ChPT

[Weinberg 1979
Gasser, Leutwyler 1985
Bijnens, Lu 2011]

ww scatering amplitudes for N flavours are known to NNLO

4

2 2
I =_ M 13, M. 3
. M- =z 1 L’ 2+ 327r2F2 2 InF 3
= "
9 AA M2 16M2 M2 21, M2 5
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Zz Mmay" =g |1- noz \a M F g J
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7 scattering in ChPT

77 scatering amplitudes for N flavours are known to NNLQ [Weinberg 1979
Gasser, Leutwyler 1985

Bijnens, Lu 2011]

= 2
M 16M M2
g_ Mrag=2 = T T6rFZ [1 L’ 2t 327r2F2 <l3l W %ﬂ I
S Lig = LONc+ L) 4 .
— M? 16M2 M2 M2 L, =LON. + L(l)
Z Mt = [1‘ 2t~ sty (% '"T“%)J AAI -
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7 scattering in ChPT

77 scatering amplitudes for N flavours are known to NNLQ [Weinberg 1979
Gasser, Leutwyler 1985

Bijnens, Lu 2011]

4

- M2 16M2 M
g_ Mfra(l)izfﬁ [17 “Li= 2+327r2F2 <I3| 7*%)-‘ |
d LI:2 = L(O)Nc aF L$1:)2 aF ooo
| M2 16/\//2 M2 M2 Log =LON+ L0 4.
=2 Mragh = 16777;:7% [1 - Tlan — 2772"',_-; (% In PN %)J ad © .
J
At Large N, the 1’ needs to be included in the EFT
2N, F2~O(N.
M2, = /\/772r + Xtop FrO(Ne) /\/772r + ... [Witten-Veneciano]
n Fﬂ2. Large N
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77 scattering in Large N. ChPT

Large N or U(Ng) ChPT [Kaiser, Leutwyler 2000]:

@ Leutwyler counting scheme

_ _ -0 / +
5~ Omg) ~ O(ME) ~ O ~O(N) = (T 5 v )
U —T

@ Fr ~ +/N.— Loop diagrams are NNLO
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77 scattering in Large N. ChPT

Large N or U(Ng) ChPT [Kaiser, Leutwyler 2000]:
@ Leutwyler counting scheme
0
5~ O(mq) ~ O(M2) ~ O(R) ~ O(NTY) o (7ot V2rt
V27~ -0+
@ Fr ~+/N. — Loop diagrams are NNLO

We have computed M;_, and Mz to NNLO in U(Nf) ChPT
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77 scattering in Large N. ChPT

Large N or U(Nf) ChPT [Kaiser, Leutwyler 2000]:

@ Leutwyler counting scheme

—70 +r]

§ ~ O(mg) ~ O(M3) ~ O(k?) ~ O(N ") i

@ Fr ~+/N. — Loop diagrams are NNLO
We have computed M;_, and Mz to NNLO in U(Nf) ChPT

V2t

0 + 7]/

2
2 2
=2 _ Mz _ 16M7r 2 (0) M~
Mzay== = 167F2 {1 L= + N2K)Z 2
M2 15M72(—13M72],| M2 M72r—3M37, | Mfl, a
frid n o n —_ =
TI- "'32#/—’3r 4(M3r—Mf7,) P 4(M%—M$,,) 2 2
o
= )
2 2
AA _ Mz _ 16M7r 24(0) [ My
Mrag” = 1575 {1 Laa+ NeKya 7
M2 15M,2r721Mf7, M2 Mf,+5Mf], I M2
— is n —I +
3272F2 4(M3r—Mf’,) w? 4(M;—Mf7,) 2
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SU(4) vs U(4) ChPT

| = 2 channel

There is a tradeoff as N increases:
@ Chiral logs change as Mg/ — M2 + O(NY)
@ NNLO is suppressed (~ O(NZ))
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Scattering properties from the lattice

Finite-volume spectrum: Scattering properties:
§E,. = E,.. —2M, Mr, kcotdy, ag...

a2Va
TN
| —
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Scattering properties from the lattice

Finite-volume spectrum: Scattering properties:
0E.r = Exn — 2M, Mr, kcotdy, ag...

L/\/

|

1 Lk
Lischer's formalism [1986] — | kcotdg = —Z | —
miL 2m
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Scattering properties from the lattice

Finite-volume spectrum: Scattering properties:
0E.r = Exn — 2M, Mr, kcotdy, ag...

L/\/

|

1 Lk
Liischer's formalism [1986] — | k cot §p = 7-TZ <>

Threshold expansion

4 2 3 2
O0Err = 7tdo [1 +a (@) + (@) +c3 (@) aF 700 aF Ttdo + ]

3 TERES

O(L~6) [Hansen, Sharpe 2017]
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Our ensembles

Configurations generated using HiRep [Del Debbio, et al. 2010]

@ |wasaki gauge action with Nf = 4 clover-improved Wilson fermions
Two regularizations for valence fermions:

@ Unitary setup with improved Wilson fermions (csw # 0)

@ Mixed-action setup at maximal twist

Summary of ensembles [Herndndez, et al. 2019]
a = 0.075 fm — [N, =3 — 6] x [4 or 5 values of M;] = 17 ensembles

a = 0.065 fm — [N. = 3] X [2 values of M,] = 2 ensembles
a = 0.059 fm — [N = 3] x [2 values of M,] = 2 ensembles
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Energy spectrum from lattice simulations

Extract 6E, . from lattice correlators
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Discretization effects for N. = 3

Compare between both regularizations — Equal in the continuum
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Discretization effects for N. = 3

Compare between both regularizations — Equal in the continuum

| = 2 channel
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Small O(a?) effects

J. Baeza-Ballesteros Lattice21 - 27th July 2021



7070 scattering
0@0000

Discretization effects for N. = 3

Compare between both regularizations — Equal in the continuum

| = 2 channel AA channel
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Discretization effects for N. = 3

Compare between both regularizations — Equal in the continuum

| = 2 channel AA channel
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1~ Need continuum extrapolation
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AA-channel: Continuum extrapolation for N. = 0

Continuum extrapolation of k cotdg for N. = 3 in 3 steps:
1. Extrapolation to k/M, = —0.08 using Effective Range |

N O ChPT:
Expansion and Mz ra € [—5, —1] M2 rpap = —3 I

2. Interpolation to & = M2 /(4nF,)> = 0.14

3. Constrained continuum extrapolation
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AA-channel: Continuum extrapolation for N. = 0

Continuum extrapolation of k cotdg for N. = 3 in 3 steps:
1. Extrapolation to k/M, = —0.08 using Effective Range |

N O ChPT:
Expansion and Mz ra € [—5, —1] M2 rpap = —3 I

2. Interpolation to & = M2 /(4nF,)> = 0.14

3. Constrained continuum extrapolation

1.6 T T
Twisted mass
il } 1 * Large O(a?) effects for
' ] both regularizations
s 3 * Use TM fermions
S —

* Wilson-ChPT inspired
parametrization

1 Man = MR+ 2WE |
Wilson
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a?/fm?

081

W~ O(N)]
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Fitting M,ay to ChPT

Use threshold expansion to O(L™°) and do a simultaneous
chiral and N, fit of M ag

| = 2 channel AA channel
0.06l[® N-saoomm ¥ xn-1 — su 0.6 ’ ® No=8a00mim Y No—4 — SU()
O N, =3, a=0.065 fm W ON -5 e UMW) O N, =3, a=0.065 fm B ON.=5 u()
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0.04 - 0.5
Fit range Su( 2.
Q )
S 00 Soatua
I
0.00 I
o - 03
=002 S
= <02
= —0.04 =
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Fitting M,ag to ChPT

Use threshold expansion to O(L™°) and do a simultaneous
chiral and N, fit of M ag

| = 2 channel AA channel

0.06H ® No=sa=oommm ¥ Ne=1 — suw
O N, =3, a=0.065 fin - U
© N =3,a=0059 fm A N.=0

0.04

-6 N, =3, a=0.075 fm Y N= — SU(4)
=30 A o N 5 im W No=5 e U()
P=3a Vo =6 _ 2 96 A Ne=6
Fit range ) : .
0.02 < © o4 ;
Qo : =1
0.00f Fpd = ) 4
| i 5 0
~0.02 W ‘

3 o
= 0.04 e -

~0.06F SU(4): x2/dof = 1.00 T

2-LO

I
Iza;

)

o0sp Y(4): x*/dof = 0.94 0.0
2.0 2.5 3.0 3.5 1.0 4.5 5.0 5.5 2.5 3.0 3.5 4.0 4.5 5.0 5.5
My M,
F. T
Match to ChPT to constrain LECs
L - 1.43(16)  Laa - 2.2(3)
SU(4) 7 x 10° = ~0.11(4) . A X107 = ~1.08(13) + =
Lis .3 1.29(16)  Laa _ .3 2.4(3)
u(4) m x 10° = —0.10(7) — N m x 10° = —0.6(4) + m
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Luscher’s formalism

Check convergence of threshold expansion
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Luscher’s formalism

Check convergence of threshold expansion

| = 2 channel

0.20 OE[My
O(L™)
O(L%), M?rgag = —3
0.15
<
=
=
1010
S
=

oosf 203 x 36
N, =3 \

0006706 05 04 03 —02 —01 00
Mal™?

v/ Good convergence
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Luscher’s formalism

Check convergence of threshold expansion

| = 2 channel AA channel
0.00
0.20 SE/M, \ SE/M,
O(L™) —0.01 O(L™%)
O(L%), M2rgag = -3 O(L™%), M?rpap = =3
0.15 —0.02
5 = 003
= ~
1010 = —0.04
8 2 ( e
—0.05
0o 203 x 36 Lol 243 x 48
Ne =3 —0.07 Ne =3
00065706 —05 —04 —03 —02 —01 00 0002 04 06 08 10 12 14
Mal™? M aj?

X Not converging at O(L~°) for

v/ Good convergence
large &/small volume.
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Fitting energy spectrum to ChPT [Preliminary]

Simultaneous chiral and N, fit of energy spectrum

| = 2 channel AA channel
sof = s ® wos | Fit |7
L4 N.=3 A N.=6
Tw“ y M=t range ;
3 2 _ k%
700 x?/dof = 0.85 I
=65 . =
560 <
I O L
S vy )
145 { ¥y
40 ¥ }
CEFEEECEEEEEREEEEEERE
S2ZZIZRR 222 Ea22005R20
COVOWWWFFFFNONMNMNMNMNNN®
———— > Ensemble -
Increasing & Increasing &
Li—> 3 1.4(2) Laa 3 2.6(6)
U4 — x 10° = —0.07(4) — — x 10" = —-0.9(2) +
@ @-=32 @+
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We have studied 77 scattering at Large N

J. Baeza-Ballesteros Lattice21 - 27th July 2021



Summary
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Summary

We have studied 77 scattering at Large N

v/ We have computed scattering amplitudes in U(Ng) ChPT for the
first time

v/ We have observed large discretization effects in the AA channel

v We have presented preliminary results for fits of the energy spectrum
to ChPT
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Summary
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Summary

We have studied 77 scattering at Large N

v/ We have computed scattering amplitudes in U(Ng) ChPT for the
first time

v/ We have observed large discretization effects in the AA channel

v We have presented preliminary results for fits of the energy spectrum
to ChPT

Thank you for your attention!
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77 scattering in Large N. ChPT

We must consider the following loop diagrams + Mass renormalization

"
.
+ + U’{ '}y,' + (u-channel)
7\'/\7\'
4 4 4 2\ 2
U(Ne) _ Sung) | 4M 2 2y, 2M @) | e [ 9
Taa " =Tan ' +,_—4£f <1+ B, (a")— F4N2 o (@)+ l,_—47r Kaa' + K M.
4 4 4 2\ 2
U(Ne) _ su(ng) _ AMy 2 Mz A 2y, 2Mr @) D) [ 9
7’/:2f 77—/:2 f7,:4Nf (177 "(q )7F4N2 n'n’ (a)+ F4 KIZZ +K/i2 VW + .
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Limits of U(Nf) ChPT

2 LTI
Mn, — Mz limit:

_ M2 16 M2 M2\ M2 M2
1=2 __ s ™ 2 ,-(0) s s ™
Mra0™ = = {6nF2 [1 T bt K (7) T a2 8 2
M2 1 2 M2 2 M2 M2
M, AA s 1_ Ly N2K(0) Wir _ T Mr
T [ 7t Nl e 8F2m2 ° 2
M2, > M2 to match SU(Nf) and U(Nr) LECs:
1
LM = [ — (14 Nedo — A
[ ’=2]su(/vf) [ ’22] U(Ny) 8Nf2(47't)2( = Nido = o) M2, — M2
Mo = log /A

&) = [ —— (1 — Neho — A
[ AA]SU(Nf) [ AA]U(M) * 8Nf2(47[)2( tAo — o)
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First step of continuum extrapolation

Extrapolation to k/M? = —0.08 using Effective Range Expansion with
M72‘.r030 S [—5, —1]

LO ChPT:
M2 rgap = —3 2
™ J k 1 1 k
|:1 + *(Mﬁfoao) ( ):|

ERE: —— cotdy = =
M, 0T Moa | T2 M2

1L0F ¢ $

—0.12 ~0.10 —0.08 ~0.06 ~0.04
k?/M?
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