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8 and 448 flavors

» Two projects based on the same action
» SU(3) gauge group

» Fundamental adjoint gauge action with 5, = —3/4
[Cheng et al. 2013][Cheng et al. 2014]

» NHYP smeared staggered Fermions [Hasenfratz et al. 2007]
» Most simulations/measurements performed with FUEL [J. Osborn]

» Common goals
» Explore near conformal or conformal dynamics
» Compute the iso-singlet 0™

» Collaborators

8 flavor 44-8 flavor

L S Richard Brower, Claudio Rebbi

| | Anna Hasenfratz, Evan Weinberg, OW
Y D [JETP 120 (2015) 3, 423] [PoS Lattice2014 254]

+ Anna Hasenfratz [CCP proceedings 2014]


http://arxiv.org/abs/1311.1287
http://dx.doi.org/10.1103/PhysRevD.90.014509
http://dx.doi.org/10.1088/1126-6708/2007/05/029
http://usqcd-software.github.io/FUEL.html
http://dx.doi.org/10.1134/S1063776115030176
http://arxiv.org/abs/arXiv:1411.3243
http://arxiv.org/abs/arXiv:1412.2148
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» SU(3) gauge theories with N¢ fundamental fermions

77
R ——
2 4 8 12 167
QCD likely conformal conformal
. [Cheng et al. 2013]
QCD-like [Itou zgo13][|tou et al. 2014]

[Cheng et al. 2014]
[Lombardo et al. 2014]

» Staggered fermions come in multiplicities of 4 (no rooting)
=4, 8, 12, 16 are preferred Nf

remarks
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http://dx.doi.org/10.1007/JHEP12(2014)183
http://arxiv.org/abs/arXiv:1311.2998
http://arxiv.org/abs/arXiv:1411.1155
http://dx.doi.org/10.1103/PhysRevD.90.014509
http://dx.doi.org/10.1007/JHEP12(2014)183
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Theories with Ny = 4 and N, = 8 flavors
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8 flavor vs. 4-+8 flavors

8 flavors

» Most promising candidate for near
conformal dynamics with SU(3)
and integer number of fermions

» Interesting and important

observations by LatKMI
[Y. Aoki et al. 2014]

» Large scale resources required
to explore chiral limit

anomalous dimension spectrum remarks

48 flavors

» General model to study near conformal
behavior

» Heavy quark mass my, is additional free,

continuous parameter
» Sufficiently well known limits
my — oo: 4-flavors
my, — my: 12-flavors
» Has a continuum limit
= Something interesting must happen
= We can tune to be near the conformal

window


http://dx.doi.org/10.1103/PhysRevD.89.111502 
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Continuum limit in 448 flavors

» We have 3 parameters: 3, my, and my,
» First we take the chiral limit, i.e. my — 0 and only 2 parameters remain
» Now we take the continuum limit by sending together  — oo and m;, — 0

my, A M3

\

00
IR FP UV FP g

» Practically this may be difficult and will require tuning
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Performed simulations

' ' ' 8 flavor simulations
Ni=4 | X X X X X x x ! (¥
_______________________ E——1 at 8 =4.8 focus on

| chiral masses and are

|
010t ® @ e ) ° |
I very expensive
008t [ @® e ° o |
< |
E o066 [[® @ o | 1448 simulations show
O [ ® : many cheap ensembles
0.04 1 m - | 1 on 243 x 48 lattice
n ' » Symbols indicate
0.02 o e [ i
4+8 "Bd” : volumes and colors
. . . ! $ finite volume effects
0.00 0.01 0.02 0.03 Nf=8
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Lattice scales: 8 flavor

7 T T
USBSM 3=5.0 L=1 .
PS UngM g:gg L=22 » Wilson flow scale /8ty
6 © O USBSM §=5.0 L=32
Pl © © USBSM $=5.0 L=48 | .
@ © * LSD =48 L=24 » 8 flavors at 5 =4.8
° 7 LSD (3=4.8 L=32 and 8 =5.0
05 pe % LSD p=4.81=48 -
© - o ¥ LSD 3=4.8 L=64
i) e » USBSM:
Schaich, PoS Lattice2013 072
E) 4l ﬂﬁ; O | [ ttice2013 072]
=
c
3
=3r E
=
2 1 1
0 0.02 0.04 0.06
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http://arxiv.org/abs/arXiv:1310.7006
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» Wilson flow scale /8ty

» 4, 4+8, and 12 flavors
at 5 =4.0

1 » Data on 243, 363, and

483 volumes are shown
small horizontal offset

| » Small FV effects in the

gauge sector
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» Wilson flow scale /8ty

» 4, 4+8, and 12 flavors
at 5 =4.0

| » 8 flavors at 3 = 4.8
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Running coupling in 448

» 4 flavors: » 12 flavors:
QCD-like fast running flat, slow running induced by
fermion mass

\ ' / ;
4+8 flavors??
» running coupling should change

when varying my,
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Running coupling form gradient flow

» Gradient flow defines the renormalized coupling [Narayanan and Neuberger 2006]

[Lischer 2010]
82 (1 = 1/VBE) = L(E()) /N

t: flow time; E(t) energy density
» g2 is used for scale setting

g2r(t =to) = 0.3/N (“to-scale”)

» Can determine renormalized running coupling on large enough volumes
and large enough flow times in the continuum limit

17 /36


http://dx.doi.org/10.1088/1126-6708/2006/03/064
http://dx.doi.org/10.1007/JHEP08(2010)071
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From t*(E(t)) to the running coupling

simulations

spectrum

o

m, = 0.050
___m, =0.060
1.2]
___m,=0080
, m, =0.100
N,=4
;
A 08|
o | san(8n<2
- 06f
|
I
|
0.4F
I
G
0.2F
1
.
0 2 4

» Compute t2(E(t)) as function of
the flow time t

» Normalize by N and t;

» Remove O(a?) errors by tau-shift

(t2E(t + 103%)) /N

» Invert: =1/t

g&r (1)

0.6 0.8
Wilson flow t/t

0.6 0.8
Wilson flow tt
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Running coupling form gradient flow: 4+8 flavors

25 ‘mh -0050| » Extrapolated to
_ m =0060| m;=0
201 —m = 0.080 |
___m, =0.100 » N¢ = 4 shows fast
— _N,=4 running
—~ 15f B
E i moo
g » “Shoulder” increases
= o | for smaller my,
= walking
5 1 . .
» Walking range is tuned
= as function of my,
0 E
0 1

» Data with error bars!
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Running coupling form gradient flow: 8 flavors

40 ‘ ;
m,=0.00125
350 . m.=0.00222|, >3 =48
. m=0005 | » Chiral extrapolation
301 x « m=0.0075 || is not feasible:
- x M=0.00889 | 5n_linear chiral
8 25- x .
S extrapolation
(2]
% 200 . | — no comparable data
< ; at different 3
(2] ®
2 15¢ « i
g } -
1ok ” = | » Linear extrapolation
’ - = observed in QCD and
« -
5r * ~ 71 derived in xPT
. = > * [Bar and Goltermann 2014]
0 L L L L L L L L L
0 1 2 3 4 5 6 7 8 9
amg x10°
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Running coupling form gradient flow: 8 flavors

25 m =0.00125
_m:=0.00222 > IDe:;_V“? i
ool _ m-0005 » Is this walking?
—mq=0'0075
_ m.=000889 | » “Shoulder” extends
15+ ! 4 as we lower my
10l Nl | » Gauge dynamics
mq \\\\\\\ causes the “shoulder”:
NS \\\ slow evolution
50 \\\\\\\\ o 1 » Fermions trigger the
0 \:\\\:\::\;;::\\\\\ fast rise
0 ‘ ‘ ‘ " ====::==4 » What consequences
0 0.2 0.4 o, Wi, 0.6 0.8 1 arise form the two

separate regimes?
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Anomalous dimension

» We can predict a scale dependent anomalous dimension ~efr(1t)
form the mode number of the Dirac operator

p(A) oc A/ O+ with X o p

— For large p ~ A\: 7err(11) matches perturbative value
— At A = 0: ~err(p) matches universal IRFP, if the system is conformal;
meaningless once chiral symmetry breaks

23 /36
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Scale dependent

2

15
3 1

05

0 . . .

0 0.2 0.4 0.6 0.8
A
ref

» Anomalous dimension is not large
but still O(1) and can persist

» For my — 0 it approaches the value
corresponding to the 12 flavor IRFP

Yikee = 0.235(15)

remarks

anomalous dimension ~efr( 1)

anomalous dimension spectrum
oe 00000000 [e]e]
— e .
4 =48 8 flavor
12 B =47
1 e
L -
08} I -
y"'lll.f*
04
02+ N N
preliminary
[ i i

L1} [IN} 0.2 l]l__“ I:-l U‘.ﬁ I;is 07 0K 09 1
» Anomalous dimension is around 0.9
for 5 =4.8

» [Cheng et al. in preparation]
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Connected spectrum

3 ; ; ; 3 ‘ ‘ ‘ ‘
e
448 P 8 flavor
25t FVv? T o 1 25t ]
e o} ;:i:::i@ g| e ol ]
F-~ Ak -7
=] o k/’
o157+ 1 215t A i
k < AT
1r 4 1+t (/,//*/( |
m M, =0.050 o M_ ST
m M =0.060 A Mp oM
05 f m M,=0.080 1 05t AM 1
m m,=0.100 ’
0 : : : 0 : : : :
0 0.05 0.1 0.15 0 0.01 0.02 0.03 0.04 0.05
\/8tg - my V/8tg mq

» Rescaling my, mq, M, and M, by /8ty
» For 4+8 flavors we observe a weak dependence on my,
» Fit lines intended “to guide the eye” assuming the naive expectation
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Are we chirally broken?

24 _ p
A M, =0.050 24t A USBSM 3=5.0
xx A M, =0.060 4 (SD a8
oo | A ™M, =0.080 A ool A LatkMI =38 1
A M =0.100 I
L2 A= ] 2fa ]
A &
28} xy 448 | =41 *?: 8 flavor
EQJ & A EQ’
16 Ak A 1 16 h‘*{t ]
1al - A A e | f I I
) A 1.4t &=
12 121
12 flavors ‘ 12 flavors
1 : : : 1 : :
0 0.05 0.1 0.15 0 0.1 0.2 0.3
vV 8t0 =My vV 8t0 - my

» LatKMI data [v. Acki et al. 2014], USBSM data [Schaich, PoS Lattice2013 072]
» In 4 flavors (QCD) we know the ratio diverges
» In 12 flavors an almost constant ratio is observed [Cheng at al. 2014]
— as expected for conformal systems

27 /36
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Are we chirally broken?

o4 | A m, =0.050 1 » LatKMI data
i; A M, =0.060 [Y. Aoki et al. 2014]
221 A m, =0.080 1 » USBSM data
I It §é(s)h1|0§ 5.0 [Schaich, PoS Lattice2013 072]
2 & N A LSD g=4.8 |
31.8 L *Eﬂ A LatkMI 5=3.8 |  |n 4 flavors (QCD) we
Em A A know the ratio diverges
- AKX
1.6 x L, ;z A =
1al - % A » In 12 flavors an almost
' constant ratio is
1.2 observed [Cheng at al. 2014]
12 flavors | — as expected for
10 0.05 0.1 0.15 conformal systems

vV 8t0 -m
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Disconnected spectrum: the 07 scalar

Both projects use the same setup

» 6 U(1) sources with dilution on each time slice, color
and even/odd spatially
» Variance reduced (1))

and the same analysis strategy
» Correlated fit to both parity states (staggered)
» Vacuum subtraction introduces very large uncertainties
» Advantageous to fit additional constant

C(t) = cor+ cosh (Mo++ (B — t)) + cr (—1)t cosh (M, (M2 —t)) +v

» Equivalent to fitting the finite difference: C(t+ 1) — C(t)

remarks
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Comparison of Dgg and Dgg — ng

0.8 — ‘ :
A 247 fitted mass D[[(t) —C(/(t) > For t — oo: DM and
v 323 fitted mass Dy(t) — Cu(t)
0.7¢ = 24° fitted mass Dy(t) 1 Dy — Cy should agree
el ¢ 323 fitted mass Dy(t)
0.6 = 7
my = 0.060 . .
= h 0.010 » Compare fits with
my = U. .
05F s ‘ different t;, and
o S tmax = NT/2
s 0.4 7

a2
© II i
0.31 1 » Compare results for
K3 % two volumes
T s
o .

0.1 1 = Consistent results!
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F., M., M,, and My++ for m, = 0.060 and mj; = 0.080

3 ‘ —
m  =0.080 e
25t =T T
P -
pos =
e 2 /’*///’ /////
o [T* ¥
£ 15
i oM
1r b e A MP
-~ ; FW0++
0.5
R
.‘ . 00 0.65 0.‘1 0.1‘5
\/% s Mg \/% s my
»my;=0: /8ttM, = 1.87, »m;=0: /8ttM, = 1.67,
V8tgMp++ = 1.167, \/%Fﬂ- =0.21 V8toMy++ = 0.74, /8tgF, = 0.19

»mg=0.003: FL=0027-48=13 »my=0.003: F;L=0.034-36=1.2
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F., M., M,, M, cleon and My++ for 8 flavors

: — ‘ ‘ ‘ _
8 flavor $wm - 8 flavor & \
- ,
25| EM 1 25t v
- e % F
2 s s 2
. - 1 s -
= T *//// . - PP
= /*, — = o — - P
c15 et /*/,/* &8 1.5 /‘/,? T
N A g
-7 oA - //,//'
05 ] 05| =
7 S e K
0 : : : : 0 : : : :
0 001 002 003 004 005 0 001 002 003 004 005
ArefMq V8ty - mq

» My = 0: \/%MQ = 0877 \/%Mnucleon = 1.25, \/%Mowr = 0.25,
V8toF, = 0.09

» my = 0.00222: F,L=0.027-48=1.3

» Connected spectrum not too happy with “naive assumptions for fit”
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Pion taste splitting

» Taste splitting is artifact of staggered fermions
» In QCD modern, smeared staggered actions show small taste splitting effects
» Taste splitting is typically constant w.r.t. mq

5 : ‘ — 5 : : :
2 I 2
® mg e ° mg
4 |V /" 4t = i B
. 8 flavor
&
N. 3r 1
S
(e
2t ]

0 0.05 0.1 0.15 0 0.01 0.02 0.03 0.04

V/8to - mg V8t - mq

» In 448 splitting increases for larger m, when reducing my,
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running coupling

Concluding remarks

4-+8 flavors

» A great model to explore near
conformal dynamics by varying
the continuous parameter my,

» Limiting cases of 4 and 12 flavors

help to understand what is happening

remarks
[ Je]

anomalous dimension

8 flavors

» A very difficult system requiring very
expensive simulations to investigate
» May be very close to the onset of the

conformal window

Non-QCD like features

» Running coupling develops a “shoulder” » Regime of slower running coupling

» Chiral behavior can be tuned with m,

» Chiral behavior only visible for very
small bare fermion masses

» Curvature of M,

» Non-constant taste splitting
» The 07" is light: Mo+ < My, 2M,
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