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® Phenomenologically, N.=2 and 3 equally interesting
e.g.) A. Hietanen, R. Lewis, C. Pica, F. Sannino, arXiv:1308.4130

® Different feature from SU(3) gauge theory
— Deconfine transition is of 2nd order when N¢=0.

— Pattern of x-symmetry breaking: SU(2Np)—=Sp(2Np

® Open question: vacuum alignment problem
SUL(2)xUy(1) may not be broken.



To see whether this theory is IR conformal or not,
® running coupling and mass
® spectroscopy

are independently studied on the lattice.
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II. Running coupling and mass

Phys.Rev. D88 (2013) 094504



Perturbative predictions for 2Fp for SU(2) gauge theory in the MS scheme

N; 78 9 10

2-loop 143.56 35.59 15.79 7.48 2.90

3-loop MS|[38.10f 20.68 |13.25 8.65 5.26 2.47

4-loop MS

Far from convergence
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Schrodinger Functional (SF) scheme

Luscher, Weisz, Wolff, NPB(1991)

¢-T181 = | DUDipDy e-S1in.c.C -
L ’
C, C’: gauge link at boundaries set by hand — ¢ >

B : background gauge field set by C and C’
I'[B] : effective action

time
(Dirichlet)

Tree level: Io[B] = —1/[2 202] )d*x Tr| B,vBuy
Bl = ~1/[2 g0?) Jd*x Tr[ BB e
I'[B] = —1/[2 gse(L)?] Jd*x Tr[BwBuw] + .. 0 <

. . _ space L
By changing L, “running” 1s measured. (periodic)



http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Luscher%2C%20Martin%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Weisz%2C%20Peter%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Wolff%2C%20Ulli%22
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Consistent with IR conformal

e F Bursa, L. Del Debbio, L. Keegan, C. Pica and T. Pickup, PLB 696, 374 (201 |)
- Unimproved Wilson. Max V=16*
- g*(IRFP) ~ 4 or larger

e T.Karavirta, J. Rantaharju, K. Rummukainen and K.Tuominen, JHEP 1205,003(2012)
- Improved Wilson (clover). MaxV=16* for coupling (20* for running mass)
- 2(IRFP) ~ 12

No indication of IRFP

* Fleming’s talk [arXiv:|311.4889]
- Unimproved Wilson with smeared links. Max V=24*
- No evidence for IRFP below g? ~ 30
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Consistent with IR conformal

e F Bursa, L. Del Debbio, L. Keegan, C. Pica and T. Pickup, PLB 696, 374 (201 |)
- Unimproved Wilson. Max V=1 6*
- g*(IRFP) ~ 4 or larger

e T.Karavirta, J. Rantaharju, K. Rummukainen and K.Tuominen, JHEP 1205,003(2012)
- Improved Wilson (clover). Max V=16* for coupling (20* for running mass)
- g(IRFP) ~ 12

No indication of IRFP

* Fleming’s talk [arXiv:1311.4889]
- Unimproved Wilson with smeared links. Max V=24*
- No evidence for IRFP below g? ~ 30

This work

- Unimproved Wilson, Max V=244
- Perturbative improvement of scaling violation
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Define Discrete Beta Function B(u,s) by
B(u,s) = 1/g%(s L) — 1/u where u = g (L), s: step scaling factor
Lattice DBF can be expressed as double expansion in 1// (=a/L) and u;
Bla(u,s,l) = 1/g%(s L, 1) — 1/u
=Bu,s)+u (aj/l+bi/E+ci/B+...)
+ut(ax/l+b2/12+c2/ P+ ...)
+u(az/l+b3/12+c3/ B+ ...)

+ ...
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Define Discrete Beta Function B(u,s) by
B(u,s) = 1/g%(s L) — 1/u where u = g (L), s: step scaling factor

Lattice DBF can be expressed as double expansion in 1// (=a/L) and u;

Bray,sl)=1/g*(s L, 1) — 1/u

=B(u,s) + u_(c =Ci/ [° + )

b2/ 2+ 2/ B+ ...)

b3/ 2+ 3/ B+ L)

We explicitly calculated the O(u) error by lattice PT and removed that.

In the continuum limit, we assume that 1// scaling violation dominates.
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Define Discrete Beta Function B(u,s) by
B(u,s) = 1/g%(s L) — 1/u where u = g (L), s: step scaling factor

Lattice DBF can be expressed as double expansion in 1// (=a/L) and u;

Bray,sl)=1/g*(s L, 1) — 1/u

=B(u,s) + u_(c =Ci/ [° + )

b2/ 2+ 2/ B+ ...)

b3/ 2+ 3/ B+ L)

We explicitly calculated the O(u) error by lattice PT and removed that.

In the continuum limit, we assume that 1// scaling violation dominates.



B(u,s) =1/g%(s L) — 1/u with u =g (L)

" 1/u=0.5, s=3/2 = 3/2 1/u=0.1, s=3/2
. unimﬁmved — 5 0.04
0.02 | improved < 1 0.02 1
07 ' 0
3 002 W 5 o0l
=004 | 1= o4l
-0.06 | 0.06 |
-0.08 _. . . | | ] —0.08 -
0 002 004 006 008 0.1 0 002 004 006 008 01
- 1/s 1) - s )
In the weak coupling region, In the strong coupling region,
consistent with constant. large scaling violation observed.

Scaling violation remains linear.

N. Yamada Origin of Mass 2013 @CP3-Origins, SDU, Odense, Denmark, August 22, 2013



B(u,s) = 1/g%(s L) — 1/u with u =g (L)
§=3/2

0.04 | | Mqur I4-loop
improved —

0.02 ¢

B(u,s)

-0.02

-0.04

0 0.1 0.2 0.3 0.4 0.5
1/u

0.06 < [/ugp < 0.15

Analysis with s=2 gives consistent result.



SrMt: renormalized, 1so-singlet scalar bilinear operator

~ C§"(1/Mgrc) Zg"(1/Mgrc) gp—_rat Lat
msms = M2 75 () Cg (a) ( Sg™(a) )

C" (1/Mgre) Z3" (1/Mgrc) CSF-Lat
Mg e Z3"(a)

®(>F(u): ETC dependent coefficient

@) D) ggpcevy

® (' SF-Lat(yy): finite renormalization connecting Lat to SF
®(SrLat(u)): chiral condensate

®/s>Y(u1)/Zs>Y(u2): Calculated in this work



Anomalous dimension via Running of Z

o ZZ]SDISDFF(E [2) o ( /:L dL,ﬁy(;(L’)))

75 (g8, 1)
Z}gt(g(Q)? S l)

At u=urp

. Inop(u, )

Zlﬁfo(u, s, l) =

u=g2.(g3,l
QSF(QO ) 1118

=opf(u,s)+u (aj/l+bi/P+ci/B+...)
+u(ax/l+ b2/ 12+c2/ P+ ...)
+uw(as3/l+b3/l2+c3/P+...)

+ ...




L/

s LMD ( / dL,V%F(u(L’)))

At u=urp

In o (u, s)

ZIJgJ:CO(ua S, l) T

Tm = In s

We numerically determined the O(u) error.

In the continuum limit, we assume that 1// scaling violation dominates.
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s=2 and 3/2

MSbar 3/4
s=3/2, all —©S
1.5 4; s=2 w/o coarest

Ym)

Inop(u,s)/ins (
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s=2 and 3/2

MSbar 3/4
s=3/2, all —©S
15 43 s=2 w/o coarest

Ym)

Inop(u,s)/ins (

1/u

0.06 < I/upp < 0.15 = 0.26 < y,, < 0.74



I11. Spectroscopy

Phys.Rev. D88 (2013) 094506



Unimproved Wilson fermions + Wilson plaquette
3 Volumes: 163x32, 24°x48, 323x64

Single lattice spacing: = 2.0
N=6 and N=2 < to compare with chirally broken theory

Special care on FSE

Quark mass dependence of various quantities is carefully

examined in the FSE-free region. (FSE=Finite Size Effect)
Dependence in X-broken theory # Dependence in conformal theory
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The way to approach to the chiral IRFP=Mpoc(my)* with o =1/(1+Yy")

limit is different. o
In Nf=6, aMp x (am,)* with o0 > 1/2

near the chiral limit

1/2 indicates v* < 1.
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Assuming IRFP and Hyper-scaling= aB o ()= 11-v*1/1+v%)

Increasing toward the chiral limit
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IRFP = a3 (yy)subt ¢ (amy) + (amy)GvA+ 4
Fit to this form by assuming IRFP and v* < 1= vy*~ 0.51
Compatible with the SF result,0.26 < v,, < 0.74



I'V. Summary and outlook



* Running coupling: consistent with the IRFP.
* Mass anomalous dimension: 0.26 < y,, < 0.74.

e Quark mass dependence of several quantities are
different from those in 2-flavor theory, and y,,
extracted 1s consistent with 0.26 < y,, < 0.74.

* In order to establish IRFP, simulations with
improved actions are on-going.



Slope in the extrapolation

s=3/2
2 ' ' ; ' '
unimproved 4
1 | improved —© -
E T A A ]
N 1 o o
! P -
R : N
6 8 10

Slope ~ O(u?) as expected

N. Yamada Origin of Mass 2013 @CP3-Origins, SDU, Odense, Denmark, August 22, 2013



Improvement really works?

:Ym)

In op(u,s)in s (

0.4

0.3 1
0.2 ¢
0.1 t

0

-0.1
-0.2

s=2

MSbar 3/4
flx)

§=2 unimp —=4—

0

0.2 0.4 0.6 0.8 1
1/u

Without improvement, the continuum limit clearly undershoot
even in perturbative regime.

=> improvement is necessary

N. Yamada

Origin of Mass 2013 @CP3-Origins, SDU, Odense, Denmark, August 22, 2013



