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m Sp(4) with two dynamical fermions

template for strongly-coupled BSM dynamics based on the
SU(4) — Sp(4) coset: minimal composite-Higgs and
dark-matter models [Barnard et al., 1311.6562; Hochberg et al., 1411.3727]

previous lattice studies using Wilson fermions
[Bennett et al., 1712.04220; Bennett et al., 1909.12662]
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m Sp(4) with two dynamical fermions

template for strongly-coupled BSM dynamics based on the
SU(4) — Sp(4) coset: minimal composite-Higgs and
dark-matter models [Barnard et al., 1311.6562; Hochberg et al., 1411.3727]
previous lattice studies using Wilson fermions

[Bennett et al., 1712.04220; Bennett et al., 1909.12662]

m Mobius Domain Wall Fermions [Brower, Neff, Orginos, 1206.5214]

control of the global symmetry breaking on the lattice
improved action with O(a?) corrections
improvement over the Shamir formulation [shamir, hep-1at/9303005]
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The model: Sp(4) with Ny = 2 fundamental fermions

S:/d4x

1 SN
—§Tr (FuwF"™) + Z Ot (iv" D, — m')

f=1
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The model: Sp(4) with Ny = 2 fundamental fermions

2
f=1

S:/d4x

‘ Lattice action

m S,[U] is the Wilson gauge action, where U are the link variables, i.e.
Sp(2N) matrices with N = 2

SUT=6Y )" (1 — %ReTrPW(g:O o op=

x  p<v
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The model: Sp(4) with Ny = 2 fundamental fermions

1 SN
—§Tr (FuwF"™) + Z Ot (iv" D, — m')

S:/d4x

‘ Lattice action

> S = Sg[U] + Sf[‘:[’, ‘i’] + SPV[¢> (/bT]

m S;[W, W] is the fermionic action using domain wall fermions, where
U are five-dimensional fields. We consider degenerate flavours with
mass 1y

[, U] _aa5ZZZ\If Df[syr mo;m5,a5,a)\lfzf/7r

f=1 z,y s,r=0
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The model: Sp(4) with Ny = 2 fundamental fermions

2
T (B ) 4 300 (D, — ) o
f=1

S:/d4x

‘ Lattice action

> S=8,[U] + S0, B] + Spvb, o'

m Spy|[®, @] is the Pauli-Villars term needed to cancel the heavy bulk
modes. It has the same form as Sy, but is defined on scalar fields
with a mass ampy = 1

SPVCD CI)T —CLG5ZZZ¢“ Di\/[syr mpy;ms, ads, )(I)gfjr

f=1 z,y s,r=0
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Domain Wall Fermions

2 Le—1
_ 4 ot M _ f
Sy =aas E E E Voo Dy r(mosms, as, ) U,

f=1 z,y s,r=0

m [ he fermion action is formulated in five
dimensions, with L. the extent of the
fifth dimension

fifth dimension
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Domain Wall Fermions

Ls—1

S; = a'as ZZ Z w! Di”g Ly (Mo;ms, as, a) ‘I’z,

f=1 z,y s,r=0

m [ he fermion action is formulated in five
dimensions, with L, the extent of the
fifth dimension

m W, . are five-dimensional fermion fields;
the physical four-dimensional field is

Y=g + YR, with ¥ an.d ¢R.Iocal|.sed 0 it dimencion L1
on opposite walls of the fifth dimension
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Domain Wall Fermions: residual mass

m The overlap between the two modes defines the extent of global
symmetry breaking, described by the residual mass

) = Zar{Obs,(7.0) Obs(7.0)
T {071 Oh(7.0)

? Meres
> t large

Yr(z) =Py ¥(x,0)

Yr(z)=Pr¥(z,Ls—1)

residual symmetry
breaking

fifth dimension
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Domain Wall Fermions: residual mass

m The overlap between the two modes defines the extent of global
symmetry breaking, described by the residual mass

\
mres

) = 22810k 0.0 Ohe(7.0)
T T {071 Oh(7.0)

> t large

Yr(z) =Py ¥(x,0)

Yr(x)=Pr¥(z,Ls—1)

m The axial Ward identity for DWF is
Ay AL () ~ 2(amg + amyes) Opg()

residual symmetry
breaking

A working DWF mechanism requires 0 fifth dimension L,—1

Myes <K My
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Mobius Domain Wall Fermions parameters

Méabius kernel : DM (mg;ms, a5, a) =
Dy, DgrPgr 0 «+ —moDRPr
DRPL DI, DRPH 0
0 DgrPy, Dy,
DrPr
—moDrPr 0 0 Dy,
as(a+1 ;
Dy = as(@+1) )DW (ms) + 1,
2 P _ 1ty
as(a—1) ; b=
Dp = “’#Dw (ms) — 1
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Mobius Domain Wall Fermions parameters

. . . _— . M . _
m 5. domain wall height entering Mébius kernel : D™ (mo; ms, a5, ) =
the Wilson kernel Dy, (—m5) and
controlling the localisation of the pby B e g
light boundary modes 0 DePL Di :
: - DrPr
—moDrPr 0 0 Dy
Dy = a5(a2+ 1)DW(’m~) 1
as(a— 1) Pry = +55°
Dp = — 5 DV (ms) -1
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Mobius Domain Wall Fermions

m mj5: domain wall height entering
the Wilson kernel Dy, (—ms5) and
controlling the localisation of the
light boundary modes

m as: effective fifth-direction lattice
spacing

M@ébius kernel : DM(mo;ms,n,,r,,a) =
Dy, DgrPr 0 -+ —moDRrPr,
DRrPp, Dy, DrPr - 0
0 DrPr, Dy
. . . DRrPr
—moDrPr 0 0 Dy,
L5 1
Dy, = MDW(ms) 11,
2 P _ 1495
as(a—1) wE= T
Dg = 5 —— D% (ms) -1
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m mj5: domain wall height entering
the Wilson kernel Dy, (—ms5) and
controlling the localisation of the
light boundary modes

as: effective fifth-direction lattice
spacing

o: Mobius rescaling parameter
controlling the approximation to
the sign function; o« = 1
reproduces the Shamir formulation

Mobius Domain Wall Fermions parameters

Mébius kernel : DM (mg;ms, a5, o) =

Dy, DgrPr 0 . —moDRrPr,
DrPp, Dy, DrPr - 0
0 DrPrp, Dy, .
DRrPr
—moDgrPr 0 0 Dy,
as(v+1) _w
D = =———=D"(ms) +1,
2 _ 1+4~vs
as(o—1) Pr1 = 2
Dgr = 5 5 = pW (ms) — 1
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Tuning strategy and numerical results

Choose a region in (3, amg) where lattice artefacts
and the residual mass are under control. We use
Shamir with as/a =1, ams = 1.8 and Ly, =8

[Shamir‘ hep-lat 9305005]
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Tuning strategy and numerical results

Choose a region in (3, amg) where lattice artefacts
and the residual mass are under control. We use
Shamir with as/a =1, ams = 1.8 and Ly, =8

[Shamir‘ hep-lat 9305005]

\

Tune «, as/a and am; for selected values of 3
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Tuning strategy and numerical results

Choose a region in (3, amg) where lattice artefacts
and the residual mass are under control. We use
Shamir with as/a =1, ams = 1.8 and Ly, =8

[Shamir‘ hep-lat 9305005]

\

Tune «, as/a and am; for selected values of 3

\

Tune « for different values of Ly keeping as/a and
ams fixed
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Tuning strategy and numerical results

Choose a region in (3, amg) where lattice artefacts
and the residual mass are under control. We use
Shamir with as/a =1, ams = 1.8 and Ly, =8

[Shamir‘ hep-lat 9305005]

\

Tune «, as/a and am; for selected values of 3

\

Tune « for different values of Ly keeping as/a and
ams fixed

Software used

| Gr|d github.com/paboyle/Grid

® hmcdj

github.com/telos-collaboration/hmcdj
Software development and
machines session

Easier parameter scans with
hmcdj, Tuesday 16:10,
A.H. Verney-Provatas

m Hadrons
github.com/aportelli/hadrons
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Physical parameter scan: 3 and my

m Average plaquette as a function of Foom 002§ eme 007
the lattice coupling 3 069 5 o 2001 e oon
& amg = 0.05 amg = 0.1 &
1 1 & o
P)=— — ReTrU,,(x 0-57
No bulk phase transition effects L : : . .
5.6 6.0 6.4 6.8 7.2 7.6
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Physical parameter scan: 3 and my

m Average plaquette as a function of
the lattice coupling

1 1
(P) = > o ReTr Uy (x)

T, u<v

No bulk phase transition effects

m Residual-mass as a function of 3:
we choose § > 7.4 such that
aMyes 1S about one order of magni-
tude smaller than amy.
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0.6

0.4

amft,
o
o
oo

A amy = 0.01 $amg = 0.06
¥ amy = 0.02 $amy = 0.07
4§ amy = 0.03 A amy = 0.08 &
# amy = 0.04 amg = 0.09 o
& amgy = 0.05 amg = 0.1
&
T T T T
| —%amy =0.02
+—amy = 0.06
amg = 0.1
T amft = 0.02
o
T T T
5.6 6.0 6.4 7.6




Physical parameter scan: 3 and my

& amo =0.01 Famy = 0.06
¥+ amy = 0.02 Famg = 0.07
= = = = S Famo =0.03 A amg = 0.08 &
a=1.0, as/a=1.0, ams = 1.8, ampy = 1.0 0.6 Framo =00 ama = 0.08
><1072 &+ amg = 0.05 amg = 0.1
2.75 4 Platﬁeau range g )
amf®, = 0.01674 + 0.00010 0.5
2.50 B =172, amo = 0.06
g A
3 0.4 e
£ 2.25 A .
3 , | | | |
#07 ) —$—amy = 0.02
0129 5 oy =006
1.75 4 amgy = 0.1
T T T T I - -
0.0 2.5 5.0 7.5 10.0 12,5 15.0
t/a
5\7"7
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Mobius parameter scan: «, as, ms

as/a =1.0, ams = 1.8,

ampy = 1.0
—1
10 3 & amg = 0.02
B amg = 0.06
£ 10724 &
3 @\:“‘ ’4,4@4‘4'
véﬁ:-\._. e
ﬁl';-;@u——@’
T T
1 2

Residual-mass scan at 3 = 7.4, L, = 8 and V = 32 x 163
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Mobius parameter scan: «, as, ms

as/a =1.0, ams = 1.8,

a=1.75, ams = 1.8,
ampy = 1.0

ampy = 1.0
107t 4 3
3 & amg = 0.02 E =&~ amg = 0.02
B amg = 0.06 fi amg = 0.06
§ 10—2 _ . _ ;'\-:_\.‘.. é
= e & /
'ﬁ:-;@_-gf' gt
T T T
1 2 0.5 1.0
« as/a

Residual-mass scan at 3 = 7.4, L, = 8 and V = 32 x 163
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Mobius parameter scan: «, as, ms

107!

as/a =1.0, ams = 1.8,

a=1.75, ams = 1.8,

a=1.75, as/a = 1.0,

ampy = 1.0 ampy = 1.0 ampy — 1.0

E & amo = 0.02 E & amgy = 0.02 E &~ amo = 0.02
] B amg = 0.06 ] fi amg = 0.06 ] fi amg = 0.06
le e ; ;
1 Tw & 1 1
i = S i i

T T T T T T T

1 2 0.5 1.0 1.4 1.6 1.8

o as/a ams
Residual-mass scan at f = 7.4, L, = 8and V = 32 x 163
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Mobius parameter scan: «, as, ms

as/a =1.0, ams = 1.8,
ampy = 1.0

a=1.75, ams = 1.8,
ampy = 1.0

a=1.75, as/a = 1.0,
ampy — 1.0

-&- amo = 0.02

107 4 E
3 & amg = 0.02 E =&~ amg = 0.02
B amg = 0.06 fi amg = 0.06 ] fi amg = 0.06
1%
g -2 _ Vi
s 10 &, ,m"‘"ﬂ&! &, Va
\ﬁ :::“ - m,,r.v" ~~;‘\-. ’ ég
ﬁl‘;z@u—— & &, @ﬁ‘
T T T T T T
1 2 0.5 1.0 1.4 1.6 1.8
o as/a ams
Residual-mass scan at f = 7.4, L, = 8and V = 32 x 163
1.0, ams; = 1.8

Tuned parameters: a = 1.75, as/a

2 Fundamental Mdébius Domain Wall Fermions
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Scan over L,

[Antonio et al., 10.1103/PhysRevD.77.014509; Brower, Neff, Orginos, 1206.5214]

C
ALy loc
_|_ -

mres(Ls) X Cext€ LZ

m .. mobility-edge scale controlling the exponential decay
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Scan over L,

[Antonio et al., 10.1103/PhysRevD.77.014509; Brower, Neff, Orginos, 1206.5214]
ML Cloc
mres(Ls) ™ Cext€ "7+

m ). mobility-edge scale controlling the exponential decay

B C..i: set by extended modes near the mobility edge,
Ae SAS A+ Li; exponentially suppressed at large L,
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Scan over L,

[Antonio et al., 10.1103/PhysRevD.77.014509; Brower, Neff, Orginos, 1206.5214]

el Cloc
I
S

Myres (Ls) X Cext€

m ). mobility-edge scale controlling the exponential decay

B Cexi: Set by extended modes near the mobility edge,
Ae SAS A+ Li; exponentially suppressed at large L,

L

B C,.: set by the density of localised near-zero modes with 0 S A S —
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Scan over L,

[Antonio et al., 10.1103/PhysRevD.77.014509; Brower, Neff, Orginos, 1206.5214]

mres(Ls) ~ Cexte Ls + LV

m ). mobility-edge scale controlling the exponential decay

B Cexi: Set by extended modes near the mobility edge,
Ae SAS A+ Li; exponentially suppressed at large L,

B . set by the density of localised near-zero modes with 0 < A\ < E

m v = 1 for Shamir, while v = 2 for a tuned Mobius formulation
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Scan over L,

B ="7.4, amg = 0.06 B8 ="7.6, amg = 0.06
107 ER E a=125 ¥ a=21 ¥ a=275
] ] a=1.5 B a=22 ® o =1 (Shamir)
] . e a=175 0 a=2.25 Shamir fit
1 i P a=2.0 A a =25 ——Mbbius fit
107 5 4 E °
£ ] \%\\# | :
g ] J
107 4 4 f
; a=15 & a=23 & a=2.75 ; \%W\L
1 a=175 0 a=24 § a=29 1
4 a = 2.0 A a=25 0 a=1 (Shamir) 4
- a=2.1 Y « = 2.6 —— Shamir fit
107° 4 & =225 & a=2.7 — Mdbius fit 3
h T T T T T T T h T T T T T T T
10 15 20 25 30 35 40 10 15 20 25 30 35 40
Ls Ls
Shamir: fixed v =1 Mébius B amo v
Mobius: v is a parameter of the fit min. myes 7.4 0.06 1.25(30)

7.6 0.06 1.90(32)
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m We perform spectroscopy for pseudoscalar  channel Operator © J7 Sp(4)

observables and the vector mass, using PS I (e
- = \4 Y1y 1= 10
Cchl,chg (t) = Z(OChl <x7 t) Ozhg (07 0)> AV 1/)1/17/5%/“12&2 1+ 5

—

T

m For large Euclidean time separations, we extract the masses and
amplitudes from the effective mass and perform correlated fits

m We set the scale by computing wg from the Wilson flow [Lischer, 1006 4515]

m We perform the continuum and massless limit extrapolations of amy

and afpg and compare with previous Wilson-fermion results
[Rupak, Shoresh, hep-lat/0201019; Symanzik, Nucl. Phys. B226 (1983) 187]
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my extrapolation

Progress

////
1.04 _—
_—
=
—
_—
_—
_—
_—
_—
_—
0.8 ////
o _—
s -
= /////
0.6 //// Wilson fermions
mip = mip (14 Liny Mg + Quymips)
- +Winp @+ Ry 0? + Cryambg
s " Wilson extrapolation
=l 3 =6.9
0.4 El B=1.05
® " p=172
=74
® B=15
T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
(mpswo)?

Sp(4) Gauge Theory with

Wilson data from [Bennett et al., 2606.14546]




my extrapolation

MDWF
m3; = mf\,»x(l + Ly Mg + Quaymbg)
+Rin,, 0*
—— MDWF extrapolation
10 @

B="74

0.8

(mywo)?

0.6 4

Wilson fermions
2 2 2 4
myy = miy (1 + L, mpg + Quymps)
2 2
Wiy a+ Ry a® + Cryamipg

" Wilson extrapolation
=] # =69
0.4 1 El B =105
& " p=172
& B =74
L] B=15
T T T T T T
0.0 0.1 0.2 0.3 0.4 0.6 0.7
(mpswo)?

Progress

Wilson data from [Bennett et al., 2606.14546]



fps extrapolation

Progress

0.0200
0.0175
0.0150 4
0.0125
B
=
% 0.0100
S
0.0075 o Wilson fermions
/ ] f3s = fBs (L + Linyymps + Qumy mips)
FWings @ + Ry @ + oy amipg
0.0050 4 Wilson extrapolation
L 6.9
0.0025 4
0.0000 T T T T
0.0 0.1 0.2 0.3 0.4
(mpswo)*
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fps extrapolation

Progress

0.0200

0.0175

0.0150 -

0.0125

0)*

0.0100

(fpsu

0.0075

0.0050

0.0025 -

0.0000

fis =

—— MDWF extrapolation

&

51+ Liny mbs + Quy Mips)

MDWF

+ Ry 0?

74

Wilson fermions

80 fis = fRs (1 + Ly mpg + Quymbg)
+Winp @+ Ry 0? + Cryambg

Wilson extrapolation

3 =6.9

0.0

T
0.1 0.2 0.3 0.4
(mpswo)*

Sp(4) Gauge Theory with




Conclusions

m Summary

First implementation of MDWF for Sp(4) with two fundamental
fermions: mapped the working (3, my) region and tuned Mobius
parameters to sSuppress s

obtained first improved spectroscopy results for my and fpg, to
be compared with previous Wilson-fermion works
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Conclusions

m Summary

First implementation of MDWF for Sp(4) with two fundamental
fermions: mapped the working (3, my) region and tuned Mobius
parameters to sSuppress s
obtained first improved spectroscopy results for my and fpg, to
be compared with previous Wilson-fermion works

m Outlook
complete the my and fpg extrapolations, as these results are still
work in progress

complete the spectroscopy program and use MDWF to refine
past measurements, such as scattering observables
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Backup slides

Sp(2N) gauge groups

0 I
Sp(2N) ={U e SU2N) |[UQU" =Q}, Q= (_]N g)
m Sp(2N) is the subgroup of SU(2N) preserving the symplectic form €
m rank(Sp(2N)) = N and dim(Sp(2N)) = N(2N + 1)
m the fundamental representation is pseudoreal, so for N; Dirac flavours
the global symmetry is enhanced to SU(2/N)
m for Sp(4): N = 2, the group has dimension 10 and Sp(2) ~ SU(2)
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Backup slides

Residual Mass at

coarse lattice

om

"@*' amgo = 0.02
B amg = 0.06 B=68
E‘Eg‘gggﬁEIEIEIEIEIEI'EIEIEIEIEIEEIEIEIEE_E_E‘E

S
1
!
£
/ B=170
Ll B.-g . g8
%eﬂ_z_g_g 2888888888 88888 Eg;gg_ge-eg‘
B=172 =Y
& S8gan B 55855 e
T T T T T T T
0 5 10

0159 % oot
s i
;‘_3 010 b d
3 o € B =10
0.054 I
e B=12
oo & e
0.00 T T T
0 2 4
t/a

Progress on Sp(4) Gauge Theory with IV,

15 20 25 30
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Backup slides

Axial-vector and pseudoscalar operators
- — Opg = 10ys)™ 4 p2agep',
O " = Vsl U, Ofs = s + iy,
O = =il sy + 2,59, Ops = Plansy!® — P2aysy™,
OAV.3 _ lan v pla _ % PS
p = s T V5P, Or <W¢ fren 1a>
OV _ T e e PS
P = —1 ’Y;ﬂﬂo + ch”ﬁtw ) . — — 1
e O i (~iv™ ).
OSV,E) _ wl,yuwé + ¢%7u¢1 PS ? Z'lp w + Z’l/}

P = —75Q“bC(WT)b, (spinor indices are suppressed)
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Backup slides

Residual-mass correlators

Five-dimensional local current

ih(a,s) = % [0+ 1,9 (1 3 UL @) T (2, 5) = B, $)(1 = 7)Up (2T W + ).

The four-dimensional lattice axial-vector current

g Ly—1
A}L(I) = Z sgn <s 82 )jj(z,s).

s=0

Obg(z) = V2 [U(2,0)PLT ¥(2, Ly — 1) — U(z, Ly — 1) PRT ¥(z,0)] .

Midpoint current

Obs. ,(x) = ﬁ[\m, Ly/2)PL T 0(z, Ly/2 — 1) — U(x, Ly/2 — 1) PrT ¥(x, Ls/z)} .
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Backup slides

Wilson kernel: Dywi)(x) = (é — m5) W(r) — % Z [(1 — ) Uu(2)(z + f1)

a

+ (14 7,)Ul (= @) — ).
The link variables U, () and Uf(x — 1) are the same as in the gauge action.

Shamir kernel: Ds(z,5,y,7) = 05, Dw (0, y) + 0,5, D5 (s, 7),

DES)(Sa T) = 58,7" - (1 - 55,N571) PR55+1,T - (1 - 55,0) PL(szl,r
+ mo (Pros n,—160, + Proso0n,—1,) -

D , b
457w as = (b—c)a >0, DM = aDq, a:( +c)a.

S:2+G5DW7 as
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Backup slides

Spectrum details

[{0[OPSIPS)? ( “mpst . —mps(T—1)
CPS’PS(t) t—00 2mPS ((:’ te ) ’
0|Ops|PS)*
CAV,PS(ﬁ) — fPS< | 2PS| > (e—mpgt _e—mps(T—t))’
|<O‘OV‘V>|2 —myt —my (T —t)
Cyv(t) P Sy (6 +e ) .
ps = Zafps
Za(t) = 1[R(t+a/2)+ R(t—a/2) 2R(t + a/2)
AT 2L(t) L)+ L(t +a)
where
R(t+3) =Y (AF@&0JNG,0), L) =D (ASE1)J3(7,0)).
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Computational
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Continuum massless extrapolation
Xi=X5, (14 L¥mis + Q¥ mbg) + Wila+ RYa® + CYamig .

Xy =my, fos  MDWF:  W¥ =c¥ =0.

m At leading order, mpgy o< my, so an analytic expansion in the fermion mass is
naturally written as a polynomial in m.

m The a, a®, and am?q terms parametrise discretisation effects motivated by the
Symanzik expansion.

m The mpg term accounts for the curvature observed at larger masses.
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From lattice chiral symmetry to m,

1+m 1—m
5 2+ 5 % s sgn(Har)

m D, satisfies the Ginsparg—Wilson relation, realizing exact chiral symmetry on the lattice.

’}/5D =+ D’Y5 = (ZD’)/:;D — Dov(mo) =

m Mobius domain wall fermions approximate D, through a finite fifth dimension:

(1 + H]\,{)L“ — (1 — H]\,{)LS o 1-— T(H]\,{)LS N 1-— H]\/[

Hyp) = = THM) = 17 -
L. (Ha) (1+Hu) + (1 —Hy)ls 1+ T(Hp)bs (H) 1+ Ha

For Mobius,

er,(Hy) = ep, ja(aHar).
m At finite L, er, (Hpr) # sgn(Hys), so chiral symmetry is only approximate:

Mres == Zwﬂ-(/\) ALS ()\) ALO ()\) = [sgn(HM) — €L, (H]u)] (/\) (a = 1)
A

where w, () represents the spectral weight associated with a given eigenmode A of the kernel
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