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Introduction

Introduction

e Background:
e Given 2 + 1 simulations (at quark masses larger than physical quark
masses), how can we usefully approach the physical point?
e Possibility: SU(3) flavour expansion about flavour symmetric line
e Mass ‘fan’ plots

Extend expansion to PQ quark masses (ie valence quarks # sea
quarks)

(quenched) charm quark

Open charm masses

Conclusions



Introduction Background PQ expansions

Many paths to approach the physical point

Charm quark mass

Open Charm mases Conclusions
eg my—mg =m
R\\ m
mg |
| L mg=m=m,
\ %K (m;,m,)
" |\ m=const.”
= - m,
\\ﬁ\\
m. S~
QCDSF strategy: extrapolate

(mg, mg) — (m), m

from a point on the SU(3)g flavour symmetry line to the physical point
<)
Choice here: keep the singlet quark mass m constant

. 1
m=mgy = =

3 (2m; + ms)
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QCDSF strategy [arXiv:1102.5300 |
e develop SU(3) flavour symmetry breaking expansion for hadron

masses

L] eXpanSion in: SU(3) flavour symmetric point §mg = 0

dmg=mg—m, m=3(m,+ mg+ ms)=mg

e expansion coefficients are functions of m
e trivial constraint

omy +dmyg+dms =0

e path called ‘unitary line' as expand in both sea and valence quarks
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SU(3) flavour symmetry breaking expansions

e octet pseudoscalar mesons:

MZ(aE) = Mgﬂ_ + a(dmy + mp)
1 N
+ Bog (5m3 + 6mg + 5m?)

+ 812 + Sm) + Ba(5ma — Smp)?

+ ... [a, b = u, d, s (outer ring)]

e octet baryons:
MN2(@ab) = M3y + AL(25ma + Smpy) + Ay(Smp, — Sma)
+ Boé(émg +omy + om2)

+ By (26m2 + 5mi) + By(Smiy — 6m?2) + B3(5my, — 6ma)?

+... [a, b = u, d, s (outer ring)]
M/\ 2 _ 2 N
(aab) = Mo + A1(26mg + dmp) — Ax(dmy, — dma)
+ 305,,”2 stable under strong ints.

2 2 2 2 2
+ By (26m> + 5mp) — By(5mpy — 5m2) + By(Smy — Sma)

o [, b =1, s (when no A% — 0 mixing)]
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Main observation:

e Provided m kept constant, then expansion coefficients remain
unaltered whether
e 1+1+1
e 241
e Opens possibility of determining quantities that depend on 1 +1+1
flavours (ie pure QCD isospin breaking effects) from just 2 + 1
simulations
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Defining the scale — using singlet quantities

e pseudoscalar mesons (centre of mass):
X2 = %(Mi+ + Mo + M2y + M2+ Mg + M) = (0.4116 GeV)?
1 2
= M+ (5 Bo+ 361+ /32) (8l + m3 + 8m2) = Mg+ O(5m3)
e octet baryons (centre of mass):

2 1.2 2 2 2 2 2 2
Xy = 5(Mp My ME + ME 4 Mg + M2 ) = (1.160 GeV)

2, 1 2 2 2 2 2
= My+ g(Bo+Bl+B3)(5mu+5md+5ms):MO + 0(3mg)

)

° g|u0nIC qua ntItIeS Xl% _ 1/t0 o stable under strong ints.
e other possibilities:
X} = %(M% Fm3), X2 = %(Mf(*A FM2 o Mi+ : M/Zf : ’V’%*o PMEL)

e all singlet quantities
XE =#+#(0m])

(almost) constant [== scale determination]
e form dimensionless ratios (within a multiplet):
~ M2 ~ A
m? = S=mN,..., A= in expansions

Ry .
X2 M2
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Lattice

e O(a) NP improved clover action
e tree level Symanzik glue

e mildy stout smeared 2 + 1 clover fermion
e §=5.50[5.80], 32° x 64

1/1 1 . . Lo L
mg = = - — Koc Is chiral limit along symmetric line
2 \Kqg  Koc

giving

1/ 1 1 1
my=—-|—— — | =m= —-(2m; + mg) =
3

2 \ko  ROc

N
—~
Zie

.

.

-
|

x
L
$
v

So 1/ rc cancels: given kg and ) gives kg

1 1 1
Smg=mg —my=— | — — —
2 \ kg KQ
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‘Fan’ plot — no visible curvature
e2+1,g=1s5s,
(5mu = 5md = (5m,

18 ; - dms = —20my
L7E %Q:TEQCDE e O(a)-improved
el e clover fermions;
L5 e eomet - 32% x 64 lattices
Lar LN [fitted, filled pts]

§ 13"?&»\\ [ E e dmy=m—m

Qb | o : o

Kb B : e m = const.

N\o P L RN a: .

S0 5ot [to find need to
09| ! Y e B tune]
08 F | T ° MN ("),
07 ! ‘ M): = MN(IIS)
06 ﬁF—o 010 ~0.005 0.000 : Mz = M*(ss!),

'6m‘ . MNS - MN(SSS )

[PQ]

Use the pseudoscalar fan plot to determine the physical quark mass: dm;
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Scale determination

=0.120900]

(@Xy)* [y

02} , :g
i 3
ol . . . W
01 - , o
o Lok, ‘ ‘ ‘ ‘
0.0 0.2 0.4 06 08 1.0
MIX
2 32 2 32 2 o 2
o Xi Xiy XW_, Xp,.XN ~ X
along the unitary line
[Mz ~ 410 MeV - 260 MeV]
°

as constant down to physical
point use Xy® to determine scale

_ (aXs)?

2

ac =

S exp 2
Xs

«pansions Charm quark mass Open Charm mases Conclusions

0.007 | B=5.50, 32°x64

.
0.006
0.005
P . t,=0.0235fm’]
[w,'=0.03225fm’]
— - a’=0.00545im" [a-0.0
0.004 | — - - Uk, =8.2684 [x,=0.12094]

. . . .
8.264 8.266 8.268 8.270 8.272
1k,

® Goal: vary mg — when the ag cross
(ie independent of S) gives common
scale a

® at this ‘magic’ point find

0.074 fm

Q

a

VTP 0.153fm
wy? &~ 0.179fm

Q
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Reaching the charm quark mass range
e unitary range rather small so introduce PQ partially quenching (ie valence
quark masses # sea quark masses) and NNLO

® eg pseudoscalar meson octet

M?(ab) = Mg, + a(dpa + Spub)
+ Lot (8m}, + dmGy + 6m?) + Bu(Op3 + Sup) + Ba(Opta — Spu)?
+ Y08mudmgdms + v1(Opta + Opup)(5m3 + Sm3 + dm?)
+ ¥2(61ta + Op16)” + 3(Spa + Spa6)(Spta — Spp)°

® g =pqg—m q¢€{a,b,...}; valence quarks of arbitrary mass, pq
e expansion coefficients: M3, (m), (), ...
e mixed sea/valence mass terms

e unitary limit: dpqg — dmq
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2 + 1 joint fits

/X 7 [Octet]

0

Mx

3.0

25

2.0

0.5

0.0

Charm quark

mass Open Charm mases Conclusions

T T T T 80
i Ax(l)
| ) o f
[ i @ sym. pt. -
! .
| 60 E
! x
L ,
| . 50 | 3
: . ¥
[ : =40k E
?\"’*<\\‘ - 8
! R T s
- el 30 E
! T -~
| . -—al
| £ 20 | E|
H 4
Lo N
| .
; N 10 ¢ ]
IS
L ‘ ‘ 0
~0.010 ~0.005 0.000
dm,
unitary line data e PQ data
(g = mq] [6m; =0q]
no visible curvature ® llustration, to avoid 3-dim plot

a’ distinct quark but same mass as a

1% (aa) = 1+ 25 pady + 281512 + 839513

Very different x-scales involved

0.6
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Octet baryon expansion coefficients

MN2(aab) = MGy + AL@Spa + Spp) + Ap(Spp — Spa)
+Boé(amf, +8m 4 6m2) + BL(2ou2 + 5ud) + By(5u? — 512) + B3(5pp — Sp1a)?
+CoSmySmgSms + [CL(28pa + Spp) + ColSpp — Spa)l(Sm2 + 5m3 + Sm?)
+C3(8pa + Spp)® + Ca(Spa + 6pp)?(Spa — Spup)

$C5(Spa + 51p) (6 — Spip)? + CoSpa — pp)°

MM2(a’b) = M3y 4 ALROua + Spp) — Ap(Spp — Spa)
+Boé(6mf, 4 6m3 + 6m?) + By (2602 + 5p3) — By(5p — 6u2) + By(Spp — Spa)?
+CodmySmgSms + [C1 (25 pa + Spp) — Co(Sup — Spa)l(Sm2 + Sm3 + Sm2)
+C3(Spa + Sup)® + (Cp — 2C3)(8pa + 61p) (S pa — S1up)

£ Cr(Spa + Spp)(Spa — Spup)? + CGg(Spa — Spup)

e similar procedure
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2+ 1 joint fits
T " " 25 . . . . .
- . ure !
Foo yfn?(m) R | }
o 3(lIs) ! y,
o N »=s) '
| ~ W N,(sss) 20 B
o ¥ . esympt - !
£ S - i
| - |
3 * v : IS ]
! T =
- e
£l : kS |
sk « S0 ]
E e |
P N N )
| v 5[ A * B=5.50
Eol ' - ' * [B=5.80]
i b |
-0.010 -0.005 0.000 0.0 0.1 0.2 03 0.4 05 06
om, [N
unitary line data ® PQ data (both N and A)
[1g = mq] [6m; = 0]
® jllustration, to avoid 3-dim plot

no visible curvature

a’ distinct quark but same mass as a

I\~/12(aaa”) = 1+ 3;11§p3 + 3515”5 + 8635”?

Very different x-scales involved
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Method

e Use PQ data to determine expansion coefficients

e «, [3, v — pseudoscalar octet
e A, B, C — baryon octet

e Determine physical quark masses

omy,, omy, om;

u s

Opir

by fitting to (eg)
MZP(ud), MEE(us), Ms®(cc)

[together with kg, so 4 inputs]
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Open Charm masses

Can describe states with same wavefunction (and hence expansion) as
previously used

e pseudoscalar mesons
D%(ci), D*(cd), Di(cs)
which all have the wavefunction

M =G5 q=u,d,s

e baryons
e single open charm (C = 1) states
0 0
Y (uuc), T2(ddc), Q2(ssc)
which all have the wavefunction
B= 6(qTCvsc)q qg=u,d,s
[also if my = mg = my, then in addition as no mixing X (11'c) (= L (1'c) = £2(' ¢)) and AL (1 €)]
e double open charm (C = 2) states
=++ =+ +
—cc (CCU) —cc(CCd) QCC(CCS)
which all have the wavefunction

B = e(cTC'y5q)c q=u,d,s



Open Charm mases

SU(4) 20-plet

c S | Iz baryon wavefunction

0 0 % +% p e(uT Crsd)u

0 0o 3 =3 n e(dT Cysu)d

0 1 1 +1 > e(uT Css)u

o 1 1 0 ¥0 %e[(uTC%s)d—i- (dT Crss)u]

0 1 1 -1 Y- e(d7 Cyss)d

0 2 % +% =0 e(sT Cysu)s

0o 2 5 -3 = e(s" Cysd)s

0 1 0 0 A0 Zel2(uT Cysd)s + (uT Cyss)d — (d7 Cyss)u]
1 0 1 +1 =i e(uT Cysc)u

1 0 1 0 Zse[(uT Crse)d + (dT Csc)u]

1 0 1 -1 30 e(dT Cysc)d

1 1 % +% = %6[(STC"/5C)U + (uT Cvs¢)s]

1 1 3 -1 =10 —5el(sT Crsc)d + (dT Crsc)s]

1 2 0 0 Q0 €(sT Csc)s

1 0 O 0 AF Zzel2(uT Cysd)c + (uT Cysc)d — (d7 Crsc)u]
1 1 % +% =t %E[2(STC"/5U)C+(STC"/5C)U— (uT Cysc)s]
1 1 % —% =0 iﬁe[2(sTCy5d)c + (s Cysc)d — (d7 Chsc)s]
2 o0 I 41 = e(cT Cysu)c

2 0 % —ié =% e(cT Cysd)c

2 1 0 0 Qb e(cTCryss)c



Charmed pseudoscalar mesons

Open Charm mases

2500 — : - 125 — T T
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% ]

2000 F B 100 ]

* o
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1800 5 0000 00025 0.0050 0.0075 0 500 0.00 0.01 001

a, [fm7] aNz [fmz]
O( 17 +(cd +(cs P
e D%cu), D (cd), D (c3), o splittings:

® small lattice artifacts

D*(cd) — D%(cm),
D{ (c5) — D°(cn),
D} (c3) — D*(cd)



Charmed C =1 baryons
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Open Charm mases
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Charmed C = 2 baryons

Open Charm mases
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Conclusions

For u, d, s quarks, have developed a method to approach the
physical point

Precise SU(3) flavour symmetry breaking expansions — nothing
ad-hoc

Extend expansions — PQ (mass valence quarks # mass sea quarks)
to

e better determine expansion coefficients
e determine c quark mass

Applied method to determine some open charm states

Future:

e need to better check O(a?) effects

e mixing: in a 24 1 world no X° - A° mixing, but determined
coefficients can be used to determine X°(uds) - A°(uds) mixing

work in progress

generalise to eg ¥ - AY, =2 - =0 mixing

e baryon decuplet

e QED effects
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