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Perform analysis of Nf =2+1+1 twisted mass fermions gauge ensembles simulated 
❖  at three values of the lattice spacing
❖ with a range of light quark masses in the range of 135 MeV to 350 MeV
❖ strange and charm quark mass tuned to approximately their physical value

Employ Nf =4 twisted mass fermion gauge ensembles for the computation of the 
renormalisation constants - see talk by M. Di Carlo, Friday 6:15 am

Extract the quark masses using two setups
❖ the meson sector
❖ the baryon sector

Approach

. 2

Main improvements as compared to our previous work
❖ two ensembles at the physical point
❖ more accurate determination of renormalisation constants
❖ extraction using baryon sector



Lattice ensembles
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Nf=2+1+1 twisted mass fermions with a clover term 

• Use Osterwalder-Seiler strange and charm valence quarks —> tune using i) meson and ii) baryon masses 
• Lattice spacing determine from i) fπ and ii) the nucleon mass mN in the so symmetric limit

<latexit sha1_base64="V9+w0ZZfEIcOHOYR1zp0ZNymtYM="></latexit>

Ensemble L3 ⇥ T MDUs aµ` af⇡ m⇡L mN/m⇡ m⇡ [MeV]
� = 1.726, cSW = 1.74, aµ� = 0.1408, aµ� = 0.1521, w0/a = 1.8352 (35)

cA211.53.24 243 ⇥ 48 5026 0.00530 0.07106 (36) 3.99 – 346.4 (1.6)
cA211.40.24 243 ⇥ 48 5298 0.00400 0.06809 (30) 3.47 – 301.6 (2.1)
cA211.30.32 323 ⇥ 64 10234 0.00300 0.06674 (15) 4.01 4.049 (14) 261.1 (1.1)
cA211.12.48 483 ⇥ 96 2936 0.00120 0.06133 (33) 3.85 5.685 (28) 167.1 (0.8)

� = 1.778, cSW = 1.69, aµ� = 0.1246864, aµ� = 0.1315052, w0/a = 2.1299 (16)
cB211.25.32 323 ⇥ 64 3959 0.00250 0.05652 (38) 3.35 4.104 (36) 253.3 (1.4)
cB211.25.48 483 ⇥ 96 5246 0.00250 0.05726 (12) 5.02 4.124 (17) 253.0 (1.0)
cB211.14.64 643 ⇥ 128 6187 0.00140 0.05477 (12) 5.02 5.119 (36) 189.8 (0.7)
cB211.072.64 643 ⇥ 128 3161 0.00072 0.05267 (14) 3.62 6.760 (30) 136.8 (0.6)

� = 1.836, cSW = 1.6452, aµ� = 0.106586, aµ� = 0.107146, w0/a = 2.5045 (17)
cC211.20.48 483 ⇥ 96 2000 0.00200 0.04892 (13) 4.13 4.244 (25) 245.73 (98)
cC211.06.80 803 ⇥ 160 3207 0.00060 0.04504 (10) 3.78 6.916 (19) 134.3 (0.5)

Lattice spacing from pion sector

Generated by the European Twisted Mass Collaboration (ETMC)
Abdel-Rehim et al. (ETMC) PRD 95, 094515 (2017), arXiv: 1507.05068 
C. A. et al. (ETMC) PRD 98, 054518 (20118), arXiv:1807.00495 
C. A. et al. (ETMC), arXiv: 2104.06747
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Pseudoscalar renormalisation constant ZP
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For details see talk by M. Di Carlo, Friday 6:15 am

bare twisted mass parameter of  quark f

In the twisted mass fermion (TMF) formulation at maximal twist the renormalised mass is given by                  
<latexit sha1_base64="1/9xNLUt4KfD4aTkk7hNaKiM8RM=">AAACAnicbVC7SgNBFJ2Nrxhfq1ZiMxgEq7CrojZCwMYygnlgNiyzk9lkyMzsMjMrhGWxsfM7LLRQxNaf0M4v8CNsnDwKTTxw4XDOvdx7TxAzqrTjfFq5mdm5+YX8YmFpeWV1zV7fqKkokZhUccQi2QiQIowKUtVUM9KIJUE8YKQe9M4Gfv2aSEUjcan7MWlx1BE0pBhpI/n2FuR+CE+hF0qEU48nfpilV34lg75ddErOEHCauGNSLDvvD99f7K7i2x9eO8IJJ0JjhpRquk6sWymSmmJGsoKXKBIj3EMd0jRUIE5UKx2+kMFdo7RhGElTQsOh+nsiRVypPg9MJ0e6qya9gfif10x0eNJKqYgTTQQeLQoTBnUEB3nANpUEa9Y3BGFJza0Qd5EJQ5vUCiYEd/LlaVLbL7lHpYMLk8YhGCEPtsEO2AMuOAZlcA4qoAowuAH34Ak8W7fWo/VivY5ac9Z4ZhP8gfX2A2LSm0E=</latexit>

mf =
µf

ZP

<latexit sha1_base64="1ctnuFTY7VVDQ4+QR78R/CkhRHA="></latexit>

� = 1.726 � = 1.778
243 ⇥ 48 243 ⇥ 48

aµsea amPS amPCAC aµsea amPS amPCAC

0.0060 0.1689(15) -4.1(1.4)⇥10�4 0.0075 0.1748(15) -2.3(0.8)⇥10�5

0.0080 0.1905(11) -4.3(1.1)⇥10�5 0.0088 0.1871(18) -8.6(8.0)⇥10�5

0.0100 0.2155(12) +1.5(1.3)⇥10�4 0.0100 0.2006(18) -1.6(0.8)⇥10�4

0.0115 0.2289(12) +1.7(1.1)⇥10�4 0.0115 0.2158(11) +0.2(9.5)⇥10�5

<latexit sha1_base64="P7XgggOarz2RyORAPcW+RgfvpPQ="></latexit>

� = 1.836
323 ⇥ 64

aµsea amPS amPCAC

0.0050 0.1276(14) -4.3(3.1)⇥10�5

0.0065 0.1447(14) +5.9(2.1)⇥10�5

0.0080 0.1585(14) +1.6(0.3)⇥10�4

0.0095 0.1744(12) +2.0(0.3)⇥10�4

maximal twist

• For the subtraction of  the pion pole, a partially quenched approach is employed using additional values of  the 
valence quarks at fixed sea quark mass  

• We use two fitting Ansaetze for removing order (ap)2 discretisation effects and two p2-ranges  
            —> resulting ZP all consistent - average over all of  them 

• Convert to          and evolve to 2 GeV or 3 GeV
<latexit sha1_base64="jatW8kd49IV0SYyiVffBKqUIk5U=">AAAB+nicbVDLSgMxFM34rPU11aWbYBFclRkVdWfBjRuhon1AO5RMmmlD8xiSjFLGfoiCGxeKuHXjb7jzb8y0XWjrgcDhnHu4NyeMGdXG876dufmFxaXl3Ep+dW19Y9MtbNW0TBQmVSyZVI0QacKoIFVDDSONWBHEQ0bqYf888+u3RGkqxY0ZxCTgqCtoRDEyVmq7hZa0dpZOW4rDy+th2y16JW8EOEv8CSmefT5keKy03a9WR+KEE2EwQ1o3fS82QYqUoZiRYb6VaBIj3Edd0rRUIE50kI5OH8I9q3RgJJV9wsCR+juRIq71gId2kiPT09NeJv7nNRMTnQYpFXFiiMDjRVHCoJEw6wF2qCLYsIElCCtqb4W4hxTCxraVtyX401+eJbWDkn9cOrzyiuUjMEYO7IBdsA98cALK4AJUQBVgcAeewAt4de6dZ+fNeR+PzjmTzDb4A+fjB3Y+mI0=</latexit>

MS

• We employ the non-perturbative, mass independent  RI’-MOM renormalisation scheme defined at the chiral 
limit —> need to generated Nf=4 gauge ensembles close to the chiral limit and at the same lattice spacing as 
the three sets of  Nf=2+1+1 ensembles

 G. Martinelli, C. Pittori, C. T. Sachrajda, M. Testa,  and A. Vladikas, NPB445 (1995) arXiv:help/lat/9411010



Scale setting
Meson sector:  
• Use iso-symmetric values of  pion mass and decay constant 

<latexit sha1_base64="p94k6FAmIxHhdMKilIg3rbm501s="></latexit>

misoQCD
⇡ = 135.0(2) MeV and f isoQCD

⇡ = 130.4(2) MeV

 FLAG report, S. Aoki et al., Eur Phys. J. 77 (2017), arXiV:1607.00299

C.A. et al. (2021), arXiv:2104.06747

• NLO SU(2) chiral perturbation theory, correct for volume effects and take continuum limit of  mπ and fπ in 
units of  w0 

• Determine w0 in the continuum limit and use w0/a to extract a

Baryon sector:  
• Use iso-symmetric values of  pion and nucleon mass                                GeV 
• SU(2) chiral perturbation theory to one-loop

<latexit sha1_base64="wSxIwQwJAbnQ2P2UqcxdJjDTQsE=">AAAB/3icbVC7SgNBFJ31GeNrVdDCwsEgWIVdI5oUQiAWVpKAeUCyLrOTSTJkZneZmRXCmsJfsbFQRLDyN+z8BDtrKyePQhMPXDiccy/33uOFjEplWR/GzOzc/MJiYim5vLK6tm5ubFZkEAlMyjhggah5SBJGfVJWVDFSCwVB3GOk6nULA796Q4SkgX+leiFxOGr7tEUxUlpyzW3uXl7HVAalwnkfnkErnctkc9A1U1baGgJOE3tMUvmdz73Xb/5VdM33RjPAESe+wgxJWbetUDkxEopiRvrJRiRJiHAXtUldUx9xIp14eH8fHmilCVuB0OUrOFR/T8SIS9njnu7kSHXkpDcQ//PqkWplnZj6YaSIj0eLWhGDKoCDMGCTCoIV62mCsKD6Vog7SCCsdGRJHYI9+fI0qRyl7ZN0pqTTOAYjJMAu2AeHwAanIA8uQBGUAQa34B48gifjzngwno2XUeuMMZ7ZAn9gvP0ApMiYUQ==</latexit>

misoQCD
N = 0.9389

<latexit sha1_base64="V0tj93PHhkKe6i3e11jXXSbYFIg="></latexit>

(aimN ) = aim
0
N � 4c1

(aim⇡)2

ai
� 3g2A

16⇡f2
⇡

(aim⇡)3

a2i

Fixed  by physical value of  the nucleon mass

The lattice spacings from meson and baryon sector agree in the continuum limit

Filled symbols mπ<260 MeV 
Open symbols mπ<190 MeV

see also  talk by P. Dimopoulos Thursday, July 29th, 05:30



Determination of quark masses in the meson sector (I)
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Light (u/d) quark mass
<latexit sha1_base64="W8UlFnRUp5+lKjlskgExPmKx1W4="></latexit>

(m⇡w0)
2 = 2(Bw0)(m`w0)

⇥
1 + ⇠` log ⇠` + P1⇠` + P2 a

2/w2
0

⇤
KFSE

M2

<latexit sha1_base64="5GHJY9GAJUSdzYRh+p67IXNv+TE="></latexit>

(f⇡w0) = (fw0)
⇥
1� 2⇠` log ⇠` + P3⇠` + P4 a

2/w2
0 + a2m`P5

⇤
KFSE

f

<latexit sha1_base64="YvkIiLT7L02sXG+ICPBM/Mu4484="></latexit>

P1 = �¯̀
3 � 2 log

�
misoQCD

⇡ /(4⇡f)
�
, P3 = 2¯̀4 + 4 log

�
misoQCD

⇡ /(4⇡f)
�<latexit sha1_base64="5uyiQ6mJJRmC8FTY5FYpDC2VPPg=">AAACD3icbVDLSgMxFM3UV62vqks3waJUkDJTi4+FUHTjsoJ9QKcOmTTThmYyQ5IRyzB/4MbvcOdG0CJuXerOvzF9LLR64MLJOfeSe48bMiqVaX4ZqZnZufmF9GJmaXlldS27vlGTQSQwqeKABaLhIkkY5aSqqGKkEQqCfJeRuts7H/r1GyIkDfiV6oek5aMOpx7FSGnJye7at9SxCWOnticQjotn0B+9kzhfskMKvb3rYrLvZHNmwRwB/iXWhOTKxY8H+2TwXHGyn3Y7wJFPuMIMSdm0zFC1YiQUxYwkGTuSJES4hzqkqSlHPpGteHRPAne00oZeIHRxBUfqz4kY+VL2fVd3+kh15bQ3FP/zmpHyjlsx5WGkCMfjj7yIQRXAYTiwTQXBivU1QVhQvSvEXaRzUTrCjA7Bmj75L6kVC9Zh4eBSp1ECY6TBFtgGeWCBI1AGF6ACqgCDO/AIXsDAuDeejFfjbdyaMiYzm+AXjPdviU+fZQ==</latexit>

⇠` =
2Bm`

(4⇡f)2
,

Finite volume corrections

We use the lattice spacings determined in the meson sector
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Determination of quark masses in the meson sector (II)
Strange quark mass 
• Use as input mKisoQCD=494.2(3) MeV

<latexit sha1_base64="D1h0YWHHPEH77iB+j81D7Hrp2VI=">AAAB/HicbVDLSsNAFJ3UR2t9RevOzWARBLEkVdSNUHAjuKlgH9jGMJlO2qEzSZiZWEKon6IbF4q49UPc+TdOHwttPXDhcM693HuPFzEqlWV9G5mFxaXlbG4lv7q2vrFpbm3XZRgLTGo4ZKFoekgSRgNSU1Qx0owEQdxjpOH1L0d+44EIScPgViURcTjqBtSnGCktuWaBu9f3ZXiBDj3IXQkHrtV2zaJVssaA88SekmJl56g7yD7dVV3zq90JccxJoDBDUrZsK1JOioSimJFhvh1LEiHcR13S0jRAnEgnHR8/hPta6UA/FLoCBcfq74kUcSkT7ulOjlRPznoj8T+vFSv/3ElpEMWKBHiyyI8ZVCEcJQE7VBCsWKIJwoLqWyHuIYGw0nnldQj27MvzpF4u2ael4xudxgmYIAd2wR44ADY4AxVwBaqgBjBIwDN4BW/Go/FivBsfk9aMMZ0pgD8wPn8AdYiVkA==</latexit>

m2
K = a+ bmsw0

<latexit sha1_base64="GC/B/DALFXa5e1MbjGF97N9TBkU="></latexit>

(mKw0)
2 = P0(m`w0 +msw0)

⇥
1 + P1m`w0 + P2m

2
`w

2
0 + P3 a

2/w2
0

⇤
• Use three reference values of  ms and NLO ChPT
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Determination of quark masses in the meson sector (III)
Charm  quark mass 
• Use as input

• Use three reference values of  mc and the polynomials
<latexit sha1_base64="i+hDOfBbszmIZ5GJDXZgjMQjomU=">AAACAHicbVDLSgMxFM3UV62vqQou3IQWQRDKjIq6EQq6cFnRPqCtQybNtKFJZkgyShlm487vcONCEbd+hjv/xvSx0NYDFw7n3Mu99/gRo0o7zreVmZtfWFzKLudWVtfWN+z8Zk2FscSkikMWyoaPFGFUkKqmmpFGJAniPiN1v38x9Ov3RCoails9iEibo66gAcVIG8mzd7iXXHqJSlN4jg58yD0MHzyn5dlFp+SMAGeJOyHF8nZw91S4yVc8+6vVCXHMidCYIaWarhPpdoKkppiRNNeKFYkQ7qMuaRoqECeqnYweSOGeUTowCKUpoeFI/T2RIK7UgPumkyPdU9PeUPzPa8Y6OGsnVESxJgKPFwUxgzqEwzRgh0qCNRsYgrCk5laIe0girE1mOROCO/3yLKkdltyT0tG1SeMYjJEFu6AA9oELTkEZXIEKqAIMUvAMXsGb9Wi9WO/Wx7g1Y01mtsAfWJ8/G/uXnA==</latexit>

mDs = a+ bmcw0

<latexit sha1_base64="sgZ6zKIhHasFCuQ3wWnFDtMGkxU=">AAACFXicbVDLSgMxFM3UV62v8bFzEyyCoNSZUdSNUNCFywr2Ae10yKSZNjTzIMkoZZifcOOvuHGhiFvBnX9jZtqFth5IOPece0nucSNGhTSMb60wN7+wuFRcLq2srq1v6JtbDRHGHJM6DlnIWy4ShNGA1CWVjLQiTpDvMtJ0h1eZ37wnXNAwuJOjiNg+6gfUoxhJJTn6EfSd68uakxjpobrNVNUdwhh8cIxMsFKIutaxqroWdPSyUTFywFliTki5uuPlqDn6V6cX4tgngcQMCdE2jUjaCeKSYkbSUicWJEJ4iPqkrWiAfCLsJN8qhftK6UEv5OoEEubq74kE+UKMfFd1+kgOxLSXif957Vh6F3ZCgyiWJMDjh7yYQRnCLCLYo5xgyUaKIMyp+ivEA8QRlirIkgrBnF55ljSsinlWOblVaZyCMYpgF+yBA2CCc1AFN6AG6gCDR/AMXsGb9qS9aO/ax7i1oE1mtsEfaJ8/2Lie/Q==</latexit>

mD = P0 + P1m`w0 + P2a
2/w2

0

<latexit sha1_base64="qgK+pIoJ1HUQOSPwgN8sPQ7uv1Y=">AAACHXicbVDLSgMxFM3UV62v8bFzEyyCINSZsagboaALlxXsA/oYMmmmDU1mhiSjlGF+xI2/4saFIi7ciH9jpu1CWw+Ee3LOvST3eBGjUlnWt5FbWFxaXsmvFtbWNza3zO2dugxjgUkNhywUTQ9JwmhAaooqRpqRIIh7jDS84VXmN+6JkDQM7tQoIh2O+gH1KUZKS65Z5m5y7cr0suomVtqVx7raukLutglj8MG1MsnJJNR1TvS967hm0SpZY8B5Yk9JsbLnj1F1zc92L8QxJ4HCDEnZsq1IdRIkFMWMpIV2LEmE8BD1SUvTAHEiO8l4uxQeaqUH/VDoEyg4Vn9PJIhLOeKe7uRIDeSsl4n/ea1Y+RedhAZRrEiAJw/5MYMqhFlUsEcFwYqNNEFYUP1XiAdIIKx0oAUdgj278jypOyX7rHR6q9MogwnyYB8cgCNgg3NQATegCmoAg0fwDF7Bm/FkvBjvxsekNWdMZ3bBHxhfP7mbo0o=</latexit>

mDs = P s
0 + P s

1m`w0 + P s
2 a

2/w2
0

<latexit sha1_base64="A/DcUn2C6eK/heDAlprFCpbl8aY="></latexit>

misoQCD
D = 1867.0(4) MeV , misoQCD

Ds
= 1969.0(4)MeV .



Determination of quark masses in the baryon sector (I)
We use the lattice spacings determined from the nucleon mass

<latexit sha1_base64="M2GuW1wAtLoWXjOxTo3ki/mK42o="></latexit>

mN (mud) = m0
N � 4c1

�
2Bmud(1 + c2a

2)
�
� 3g2A

16⇡f2
⇡

�
2Bmud(1 + c2a

2)
�3/2

Light (u/d) quark mass

To one-loop order                                         i.e. two fit parameters B and c2
<latexit sha1_base64="HELuDRuGD0yJNWIVfdyn2O6tB60=">AAACCnicbVDLSsNAFJ3UV42v+Ni5GS1CRShJFHUjFN24rGAf0EeYTCft0JkkzEyEErp246+4caGIW7/AnX/jpO1CWw9cOJxzL/fe48eMSmXb30ZuYXFpeSW/aq6tb2xuWds7NRklApMqjlgkGj6ShNGQVBVVjDRiQRD3Gan7g5vMrz8QIWkU3qthTNoc9UIaUIyUljzrgHdcrxVTeAVdeA25lybdUdE5wZ4LUcc9Nk3PKtgleww4T5wpKZT3gjEqnvXV6kY44SRUmCEpm44dq3aKhKKYkZHZSiSJER6gHmlqGiJOZDsdvzKCR1rpwiASukIFx+rviRRxKYfc150cqb6c9TLxP6+ZqOCyndIwThQJ8WRRkDCoIpjlArtUEKzYUBOEBdW3QtxHAmGl08tCcGZfnic1t+Scl07vdBpnYII82AeHoAgccAHK4BZUQBVg8AiewSt4M56MF+Pd+Ji05ozpzC74A+PzB2uumcg=</latexit>

m2
⇡ = 2Bmud(1 + c2a

2)

Continuum 
extrapolation 

Dependence on the extraction of  ZP

Fit using mπ<260 MeV

Increase lower fit range by 
one for extraction of   mN

Fit using mπ<190 MeV

take deviation from the mean of  the 
other two as systematic error

Average over the values 
using the different ZP 



Determination of quark masses in the baryon sector (II)
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• Employ two fully consistent approaches: 
           I. Expand directly the parameters AΩ and BΩ and perform extrapolation in mπ and continuum limit

<latexit sha1_base64="mGEqvja0ZXH9QjwfJ+1X1MSl14U=">AAACJHicbVDLSgMxFM3UV62v+ti5CRZBUcuMigoiVN24U8G2QqcMmfROG5rMDElGKEM/xo2/4saFD1y48VtMH/g+EDj3nHu5ucePOVPatt+szMjo2PhEdjI3NT0zO5efX6ioKJEUyjTikbz2iQLOQihrpjlcxxKI8DlU/fZpz6/egFQsCq90J4a6IM2QBYwSbSQvf4iFl7rnApqki4/w8VexgfHJZ+Vu4jXhqS1XM96AVHQ9tZ7z8gW7aPeB/xJnSAqlpaCPCy//7DYimggINeVEqZpjx7qeEqkZ5dDNuYmCmNA2aULN0JAIUPW0f2QXrxqlgYNImhdq3Fe/T6REKNURvukURLfUb68n/ufVEh0c1FMWxomGkA4WBQnHOsK9xHCDSaCadwwhVDLzV0xbRBKqTa69EJzfJ/8lle2is1fcuTRp7KIBsmgZraA15KB9VEJn6AKVEUW36B49oifrznqwXqzXQWvGGs4soh+w3j8ATculpw==</latexit>

m⌦ = A⌦ +B⌦ (ms � m̃s)

Strange quark mass 
• Use as input the physical value of  th e Ω- mass, mΩ(phys.) 1672.5(3) ΜeV and parameterise linearly 

its dependence on ms around a reference mass 
<latexit sha1_base64="77Qx3/hXphLDbRt5y9yHJVCTrPs=">AAAB83icbVDLSsNAFJ3UV62vWpduQovgqiQq6rKgC5cV7AOaUCaTm3bozCTMTIQS+htuXCgi7vwE/8CVO//GSduFth64cDjnXu69J0gYVdpxvq3Cyura+kZxs7S1vbO7V96vtFWcSgItErNYdgOsgFEBLU01g24iAfOAQScYXeV+5x6korG40+MEfI4HgkaUYG0kz9OUhZDxSV+V+uWaU3emsJeJOye1RvHzo3L9Vm32y19eGJOUg9CEYaV6rpNoP8NSU8JgUvJSBQkmIzyAnqECc1B+Nr15Yh8ZJbSjWJoS2p6qvycyzJUa88B0cqyHatHLxf+8XqqjSz+jIkk1CDJbFKXM1rGdB2CHVALRbGwIJpKaW20yxBITbWLKQ3AXX14m7ZO6e14/vTVpnKEZiugQVdExctEFaqAb1EQtRFCCHtATerZS69F6sV5nrQVrPnOA/sB6/wHrspSG</latexit>

m̃s

<latexit sha1_base64="5dUjq9Z1MHm60NEpbDyZfrrqgfM="></latexit>

A⌦(a,m
2
⇡) = c1 + c2m

2
⇡ + c3a

2 , B⌦(a,m
2
⇡) = c01 + c02m

2
⇡

<latexit sha1_base64="P2DggT2l0kxIwQGVJ1wlmt5lU5Q="></latexit>

ms = m̃s +
m(phys.)

⌦ �A⌦(0,m
(phys.)
⇡ )

ZP B⌦(0,m
(phys.)
⇡ )
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• Employ two fully consistent approaches: 
         II. adopt an iterative strategy:   

- start by fixing a value of  the renormalized strange quark mass ms in physical units for all 
ensembles and extrapolate to the continuum limit and physical point using 

<latexit sha1_base64="mGEqvja0ZXH9QjwfJ+1X1MSl14U=">AAACJHicbVDLSgMxFM3UV62v+ti5CRZBUcuMigoiVN24U8G2QqcMmfROG5rMDElGKEM/xo2/4saFD1y48VtMH/g+EDj3nHu5ucePOVPatt+szMjo2PhEdjI3NT0zO5efX6ioKJEUyjTikbz2iQLOQihrpjlcxxKI8DlU/fZpz6/egFQsCq90J4a6IM2QBYwSbSQvf4iFl7rnApqki4/w8VexgfHJZ+Vu4jXhqS1XM96AVHQ9tZ7z8gW7aPeB/xJnSAqlpaCPCy//7DYimggINeVEqZpjx7qeEqkZ5dDNuYmCmNA2aULN0JAIUPW0f2QXrxqlgYNImhdq3Fe/T6REKNURvukURLfUb68n/ufVEh0c1FMWxomGkA4WBQnHOsK9xHCDSaCadwwhVDLzV0xbRBKqTa69EJzfJ/8lle2is1fcuTRp7KIBsmgZraA15KB9VEJn6AKVEUW36B49oifrznqwXqzXQWvGGs4soh+w3j8ATculpw==</latexit>

m⌦ = A⌦ +B⌦ (ms � m̃s)

<latexit sha1_base64="w3Tf+JjWie3cvvUV6XbuluANrTk="></latexit>

m⌦ = m(0)
⌦ � 4c(1)⌦ m2

⇡ + d(2)⌦ a2

- iterate changing the value of  ms until the resulting value of  the mass of  Ω at the physical point 
and continuum limit matches the physical value

<latexit sha1_base64="77Qx3/hXphLDbRt5y9yHJVCTrPs=">AAAB83icbVDLSsNAFJ3UV62vWpduQovgqiQq6rKgC5cV7AOaUCaTm3bozCTMTIQS+htuXCgi7vwE/8CVO//GSduFth64cDjnXu69J0gYVdpxvq3Cyura+kZxs7S1vbO7V96vtFWcSgItErNYdgOsgFEBLU01g24iAfOAQScYXeV+5x6korG40+MEfI4HgkaUYG0kz9OUhZDxSV+V+uWaU3emsJeJOye1RvHzo3L9Vm32y19eGJOUg9CEYaV6rpNoP8NSU8JgUvJSBQkmIzyAnqECc1B+Nr15Yh8ZJbSjWJoS2p6qvycyzJUa88B0cqyHatHLxf+8XqqjSz+jIkk1CDJbFKXM1rGdB2CHVALRbGwIJpKaW20yxBITbWLKQ3AXX14m7ZO6e14/vTVpnKEZiugQVdExctEFaqAb1EQtRFCCHtATerZS69F6sV5nrQVrPnOA/sB6/wHrspSG</latexit>

m̃s

Strange quark mass 
• Use as input the physical value of  th e Ω- mass, mΩ(phys.) 1672.5(3) ΜeV and parameterise linearly 

its dependence on ms around a reference mass 
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<latexit sha1_base64="/Wf9eLkQzLO4TrhDWE3SYpP3mUk="></latexit>

m⇤c = A⇤c +B⇤c (mc � m̃c)
<latexit sha1_base64="+ZfM5RjVExLbY1GqDuptL2yixA8="></latexit>

m⇤c = m(0)
⇤c

+ c(1)⇤c
m2

⇡ + d(2)⇤c
a2

Charm quark mass 
• Use a similar approach to the one used for ms with input the physical value of  the mass of  Λc              

                     =2286.5(1) ΜeV
<latexit sha1_base64="4XDo7rAXdY3fLJlUAQMmVkHEANQ=">AAACAHicbVC7TsMwFHXKq5RXgIGBoREVUlmiBBAwVmJhYCgSfUhtiBzHaa3aSWQ7SFGUhV9hYQAhxMZnsPEJbMxMuI8BWo5k6eicc3V9jxdTIqRlfWiFufmFxaXicmlldW19Q9/caooo4Qg3UEQj3vagwJSEuCGJpLgdcwyZR3HLG5wP/dYt5oJE4bVMY+ww2AtJQBCUSnL1HeZm3UuV96GL8pusGvdTYR7krl6xTGsEY5bYE1KplT/Lr9/sq+7q710/QgnDoUQUCtGxrVg6GeSSIIrzUjcROIZoAHu4o2gIGRZONjogN/aV4htBxNULpTFSf09kkAmRMk8lGZR9Me0Nxf+8TiKDMycjYZxIHKLxoiChhoyMYRuGTzhGkqaKQMSJ+quB+pBDJFVnJVWCPX3yLGkemvaJeXSl2jgGYxTBLtgDVWCDU1ADF6AOGgCBHNyDR/Ck3WkP2rP2Mo4WtMnMNvgD7e0HavGatA==</latexit>

m(phys.)
⇤c

Method I Method II

Fully consistent results 
from methods I (open 
symbols) & II (filled 

symbols)



 We take a weighted average over values from different ZP 

In the meson sector we average also over results from using different scale settings (w0, t0/w0,       ), ensembles 
for which mπ<190 MeV (setting P3=0), and using only two of  the ensembles providing the χ2/dof<2.5. For the 
charm we also average the results using D and Ds 
To compute the mean and error we use

Results
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<latexit sha1_base64="37nd9DMauhDrP5WGf2mWNiuQAQg=">AAAB8XicbVDLSgNBEOyNrxijRj16WQyCF8OuinoMePEkEcwDkyXMTmaTIbOz60yvEJb8hR48KOrVL/A3vPk3Th4HTSxoKKq66e7yY8E1Os63lVlYXFpeya7m1vLrG5uFre2ajhJFWZVGIlINn2gmuGRV5ChYI1aMhL5gdb9/MfLr90xpHskbHMTMC0lX8oBTgka6bek7hSm2nWG7UHRKzhj2PHGnpFjOPx4Wrz7fKu3CV6sT0SRkEqkgWjddJ0YvJQo5FWyYayWaxYT2SZc1DZUkZNpLxxcP7X2jdOwgUqYk2mP190RKQq0HoW86Q4I9PeuNxP+8ZoLBuZdyGSfIJJ0sChJhY2SP3rc7XDGKYmAIoYqbW23aI4pQNCHlTAju7MvzpHZUck9Lx9cmjROYIAu7sAcH4MIZlOESKlAFChIe4BleLG09Wa/W+6Q1Y01nduAPrI8fofWTzg==</latexit>p
t0

<latexit sha1_base64="x2OEVBGd6WXu8xoGfZN5R+n9iOk="></latexit>

x =
NX

i=1

wi xi , �2
stat =

NX

i=1

wi �
2
i , �2

syst =
NX

i=1

wi (xi � x)2 ,

<latexit sha1_base64="93oJ6DVUWKUQx7QQeNu3wig1TNY="></latexit>

wi =
1/�2

iPN
j=1 1/�

2
j

 In the baryon sector for the strange and charm quark masses we average over the results obtained from methods 
I and II. The systematic error is due to the chiral extrapolation and the fit range in extracting the input mass

<latexit sha1_base64="YuDdM30gfaDCwr8AYf3fMBPyZgU="></latexit>

mud [MeV] ms [MeV] mc [MeV] ms/mud mc/ms

Meson sector 3.689(80)(66) 101.0(1.9)(1.4) 1039(15)(8) 27.30(24)(14) 11.43(9)(10)
Baryon sector 3.608(58)(+32

�19) 94.9(2.4)(+4.1
�1.0) 1030(21)(+22

�5 ) 26.30(61)(+1.17
�0.33) 12.04(31)(+58

�15)

Biggest tension between the meson and baryon determinations is seen  for ms for which we have a large 
systematic error in the baryon sector many due to the chiral extrapolation 



Final values
Conclusions

<latexit sha1_base64="eGKwDhahu2wB9yvTiOmtKlLkmcU="></latexit>

Final results 3.636(66)(+60
�57) 98.7(2.4)(+4.0

�3.2) 1036(17)(+15
�8 ) 27.17(32)(+56

�38) 11.48(12)(+25
�19)

FLAG 2019 3.410(43) 93.44(68) 988(7) 27.23(10) 11.82(16)

Next step: Add a third lattice spacing at the physical point
Would allow a continuum extrapolation directly at the physical point 
Avoiding chiral extrapolation is important for the baryon sector 

Large error due to the tension between the determinations in the meson and baryon sectors 


