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@ Down to the physical pion mass

@ Flavour physics and SM precision tests

@ Including electromagnetism

@ Dynamical generation of elementary particle masses

@ Improving N; = 3 Wilson fermions

@ Disclaimer

e Slides & info have been provided to me by the
LQCD123 & QCDLAT people
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@my,

Down to the physical pion mass - |

@ N;=2+1+1 simulations with twisted clover fermions (ETMC)

e generating O(a)-improved configurations
o first low energy results: the pion sector

Nf = 2 + 1 + 1 simulations
a (fm) Vol M #traj’s #1rqj’s CPU (Mchs) Machine
(MeV) Total 2017 2017 2017

0.096 483 %96 170 22k 0.3k 0.5 Juqueen
“ 328x64 250 2.6k 2.6k 4.1 Marconi
243 x 48 300 52k 52k 4.0 Marconi
243 % 48 350 5.0k 5.0k 3.8 Marconi

0.080 64° %128 139 3.0k 3.0k 45.0 SuperMuUC
" 483 %96 250 0.5k 0.5k 3.2 Marconi
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@my,

Down to the physical pion mass - |l

@ N; = 4 simulations for RC calculations
e mass independent renormalization scheme
4 ZA, Z\/, ZP, ce

N¢ = 4 simulations
a(fm) | #ensembles Vol #1rqj’s #1traj’'s | CPU (Mchs) Machine
per ens. 2017 2017 2017

0.096 5 243 % 48 3.0k 2.0k 0.5 BG/Q Turing
“ " 3.0k 0.8 Bern cluster

3.0k 04 Zeuthen

1.0k 0.2 Marconi
0.080 5 24° % 48 3.0k 5.5k 1.3 BG/Q Turing
“ " 2.5k 0.6 Bern cluster
1 328x64 2.5k 1.0k 0.7 Bern cluster

N¢ = 4 inversions (RI/S-MOM)

a(m) | #ensembles Vol #gauges [ CPU (Mchs) Machine
per ens. 2017 2017
0.080 2x5 243 x 48 200 1.2 Marconi
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Flavour

SM precision test

Lattice QCD and
the phenomenology of Flavor Physics

* The interpretation of experimental data typically requires the precise knowledge of several hadronic parameters

* Lattice QCD provides a first principle approach to the calculation of all the non-perturbative effects of strong interactions
The goal is to achieve a theoretical precision comparable to the experimental one

Flavor Lattice Averaging Group (FLAG): 3" review EPJC (2017)

quantity FLAG-3 average FLAG-3 error (%) relevance
a9(m,) 0.1182 (12) 10 QCD parameter
mud (MeV) 3.373 (80) 24 QCD parameter
ms (MeV) 939 (1.1) 1.2 QCD parameter
Sl L 1.193 (3) 025 Vus from K2
f A’“(O) 0.9704 (33) 034 Vs from K3
B, 0763 (10) 13 K - K oscillations
5, (MeV) 248,83 (127) 05 Ves (Vea)
fg‘ (MeV) 224 (5) 22 B—uwu
£ \/ET (MeV) 270 (16) 59 B- B oscillations
5 1239 (46) 37 B- B oscillations
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Flavour

SM precision tests

Two main LQCD activities in RM3

* vector and scalar form factors f.0(q”) for the semileptonic decays K — /v, and D—>Jr( (v, relevant for Vus and Vea)

comparison of lattice results with e\xperiments for K — /v, ) o
[PRD 93 (2016)] " extraction of Vea and Ve, from experimental decay rates using lattice form factors
— - [PRD 96 (2017) and arXiv:1706.03657]
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* more challenging the form factors for the semileptonic decays B —>JI(K,D,D.)¢V’ relevant for Vup (Veb) and [R(D), R(D")]
- the physical b-quark cannot be simulated on present lattices

- ETMC has developed the “ratio method” to deal with the extrapolation JHEP 04 (2010), JHEP 01 (2012)
from the physical charm to the physical beauty for many observables JHEP 03 (2014), PRD 93 (2016)

- the computation of form factors is very demanding as for the memory requirements:
V*T = (48)* * 96, 15 light and heavy quark masses from the c- to the b-quark, 10 values of injected quark momenta (via

non-periodic boundary conditions), 4 stochastic sources per gauge conf. > ~ 1200 propagators of ~ 6 GB each

~ 70 TB of memory ===> ~ 80 nodes of Marconi A2 (KNL)

BARI



EM RM3 C*-I C*-lI C*-lI

Including electromagnetism - The problem

EM and isospin breaking relevant at 1 % accuracy

@ Inserfion method - expansion in aegm and My — Mg|/Aacpl
e IR divergencies in intermediate steps

@ Real and virtual photons
@ Full QED+QCD simulation with C*-bc’s

e Gauge field zero mode (with pbc’s)
e Charged state propagation (Gauss’ law)

@ Computational bottlenecks

o Finite size effects
e Electro-ungquenching
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Including electromagnetism - Insertion method

* Electromagnetic and strong Isospin Breaking effects due to the up/down quark mass difference and quark electric charges
- 04 (2012
- RM123/Soton group has developed a new, efficient method to evaluate e.m. and IB effects on :,';lr‘)' ;74(‘7‘::2)7
hadron masses (IR divergency free) and on hadron decay rates (intermediate IR divergencies)  prp o1 (2015)
meson masses [PRD 95 (2017)]
first lattice evaluation of leptonic decay rates [arXiv:1711.06537]
M, — My = 421(26) MV [4.5936(5) MV,

M. — My |P0(35,2 GeV) — 207(15) MoV, T(Kp)  |Via FO 22 (M;(

m2\?
') (1+8Rks)

- 0| s \az—me
(M- — My %P5, 2 GeV) = ~6.00(15) MeV, D) |Vaa f0| My \ M —m]
(g — ) (MS,2 GeV) = 238(18) MeV, 0.000 "X physical point A (- 1.90, L/a - 40 (FVE corr.) ‘continuum limit
N © 5-190,/e-20(FVEcom) W p-195L/a-24(VEcom)  --fitatp-1.90
15,2 Gev) 051330 B o 190,/a-24(VEcom) @ Bo195Ua-32(VEcm)  --fiatpe195
@ §-190,Ua-32(WEcom) @ p-210,/a-48(VEcom)  --fitatp=2.10

(5,2 GeV) = 250(17) MeV,
0.005

#4(¥5,2 GeV) = 4.88(20) MeV,

60 =0.034), =
&,(M5,2 GeV) = 0.80(11), 0010 i
exo(M5,2 GeV) = 0.15(3),
M+ = My | %P5, 2 GeV) = 2.42(51) MeV.
(Mo — Mpu]%O(H5, 2 GeV) = 3.06(27) MeV, 0015
0.00 0.05
Mp: — My = 5.47(53) MeV [475(8) MV,
M- +8M ;e = 82(9) MeV,
M, = 5.5(6) MeV,
- double expansion in €? and (md - mu):
+ OO need of evaluating (fermionic) disconnected diagrams to
- 57/7\% overcome the quenched QED approximation

=

Mygs — Myo = (& — ), 2

O / Tr{FS(x,x)}

inversions on hundreds of stochastic

— 281,48 Q — (Amg — Am ), : +(ew—ea)e? Y egd
i N .
O O <> sources per gauge configuration

computations are very demanding:
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RC* collaboration 1/3

b.lucini, a.patella, a.ramos, n.t, JHEP 1602(2016) 076

® consider C* boundary conditions (first suggested by wise and polley 91)
(e + Lk) = C™ 4] (2)
_ 7
Yf(z+ Lk) = = (2)C

Ap(e+ Lk) = —Au(z), Ul + Lk) =Uj (),
® the gauge field is anti-periodic (|p|min = 7/L): no zero modes by construction!

® this means no large gauge transformations and

1
Q:‘/L“ Papl) = ;/L:f 4o 0, By (a) # 0

® a fully gauge invariant formulation is possible: the electrostatic potential, ® (), is unique and well defined with
anti-periodic boundary conditions

BARI - Decem



RC* collaboration 2/3

m_hansen, b.lucini, a.ramos, a.patella, n.t. in preparation
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the mass of, say, the charged kaon can be extracted from the fully gauge invariant correlator

_ _ Zpey (L) _ ,
_ ~ _ K+ M, (L)t A(L)t
}m (Ts75 Vo (t, @) Toy5 ¥ (0)) = M) K +0le ]

full unquenched simulations of QCD+QEDc (QCD parameters from CLS):

243 x 48 , B =355, k= {0.137,0.137,0.137} ,
a(aem = 0) = 0.0643(7) fm,  L(cem = 0) = 1.54 fm, My g (cem = 0) = 420 MeV,
aem = {0.05,1/137} ,  qf = {+2/3,-1/3,-1/3}

Decem



EM

RM3

Cc* -1 el Cr -l

Including electromagnetism - C* bc’s

RC* collaboration 3/3

BARI

our results clearly demonstrate the numerical feasibility
of a non-perturbative fully gauge-invariant calculation
of charged hadrons masses within the framework of
local constructive quantum field theory

the numerical signal for charged correlators with
gauge-invariant interpolating operators is as good as in
the neutral sector!

much more numerical work will be needed to obtain
results at the physical values of the quark masses, in the
continuum and infinite volume limits. ..

this is a long-term project of the RC* collaboration:
download the openQ+D code to simulate QCD+QED¢
from http://rcstar.web.cern.ch

these results have been obtained by using 60307 node
hours on the KNL partition, i.e. 4.1 X 10° core hours

pseudoscalar

Ensemble 3

Correlator

vector
Ensemble 3




DGEM L unmiv v

Dynamical Generation of Elementary Masses

e Elementary particle masses are (conjectured to be)
dynamically generated in a critical model where
@ in PT fermions are kept massless by a global sysmmetry ()
@ chiral fermion symmetry (¥) is only broken at the UV scale

e Consider the (x-invariant) theory Frezzotti Rossi, PRD 92 (2015) 054505
Lioy(Q A, ) = Lign(Q, A, ®) + V() + Ly (Q, @) + Lyi(Q, A, @)
o Lin(Q A 0)= %FSVFSV—F 87, DuQ + 8V, Dy Q,?—i-%Tr[BHcDTautb]
o V() = %%Tr[dﬂda] + %(Tr[dﬂtb])Q
o Ly (Q,0) =1 (Q o + QroTQ)

S .
° 'CWII(Qv A7 ¢) = Tp(QL%ud)'DMQR + QR%;Lq)TDuQL)

e Put the theory on a lattice and check the conjecture
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DGEM Lunmiv v

DGEM simulation strategy

e Determine in Wigner phase (single well V(¢)) the value of the
Yukawa coupling. 7, at which fermionic chiral fransformations

(X) are a symmetry of L, by enforcing the WTI
e0 = 8p(V3(x)D3(0)) = (1 — ner)(D3(x)D3(0)) + (lat. artefacts)
do(V3(x)D%(0))
(D3(x)D3()) 1w
e At 1, in Nambu-Goldstone phase (double well V() compute
d(AYX)P'(0))
(P1(x)P1(0)) In
o From 8o(A}(x)P'(0)) = 2mpcac(ner) (P! (x)P'(0)) + (lat. artefacts)

ei.e. look for n such that ry(n) =

2Mpcac(ner) = . (at e Higgs quark mass = 0)

e we interpret mpcac(ner) # 0 as a DG quark mass — M,%S #0

e An alternative to the Higgs mechanism?

BARI - December 15’”, 2017 G.C. Rossi Summary of LQCD123/QCDLAT activities



DGEM Lunmiv v

DGEM simulation results - 7, (Wigner phase)

3 =585

Hoe \ o = SLEW) 2.06-02 \ T = —1.207(3)
0.0e+00

0.0e+00

Wi

-2.0e-02

w1

-2.0¢-02
-4.0¢-02 -4.0e-02
-6.0¢-02 -6.0¢-02
14 13 12 11 10 1.3 12 1.1 1.0
T B=595 g
2.0e-02 \ —1.150(3)
0.0e-+00
b(fm) | 5 er
S g0e0 0.152 | 5.75 | -1.275(4)
0.123 | 5.85 | -1.207(3)
-4.0e-02 0.102 | 5.95 | -1.150(3)
-6.0¢-02
1.3 1.2 1.1 1.0
U
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DGEM Lunmiv v

DGEM simulation results - M2, (NG phase)

Recall
@ ¢, (where §-symmetry was enforced) — Mpcac(7er) # 0
@ 1" is where mpcac(n*) =0

13F
L2000 M 400Mev D g E ]
1,1’/;‘ E 7
ot o E M 4206 ]

. Do : 420 Me
09 ' b 1
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DGEM Lunmiv v

DGEM (quenched) simulation cost

DGEM inversions 2017

Jéj Vol # inversions CPU (Mchs) Machine
(gauge x scalar)
575 | 16>x40 6.0k 20 Marconi
“ 16° %32 6.0k 20 "
5.85 16% x40 10.0k 3.4
595 | 20°x48 2.0k 0.7
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b-coeff L v

b-coeff’s for O(a) improvement of Wilson fermions

Finite volume & mass independent renormalization scheme

m Finite volume and masses fixed by renormalized couplings

(;4 =1/L, %) = fixed — (gR2(L)7 mg(1/L) L) = constant

m Finite volume requires boundary conditions:

r Schradinger functional (SF) cylinder L3 x T
periodic bc in spatial directions,
Dirichlet bc in temporal direction

m In O(a) improved & mass-independent schemes
bare quantities must be renormalized with mass-dependent

terms
gk = Zs(&5. an) & 85 = (1 + by(gd)amq) &6
mr = Zn(&5, ap) M M = (14 b (g5 )amg) my
Xr = Zx (&5, ap) X X = (14 bx(g5)amqg) X

LQCD123 & QCDLAT Improvement b—coefficients

G.C. Rossi Summary of LQCD123/QCDLAT activities



b-coeff L v

b-coeff’s for O(a) improvement of Wilson fermions

Improvement condition

m (non-singlet) PCAC relation free of O(a) violations

(8, (Ar 1) O) = (m; + mr,) (P I(x) OF) + 0(2")|

m Standard renormalization pattern of improved lattice operators
(for M=) ~ 0)
Ar = Zx (1+ baamg; + by atrrt=) {AT + crad, P}
Pg il = Zp (1 + bpamgj + bp atrt™™) pi
mR; = Zm{mq‘,-(l + bmamg,; +M) +M+W+Wf}

x=(rm—1)/N¢,  y=(rmdm—bm)/N¢  z=(rmdm—bm)/N¢

Al =iy, P =it

mqj = 3(mgi+ mgj), mgi=mo;—me=n(L-1)

Ki e

LQCD123 & QCDLAT Improvement b—coefficients

BARI - December 15™ G.C. Rossi
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b-coeff Lo v

Numerical definitions of by — bp, by, Z

Jofl dofy lo)=—a" S (A0 07)
ofy (x0) +fijA 69ofr (o) £l (x0)=—a* ¥, (Pi(x) OF)
215 (%) OF=a® 3, Gi(4) 15G:(v)

mij(x0) =

2(2my2 — my — myp)

Rap = =by—bp+0
AP T (moy — ma) (amgy — amg) - + O(amqa + amq2)
4 (m12 — ms3)
Ry = = b (0]
" (mu — ma) (amg1 — amg2) i+ O(amq + am.2)
Ry =T M2 4 (Rp— Ry)(amy + amy) = Z + O(atr mi)

mg1 — Mg2
22 Bt
L=~1.2fm Lmy; ~ 0.0
Lmyy ~ 0.25, 0.5, 0.75, 1.0
mo3 = %(mo.l + mo2)

LQCD123 & QCDLAT Improvement b—coefficients

5 th

December 1



b-coeff LoV

Contractions on Galileo cluster at CINECA: 0.17MCH

T=3L/2—a
L Total from 201401 to 20171
username account localCluster num. jobs
Consumed/h

gdedivit INF17_1qcd123 171757:42:12 1le8e88
Total 171757:42:12 108088

X T/ B & #REP_# MDU D

129 <17 33 0.13652 10 10240 ALkl

0.13660 1012620 Alk2

145 x 21 3414 0.13690 32 10360  EIkl

0.13695 48 13984 Elk2

16° < 23 3512 0.13700 2 20480  BIkI

0.13703 1 8192  BIk2

0.13710 3 24560 BIk3

16° x 23 347 0.13700 3 20584 B2kl

20° < 29 3676 0.13700 4 15232 CIk2

0.13719 4 15472 CLK3

24% X 35 3810 0.13712 5 10040 _ DIk

m L~12fm, Lmy; =~ 0.0, Lmy = 0.25, 0.5, 0.75, 1.0
m a2~ 0.09fm — 0.045fm

Parameters span the common range of bare couplings in large
volume simulations of 3—flavour lattice QCD

LQCD123 & QCDLAT Improvement b—coefficients
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CPU

Allocated CPU time

@ PRACE 2016143304
“Lattice QCD simulations at the physical point with
Nt =2+ 1+ 1 dynamical flavors”

@ 48 Mchs on Marconi A2
@ LQCD123 2017

@ 34.3 Mchs on Marconi A2
@ 1.5Mchs on Marconi Al
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Thanks for the attention
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