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[The Challenge}

Having an analytic expression for the nucleon mass as a function of quark masses and

arM, We can visualize the allowed region

& gm

0.014

0.012 |
0.010 |
0.008 |
0.006 |
0.004 |
0.002 |
0.000 L

0.2

0.4

M/ Mg

0.6

0.8




helium

~

Average binding energy per nucleon (MeV)
w B w
T T
w
| |

»
T
|

| il | | | | | |
20 40 60 80 100 120 140 160 180 200 220 240
Number of nucleons in nucleus, A

o -
= E
1

If m,/mgq = 0.8 even, protons

Y

would decay spontaneously to
neutrons



The neutron — proton mass difference is one of the most consequential quantities
of physics. It is extremely fine tuned for the stability of matter as we know it and
the existence of our Universe. This calls for a calculation from first principles

Lattice Gauge Theory is the method of choice. Lattice calculations are now
reaching a level of precision, where it is possible to address isospin breaking effects

These effects have two sources, the mass difference of v and d quarks, and
electromagnetic interactions

Both effects are of the same order of magnitude and cannot be separated
unambiguously due to the nonperturbative nature of the strong interactions, which
makes a direct calculation from QCD + QED necessary



Further issues

e A primary concern is to understand the pattern of flavor and isospin symmetry
breaking in QCD + QED

e In particular, there is the prospect of making precise predictions for appropriate
isospin violating processes

e Lattice calculations of hadronic processes are approaching O(1%) precision. At this
level electromagnetic corrections must be included in the calculation

e Simulations of QCD + QED with electrically charged quarks allow to probe the
effect of dynamical quarks on the confining properties of the QCD vacuum
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[Lattice QCD + QED]
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e Octet baryons Vacuum structure

°
e Octet mesons

e Octet baryons

e Light quark masses
Underpinned by group
theory
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Action

S =S¢+ Sqep + Sp + S + Si
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Lattices

Couplings

vV K, Kd K
24° x 48 | 0.124362 | 0.121713 | 0.121713
323 x 64 | 0.124362 | 0.121713 | 0.121713
483 x 96 | 0.124362 | 0.121713 | 0.121713
32° x 64 | 0.124440 | 0.121676 | 0.121676
483 x 96 | 0.124440 | 0.121676 | 0.121676
32° x 64 | 0.124508 | 0.121821 | 0.121466

1/ky 4+ 1/kqg+ 1/Kks = constant
§) e?
B=— =550, apu=-—=0.10
g 7T

corresponding to a =

0.068(2) fermi. Later on we extrapolate the results to agpy = 1/137
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Symmetric point

oy, = pg = py



Efficiency
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Gauge fixing
The actions Sggp and S%, are invariant under U(1) gauge transformations
Au(z) = Au(z) + Ay a(z), qlz) — e g(z)

This is not the case for propagators of charged particles, which demands gauge fixing. We choose
Landau gauge AMAM(CB) — 0, which, however, does not eliminate all gauge degrees of freedom, but
allows for shifts A, a(x) with A®a(x) = 0. Maintaining (anti-)periodicity of the quark fields, this
redundancy can be eliminated by adding multiples of 27 /e,L,, to A, (x) such that

s 1
< B, < , B, =— A, (x

|€q|Lu

The constant background field can be factored out from the link matrices and absorbed into the quark
momenta p

iquzc —iqua:

q(x) = e q(z), q(z) = g(=)e

which amounts to a shift p — p + e,B. This leaves us with photon propagators that are devoid of
zero modes



In the presence of a constant background field B, the correlator of a single hadron H then becomes

<O|H(t)ﬁ(())|()> ~ |ZH\2 e—\/MIQJ+(ﬁ—I—eH§)2t

which amounts to a shift

My — \/ M2 + 2, B2
To extract masses we remove the influence of the background field by subtracting the associated kinetic
energy from the ensemble averaged lattice energy
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[Vacuum Structure]

Density of QCD (aqua) and QED ( ) actions
/I\

Electromagnetic field strength
repelled by chromoelectric one



Density of positive (red) and negative Density of positive (red) and negative
(purple) charge compared with QCD (purple) charge compared with QED
action density action density

(Charvetto)



Chiral Magnetic Effect

Excess of right-handed quarks due to chiral
anomaly

We find evidence for JB to be correlated
with position of instanton

Instanton



[Flavor Physics and Spectroscopy]
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Strategy arXiv:1102.5300

QCD interactions are flavor blind. The only difference between flavors comes from the quark
mass matrix

In lattice calculations one can vary the quark masses freely, which helps to illuminate the
pattern of flavor symmetry breaking

One has the best theoretical understanding when all quark masses are equal, because one can
use the full power of flavor SU(3)

We interpolate between the symmetric point @, = uq = s and the physical point by keeping
the sum of the quark masses (u, + pg + ps)/3 = m fixed at its physical value, which is
particularly instructive

The symmetry of the electromagnetic current is similar to the symmetry of the quark mass matrix

The simplifications from keeping m = constant in the mass expansion are analog to the
simplifications from the identity e, + eq + es = 0. We thus can read off the QED corrections
from the mass expansion changing masses to charges



Benefit
Unitary

M?(aab) = Mg + a1 (20my + dmyp) + as (mg — dmy)
+ 8" (e teat e+ et e) 8y (ea—e) 485" (e — ey)

dmg =my —m = 1/2k;" — 1/R,

Partially quenched

M?(aab) = Mg + a1 (20 + Spp) + o (Spg — Sup)
+ 80" (euteqte) +87 egte) +8y (ea—en) + By (e, — )

— val —
Opg = pg —m =1/2k," — 1/Rq



QCD Gell-Mann—Okubo > quadratic

1 8 10, 27
M?(ab) = Mg + a (8pq + Spup) + Sphg = prg — M
M?*(aab) = M + a1(20pa + ) + oz (Spia — Spp) + - Sppy + Oppa + Ops =0
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Comparison with ChPT
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Spectrum

80% of mass
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QCD + QED

M?(ab) = M + a (Spa + Spup) + Br (eq — ep)’

+ 97 (ea — €5)” (Spta + Spp) + vy

q| H o

Dashen scheme

(ez — €3) (Spta — Spap)

M2y = Mg + o (Sptu + Spta)
My = Mg+ a(Spa+ dus)

[\ J/
N

Determine physical
quark masses



Dashen scheme

e Define symmetric point by Mps(uii) = Mps(dd) = Mpg(s5) = Mps(ds) = Mpgs(sd)

e Renormalize (rescale) quark masses 0.0090 , . .
2
5,uq — 5/qu — 5,uq(1 + Keq) 6 @ é
0.0085 .
such that . D
13, h
3
[l = fig = fis 0.0080 .
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Neutral mesons
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1 8

MQ(aab) = Mg + a1 (20pq + Sup) + o (Spug — Spp)

+ 67 (2e2 +€f) + B3 (ea — e) + B (€2 — €})
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Extrapolation

Extrapolate linearly from agy = 0.1 to agy = 1/137
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[Isospin Splittingsj

Quark Masses

M2y = My + a(Spu + Spa) = a(pu + f1a)
} My + Hag + s = constant

Mo = My + o(Spg + dps) = appa + ps)

M_S M_S T T T T T

my = Zm (2 GeV) AZD Mg RBC-UKQCD
m, = 2.49(14) MeV e RM123

mgqg = 480(27) |\/|eV Lo MILC

ms = 94.5(52) MeV o QCDSF
mu mS . | . | , | . I .
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,uf = (1 + agMm 63 2.20(9)) g numerically

Changing schemes

ué\/‘[—S(Z GeV) = (1 + agm ez 1.208 + O(aEMg2)) Iq one loop
,uéws(2 GeV) = (1 — apM 83 1.0(5)) ,uf
— AZ}5(2GeV) u?
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Meson Octet
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Baryon Octet
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Splittings

AM QCD + QED | QED Experiment
Mﬂ__‘_ — MWO 4.60(20) 4.59
MKO — MK+ 4.09(10) —1.66(6) 3.93

My, — My |1.35(18)(8) [—2.20(28)(10) 1.30
MZ— — MZ+ 7.60(73)(8) |—0.63(8)(6) 8.08
ME— — MEO 6.10(55)(45)| 1.26(16)(13) 6.85
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Changing schemes

[Magp)” = M (asw, {ng'}) — M*(0, {1;’})

(M) = M? (s, {12}) — M*(0, {12"°})
Taking the difference gives

[Mbgnl” — [MEep]” = M*(0, {ul}) — M>(0, {u}"*})
In particular

S 4 1
M — MEpll = et 10(5) (o + 200) (50u? — 5ou?)



QCD vs QED

(My, — Mp)qep [MeV]

arXiv:1508.05916

Dashen scheme ~ MS



Analytic Solution?

Renormalization Group Tells us how the bare parameters of the theory must behave
to keep the physics constant as the cut-off is varied

9 ln 1, 2 2 2 2
nN/Md: 0 _e__|_ e 4&_& L =1/a
0 In p 82 1272 ©2 2
QCD QED
fr

Solution
u - = 1 ’ U 1 Vil
,LL_ ~ — L 8nl — — — © In n — ’I’I’L_ — = my = ZMS .
Lhd 2 2 1672 my 2




[Conclusionsj

Flavor and isospin symmetry breaking of hadron masses follow a very simple
pattern, made visible by systematic lattice simulations of QCD + QED

So far we have investigated isospin breaking of pseudoscalar meson and octet
baryon masses. That allowed us to look simultaneously at both sources of isospin
breaking, the quark mass differences and electromagnetic interactions, which are of
comparable importance

The stability of matter, and the existence of the Universe as we know it, largely
hinges on the ratio of up to down quark mass

From a broader perspective, we can look forward to a better understanding of the
QCD vacuum and the mechanism of confinement and chiral symmetry breaking

With increased computer power it will be possible to improve on the precision of
the calculation, which is still limited



