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Lattice QCD

® Numerical solution to QCD:

electron

® Non-perturbative formulation
of QCD in discretized, finite
spacetime

SUISAH] 1
10 HAOIN GUVAINYLS

2 e\ <01 MW < g B4 GeV\
0 v 0 . Dt +1
! e 12 l)p 12 1

electron muon tau
neutrino neutrino neutrino

I ® Currently our only reliable
' technique for solving QCD at

low energies

® All uncertainties are quantifiable
and may be systematically
removed

® Extrapolations to
continuum, infinite volume,
physical pion mass
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|. Look for discrepancies between the SM
and experiment: ga, proton radius (see talk by
S. Syritsyn, Sat. 17:50), muon g-2 (see talk by
A. Meyer,Weds. |5:00)
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|. Look for discrepancies between the SM
and experiment: ga, proton radius (see talk by
S. Syritsyn, Sat. 1 7:50), muon g-2 (see talk by
A. Meyer,Weds. |5:00)
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2. Match new physics model at high energies
to nuclear experiments: OVB 3, nucleon/
nuclear EDM (see talk by S. Syritsyn, Tues.
17:50), DM searches (see talk by E. Rinaldi,
Tues. 15:00)

Majorana Detector



Nucleon axial charge, gA|
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Very precisely measured experimentally \

WEIGHTED AVERAGE
-1.2723+0.0023 (Error scaled by 2.2)
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Neutron lifetime puzzle
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Figure: A. P.Serebrov, E .A. Kolomensky, A. K. Fomin, I. A. Krasnoschekova, A.V.Vassiljev, D. M.
Prudnikoyv, I.V. Shoka, A.V. Chechkin, M. E. Chaikovskiy,V. E.Varlamoy, S. N. Ivanov,A. N.
Pirozhkov, P. Geltenbort, O. Zimmer,T. Jenke, M.Van der Grinten, M. Tucker, arXiv:1712.05663
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* Look for new physics/resolve
lifetime puzzle -

Super-Kamiokande J-PARC
Near Detector 280 m

e in-medium effects/axial form factors
(see talk by R. Gupta, Thurs. |6:40)

>

proton number Z

* neutrinoless double beta decay
(see recent work by NPLQCD), long
baseline neutrino experiments

unknown
nuclei

e Build quantitative connection
between QCD & nuclear physics

e g should be a benchmark

* one of the simplest hadron
structure matrix elements
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Nucleon Axial Charge in Full Lattice QCD

I 1000 m ——
Neutrino Beam

R. G. Edwards, G. T. Fleming, Ph. Hagler, J. W. Negele, K. Orginos, A. V. Pochinsky, D. B. Renner, D. G. Richards,
and W. Schroers (LHPC Collaboration)
Phys. Rev. Lett. 96, 052001 — Published 7 February 2006

05 km

The axial charge 1s the ideal starting point in the quest
for precision lattice calculation of hadron structure for
several reasons. It 1s accurately measured experimentally
and the isovector combination (1),, — (1)o4 has no con-
tributions from disconnected diagrams, which are much
more computationally demanding than the connected dia-
grams considered in this work. The functional dependence
on both m2 and volume is known at small masses from
chiral perturbation theory (yPT) [5,6] and renormalization
of the lattice axial vector current can be performed accu-
rately nonperturbatively using the five-dimensional con-
served current for domain wall fermions. Thus,
conceptually, it 1s a “gold plated” test of our ability to
calculate hadron observables from first principles on the
lattice. In addition, since it is known to be particularly
sensitive to finite lattice volume effects that reduce the
contributions of the pion cloud [7,8], it 1s also a stringent
test of our control of finite volume artifacts.
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ga : LQCD results
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Access by Law

Axial, scalar, and tensor charges of the nucleon from 2 4+ 1 + 1-
flavor Lattice QCD

Tanmoy Bhattacharya, Vincenzo Cirigliano, Saul D. Cohen, Rajan Gupta, Huey-Wen Lin, and Boram Yoon
(Precision Neutron Decay Matrix Elements (PNDME) Collaboration)

Phys. Rev. D 94, 054508 — Published 19 September 2016

atic effects have been grossly underestimated. To gain
a better understanding of how the various sources of er-
rors contribute and to reduce the overall uncertainty to
O(2%) will require at least O(200,000) measurements
on the seven ensembles at different a and M, used in
this study and the analysis of one additional ensemble at
a = 0.06 fm and M,, = 135 MeV. Increasing the statistics
by a factor of four will reduce the errors in the data with
the largest ts¢p we have analyzed and thus improve the
tsep — 00 estimates. Adding the point at the physical
quark mass and the smallest lattice spacing a = 0.06 fm,
will further constrain the chiral fit. This level of precision
is achievable with the next generation of leadership-class
computing resources.
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e Discretization e New mixed action: DWF on HISQ

(E. Berkowitz, et al 2017)

e Finite volume
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Nature, May 30, 2018
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PNDME16 C.C. Chang, A.N.,, E. Rinaldi, E. Berkowitz, N.

ETMC17 Garron, D. Brantley, H. Monge-Camacho, C.
CLS17 M.A. Clark, B. Joo,T.

this work

o ga =1.2711(103)%(39)X(15)2(19)V(04)! (55)M fnas, A Walker-Loud
o Final uncertainty is statistics
dominated - can we push this to
resolve the discrepancy between
beam and bottle experiments!?
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&8 | Can already place stronger constraints
on right-handed BSM currents than
collider experiments

Alioli, S., Cirigliano,V,,
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de Vries, J.,and
Mereghetti, E.
JHEP 05,086 (2017)
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Neutrinos: Majorana or Dirac! \

* Majorana:Vv =V

 Could be verified through
observation of simultaneous

double beta decay with no

neutrino emission

 Lepton number violating
process

* Lepton number asymmetry
(in early Universe) can be
converted to baryon
number asymmetry

Particle Data Group, LBNL® 2014 Supported by DOE
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Why Majorana? |

* Anything not forbidden
by symmetry should
OCCUr In nature

* Why are neutrinos so
light?

Seesaw Mechanism

0 Mp
Mp Mg

Ty ~ M%/MR

thMR
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From NSAC

Long Range
Plan 2015

R — (1))’
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atm

(mz)2
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normal hierarchy
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Current limits

Expected limits
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Current limits

Expected limits
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(Amz)

atm
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inverted hierarchy

Capozzi, Valentino, Lisi, Marrone, Melchiorri, Palazzo
Phys.Rev. D95 (2017) no.9, 096014
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Current limits
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Fl‘ om NSAC ; Current limits

Expected limits Expected limits

Long Range

Plan 2015

(m)>15 meV

L LTy A - L LT

107 = x

My ghest [€V]

This picture assumes only
long-range neutrino
exchange - maybe we're
missing something!

Capozzi, Valentino, Lisi, Marrone, Melchiorri, Palazzo
Phys.Rev. D95 (2017) no.9, 096014
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Short-range contributions |

Ovpp bounds

could help

constrain R-parity
violating

coefficients




Relating Theory to Experiment |




Relating Theory to Experiment |
Need to solve QCD non-perturbatively:
LQCD!




Relating Theory to Experiment |
Need to solve QCD non-perturbatively:
LQCD!

LQCD will never directly calculate your

favorite Ovfp isotope:

Monte Carlo noise (sign) problem,
quark contractions, large range of
scales,....




Relating Theory to Experiment |
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Many-body methods | c———
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Long-range

Prezeau, Ramsey-Musolf,
Vogel (2003)

C@(MR,H, e )

Short-range

= (qu®v"qu)(qrT b'YuQR)a

= (@r7%qL)(@r7°q) £ (™°qr)(GLT°¢R),

= (QLTG’Y”QL)(QLTb’YuQL) + (7Y qr) (@rT b’YuQR),

= (@Tv*qL F ®T*Y"qr)(@L7°qr — @7 qL),

= (quTy"qL % QRTG’Y”QR)(QLTb(IR + (?RquL)-




Long-range

Prezeau, Ramsey-Musolf,
Vogel (2003)
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Long-range

Prezeau, Ramsey-Musolf,
Vogel (2003)
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Long-range

Prezeau, Ramsey-Musolf,
Vogel (2003)
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Short-range

Unknown!
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Prezeau, Ramsey-Musolf,
Vogel (2003)




Leading order short-range:

Don’t need to calculate full nn—pp transition from
LQCD (difficult)!

.  With LOQCD, calculate TT-— TT* transition

2. Use EFT to determine nn—pp matrix element
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Summary |

e LQCD is a necessary step toward reliably connecting
experimental signals to the SM/BSM

e Nucleon axial charge
e Finally achieved 1% precision with LQCD!
e Statistics dominated: can we resolve neutron lifetime

puzzle?

e [ eading s

nort-range contribution to Ov(3{3

e Comples

e LQCD calculation at the physical point

e To do: Plug the results into your favorite many-body
calculation!
e Future: full NNLO calculation including two-nucleon

contact



Very similar to calculation of hadronic
parity violation (see talk by A.Walker-Loud
Sat. 17:30)
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Lattice Ensembles \

HISQ ensembles

alfm) : m ,[MeV] 310 220 135

0.15 16° x 48, myL ~ 3.78 243 x 48, m,L ~ 3.99 323 x 48, m.L ~ 3.25

3
01 243 x 64, m L ~ 3.22

243 % 64, m L ~4.54 323 x 64, m.L ~ 429 483 x 64, m. L ~ 3.91
3

0.12 40° x 64, m,L ~ 5.36

0os 323X 96,msL ~4.50 48% x 96, m, L ~ 4.73

0.12

* DWF on HISQ
. . MILC Collaboration Phys.
* Gradient flow method for smearing Rev. D87 (2013) 054505
configs
Narayanan, Neuberger
* Mres < 0.1 m, for moderate Ls (2006), Luscher (2010)
* dampens unphysical oscillations Callat arXiv: [ 701 07559

* noise reduction



Future: two-nucleon
contact

e Why calculate it?

U

e Formally NNLO (Weinberg counting)

° inber ften n’ nver 11 Cirigliano,V., Dekens, W.,,
We .be 59 ife doesn’t conve 5¢ Well, de Vries, )., Mereghetti, E., Graesser,
particularly in the 1Sy channel (see talk by M., Pastore, S., van Kolck, U

arXiv:1802.10097

V. Cirigliano)

¢ 1.O contribution vanishes for some BSM
models

e Two nucleon LQCD calculations much more
difficult (see talks by S. Beane, J. Bulava?)

-
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ES VA4i.—\ mz V4 o 16 mz l mz gmvs mes v+t
(7|0 T|7xT) = 72 C -1 3 (@ f)? ( 4log_p2 Im2 log —=+c¢" (u) )],
10 m? 1. m2 6m? m?
—-— LR|_—\ _ LR o ™ ot ™ Y vs USs LR
(w7 |O*F|7x™) = C -1 3 (A f)? ( slog—“2 +5 m2 log 12 +c (p))] ,
10 m? 1. m2 6m? m2., 6a’/; m?2
+1MSH+ =\ — S+ - 1r = 1r Vs vs Y T S+
(r |07 ™) = ¢ 3 (4w f)2 ( 5log 2 + 5 m2 log 2 5 m2 [log p? +1] e (H))]

e hairpin only seems to infect the last matrix element. There is a corresponding enhancement of the finite vo
act, which can be obtained by the replacement

om?2 m, L|V|

e 9, Ky (m,L|V
a’A;[log m_; +1] — a*A 4m? Z 1(maL|7)) = —2a%A; ZKo(m,,Lh?l).
i / ‘
740 740



Contractions \

e QCD interactions can mix colors below
the electroweak scale
® Must add color mixed versions of

Prezeau, Ramsey-Musolf, Vogel ops 1&2

Of " = (@7 v"ar) |GrT ™ Yu4r]

0"\ = (@ v"qr] [GrT " Vuar)

OF " = (Gr7qr) |Gr7 " qr| + (7" qr) |GLT 4R

O,;:r = (qr7qr] |Gr7 " qr) + (7 qr) 30T qR)

O3 = (g7 "qr) |ae7 vuar| + (Gr7"Y"qr) |GrRT Vu4r]




Contractions \

e QCD interactions can mix colors below
the electroweak scale
® Must add color mixed versions of

Prezeau, Ramsey-Musolf, Vogel ops 1&2

off = (CYLT_V“CJL) [CYRT_%C]R]

0"\ = (@™ v"qw] [GrT " Vuar)

OF" = (Gr7qr) |Gr7 qr| + (77 qr) |GL7T 4R

O/;:r = (qr7qr] |Gr7 " qr) + (7 qr) [qL7 qR)

03" = (G v"qr) |arT " vuar] + (GrT~Y"4r) |[GRT VudR)




A\

\,g;éecay ops.|OEE |05 E |05 |0 |05 |0 ! |07 og o | o
mmeelO | | L | X | X | X | X | X | X | X
mmee NNLO | |/ | X |/ | X | X X X X
NNmeelO | X | X | v X | X | V| V| V|V
NNmeeNLO | X | v | X | Vv X | Vv I V| V| V
NNNNeelO | v | v I X | v X | v | v | Vv | V

e Nine operators:

e 7= — r: only need parity even

® Vector operators suppressed
by Me 0‘1’1 = (qumv"qL)(qrT b%QR),

: : : O = (q@rm*qL)(qr7°qL) £ (L™ LT R ),
e QCD interactions can mix 2+ = (R7°q)(@R7q) + (T 7°qr)(GLT"R)

Oz?li = (qu"qu)(quT b’Yu(IL) + (7Y qr) (qrT b’YuQR)a

colors below the electroweak o i L
Os" = (gL F @w7*7"qr) (LT 'R — @RT L),

scale: +2 ops o e _ _ _
P OBF = (G qr + G v qr) @ qr + TaraL).

Prezeau, Ramsey-Musolf,Vogel (2003)




A\

? ’ 44 | tt | Attt | vt |yt | At En| At | Atts| Attu
~

rmee LO J |/ | X | X | X | X | X | X | X
mmeeNNLO |/ |/ | X |/ | X | X | X | X | X
NN7meelO | X | X |V I X | X | V| V| V| V
NNmeeNLO | X |V | X |V I X | Vv | Vv | Vv | V
NNNNeelO | v |V | X | VIX | Vv | V| V | V

e Nine operators:

e 7= — r: only need parity even

® Vector operators suppressed r
ab

by Me 1+ — (QLTv"qu)(qrT b'YuQR)a

: : : O = (q@rm*qL)(qr7°qL) £ (L™ LT R )
e QCD interactions can mix 2+ = (R7°q)(@R7q) + (T 7°qr)(GLT"R)

colors below the electroweak

scale: +2 ops

= (@wmv*qL = @w7*v*qr)(@L7°qr + @rT qL).

Prezeau, Ramsey-Musolf,Vogel (2003)




\’g&éecay ops.|0i5 |05 |05 |03 |05 |03 |0 |05 | 05
~
mmee LO J |/ | X | X | X X X X X
mmee NNLO | |/ | X |/ | X X X X X
NNweelO | X | X |V | X | X | vV | vV | vV | V
NNmeeNLO | X |V | X | v X | v | Vv I V|V
NNNNeelO | v |V | X | Vv IX| v I Vv I VIV
Left-right symmetric models
d L U d L U
W (W1) _
6» 2m++ eb
~J A 03 + ++
2 ++ ~ AOL
> (N C 03-{- >
€ €
Wa (Wh)
d R(L) z z

(a)

Prezeau, Ramsey-Musolf,Vogel (2003), Savage (1999)




