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Lattice QCD

® Numerical solution to QCD:

electron

® Non-perturbative formulation

of QC.D in discretized, finite oL m W
spacetime

SUISAH] 1
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electron muon tau
neutrino neutrino neutnno

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

low energies

® All uncertainties are quantifiable
and may be systematically
removed

continuum, infinite volume,
physical pion mass

| ® Extrapolations to
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|. Look for discrepancies between the SM
and experiment: neutron lifetime, proton
radius, muon g-2
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How can a solution of QCD teach us about new physics?|

|. Look for discrepancies between the SM 2. Match new physics model at high energies
and experiment: neutron lifetime, proton to low-energy, nuclear experiments: OV,
radius, muon g-2 nucleon/nuclear EDM, DM searches
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Neutrinos: Majorana or Dirac!

* Majorana:Vv =V

S
® Dim-5 mass term leads to \ 0P 'S
aTLC

naturally light neutrinos (Seesaw } ™

mechanism)

e Could be verified through
observation of simultaneous double
beta decay with no neutrino emission

® [ epton number violating process

® | epton number asymmetry (in
early Universe) can be

E = Energy (GeV)
Ke

converted to baryon number

\Wie ¥4 bosons
5 electron A2 catom w galaxy
@D m )
I I | I ' l muon -
asy et ry . ® aryon photon 5
Particle Data Group, LBNL© 2014 Supported by DOE
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Capozzi, Valentino, Lisi, Marrone, Melchiorri, Palazzo
Phys.Rev. D95 (2017) no.9, 096014
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This picture assumes only long-

range neutrino exchange.There’s

more to the story - maybe we're
missing something important!

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
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Relating Theory to Experiment |

Need to solve QCD non-perturbatively

to reach nuclear energy scales:
Only known method: Lattice QCD

128 Qe
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Precision era for
(single nucleon) LQCD

Neutron-proton mass Axial charge of the nucleon:
difference: accurate to 300 KeV ga = 1.271(13)
(BMW 2015) (CalLat 2018)

Science...

News Journals Topics Careers
EB____ B Altmetric:114 More detail »

ience Immunology  Science Robotics  Science Signaling  Science Translational Medicine

REPORT Letter = Published: 30 May 2018

'(Aj‘itf)flenrlélr?cgalcu'atlon of the neutron-proton mass A per-cent-level determination of the

Sz. Bor§anyil. S. Durr'Z, Z. Fodor-%3", C. Hoelbling!, S. D. Katz*#, S. Krieg'Z, L. Lellouch?, T. Lippert-Z, A. HUCIGOH aXial Coupling from quantum
Portelli>°, K. K. Szabo'?, B. C. Toth!
Ottt w chromodynamics

C. C. Chang, A. N. Nicholson, E. Rinaldi, E. Berkowitz, N. Garron, D. A. Brantley, H. Monge-Camacho, C.
J. Monahan, C. Bouchard, M. A. Clark, B. Jod, T. Kurth, K. Orginos, P. Vranas & A. Walker-Loud

Nature 558,91-94 (2018) Download Citation
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Relating Theory to Experiment |

LQCD will never directly calculate your

favorite Ovfp isotope:

Monte Carlo noise (sign) problem, too
many quark degrees of freedom, large
range of scales,....
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From quarks to hadrons \

= (@umv*qr)(TRT"V.qR),

= (@r7%qL)(@r7°q) = (7°qr)(GLT°¢R),

= (qum7v"qu)(qLT b’YpQL) + (gr7°7"qr) (qrT b’mQR),

= (@Tv"qL F ®w7°v*qr)(QLT°qr — @rT L),

= (@uv"qu £ @7 qr)(qLT bQR + qrT bQL)-

Prezeau, Ramsey-
Musolf, Vogel (2003)




From quarks to hadrons |

0% = (qurv"qL)(qRT"V,.9R);

0% = (@r7*q)(@r7°qL) £ (L7°qr)(TL7"qR),

0% = (@7 a) (@) £ (@77 qr) (@RT"Vuar),
Ot = (@r*r*e F &rv"aw)(@r’er — Rriew),
0L = (@ry"qL = w7 qr) (@ 7qr + &T°qL).

Prezeau, Ramsey-
Musolf, Vogel (2003)




From quarks to hadrons |

= (qumr"qL)(@RT"VuqR),

= (@r7%qL)(@r7°q) = (7°qr)(GLT°¢R),

= (@wr"qL) (@ v.qr) £ (@RT*Y*qr) (GRT"V,uqR);

#* = (@LTv*qL F ®wT*Y*qr)(QLT"qr — GrT L),

st = (WL £ wTYqR) (LT qR + TRT QL)

Prezeau, Ramsey-
Musolf, Vogel (2003)




From quarks to hadrons

Leading order
short-range:

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

¢ . With LQCD, calculate TT-— 1T
transition

2. Use EFT to determine nn—pp
matrix element

Prezeal; Rz '
Musolf, Vogel (2003)




Lattice results

0.02 0.03 0.04
€2 = (m. /(47 F;))?

arXiv:1805.02634 (2018)
using MILC HISQ ensembles



https://arxiv.org/abs/1805.02634
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Lattice results T'F avooom T aomm T a-ormm.
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Agrees to 20 with:
V. Cirigliano, W. Dekens, M. Graesser, E. Mereghetti
PhyS.Lett. B769 (2017) 460-464

arXiv:1805.02634 (2018)
using MILC HISQ ensembles
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Two-nucleon contact n D

¢ Why calculate it?

e Formally NNLO (Weinberg counting)

 Weinberg often doesn’t converge well, T
particularly in the spin singlet channel

o . Cirigliano,V,, Dekens, W,
e LO contribution vanishes for some BSM dev,.ie;rljg ';neoregheteti eEnSG,.aesse,.

models M., Pastore, S., van Kolck, U
arXiv:1802.10097

e Contact operator for standard double beta decay

found to be important at heavy pion mass
(NPLQCD “17)

e New techniques for calculating contact op
from light neutrino exchange (see talk by D.

Murphy, ICHEP 2018) 0




Baryogenesis: CP violation
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e Theta term:

04 | | Shintani 2016 &~
* S.Aoki et al (’89,°05), F Berruto et al ('05),A. 0o | % Alexandrou 2016 +&- |
Shindler et al (’I5), C.Alexandrou et al ('15), E. 00 L } Shintani 2005 =v=
Shintani et al ('05,°06,'07,'15,’16),R. Horsley etal | _ 0| Phenomenology ! 4
(08), EK. Guo et al (15) - % , ;
0.4 | :
* all results now consistent with zero
0.6 {) Blue: Corrected F;
Abramczyk et al, Phys. Rev. D 96,014501 (2017) Red : Old F,
« promising new non-zero results at m; ~ 330 %300 50 400 450 500 550
m_ (MeV)

MeV (see talk by S. Syritsyn)

Figures from Yoon, et al EP] Web Conf. 175 (2018) 01014




Lattice Results| © Ai i gmim >

e Theta term:

0.4

. , , , | | Shintani 2016 &
* S.Aoki et al ('89,’05), F Berruto et al ('05),A. i Alexandrou 2016 ~o~ |
0.2 “GUO 2015 4~
Shindler et al (’15), C.Alexandrou et al ('15), E. 00 L } Shintani 2005 +-
Shintani et al ('05,°06,'07,'15,’16),R. Horsley etal | _ 0 Phenomenology !
(08), EK. Guo et al (15) - % ; ;
, , 0.4 | :
* all results now consistent with zero
0.6 {) Blue: Corrected F;
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° ) ) S ——
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Abramczyk et al, Phys. Rev. D 96,014501 (2017) Red : Old F,
« promising new non-zero results at m; ~ 330 %300 50 400 450 500 550
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* quark EDM (Bhattacharya ’16) O )

d, <2.9x107%% ¢ cm [90% CL]
* quark chromo-EDM 810
* non-zero signal, renormalization is difficult

T. Bhattacharya et al (’15, 16), Izubuchi et al
(17)

d, (107> e-cm)

Figures from Yoon, et al EP] Web Conf. 175 (2018) 01014
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* quark EDM (Bhattacharya ’16) 10r- FIPTYTTe SRRy
* quark chromo-EDM z g5=0
* non-zero signal, renormalization is difficult mg
T. Bhattacharya et al (15, 16), lzubuchi et al 5
C17) ;; _s|
« Weinberg operator:A. Shindler, et al ('|5) B A
* CPV pion-nucleon couplings: D. Brantley et al D C;dl (10_35 ) Cn;) P

('16), see also A.Walker-Loud Lattice '|8

Figures from Yoon, et al EP] Web Conf. 175 (2018) 01014
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Two methods for calculating few-
nucleon mteractions from LLQCD:

‘Spectroscopy + Luscher Method

‘ Potential Met
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l.uscher

7

* Direct scattering “experiments” not possible in finite volume/Euclidean time

* Luscher: measure discrete spectra of interacting particles in a box, and infer the

interaction (scattering phase shift)
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Tents” not possible in finite volume/Euclidean time

* Luscher: measure discrete spectra of interacting particles in a box, and infer the

interaction (scattering phase shift)




Q0O

* Luscher: measure discrete spectra of interacting particles in a box, and infer the

interaction (scattering phase shift)

Phys.Rev. D92 (2015) no.11,
114512

li Yamazaki, et. al. I
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mz ~ 800 MeV

Higher partial waves

Gty

~

— .
K T,,8=1,L/b=24
HH T,,S=1,L/b=32
[ NLO ERE
771 NNLO ERE

[l S o
LI L

v wm wm w;m

— b

)
ok
=

I
A

[~
-

w v wn w
w
(&)

(LI L |

-~
©)
=
=
=

el e
| onl Sl ol o
LR L |
w N W
[CR

oL
’S
o
0

0.2 0.3

(q/m,)?

1 T
T, ,S=0,L=24
T, ,S=0, L=32
NLO ERE

A, S=0,L=24
A, S=0, L=32
NLO ERE
NNLO ERE

I

T T

|
XX SXKHKKKKX

[ LO ERE

0.2 0.3 0.4

0.2 0.3 0.4

(g/m,)

d 'D.,/m;)

=

q’ cot

N~ >
VAV ~TAwAWAWAS awaw
S VY% % % %

=1 NLO ERE

0.2 03 0.4 05 0.6

(q/m, )

Berkowitz, et al, Phys.Lett. B765 (2017) 285-292, using JLab isotropic clover configs
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Experiment
Fukugitaetal. Of [11)
NPLQCD mixed [12]
PACS-CSOfV_[2]
NPLQCD 2+1f V_[3]
NPLQCD3fV__ [4]
Yamazaki etal. 2+1f V_[5]
This work 2+1f V_
NPLQCD 2+1f V_[13]
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NN Binding energies
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Few-body systems
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Three Neutrons In A Box

Jan-Lukas Wynen, EB, Tom Luu, Andrea Schindler, John Bulava

Few-body syst
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Lower pion mass!
Difficulty lies in
spectroscopy




Lower pion mass!
Difficulty lies in
spectroscopy

How far out in time you
have to go depends on
choice of operators

Effective mass
plot:
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Trying to pull off small
correction due to
Interactions:
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Nucleons: Signal-to-noise
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Excited state contamimation |

Elastic scattering
(2-body)

AE ~ 50 MeV

Inelastic single body
AE ~m,
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Energy levels:
m, ~ 350 MeV

(DWF on MILC
HISQ ensembles)
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Summary

e LQCD is a necessary step toward reliably connecting experimental
signals to the SM/BSM
e Leading short-range contribution to Ov3f3

e Complete LQCD calculation at the physical point

e To do: Plug the results into your favorite many-body calculation!
e Nucleon/nuclear EDMs

e Lattice calculations of focp-induced nucleon EDM consistent with

zero at the physical point
e Promising calculations for cEDM, pion-nucleon coupling
* Multi-nucleon calculations
e Results from several groups at heavier than physical pion mass
e Physical pion mass will require excellent operators
e Variational methods?

e Francis et al. 1805.03966 (H-dibaryon)
* Andersen, Bulava, HOrz, Morningstar, CalLat
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Contractions \

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

Prezeau, Ramsey-Musolf, Vogel ops 1&2

orf = (QLT_WMQL) [CYR’T_%QR]

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

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

O/;:r = (qr7qr] |Gr7"qr) + (@7 qr] |37 qR)

O3 = (@7 v"qr) |7 vuar] + (Gr7"7"4qR) |[GRT 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

Of " = (@7 v"ar) |GrT ™ Yu4r]

O'Y = (@™ v"qw] [GrT ™ Vuqr)

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

O/;:r = (qr7qr] |Gr7"qr) + (@7 qr] |37 qR)

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




A\

? ’ 44 | v+ |yttt | At | At tn| At tu| Atts| A2t
\’\/éecay ops.|O77 |05 | O3~ |03 |03 |0 " |O O;. " 05=
~

mmeelO | |/ | X | X | X | X | X | X | X
mmee NNLO |/ |/ | X |/ | X | X | X | X | X
NNmeelLO | X | X |V X | X | Vv | VI V|V

NNmeeNLO | X | v | X | VI X | v | Vv | Vv | V
NNNNeelO | v |V | X |V I X | V| V | V | V

e Nine operators:

e 7= — r: only need parity even

® Vector operators suppressed
by Me = (qT®v"qL)(qrT b%ﬂn),

— a _ b _ a _ b
. ° . f— ’r 7- :i: ,r 7_ :
e QCD interactions can mix (qr7%qL)(@r7"qL) £ (qL7%qr)(QLT qR)

= (QLTG’Y“QL)(QLT b’Y#QL) + ((TRT a’Y”'QR) ((TRT b’Yu(IR),

colors below the electroweak . . e
= (@uTv"qL F w7 7"qr)(QLT°qr — @RT qL),

scale: +2 ops . o _ _
P = (QLv"qL £ w7 qr)(LT°qr + TRT qL)-

Prezeau, Ramsey-Musolf,Vogel (2003)
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? ’ 44 | v+ |yttt | At | At tn| At tu| Atts| A2t
\’\/éecay ops.|O1 |03 1053|037 |0O3= |07 | O 05 .
~

mmeelO | | L | X | X|X| X | X | X | X
mmee NNLO |/ |/ | X |/ | X | X | X | X | X
NNmeelLO | X | X |V X | X | Vv | VI V|V

NNmeeNLO | X | v | X | VI X | v | Vv | Vv | V
NNNNeelO | v |V | X |V I X | V| V | V | V

e Nine operators:

e 7= — r: only need parity even

® Vector operators suppressed r
O

by me = (@rr"e) (@R vuar),

0% = (gr7%qL)(qr7%qL) = (7R ) (LT°¢R),

ab
Ua, =

e QCD interactions can mix
colors below the electroweak

scale: +2 ops

(LT qL =+ @77y qr)(qLT bQR + qrT bQL)-

Prezeau, Ramsey-Musolf,Vogel (2003)




\’g'( . ecay OpS. (’)iﬂ_i 02if OF* O;ff O= (’)f;h f HloEEH 0? f o (’)gt_:t =
~
mmee LO g |/ | X | X | X X X X X
tmee NNLO | |/ | X |/ | X | X X X X
NNmeelO | X | X | Vv X | X | v | Vv | V|V
NNmeeNLO | X | v | X | v IX| v | v | v | V
NNNNeelO | / |V | X | V| X | Vv Vv Vv
Left-right symmetric models
d L U d L U
Wy (Wh) _
8» 2my++ eb
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e e
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Prezeau, Ramsey-Musolf,Vogel (2003), Savage (1999)




