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Where is all the new physics hiding?
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MATTER FORCES

The old physics:
The Standard Model
(of particle physics)
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Things the Standard Model explains

All visible matter:
Electromagnetism
Nuclear forces

Things the Standard Model doesn’t explain

Dark matter Neutrino masses Hierarchy problem
Dark energy  Origin of matter (CP asymmetry) Strong CP problem
Gravity Origin of Standard Model parameters  Consciousness
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Energy frontier

Cosmiic frontier
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Energy frontier

Large hadron collider (LHC)
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Candidate Higgs event in CMS



.+ . sStandard Model of particle physics
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-Flavour physics
Where is all the new physics hiding?
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Precision frontier:

Compare detailed theoretical predictions,
based on the Standard Model, to precise

experimental data.

For example:

Neutron electric dipole moment
Neutrinoless double beta decay
Violation of fundamental symmetries
Quark flavour physics
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Cabibbo-Kobayashi-Maskawa (CKM) matrix:

q Vud Vus
Lsy D D) (UL, CL, ?fL) YWy, Vea Ve
th Vts

Vub
Vcb
Vip

dr,

ST,

by,
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Cabibbo-Kobayashi-Maskawa (CKM) matrix:

q Vud Vus Vub dL
ESM 2 _5 (uLa CL, tL) 7M Wu Vcd Vcs Vcb SL
Via| Vis | Vi br,

Vudv*b+ Vcdvb‘l' th tb — O




Cabibbo-Kobayashi-Maskawa (CKM) matrix:

9
Lo D —5

Vu d Vu 13:

(uLa CL, E)fy

PDG, PRD 98 (2018) 030001

Vud Vus Vub dL

" W,u vcd Vcs Vcb SL
Via| Vis | Vi br
Vid Vo + Vea Vo + VgV = 0

“Unitarity triangle(s)”
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et CIM et al, PRD 87 (2013) 034017
=== CIM et al,, PRD 90 (2014) 054015

/ Vud Vus Vub

Dowdall et al., PRL 110 (2013) 222003
Bouchard et al., PRD 90 (2014) 054506 ~ B—T1/
Davies, Hughes & CIM, PRD 97 (2018) 054509

B—mly

Na et al.,, PRD 86 (2012) 034506 B K
CIM et al.,, PRD 98 (2018) 114509 s 4

Vcd Vcs Vcb

Na et al, PRD 92 (2015) 054510  B—s D) ¢

CIM et al,, PRD 95 (2017) 114506 (%)
CIM et al. PRD 98 (2018) 14509 s 15 2%

Vi Vis Vip

Bs—ptp~  Bs—ptp
B—KI(T¢— B—oK0t—

Bouchard et al,,
B(sy mixing  B(s) mixing PRLI(2013)162002

Dowdall et al,, LATT(2014), Davies et al.,, LATT(2018) 27


http://arxiv.org/abs/1505.03925
http://arxiv.org/abs/1411.6989
http://arxiv.org/abs/1411.6989
http://arxiv.org/abs/1306.0434
http://arxiv.org/abs/1306.0434
http://arxiv.org/abs/1202.4914
http://arxiv.org/abs/1302.2644
http://arxiv.org/abs/1406.2279

ll‘. CIM et al,, PRD 95 (2017) 114506
CIM et al,, PRD 98 (2018) 114509
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Experimental data
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-Lattice QCD
What is that and why?
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QUANTUM CHROMODYNAMICS (QCD):
mathematical description of the strong force
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QUANTUM ELECTRODYNAMICS

Charged particles interact by
exchanging photons.

electron photon positron

Quantum field theory description
of electromagnetism.
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Charged particles interact by
exchanging photons.

Quantum field theory description

of electromagnetism.

Represent process via

Feynman diagrams.

QUANTUM ELECTRODYNAMICS

electron photon positron
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QUANTUM ELECTRODYNAMICS

Charged particles interact by
exchanging photons.

Quantum field theory description
of electromagnetism.

Represent process via

Feynman diagrams.

MDECC
e/l

Every interaction

proportional to the coupling

electron photon positron

35



QUANTUM ELECTRODYNAMICS

Charged particles interact by

exchanging photons.
Ja 1
o~ ———
V137

8

Perturbative series well-behaved

electron

@

2

a
o,

137

photon

%)

1372

+ ...

positron

36



0.35 . e ——
I T decay (N°LO) - |
low Q? cont. (N3LO) e -
63 [ HERA jets (NNLO) 4+
T Heavy Quarkonia (NNLO)
e'e” jets/shapes (NNLO+res) F*— ]
; pp/pp (Jets NLO) He+ -
0.25 1 EW precision fit (N3LO) e~ 7]
<D :
S 0,0 [N bbb s G R G i
cf j
0.15 R IR | Poh R | E N N i oo (R AL Sy TGN | PRl
] e . e o
= a(Mz%) = 0.1179 + 0.0009
s b
1 10 100 1000
August 2021 Q [GeV]

PDG, PTEP 0803C01 (2020)

37



QUANTUM CHROMODYNAMICS

Coloured particles interact by
exchanging gluons.

Quantum field theory description
of the strong force.

Represent process via

Feynman diagrams.

Vag(@?) ~0.1—-1

Every interaction

proportional to the coupling
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QUANTUM CHROMODYNAMICS

Coloured particles interact by
exchanging gluons.

quark gluon quark

as( Q) ag( Q)

Perturbative series badly behaved  p; x 1 + by X 1+ ...
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http://Wwww.physics.adelaide.edu.au/cssm/lattice


http://www.physics.adelaide.edu.au/cssm/lattice/

M&M THEORY

1. There are three types of M&M:
red, green and blue.

2. M&Ms arrange themselves so
that they minimise some
function, S/r,g,b], that depends
strongly on the position and
colour of the M&MSs near
them.
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M&M THEORY

1. There are three types of M&M:
red, green and blue.

2. M&Ms arrange themselves so
that they minimise some
function, S/r,g,b], that depends
strongly on the position and
colour of the M&MSs near
them.

How are M&Ms distributed?

Given a green M&M at some random point, what is the chance
that we find a second green M&M at a distance r away?

We will call this G(r). 4



LATTICE M&M THEORY

We can solve this problem with
lattice M&M theory.

Step 1. Take a small box of M&Ms.

Given a green M&M at some random point, what is the chance
that we find a second green M&M at a distance r away?

We will call this G(r). 43



We can solve this problem with
lattice M&M theory.

2. Discretise the small box.

Given a green M&M at some random point, what is the chance
that we find a second green M&M at a distance r away?

We will call this G(r). 44



We can solve this problem with
lattice M&M theory.

Markov chain Monte Carlo:
a) Distribute randomly

b) Choose one to change

3. Distribute M&Ms in the box. S Calatlatelehahee in Sfr,2,b]
d) Accept change if S decreases

e) Return to b)

Given a green M&M at some random point, what is the chance
that we find a second green M&M at a distance r away?

We will call this G(r). 45



We can solve this problem with Each of these copies is an

lattice M&M theory. example of the “M&M
vacuum”.

4. Generate many " copies”.

Given a green M&M at some random point, what is the chance
that we find a second green M&M at a distance r away?

We will call this G(r). 46



We can solve this problem with
lattice M&M theory.

5. On each copy, “measure” G(r).

Given a green M&M at some random point, what is the chance
that we find a second green M&M at a distance r away?

We will call this G(r). 47



We can solve this problem with |4y Find a green M&M

lattice M&M theory. b) Look at point at distance r

¢) Record whether there is a
5. On each copy, measure” G(1). |second green M&M there

d) Return to b)
e) Repeat with different r

Given a green M&M at some random point, what is the chance
that we find a second green M&M at a distance r away?

We will call this G(r). 48



We can solve this problem with
lattice M&M theory.

6. Mean value <G(r)> is our result.

—

Given a green M&M at some random point, what is the chance
that we find a second green M&M at a distance r away?

We will call this G(r). 49



We can solve this problem with

, <G(r)>is a Monte Carlo
lattice M&M theory.

estimate of the true
correlation function G(r).

6. Mean value <G(r)> is our result.

<
"

Given a green M&M at some random point, what is the chance
that we find a second green M&M at a distance r away?

We will call this G(r). 50



We can solve this problem with
lattice M&M theory.

7. Repeat with smaller grid size.

8. Take limit of zero node spacing.
Gives our final result: the
continuum value of <G(r)>.

Given a green M&M at some random point, what is the chance
that we find a second green M&M at a distance r away?

We will call this G(r). 51



LATTICE M&M THEORY

1. Take a small box of M&Ms.

2. Discretise the small box.

3. Distribute M&Ms in the box.

4. Generate many " copies” of the “M&M vacuum”.
5. On each copy, “measure” G(r).

6. Mean value <G(r)> is result.

7. Repeat with smaller grid size.

8. Take limit of zero node spacing.
Gives our final result: the
continuum value of <G(r)>.
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1. Take a small box of M &Ms.

UNCERTAINTIES

Finite volume effects

M&Ms near the edge
experience different
interactions.
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UNCERTAINTIES

1. Take a small box of M&Ms. Finite volume effects

2. Discretise the small box. Discretisation effects

3. Distribute M&Ms in the box. M&Ms can only live at the

4. Generate many " copies”. nodes of the lattice.

5. On each copy, ‘measure” G(7).
6. Mean value <G(r)> is result.
7. Repeat with smaller grid size.

8. Take limit of zero node spacing.
Gives our final result: the
continuum value of <G(r)>.
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4. Generate many copies”.
5. On each copy, “measure” G(r).

6. Mean value <G(r)> is result.

UNCERTAINTIES

Statistics

The standard error of the
mean decreases with the
number of copies.
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8. Take limit of zero node spacing.
Gives our final result: the
continuum value of <G(r)>.

UNCERTAINTIES

Continuum limit

Extrapolation error with
only a couple of values
of the node spacing.
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LATTICE QCD

1. Take a small box of (Euclidean) spacetime.
2. Discretise the small box.

3. Distribute quarks and gluons in the box.

4. Generate many “copies” of the QCD vacuum.
5. On each copy, “measure” G(r).

6. Mean value <G(r)> is result.

7. Repeat with smaller grid size.

8. Take limit of zero node spacing. Gives our final

result: the continuum value of <G(r)>.
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LATTICE QCD UNCERTAINTIES

Finite volume effects
1. Take a small box of (Euclidean) spacetime.

2. Discretise the small box. Discretisation effects
3. Distribute quarks and gluons in the box.

4. Generate many “copies” of the QCD vacuum.

5. On each copy, “measure” G(r). Statistics
6. Mean value <G(r)> is result.

7. Repeat with smaller grid size.

8. Take limit of zero node spacing. Gives our final

result: the continuum value of <G(r)>.

Continuum limit
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LATTICE QCD

1. Take a small box of (Euclidean) spacetime.

2. Discretise the small box.

3. Distribute quarks and gl
4. Generate many “copies” of the
5. On each copy, “measure” G(r).
6. Mean value <G(r)> is result.

7. Repeat with smaller grid size.
8. Take limit of zero node sps~ final

result: the continuum
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http://www.physics.adelaide.edu.au/cssm/lattice/

ll‘. CIM et al,, PRD 95 (2017) 114506
CIM et al,, PRD 98 (2018) 114509
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1 By ;
B B.— Dguv
Bl B, — D,tv
1.0F
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X
§ 0.6F
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Z 04}
=
0.2
405 ) i 6 3 10 B

R(D) = 0.299(3) CJM et al., PRD 95 (2017) 114568



Vud Vus
(£ decay K—mly
Vcd Vcs
D—mly Ds—/lv
D— Klv
th Vts
Bs—pt
B— K0t~

B(s) mixing  B(,) mixing

B—Tv
B—mlv

Bs— Klv

B— D) ¢y
Bs— D) o

Bs—pt ™
B—K(T 4~

CKM MATRIX
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-Searching for new physics
What was wrong with the old physics, anyway?

-Flavour physics
Where is all the new physics hiding?

-Lattice QCD
What is that and why?
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(more) questions?

Chris Monahan
cjmonahan@wm.edu
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LATTICE QCD: THE RECIPE

1. Take a small hypercube of Euclidean spacetime.

2. Discretise that small hypercube - the “lattice”.

3. Generate copies of the QCD vacuum with probability e Sqep
4. On each copy, calculate desired correlation function.

5. The mean value is a statistical estimate of the correlation
function at finite lattice spacing and volume.

()= [ DE.v. A0S L3 0 Sacw = (0) 4 0(1/VD)

6. Repeat at different lattice spacings and volumes.
7. Take the continuum and infinite volume limits.

8. Repeat at different momentum transfers. o



gA AND THE NEUTRON LIFETIME

CalLat collaboration and friends: first calculation at 1% precision

gialLat _ 1.2711(126) gilXp - 12723(23) Nature 558 (2018) 91

Achieved through improved computational strategy to control systematics

NEUTRON LIFETIME (Se s) @ Results using beam method @ Bottle method

"RQCD14 | | : ‘ : | Quanta

FNy=2+1 ——— | | ¢ |
PNDME16 B _ ] 885 + 1

CalLatl7A} :
this workaf:HHl —

o
A

PDG17¢ experimlental valqe B . . 1 ) - .
1.10 115 120 1.25 130 1.35 1.40 ? NG et
gA Er:fi:". — ,-r-l'r' — l‘?;’“:"' — l” ,—,‘ — 2 l'rl — ‘:u“ f‘l ’

Precision will improve with new data . AR of ExpeRIMENT.

| Vaa|*Tn(1 + 3¢75) = 4908.6(1.9) s Czarnecki et al., PRL 120 (2018) 202002

Results being generalised to nonzero momentum transfer
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NEUTRON EDM

Experimental limits on neutron electric dipole moment
AP < 3 x 107* e - cm

Standard Model expectations

"V <107 e cm d¥°P <9 x 107'%e - cm

First principles’ calculations of contributions from
e QCD
e higher order operators

Higher dimensional operators have power-divergent mixing
e Use the gradient flow

Perturbation theory to guide numerical extraction of power divergences

Rizik, CJM & Shindler, PoS(LATTICEZOl%)



