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Context

The LHC has discovered a Higgs (like) boson but no
other new particles - yeft.

{N.B.This discovery required new methods for loops and many
legs in perturbative QCD [Note Bern, Dixon, Kosower,....]}

Observational cosmology tells us, however,
that only some 4% of the energy density of
the Universe is in known stuff (baryons)...

Dark matter speaks to possible hidden sector
particles, interactions, symmetries

How can we discover such new dynamics?
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Context

We consider the discovery prospects via low energy,
precision measurements...

Answering questions that the Standard Model
does not may require new theoretical paradigms

Emerging experimental anomalies can guide
“bottom-up” constructions.

A diverse set of low-energy experiments is possible.

QCP plays a key role in their interpretation!
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Two Paths to Discoverg

== Make “null” tests of the breaking of
SM symmetries

Enter tests of B-L, CP (*), ....

*e.0., EDMSs, Acp in charm (Palitz plot),
T-odd decay correlations

=== (Confront nonzero quantities which can be
computed precisely (or assessed) within the SM

Enter PVES, muon g2, beta decay correlations, ....

All probe new degrees of freedom, both
visible and possibly “hidden”
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More Motivation for BSM searches:

The Puzzle of the Missing Antimatter

Confronting the observed 2H abundance with big-bang
nucleosynthesis yields a baryon asymwetry: (sccigman, 20121

T) — nbaryon/nphoton —

(5.96 -

- 0.28) x 107 1¢

The particle physics of the early universe can explain this
asymwetry if B C, and CP violation exists in a non-equilibrium

ePlVil’OIﬂWleV\‘l' [Sakharov, 19671

But estimates of the baryon excess in the Standard Model are much
too Sma", [Farrar and Shaposhnikov, 1993; Gavela et al., 1994; Huet and Sather, 1995.1

n < 107%° (sic: 125 GeV Higgs)

Why? The operative CP violation in the SM (CKM) is special: it
appears only if SU(3) flavor is also broken....
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Interconnections

A baryon asymwmetry (BAU) could be generated in different
ways, and various discovery experiments can give hints

* ® The discovery of a EDM would speak to new
CP phases (enter electroweak baryogenesis)

® The discovery of Ov 33 decay would tell us that
neutrinos are Majorana (enter leptogenesis)

® The discovery of nn oscillations would tell us
that neutrons are Majorana (enter leptogenesis)

® The discovery of a DM asymmetry would tell us
that DM carries “baryon” number (enter
“darko”genesis)

In some models the generation of M and the
cosmic baryon excess are tied....
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Analysis Framework

Suppose new physics enters at energies beyond a scale A
Then for F < A we can extend the SM as per

Cq
LSM :LSM_I_ZAD—ZLOZD’

where the new operators have mass dimension D>4

Symmetries guide their construction { Weinberg}

We impose SU(2);, x U(1) gauge invariance
on the operator basis (flavor physics constraints)

New physics can enter as (i) new operators or
as (ii) modifications of ¢; for operators in the SM
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Analgsis Framework

Flavor physics studies tells us that flavor
and CP violation in CC processes are

CKM-like (“Minimal Flavor Violation”)

| {2013 update
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| Lunghi, van
de Water,

, ar Xiv:
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D
Lattice QCD plays a key role
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LOW»-«energg BSM experiments
Null results are crucial: they constrain A !

E.g., from dimensional analysis:
the EPM 4 of a fermion f of mass m

df ~ € Siﬂ ¢Cme/A2 [de Rujula et al., 1991]

With sin ¢cp ~ 1, ms ~ 10 MeV, and |d;™™| < 2.9 x 1072° e-cm  (aker et al., 2006]
l0g,[A(GeV)] ~ 5. With a loop factor of a/4m ~ 1073, A ~ 3 TeV.

Estimates can vary considerably.
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Man9 LOW»-E:nergg ExPeriments

Estimated physics reach from dimensional analysis (careful!)

" Current ™ Future

Proton decay
Neutrinos (LNV)
LFV (muons)
Quark FCNC
EDMs

(g-2)

CC (P)

CC (V)

CC (S,T)

NC (Moller)
NC (eq)

0 2 4 6 8 |0 |2 | 4 |6 |8
EVVSB GUT Planck

Logio [Ni(GeV)]
[Cirigliano & Ramsey-Musolf, arXiv:1304.0017}
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Low~Energg BSM Searches

Naturally involve multiple energy scales
Example: Heavy Atom EDMs

atomic/molecular nuclear level nucleon level quark level particle level

level 2P models
eeNN - eeqq ~_
d (paramagnetic) M -  d. o Higgs
; \ Supersymmetric
f’j L Left-right

!
!.-"' Strong ng

4999
d (neutron)
_ GG
(Ginges and Flambaum, 2004 In many systems non-relativistic

potential models are employed
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QCD and New Ph SICS

To interpret “null” tests and covmecf observables
with minimal assumptions must accommodate

® many “UV sources” [model independent?]

® the construction of EFTs at multiple scales
[with QCD evolution and operator
matching]

® the computation of non-perturbative matrix
elements in (lattice) QCD

® fits for low-energy constants & embedding of
theory errors in those fits

Additional QCD matrix elements can enter
through electroweak radiative corrections

Monday, September 8, 14

12



Eixamples ot Recent Progress

® proton radius puzzle: combined EFTs to get model-
independent 7, from p — H  [Peset & Pineda, 2014]

® non-V-A currents in beta decay: (i) EFT+ lattice QCD

to Sharpen limits [Cirigliano et al., 2010; Bhattacharya et al., 2011, 2013;

Gonzalez-Alonso & Carmalich, 2013} , (ll) fits incl. theo 'y €rrors
[SG & Plaster, 20131

® wuon g-2: assessments of hadronic effects in O(a*)

[Kutz et al., 2014; Colangelo et al., 2014}

o EDMs of the nucleon and light nuclei: (i) footprints of

various BSM models (Dekens et al., 20141; (ii) LEC fits
{Yamanaka et al., 2014; Chupp & Ramsey-Musolf, 2014}

e T-odd beta decay correlations: EDM connections iNg&
Tulin, 2011; Seng et al., 2014} & NOt [SG & Daheng He, 2012, 2013}
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More Recent Progress

Thursday’s session "QCD and New Physics” will
highlight progress on many of these issues

M. Passera, "Status of the theoretical predictions for the

muon g-2"
J. Magee, “The Qweak experiment; an overview and
preliminary analysis”
$¢,“Nonstandard charged current interactions in beta
decay: status and prospects”

J. deVries, “Theory of electric dipole moments of hadrons

and nuclei”

QCP can also make for new experimental BSM opportunities

® 1 — noscillations: new th. framework [sG & jafari, 2014]
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QCD Cha”enges

The needed QCP input often requires control
of the non-perturbative regime.

Lattice-QCD can, does, and will

play a crucial role in advancing
BSM searches....

There are examples, however, where the lattice-QCD
calculations are not yet good enough for experimental
needs (beta decay), but work arounds exist

# ga!
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The axial vector Coupling
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[Bhattacharya et al., arXiv:1306.54351

In beta-decay we wust fit for SM [5G, Plaster

ar X1iv:

and BSM physics simultaneously o500
BSM swall enough that “second class” terms matter
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Resolviﬂg the limits of the V-A Law
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Scalar and Tensor Charges
Lattice QCD sharpens the impact of beta decay experiments
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QCD F’rospects

QCP can also open new windows on new physics

n — n oscillations:

Usval thought: Vs s
magnetic field M = R
™ . n+ tnB
mitigation necessary
to observe an effect [Marshak & Mohapatra, 1980]
(M + wp 0 W1 g \
0 M — wWo E w1
W1 E M — wWo 0
\ E W1 0 M —I—w())

[SG & Jafari, 2014}
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Summarg

Assuming new physics exists beyond some
high scale, we have considered the
connections of low-energy precision
observables with QCD and new physics

There are a rich set of discovery possibilities.
Experimental anomalies exist now....

The game is afoot!

See Brambilla et al., arXiv:1404.3723
for a comprehensive review of this topic — and more
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Heavy atom EDMs

evade Schiff’s theorem through
large Z, finite nuclear Size, and

a 8ff | l [ | | | | i 8 f~ [ [ [ [ [ | [ i
oL #Rn Clos| gl Z'Ra oo | {Gaffney et al.,
B, =0.002 B. = 0.080
il S : | Nature (2013)}
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Permanent deformation makes the nucleus more “rigid” and
the Schift moment computation more robust and 1000x
bigger than '?YHg (existing best atomic EDM limit)

A great opportunity for rare isotope
facilities!
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Triple Product Momentum Correlations

In radiative beta-decay one can form a T-odd correlation
from mowenta alone

This is a pseudo-T-odd observable, so that it can be
mimicked by FSI, but these are computable up to recoil

order terms [SG, Daheng He, 2012}

The interaction which generates it comes from
the gauging of the WZW term under

SM electroweak gauge invariance [Harvey, Hill, Hill, 2007, 2008]
A direct measurement which constrain the phase of

this interaction from physics BSM, possibly from
“strong” hidden sector interactions {SG, Daheng He, 2013]
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Maximum Likelihood Fit
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Resolving the limits of the V-A Law
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Need sharper determinations of the SCC terms!
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