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I. NP & BSM Context 

Fundamental symmetries and 
neutrinos in NP in light of the LHC 
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Scientific Questions 

 

•  What are the masses of neutrinos and how have 
they shaped the evolution of the universe?   

•  Why is there more matter than antimatter in the 
present universe?  

•  What are the unseen forces that disappeared 
from view as the universe cooled?  

2007 NSAC LRP: 



5 

Scientific Questions 

 

•  What are the masses of neutrinos and how have 
they shaped the evolution of the universe?   

•  Why is there more matter than antimatter in the 
present universe?  

•  What are the unseen forces that disappeared 
from view as the universe cooled?  

2007 NSAC LRP: 



6 

Four Components ** 

•  Supersymmetry as an illustration 

•  Theoretical progress & chalenges 

•  Our work 

EDM searches: 

BSM CPV, Origin of Matter 

0νββ decay searches: 

Nature of neutrino, Lepton 
number violation, Origin of 
Matter 

Electron & muon prop’s & 
interactions: 

SM Precision Tests, BSM 
“diagnostic” probes 

Radioactive decays & other 
tests 

SM Precision Tests, BSM 
“diagnostic” probes 

** 2012 NSAC Subcommittee Report 
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The BSM Context: NP & the LHC 

! What are the BSM interactions and 
what is the associated mass scale? 

 
! Are fundamental interactions “natural” ? 



Scalar Fields in Particle Physics 
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 mh
2 ~ λ v2  &  GF ~ 1/v2 : what keeps GF “large” ? 



LHC Implications 

•  Weak scale BSM physics (e.g., SUSY)  is there but 
challenging for the hadronic collider 

•  SUSY is there but a bit heavy (some fine tuning) 

•  We are thinking about the problem incorrectly 
(cosmological constant???) 
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LHC BSM Challenge: 
Light but Compressed ? 

Pair production of squarks 	
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No exclusion yet (jets analysis): is 
sub-TeV SUSY hiding here?  

If so, will it show up in precision 
tests ?   
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ATLAS: 1405.7875 

No exclusion yet (jets analysis): is 
sub-TeV SUSY hiding here?  

If so, will it show up in precision 
tests ?   



LHC Implications 

•  Weak scale BSM physics (e.g., SUSY)  is there but 
challenging for the hadronic collider 

•  SUSY is there but a bit heavy (some fine tuning) 

•  We are thinking about the problem incorrectly 
(cosmological constant???) 

Opportunity for SM-suppressed processes: EDMs… 
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Probing Heavy Scale: EDMs & Precision Tests  

BSM Signal   ~  (υ / Λ ) 2 

BSM Probe : 
θQCD &  BSM CPV 

BSM “diagnostic” 

EDM 

Weak 
Decays 
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LHC (lack of) Indications ? 



LHC Implications 

•  Weak scale BSM physics (e.g., SUSY)  is there but 
challenging for the hadronic collider 

•  SUSY is there but a bit heavy (some fine tuning) 

•  We are thinking about the problem incorrectly 
(cosmological constant???) 

Naturalness is a misleading guide & there may be 
new ultralight degrees of freedom: Intensity frontier 
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New Light States ? 

•  “Dark” gauge bosons  

•  Macroscopic (spin-dependent) forces 
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The BSM Context: NP & the LHC 

! What are the BSM interactions and 
what is the associated mass scale? 

 
! Are fundamental interactions “natural” ? 

Weak decays provide an invaluable 
window into possible answers 
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II. CKM Unitarity: Status 
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Weak Decays: CKM Unitarity   
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CKM Unitarity & Vud   

•  Precision studies and symmetry tests with neutrons 
are poised to discovery key ingredients of the new 
Standard Model during the next decade 

•  Physics “reach” complements and can even exceed 
that of colliders: dn~10-28 e-cm  ; δO/OSM ~ 10-4 

•  Substantial experimental and theoretical progress 
has set the foundation for this era of discovery 

•  The precision frontier is richly interdisciplinary: 
nuclear, particle, hadronic, atomic, cosmology 
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Mendenhall, et al  
Phys. Rev. C  87, 032501 

(2013) 

Latest Results from UCNA 

Thanks: B. Filippone 
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Fig. 1. Summary of lattice determinations of fK/fπ [22–32, 15, 33, 19, 34–37]. The smallest lattice spacing a (when available),
lightest value of mπ simulated, and type of lattice fermions used are listed in each case All results for which a value of a
is listed have been extrapolated by the authors to the contiunuum limit. Where two types of lattice fermions are listed (e.g.
“DWF/Stag”), valence and sea quarks are discretized differently. Unpublished results are indicated by asterisks.

The recent study of fK/fπ from BMW [37] involves
simulations of NF = 2 + 1 clover fermions at several vol-
umes with Lmπ & 4, whereas the continuum limit has
been estimated by using three different lattice spacings
(a ≈ 0.065, 0.085, and 0.125 fm). The BMW value [37] is

fK/fπ = 1.192(7)
stat

(6)
syst

. (5)

An interesting observation from this study is that the
value of fK/fπ at their lightest pion mass (mπ = 190 MeV
at a = 0.085 fm) is only 2% below the extrapolated value
quoted in Eq. (5). This strengthens the statement that the
result is a direct QCD measurement, and not an artificial
value cured by an ad hoc fit.

The 2009 MILC result [31], in contrast to the BMW
result, was obtained using staggered (AsqTad) fermions.
Dynamical AsqTad-staggered ensembles have been gener-
ated by MILC since 2002 [29, 30] and now represent an
ample data set for the study of lattice systematics featur-
ing six different lattice spacings (ranging from a = 0.18 fm
down to a = 0.045 fm), light pions (mπ & 177 MeV), and
large volumes (Lmπ & 4). This MILC activity marked
the end of the era of quenched calculations and the start
of high-precision lattice QCD with light pions. In their
2009 analysis of fK/fπ [31], MILC exploits the new lat-
tice ensembles with a = 0.06 fm (mπ & 224 MeV) and
a = 0.045 fm (mπ & 324 MeV), together with the older
a = 0.09 fm (mπ & 180 MeV) data set. The resulting

value of fK/fπ [31] is

fK/fπ = 1.198(2)
stat

(+6

−8

)
syst

= 1.197(7), (6)

which is in good agreement with the BMW result (Eq. (5)).
(We perform the symmetrization of the total uncertain-
ties in Eq. (6) to facilitate error propagation.) However,
the sizable shift with respect to the earlier 2004 MILC
result [29], which made use of a coarser lattice and heav-
ier pions than were available in 2009, should be noted.
This is a consequence of the sizable systematic errors af-
fecting fK/fπ: significant shifts in the central values can
arise when going to lighter pion masses and the contin-
uum limit (consider also the ETMC results [28,27] in the
NF = 2 case). For this reason, we consider to be ex-
ploratory (although important) the studies of fK/fπ in
which essentially a single lattice spacing is used, includ-
ing the results shown in Fig. 1 from RBC/UKQCD [33],
JLQCD-TWQCD [16], NPLQCD [32], PACS-CS [19], and
Ref. 36.

Lastly, for the study from HPQCD/UKQCD [35] the
MILC a = 0.15 fm, 0.12 fm, and 0.09 fm ensembles are
used; as in the study from MILC, sea quarks are treated
using AsqTad staggered fermions. However, in contrast to
the MILC approach, valence quarks are described using
the Highly-Improved Staggered Quark (HISQ) formula-
tion. The HISQ QCD action [35] is understood to give
better lattice scaling—indeed, the MILC Collaboration it-
self is generating new ensembles with the HISQ action [38].
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where fn = O(mn
u,d,s/(4πfπ)n), and f

2

and f
4

are the
next-to-leading order (NLO) and next-to-next-to-leading
order (NNLO) corrections in ChPT. The Ademollo-Gatto
theorem implies that [f

+

(0)−1] is at least of second order
in the breaking of SU(3) or in the expansion in powers
of ms − m̂, where m̂ = (mu + md)/2. This also implies
that f

2

is free of O(p4) counterterms in ChPT and can be
computed with high accuracy: f

2

= −0.0227 [44,45].
Difficulties arise with the calculation of the quantity

∆f
∆f ≡ f

4

+ f
6

+ . . . = f
+

(0)− (1 + f
2

), (14)

which depends on the LECs of ChPT. The original quark-
model estimate of Leutwyler and Roos [45] gives ∆f =
−0.016(8) and f

+

(0) = 0.961(8). More recently, analytical
calculations have been performed to evaluate the NNLO
term f

4

, writing it as

f
4

= ∆(µ) + f
4

|loc(µ), (15)

where ∆(µ) is the loop contribution, with µ the renormal-
ization scale, computed in Ref. 46, and f

4

|loc(µ) is the
O(p6) local contribution involving O(p4) and unknown
O(p6) LECs. To estimate the latter term, various ap-
proaches have been used, including a quark model [46], dis-
persion relations [47], and 1/NC estimates [48, 49]. These
studies obtain the results ∆f = 0.001(10), −0.003(11),
0.007(12), and 0.009(9), respectively. ∆f is found to be
compatible with zero from these studies. Relative to the
quark-model estimate from Ref. 45, these new results are
obtained using more sophisticated techniques and feature
better control of systematic uncertainties. The resulting
values for f

+

(0) are summarized in Fig. 2. As can be seen,
the uncertainties are no smaller that those from the orig-
inal estimate of Ref. 45, which illustrates the difficulty
of calculating ∆f to below the 1% level using analytical
methods only.

Figure 2 also summarizes present results for f
+

(0) from
lattice QCD [50–56]. As can be seen in Fig. 2, lattice
results, while in remarkable agreement with the original
quark-model estimate of Ref. 45, give somewhat smaller
results for f

+

(0) than do recent analytical calculations.
On the lattice, f

+

(0) is determined using three-point
functions at non-vanishing momenta, whereas fK/fπ is de-
termined from two-point functions at rest. Because of this
additional difficulty, current lattice calculations of f

+

(0)
are less mature than those of fK/fπ. In particular, most
results shown in Fig. 2 were obtained with only one lattice
spacing and with heavy pion masses. Additionally, only
one calculation of f

+

(0) exists with NF = 2+1: that from
RBC/UKQCD [55,56]. While BMW, MILC, and HPQCD
currently have interesting results for fK/fπ, these groups
do not yet have results for f

+

(0).
Nevertheless, the special chiral properties of f

+

(0)
make it possible to obtain lattice estimates with rela-
tive uncertainties comparable to those for fK/fπ. Among
the lattice results for f

+

(0) in Fig. 2, particularly note-
worthy are the studies from RBC/UKQCD ’07 [55],
RBC/UKQCD ’10 [56], and ETMC [54]. The correspond-

ing values of f
+

(0) are respectively

f
+

(0) = 0.9644(33)
stat

(34)
syst-extr

(14)
syst-lat

, (16a)

f
+

(0) = 0.9599(33)
stat

(+31

−43

)
syst-extr

(14)
syst-lat

, (16b)
f
+

(0) = 0.9560(57)
stat

(62)
syst

. (16c)

(The two contributions to the systematic errors on the
RBC/UKQCD results are from extrapolation uncertain-
ties and lattice effects, respectively.) In Ref. 55 and in
their update [56], RBC/UKQCD make use of a simula-
tion with NF = 2 + 1, but a rather coarse lattice spacing
(a = 0.11 fm) and a lightest pion mass of mπ ≈ 330 MeV.
Even though the use of smaller lattice spacings would be
advisable, the corresponding error on the SU(3) breaking
of f

+

(0) seems to be under control to within the stated sys-
tematic uncertainty (see, e.g., discussion in Ref. 6). A criti-
cal issue is the chiral extrapolation from their points with
mπ & 330 MeV. In the new study from RBC/UKQCD
[56], there is an attempt to quantify the systematic error
from the extrapolation, but a better understanding of the
NNLO terms in the chiral expansion,3 as well as additional
NF = 2 + 1 simulation points at smaller pion masses, are
needed to fully address this delicate point.

The recent ETMC study [54] makes use of very light
pions, as well as different lattice spacings and volumes.
Both SU(2) and SU(3) chiral fits are investigated and
give compatible results, which is in contrast to the find-
ings of RBC/UKQCD, in which the SU(2) chiral extrap-
olation for f

+

(0) has few points with mπ ≤ 400 MeV
and looks problematic [56]. In summary, the ETMC result
features a more thorough exploration of systematics than
the RBC/UKQCD result. However, the ETMC simulation
still has NF = 2, and the final uncertainty on f

+

(0) is in-
flated to take into account unknown systematics related
to the quenching of the strange quark. At present, many
other groups are occupied with finalizing their studies of
fK/fπ. As attention returns to f

+

(0), further progress on
understanding these systematics should be possible.

For the numerical analysis in Section 4 we use as our
reference number

f
+

(0) = 0.959(5), (17)

which is our symmetrization of the recent RBC/UKQCD
result [56]. However, we note that this value is fairly rep-
resentative of the results and spread of values in Eqs. (16).
This number is also basically consistent with the average
of the NF = 2 ETMC and NF = 2 + 1 RBC/UKQCD
results as quoted at the most recent Lattice conference
f
+

(0) = 0.962(5) [6].

2.2.2 Electromagnetic effects in K�3 decays

The results of the most recent calculation [58] of the long-
distance electromagnetic corrections to the fully-inclusive
K�3(γ)

decay rates for each of the four modes (the δK�
EM

3 Ref. 57 describes exploratory NNLO fits using
RBC/UKQCD results for f0(t).
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Mode |Vus|f+(0) % err BR τ ∆ Int Correlation matrix (%)
KL → πeν 0.2163(6) 0.26 0.09 0.20 0.11 0.06 +55 +10 +3 0
KL → πµν 0.2166(6) 0.29 0.15 0.18 0.11 0.08 +6 0 +4
KS → πeν 0.2155(13) 0.61 0.60 0.03 0.11 0.06 +1 0
K± → πeν 0.2160(11) 0.52 0.31 0.09 0.40 0.06 +73
K± → πµν 0.2158(14) 0.63 0.47 0.08 0.39 0.08
Average 0.2163(5)

Table 14. Values of |Vus|f+(0) as determined from each kaon decay mode, with approximate contributions to relative uncertainty
(% err) from branching ratios (BR), lifetimes (τ), combined effect of δK�

EM and δK�
SU(2) (∆), and phase space integrals (Int).

comparison with Eq. (9), rµe is equal to the ratio g2

µ/g2

e ,
with g� the coupling strength at the W → �ν vertex. In
the SM, rµe = 1.

Before the advent of the new BR measurements de-
scribed in Sects. 3.2 and 3.4, the values of |Vus|f

+

(0) from
Ke3 and Kµ3

rates were in substantial disagreement. Us-
ing the KL and K± BRs from the 2004 edition of the PDG
compilation [100] (and assuming current values for the I�3

and δK�
EM

), we obtain rµe = 1.013(12) for K± decays and
1.040(13) for KL decays.

As noted in Sect. 3.2, the new BR measurements pro-
cure much better agreement. From the entries in Table 14,
we calculate rµe separately for charged and neutral modes
(including the value of |Vus|f

+

(0) from KS → πeν de-
cays, though this has little impact) and obtain 0.998(9)
and 1.003(5), respectively. The results are compatible; the
average value is rµe = 1.002(5). As a statement on the
lepton-flavor universality hypothesis, we note that the sen-
sitivity of this test approaches that obtained with π →
�ν decays ((rµe) = 1.0042(33) [138]) and τ → �νν̄ de-
cays ((rµe) = 1.000(4) [139]). Alternatively, if the lepton-
universality hypothesis is assumed to be true, the equiva-
lence of the values of |Vus|f

+

(0) from Ke3 and Kµ3

demon-
strates that the calculation of the long-distance correc-
tions δK�

EM

is accurate to the per-mil level.

4.4 Determination of |Vus/Vud| × fK/fº

As noted in Sect. 2.1, Eq. (2) allows the ratio |Vus/Vud|×
fK/fπ to be determined from experimental information on
the radiation-inclusive K�2 and π�2 decay rates. The lim-
iting uncertainty is that from BR(Kµ2(γ)

), which is 0.28%
as per Table 6. Using this, together with the value of τK±

from the same fit and Γ (π± → µ±ν) = 38.408(7) µs−1 [87]
we obtain

|Vus/Vud|× fK/fπ = 0.2758(5). (55)

4.5 Test of CKM unitarity

We determine |Vus| and |Vud| from a fit to the results
obtained above. As starting points, we use the value
|Vus|f

+

(0) = 0.2163(5) given in Table 14, together with
the lattice estimate f

+

(0) = 0.959(5) [56]. We also use the
result |Vus/Vud|×fK/fπ = 0.2758(5) discussed in Sect. 4.4
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Fig. 10. Results of fits to |Vud|, |Vus|, and |Vus/Vud|.

together with the lattice estimate fK/fπ = 1.193(6)
(Sect. 2.1.1). Thus we have

|Vus| = 0.2254(13) [K�3 only],
|Vus/Vud| = 0.2312(13) [K�2 only].

(56)

Finally, we use the evaluation |Vud| = 0.97425(22) from
a recent survey [140] of half-life, decay-energy, and BR
measurements related to 20 superallowed 0+ → 0+ nu-
clear beta decays, which includes a number of new, high-
precision Penning-trap measurements of decay energies,
as well as the use of recently improved electroweak ra-
diative corrections [141] and new isospin-breaking correc-
tions [142], in addition to other improvements over past
surveys by the same authors. Our fit to these inputs gives

|Vud| = 0.97425(22),
|Vus| = 0.2253(9) [K�3,K�2, 0+ → 0+],

(57)

with χ2/ndf = 0.014/1 (P = 91%) and negligible corre-
lation between |Vud| and |Vus|. With the current world-
average value, |Vub| = 0.00393(36) [87], the first-row uni-
tarity sum is then ∆

CKM

= |Vud|2 + |Vus|2 + |Vub|2 − 1 =
−0.0001(6); the result is in striking agreement with the
unitarity hypothesis. (Note that the contribution to the
sum from |Vub| is essentially negligible.) As an alternate
expression of this agreement, we may state a value for
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Parameter Value Corr. matrix (%)
Λ+ × 103 25.7 ± 0.5 −27 +10 −10
ln C 0.208(8) −38 +38
f+(0) 0.961(5) +19
fK/fπ 1.191(6)

Table 13. Results of a fit to the experimental average value for
ln C (including a preliminary KLOE measurement) and lattice
results for f+(0) and fK/fπ, using the constraint provided by
the Callan-Treiman theorem.

0.213 0.214 0.215 0.216 0.217

0.213 0.214 0.215 0.216 0.217

KL e3

KL µ3

KS e3

K± e3

K± µ3

Fig. 9. Comparison of values for |Vus|f+(0) for all channels.
Our average is indicated by the yellow band.

lished KLOE measurement in Table 11. Although prelimi-
nary, we make use of this measurement here as we are only
interested in demonstrating the power of the consistency
test offered by the CT relation. The average of the dis-
persive Kµ3

form factor parameters using the new KLOE
measurement gives Λ

+

= (25.78±0.40)×10−3 and ln C =
0.2034(86), with ρ(Λ

+

, lnC) = −0.34 and χ2/ndf = 7.4/5
(P = 19.2%). The value of lnC is then fitted together with
the lattice inputs as described above to obtain the results
in Table 13. The fit gives χ2/ndf = 0.78/1 (P = 38%),
confirming the agreement between the experimental mea-
surements of lnC and the lattice determinations of f

+

(0)
and fK/fπ. The values of f

+

(0) and fK/fπ move only
slightly, and the uncertainties on these values are slightly
decreased.

4 Physics results

4.1 Determination of |Vus|f+(0)

For each of the five decay modes for which rate measure-
ments exist, we use Eq. (9) to evaluate |Vus|f+

(0) from
the decay rate data in Tables 3, 4, and 6, the phase space
integrals from dispersive fits in Table 12, the long-distance
radiative corrections in Table 1, and the SU(2)-breaking
corrections of [49] discussed in Sect. 2.2.3. We keep track
of the correlations between the uncertainties on the val-
ues of |Vus|f+

(0) from different modes arising from the use

of common corrections and from correlations in the input
data set (e.g., from the outputs of the fits to BR and life-
time measurements). The resulting values of |Vus|f+

(0)
are listed in Table 14 and illustrated in Fig. 9. The princi-
pal experimental result of this review is the average value

|Vus|f+

(0) = 0.2163(5), (52)

which has an uncertainty of about of 0.2%. The results
from the five modes are in good agreement; the fit gives
χ2/ndf = 0.77/4 (P = 94%). Table 14 gives an approxi-
mate breakdown of the sources contributing to the total
uncertainty on the determination of |Vus|f+

(0) from each
mode. The best single determinations of |Vus|f+

(0) are
from the Ke3 and Kµ3

modes, with Ke3 giving the slightly
better determination since there is no contribution from
uncertainties on the parameters of the scalar form factor.
The limited precision of the value for |Vus|f+

(0) from Ke3

decays of the KS decays is entirely determined by the ex-
perimental uncertainty on the corresponding BR, which is
dominantly statistical. A better measurement of the BR
for this decay would allow knowledge of |Vus|f+

(0) to be
significantly improved, since τKS is known very precisely.
The values of |Vus|f+

(0) from charged kaon decays are
currently limited in precision both by experimental uncer-
tainties in the corresponding BRs and by the uncertainty
in the theoretical estimate of δK+π0

SU(2)

.

4.2 Accuracy of isospin-breaking corrections

The average values for |Vus|f+

(0) can be computed sepa-
rately for charged and neutral kaon decays. The ratio of
these values (calculated without applying SU(2)-breaking
corrections) then gives an experimental estimate of δK+π0

SU(2)

for comparison with the estimate from chiral perturbation
theory. We obtain

δK+π0

SU(2), exp

= 0.027 ± 0.004, (53)

in good agreement with the theoretical estimate of Ref. 49,
δK+π0

SU(2)

= 0.029 ± 0.004 (Eq. (26)). We observe that the
uncertainty on the theoretical value of δK+π0

SU(2)

contributes
significantly to the overall uncertainties on the values of
|Vus|f+

(0) for charged kaon decay modes (see Table 14).

4.3 Lepton universality

Comparison of the values of |Vus|f+

(0) computed sepa-
rately for Ke3 and Kµ3

modes provides a test of lepton
universality. Specifically,

rµe =
[|Vus|f+

(0)]2µ3, exp

[|Vus|f+

(0)]2e3, exp

=
ΓKµ3

ΓKe3

Ie3 (1 + 2δKe
EM

)
Iµ3

(1 + 2δKµ
EM

)
. (54)

(Here, δKe
EM

and δKµ
EM

are the electromagnetic corrections
for kaons of the charge state under consideration.) By

Antonelli et al, 1005.2323 
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III. CKM Unitarity: BSM Implications 
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CKM Unitarity & BSM Physics   

•  Precision studies and symmetry tests with neutrons 
are poised to discovery key ingredients of the new 
Standard Model during the next decade 

•  Physics “reach” complements and can even exceed 
that of colliders: dn~10-28 e-cm  ; δO/OSM ~ 10-4 

•  Substantial experimental and theoretical progress 
has set the foundation for this era of discovery 

•  The precision frontier is richly interdisciplinary: 
nuclear, particle, hadronic, atomic, cosmology 

€ 

u c t( )
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

" 

# 

$ 
$ $ 

% 

& 

' 
' ' 

d
s
b

" 

# 

$ 
$ $ 

% 

& 

' 
' ' 

€ 

n→ p e− ν e
A(Z,N)→ A(Z −1,N +1) e+ ν e

π + →π 0 e+ ν e

 β-decay 	


€ 

d→ u e− ν e
s→ u e− ν e
b→ u e− ν e

€ 

GF
β

GF
µ = Vud 1+ Δrβ − Δrµ( )



38 

CKM Unitarity & BSM Physics   

•  Precision studies and symmetry tests with neutrons 
are poised to discovery key ingredients of the new 
Standard Model during the next decade 

•  Physics “reach” complements and can even exceed 
that of colliders: dn~10-28 e-cm  ; δO/OSM ~ 10-4 

•  Substantial experimental and theoretical progress 
has set the foundation for this era of discovery 

•  The precision frontier is richly interdisciplinary: 
nuclear, particle, hadronic, atomic, cosmology 

€ 

u c t( )
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

" 

# 

$ 
$ $ 

% 

& 

' 
' ' 

d
s
b

" 

# 

$ 
$ $ 

% 

& 

' 
' ' 

€ 

n→ p e− ν e
A(Z,N)→ A(Z −1,N +1) e+ ν e

π + →π 0 e+ ν e

 β-decay 	


€ 

d→ u e− ν e
s→ u e− ν e
b→ u e− ν e

€ 

GF
β

GF
µ = Vud 1+ Δrβ − Δrµ( )

BSM physics 



39 

CKM Unitarity & BSM Physics   

•  Precision studies and symmetry tests with neutrons 
are poised to discovery key ingredients of the new 
Standard Model during the next decade 

•  Physics “reach” complements and can even exceed 
that of colliders: dn~10-28 e-cm  ; δO/OSM ~ 10-4 

•  Substantial experimental and theoretical progress 
has set the foundation for this era of discovery 

•  The precision frontier is richly interdisciplinary: 
nuclear, particle, hadronic, atomic, cosmology 

€ 

u c t( )
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

" 

# 

$ 
$ $ 

% 

& 

' 
' ' 

d
s
b

" 

# 

$ 
$ $ 

% 

& 

' 
' ' 

€ 

n→ p e− ν e
A(Z,N)→ A(Z −1,N +1) e+ ν e

π + →π 0 e+ ν e

 β-decay 	


€ 

d→ u e− ν e
s→ u e− ν e
b→ u e− ν e

€ 

GF
β

GF
µ = Vud 1+ Δrβ − Δrµ( )

BSM physics 

€ 

µ−

€ 

ν µ

€ 

˜ χ 0

€ 

˜ µ −

€ 

˜ ν µ

€ 

ν e

€ 

W −

€ 

e−

€ 

ν µ

€ 

µ− € 

ν e

€ 

e−
€ 

˜ χ 0

€ 

˜ χ −
€ 

˜ ν µ

€ 

˜ ν e

  

€ 

+!

  

€ 

+!
SUSY € 

δOSUSY

OSM ~ 0.001



CC: SUSY Radiative Corrections 

€ 

µ−

€ 

ν µ

€ 

ν e

€ 

e−
€ 

W −

€ 

W −

€ 

˜ e −

€ 

˜ ν e

€ 

µ−

€ 

ν µ

€ 

˜ χ 0

€ 

˜ µ −

€ 

˜ ν µ

€ 

ν e

€ 

W −

€ 

e−

€ 

µ−

€ 

ν e

€ 

˜ µ −

€ 

W −

€ 

˜ χ +

€ 

˜ χ 0

€ 

e−

€ 

ν µ

Propagator 

Box 

Vertex & 
External leg 

€ 

ν µ

€ 

µ− € 

ν e

€ 

e−
€ 

˜ χ 0

€ 

˜ χ −
€ 

˜ ν µ

€ 

˜ ν e
€ 

+

  

€ 

+!

  

€ 

+!

  

€ 

+!

Bauman, Erler, 
Kurylov & RM 

€ 

+

€ 

µ−

€ 

ν µ

€ 

ν e

€ 

e−
€ 

W −

€ 

W −

€ 

˜ χ −

€ 

˜ χ 0

€ 

µ−

€ 

ν µ

€ 

˜ χ 0

€ 

ν e

€ 

W −

€ 

e−

€ 

d

€ 

u

€ 

˜ χ 0

€ 

ν e

€ 

W −

€ 

e−

- 

Cancel from Δrβ -Δrµ 



41 

CKM Unitarity & BSM Physics   

•  Precision studies and symmetry tests with neutrons 
are poised to discovery key ingredients of the new 
Standard Model during the next decade 

•  Physics “reach” complements and can even exceed 
that of colliders: dn~10-28 e-cm  ; δO/OSM ~ 10-4 

•  Substantial experimental and theoretical progress 
has set the foundation for this era of discovery 

•  The precision frontier is richly interdisciplinary: 
nuclear, particle, hadronic, atomic, cosmology 

€ 

u c t( )
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

" 

# 

$ 
$ $ 

% 

& 

' 
' ' 

d
s
b

" 

# 

$ 
$ $ 

% 

& 

' 
' ' 

€ 

n→ p e− ν e
A(Z,N)→ A(Z −1,N +1) e+ ν e

π + →π 0 e+ ν e

 β-decay 	


€ 

d→ u e− ν e
s→ u e− ν e
b→ u e− ν e

€ 

µ−

€ 

ν µ

€ 

˜ χ 0

€ 

˜ µ −

€ 

˜ ν µ

€ 

ν e

€ 

W −

€ 

e−

€ 

ν µ

€ 

µ− € 

ν e

€ 

e−
€ 

˜ χ 0

€ 

˜ χ −
€ 

˜ ν µ

€ 

˜ ν e

  

€ 

+!

  

€ 

+!
SUSY € 

δOSUSY

OSM ~ 0.001

MSSM 

Bauman et al ‘12 

C
K

M
 U

ni
ta

rit
y 

Lightest chargino mass 



42 

CKM Unitarity & BSM Physics   

•  Precision studies and symmetry tests with neutrons 
are poised to discovery key ingredients of the new 
Standard Model during the next decade 

•  Physics “reach” complements and can even exceed 
that of colliders: dn~10-28 e-cm  ; δO/OSM ~ 10-4 

•  Substantial experimental and theoretical progress 
has set the foundation for this era of discovery 

•  The precision frontier is richly interdisciplinary: 
nuclear, particle, hadronic, atomic, cosmology 

€ 

u c t( )
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

" 

# 

$ 
$ $ 

% 

& 

' 
' ' 

d
s
b

" 

# 

$ 
$ $ 

% 

& 

' 
' ' 

€ 

n→ p e− ν e
A(Z,N)→ A(Z −1,N +1) e+ ν e

π + →π 0 e+ ν e

 β-decay 	


€ 

d→ u e− ν e
s→ u e− ν e
b→ u e− ν e

€ 

µ−

€ 

ν µ

€ 

˜ χ 0

€ 

˜ µ −

€ 

˜ ν µ

€ 

ν e

€ 

W −

€ 

e−

€ 

ν µ

€ 

µ− € 

ν e

€ 

e−
€ 

˜ χ 0

€ 

˜ χ −
€ 

˜ ν µ

€ 

˜ ν e

  

€ 

+!

  

€ 

+!
SUSY € 

δOSUSY

OSM ~ 0.001
Present 

MSSM 

Bauman et al ‘12 

C
K

M
 U

ni
ta

rit
y 

Future 

Lightest chargino mass 

Next generation: ~ 10-4 precision 



Pion Leptonic Decay 



Pion Leptonic Decay 

SUSY: RPV or loops  

€ 

u

€ 

d
€ 

ν e

€ 

e−
€ 

˜ χ 0

€ 

˜ χ −
€ 

˜ u 

€ 

˜ ν e
€ 

u

€ 

d
€ 

ν µ

€ 

µ−

€ 

˜ χ 0

€ 

˜ χ −
€ 

˜ u 

€ 

˜ ν µvs 

  

€ 

ℓ j
−

d
€ 

ν

€ 

u 

λ/
j1k	

 λ/

j1k	



€ 

qR
k~

Probing Slepton Universality 

R-M, Su, Tulin 



Bauman, Erler, R-M 

   πl2 & β Decay: Diagnostic Tool 



Bauman, Erler, R-M 

   πl2 & β Decay: Diagnostic Tool 



Bauman, Erler, R-M 

   πl2 & β Decay: Diagnostic Tool 

Light squarks, 
heavy sleptons Light selectrons, 

heavy squarks & 
smuons 

Light smuons, 
heavy squarks & 
selectrons 



Bauman, Erler, R-M 

   πl2 & β Decay: Diagnostic Tool 



Bauman, Erler, R-M 

   πl2 & β Decay: Diagnostic Tool 

Future 



Bauman, Erler, R-M 

   πl2 & β Decay: Diagnostic Tool 

Ft	
  =	
  3072.08	
  ±	
  0.79	
  s	
  

Vud	
  =	
  0.97425	
  ±	
  0.00022	
  

bF	
  =	
  -­‐0.0022	
  ±	
  0.0026	
  



Bauman, Erler, R-M 

   πl2 & β Decay: Diagnostic Tool 

Ft	
  =	
  3072.08	
  ±	
  0.79	
  s	
  

Vud	
  =	
  0.97425	
  ±	
  0.00022	
  

bF	
  =	
  -­‐0.0022	
  ±	
  0.0026	
  

Bauman, Erler, R-M 
  

€ 

dW ∝1+ a
! p e ⋅
! p ν

Ee Eν

+ A ! σ n ⋅
! p e
Ee

+"

UCNA 



Bauman, Erler, R-M 

   πl2 & β Decay: Diagnostic Tool 

Future 

Ft	
  =	
  3072.08	
  ±	
  0.79	
  s	
  

Vud	
  =	
  0.97425	
  ±	
  0.00022	
  

bF	
  =	
  -­‐0.0022	
  ±	
  0.0026	
  

Bauman, Erler, R-M 
  

€ 

dW ∝1+ a
! p e ⋅
! p ν

Ee Eν

+ A ! σ n ⋅
! p e
Ee

+"

UCNA 



LHC BSM Challenge: 
Light but Compressed ? 

Pair production of squarks 	



€ 

g

Final state: 2j + ET , 2j + l + ET 	



CMS: 
SUS-11-016-
pas 

No exclusion yet (jets analysis): is 
sub-TeV SUSY hiding here?  

If so, will it show up in precision 
tests ?   



LHC BSM Challenge: 
Light but Compressed ? 

Pair production of squarks 	



€ 

g

CMS: 
SUS-11-016-
pas 

CKM Unitarity Tests 	



•  ΔCKM > 10-4  

Bauman, Pitschmann, 
Erler, R-M preliminary 



LHC BSM Challenge: 
Light but Compressed ? 

Pair production of squarks 	



€ 

g

CMS: 
SUS-11-016-
pas 

CKM Unitarity Tests 	



•  ΔCKM > 10-4  

Bauman, Pitschmann, 
Erler, R-M preliminary 



56 

Effective Operators 

! What if ΛBSM >> ELHC ? 
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Effective Operators 

ε ~ C ( v/Λ )2  

V. Cirigliano et al, 1303.6953 
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Effective Operators: LHC & Weak Decays 

V. Cirigliano et al, 1303.6953 

0.1% on 
•  Neutron B, b 
•  6He b 
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Effective Operators: LHC & Weak Decays 

Λ ~ 30 TeV	
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Worldwide Radioactivity 

•  Precision studies and symmetry tests with neutrons 
are poised to discovery key ingredients of the new 
Standard Model during the next decade 

•  Physics “reach” complements and can even exceed 
that of colliders: dn~10-28 e-cm  ; δO/OSM ~ 10-4 

•  Substantial experimental and theoretical progress 
has set the foundation for this era of discovery 

•  The precision frontier is richly interdisciplinary: 
nuclear, particle, hadronic, atomic, cosmology 
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Summary 

•  Precision tests of weak decays can provide unique 
and powerful diagnostic probes of BSM physics, 
complementing what we may learn from the energy 
frontier 

•  Tests of CKM unitarity and lepton universality with ~ 
10-4 precision could uncover “footprints” of BSM 
interactions that so far have evaded the LHC and 
address key open questions at the NP/HEP 
interface  

•  Achieving a robust value of the neutron lifetime with  
δτn  < 1s is an essential step in this program 


