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Beyond the CKM Paradigm?

The CKM wmatrix describes the flavor and
CP violation observed in charged-current processes
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LCKM Fitter: Charles
etal, 1501.05013]

Global fit

glosses over whether

S(pKs) # S(YKs),

etc. [Golob, Trabelsi, &

Urquijo (Belle 11), 20151
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O(sin2P) to be reduced ~10x at Belle II!



Some T-odd Observables

“P versus d”

- -
A permanent electric dipole moment d o S

— —

S = S =

Maxwell Equations... MUM: P even, T even
EPM: P odd, T odd

sl under CPT, CP is also broken

In contrast,a “T-odd” decay correlation can only be
motion-reversal odd: it can be mimicked by FSI....

In B decay these are controlled by electromagnetism
& can be computed
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T-odd Decay Correlations

In neutron /3 decay, triple product correlations are spin dependentt.
Major experimental efforts have recently been concluded.

D term (Mummetal., 2011; Chupp et al., 2012]

D probes J - (p, x p,) and is T-odd, P-even.

D = [-0.94 4+ 1.89(stat) + 0.97(sys)] x 10~* (best ever!)
DFSl IS well-known (NSLO) and some 10x smaller. [calian and Treiman, 1967; Ando et al., 2009]
D limits the phase of C4/Cy...

R term [kozela et al., 2009: Kozela et al., 2012]

Here the transverse components of the electron polarization are measured.

R probes J - (p, x 6) and is T-odd, P-odd.

N probes J - & and gives a non-zero check.

R = 0.004 + 0.012(stat) + 0.005(sys)

R limits the imaginary parts of scalar, tensor interactions...

In contrast, in radiative 3-decay one can form a T-odd correlation from
momenta alone, p., - (Pe X P, ), SO that the spin does not enter.
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EDMs for New Sources of CPV

The contribution from the CKM wmatrix first appears in
three-loop order!

The EDM is flavor diagonal, so that...
at one-loop order no “ImV...” piece survives
at two-loop order the “ImV...” piece vanishes [Shabalin, 1978]

at three-loop order the gluon-mediated terms dominate

Y [Khriplovich, 19861
W W
|da| ~ 10-3% e-cm
[Czarnecki & Krause, 19971
d t C d
> > > @ >
b

Strong interaction effects can

Ligure: W. Altmannshofer] enhance but only by 10207 ? jn neytron
[Gavela et al., 1982: Khr%lovich & Zhitnitsky, 1982: Mannel & Uraltsev, 2012.... Seng, 20151
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Today

What kinds of hew physics models

can generate a “T-odd” decay correlation
and not an appreciable EDM (nor a signature
at a high energy collider?)

To what extent are the two sorts of
measurements complementary?

How well can the FSI that generate the T-odd
correlations be calculated? Can new physics
modify these predictions, too?
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A Common Thinking
New physics can (only) appear at high energy

In this case, increasing the precision of a low-energy
measurement translates into ever higher energy reach

E.g., enter the charged weak current of the SM...

[dim 6
operator]

Gp ~ QQ/MVZV

implying probes for new physics via tests of lepton
flavor universality or of the V-A law or ....



) ' Analysis Framework

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

Cq
[’SM :>£SM_|_ZAD_4OiDa

where the new operators have mass dimension D>4

Symmetries guide their construction {Weinberg, 1979]

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

cf. non-V-A tests with tests of CKM unitarity



New High Energy or Low Energy Physics
(or Neither)?

Much discussion of nature of new physics at E > A, i.e.,
of low energy consequences of Acpy >> Asusy , etc.

Yet new physics at E < A could also be appreciable,
nor need it require a particular energy scale to appear

E.g., the following term can appear within QCD
2
-9 9
3272
as can a similar term from the quark masses, so that

£9 QCDFC';LVFMV&

fqcp = 0 = 0qep + Oyukawa
But the experimental limit on d, implies 8 < 10-!°

E.g.,also enter the right-handed v, or the axion a....



Theoretical Framework
L = LSM+Z oz>LSM+—Za, 2

Wlth (l)\é,' — V2//\,' . [Buchmuller & Wyler, 1986; Grzadkowski et al., 2010; Cirigliano, Jenkins, Gonzalez-Alonso, 2010;

. o
/Kadlahve correction™l

55) evu(1 —v5)ve - uy"(1 — v5)d

Cirigliano, Gonzalez-Alonso, Graesser, 2013]

GO Vg 1
|
+  er yu(1 —5)ve - Uy (1 —5)d + &L ey, (1 +5)ve - Uy (1 —5)d

+ er evu(1 —s)ve- Uy (1 +5)d + €r €y, (1 +5)ve - UY*(1 + 5)d

+ €8 é(1 — 75)Vg -ud + €S é(1 —I—’75)Vg -ud

— €p é(1 —”75)Vg - Uvsd — €p é(1 —|—’y5)Vg - Uvysd

+ et €0, (1 —5)ve - Uc™ (1 —~s5)d + €1 €0, (1 + v5)vp - Uo™” (1 + 75)d

4+ h.c..
*[Sirlin, 1974, 1978, 1982; Marciano & Sirlin, 1986, 2006; Czarnecki, Marciano, & Sirlin, 2004}

Note right-handed neutrinos appear explicitly
QCP (hadron matrix elements) also play a key role!

Eeff —




Are new particles
invisible or merely
feeble at low energies!



New Low or High Energy Physics?

How can these possibilities be distinguished?
{Le Dall, Pospelov, and Ritz, 2015}

Consider the v mass: it can come from...

® 3 dimension-five operator (VWeinberg)

N.B. not “UV complete” — new high E BSM is required!
—= |B — L| violating!

® introducing a right-handed neutrino and
using the Higgs mechanism

This in itself i1s UV complete.

But only the one with B-L violation allows 0 v f decay



High or Low Energy New Physics?

The mwwon g-2 anomaly

Aa, =a,® — azh — (287 £ 80) x 10~

[Jegerlehner and Nyffeler, 2009}
€
i, = l+a,)o
ILLIU’ 9 m,u ( ,LL)

A [Czarnecki and Marciano, 2001l

could arise for either high or low E BSM

[Fayet, 2001; Gninenko & Krasnikov, 2001; Pospelov, 20091

Models with new weak scale physics can also be tested at
the LHC [Freitas et al., 2014}

A" mixing models with no invisible decays
have now been ruled out {BaBar, 2014 & NA48/2, 20151



Dark Photon Decays to Visibles (Only)
Exclude a ‘dark” explanation of the mwwon g-2 anomaly

1 0—4 : [Pospelov, 2009]

107

10'6 :

7 1 But this may only

N, 10 speak to our

10'8 assumptions...

10-9 ]

10—10 —..

10-11 :
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Gauge Theories of the Hidden Sector
Minimal (U(1)x) Extensions of the SM

Consider the dark photon... (with kinetic mixing)
1 1

_ ¢ Y pv o/ /Uy ! 2 It A/
EA/—§F FNV_ZF FMV—|—§mA/A A,u
Diagonalization and field definition yields
AF — AP — c A but Z — A’ mixing O(em?,, /M?2)

[Bjorken, Essig, Schuster, and Toro, 2009...}

Thus the A’ couples to SM ferwions.

In U(1)x extensions there are new currents, too,
with new patterns of X-fermion couplings



Opportunities in Neutron 3 Decay?
Dark bremsstrahlung could impact the f§ spectrum....

= e_A,M/,,:] park Br meas!
cf. NA64 (ZOID\{ - ___ | Sector
“invisibles” search ' &A’ —ete : (2018)
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New Low or High Energy Physics?

How can these possibilities be distinguished?
{Le Dall, Pospelov, and Ritz, 2015}

Consider the EPM...

® There are many dim-6 sources in SM EFT

® “darkV” contribution to e EDM is negligibly
small (e EDM “UV sensitive™)

® n EDM could be saturated by O term

There are other perspectives....



Model Dependent Connections

New physics which contributes to a/s can also generate an EDM, so that
EDM constraints limit D as well. Namely,
[Ng and Tulin, 2012]

C _ .
Liime = ﬁum“dRIHTeDNH + h.c.

[Buchmuller and Wyler, 1986]
couples W to a right-handed current; after integrating out the W

(quark level match (ns = 5)), this yields (setting Vg = 1)
C _ _ _ _
»Cdirn6 = _F(URWMdReL”YuVeL -+ UR’y“deL’yMUL) + h.c.

Thus Im(c) contributes to a/s (D) and O, g (d).

OLR = i(Dw“ch_)’muuR — c_zleuLDm“dR)
X —Dua%d + EW5UC_10'
Thus Im(¢) o Cuy + Co

Finally with |d,| < 2.9 x 1072% e-cm (Baker et al., 2006) ONe finds |D, /x| < 3 x 1077,
[Ng and Tulin, 2012]



Final-State Interactions
Consider, too, role of IR new physics

We first compute |M|2,__,, and then the asymmetry. We work in O(«) and in
leading recoil order. [SG and He, 2012]

’M‘z = ’Mtree’2 + Migee - Ml*oop + Mioop - Migee + O(az)
1 1 , .
|M|2T—odd = E Z ‘Mﬁ“—odd — é Z(ZRe(MtreeIIlioop))

spins spins

Note “Cutkosky cuts” [cutkosky, 1960]

1 . 1
Im(Mloop) — @ Z / dpn ZanMin — @ / dpn ZanMn/
n Sn Sn

There are many cancellations. At tree level

lv ly

Pn k P \[\l\’ k
. Pp - ]
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The interference with the tree level amplitude can yield zero. Namely, for the
~v — p family
IM|%_ 44 [83-01 +3.02 +4.01 +4.02 + 7.2.01 +7.2.02 + 8.3.01 4 8.3.02]
=0+ O(M),
The e — p — ~ family includes
M2 4q[7-1.01 +7.1.02 +8.1.01 +8.1.02] = 0+ O(M),

For the e — p family a3% ~ J&% ~ (le - k)J3%/(Mw) and ag% ~ f&% ~ Jd:
MZ2,_ .. [6.3.01 +6.3.02+8.2.01 + 8.2.02]

2m2 2E, 2E 2M .
0429\2/612:564/\43(1)\2)(/6 P weaG.B—TlG.S
_MC B m2f +2m2a B m2J +2MEa +2ME/

o088 T Tl T 88 T T et 882 T e
2MEh +M20 —Mze
L kB3 G2 T 03

The infrared divergence cancels in O(M?).
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The asymmetry computed from the “e — p” and “e — p — ~” cuts dominate the
numerical results.
For the neutron...

Wmin (MGV) Af M

0.01 1.76 x 107°
0.05 3.86 x 10~°
0.1 6.07 x 10~°
0.2 9.94 x 10°
0.3 1.31 x 1074
0.4 1.54 x 104
0.5 1.70 x 10~
0.6 1.81 x 104
0.7 1.89 x 104

The nuclear radiative g-decay calculation can readily be reduced to “neutron”
form.

Let’s look at this explicitly for °Ne 5-decay.
There are many more graphs, but they all cancel in leading recoil order.

Note new (CP conserving!) IR physics
can contribute in O(&?)....



New CP-Violating Interactions?

What sort of interaction gives rise to a p., - (D x p,) correlation at low
energy?

Harvey, Hill, and Hill: Gauging the axial anomaly of QCD under

SU(2), xU(1)y makes the baryon vector current anomalous and gives rise to
“Chern-Simons” contact interactions (containing #¥*?) at low energy.

[Harvey, Hill, and Hill (2007, 2008)]

In a chiral Lagrangian with nucleons, pions, and a complete set of
electroweak gauge fields, the requisite terms appear at N°LO in the chiral
expansion. Namely, i 2o10)]

P I %Nie“”p“’yaTaTr({Au, [iD,,,iD,])N + ...

Thus the .weak‘vector current can mediate
parity violation on its own.

Our correlation probes the Im part of the interference with the leading vector
amplitude. Existing constraints are poor.

Note EMIT Il limits Im gy < 7 - 10~* (68%CL).
First row CKM unitarity yields Imgy < 2 - 1072 (68%CL).
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In n(pn) — p(Pp) + € (le) + Ve(l) + v(k) decay interference with the V — A
terms yields to leading recoil and radiative order

e* Gz E.

2 2
M| =512M 5 Im(c5gv)le k(l e X K) -1,

The pseudo-T-odd interference term is finite as w — 0.
Defining ¢ = (l¢ x K) - I, we partition phase space into regions of definite sign:

A= (MTe>o0 — lNe<o)
(Feso + Me<o)

To leading recoil order, where w™" is lowest detectable photon energy,

A(W™" = 0.01 MeV) = —1.2-10~2Im ;\S/I%V(Mev ),

Br(w™"=0.01MeV) = 3.5-107° and

A(w™ = 0.3MeV) = —1.0-10~"Im 59V(|\/|ev ), Br(w™" = 0.3MeV) = 8.6.105
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The LEC c5 need not be real in theories beyond the SM.
To illustrate, hidden-sector fermionic matter can appear via

and interfere with SM contributions to yield Im(cs gy ).

The notion of new matter with QCD-like interactions is not new. Note, e.g.,
“Quirks” [okun (1980); Kang and Luty (2008)] “dark quarks” [Blennow et al. (2011)].

Here we imagine the matter to be light and weakly coupled. We probe CP
phases associated with hidden-sector interactions.

Direct constraints (and H — ~~) can be evaded via light masses and/or small
mixing angles.
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Summary

Weakly coupled physics at low energies
is its own frontier!

Neutron experiments, even if devoted to other
“primary” wmissions, can play an important role

Dedicated efforts to detect new long range
forces (& using neutrons) are also ongoing

T-odd correlations can also vsed to
limit light, weakly coupled physics
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Backup Slides



EDMs: Broader Impacts
Low or high energy physics?

Visibiliry ©

.. =wwwe  The discovery of the
| " electron EPM at
anticipated sensitivity
would reveal weak scale
new physics
{Le Dall, Pospelov, and Ritz, 2015}

The limits anticipated
in next generation EVM
experiments give
| decisive tests of EWB

R Pryses ik in popular models

[Cirigliano et al., 2010; Chao and Ramsey-Musolf, 2014}

Precision frontier




Gauge Theories of the Hidden Sector

There are many possible vector portals
- but only sowme are “anowmaly free”
Typical to consider Abelian groups as FHV is gauge invariant
® U(l)y or U(l)em : enter the dark photon and A-A’

MIXING [Holdom, 1986...]

e U(l)y with an extended Higgs sector : now mixing
with both the photon and Z occurs — enter the Z4

[Davoudiasl, Lee, Marciano, 2014}

® U(Il)g but not anomaly free [Nelson &Tetradis, 1989; Tulin, 2014;
Dobrescu & Frugiuele, 2014...]

® U( | )U'T [Altsmannshofer, Gori, Pospelov, & Yavin, 2014]



Model for the Be-8 IPC anomaly

There’s no unique choice, but here’s one:
[Feng, Fornal, Galon, SG, Smolinsky, Tait, Tanedo, 2016}

Gauge the U(1)g, global symmetry of the SM

This is anomaly-free with the addition of 3 sterile neutrinos

Generically the B-L boson mixes with the photon:

21
ut 3o geEL €, —Ep_L
1 1 .
£4 —§5+ §€B_L Ee: —TE&E —EB-L

For € + €5, =0, we get both €, = €/3 and €, = -2€/3 (protophobia) and €,
<< 8u,d |

The neutrino X-charge is too large. This problem is mitigated if X is
heavier, then gL can be smaller. It can be remedied in different ways —
e.g., by mixing with X-charged sterile neutrinos.

Other model possibilities are being developed.... o



Hunting Hidden Forces

“Early” et and e excesses in the gamma-ray sky
from dark matter annihilation

N.B. Fermi LAT results (& others), 2008-9

DM A’ f . .
\\w\m< [ Could explain size of

! ++  excesses if new GeV-scale

M ~ gauge bosons exist
DM/ -

new gauge boson
is a “portal” to Plausible conventional explanations

a hidden sector ~ now exist, but the possibility
was opened nonetheless....

[Arkani-Hamed, Finkbeiner, Slatyer, Weiner, 2009;
also Fox & Poppitz, 2009,...Pospelov 2009 (M g-2)]




EDMs & the SUSY CP Problem
Models with 0(1) CP phases & weak scale supersymmetry

(e cm) Simplified model An EDM Can nOW
. 167 win maxmal - gppear at one loop!

EPM bounds push
super partner masses
far above the TeV scale!

LHC results now suggest

“decoupling” is a partial
(Hisano @ Moriond EW 2014)
LFigure: W. Altmannshofer] answer
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Lepton EDMs in the SM

The contribution from the CKM wmatrix first appears in

cf. de<f from CPV e-N  four-loop order!
[Pospelov & Ritz, 2013]
de ~ 1044 e-cm [Khriplovich £ Pospelov, 19911

Majorana neutrinos can enhance a lepton EDM
[Ng & Ng, 1996

but not nearly enough to make it “visible”

Y

For “fine tuned” parameters
W W de <1033 e-cm

LArchambault, Czarnecki, & Pospelov, 2004
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CP violation in the SM

Observed effects appear through quark
mixing under the weak interaction

a’ d Vud Vus Vub
s’ = Vekm | S o Vekm = | Voo Vs Ve
b/ weak b mass th Vts th

2 .
S -y AN3(p — in) ) 4
Vekm = —\ — 2 AN? + O(\)
\AN(1 —p—in) —AN 1 | [Wolfenstein, 19831

The CKM Matrix is a unitary 3x2 wmatrix with 4 parameters in
the Standard Model

What is also possible but not seen is CP violation from
QCD — because the n EDM has not been observed!
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Operator Mass Dimension Memo
Predictive power in QFT demands than D cannot be > 4

The action S )
S = /d x L

To make S dimensionless, we must have dim[£] = 4.
Recall Fo = 0,4, —0,A, and miv

Thus PtV sl dim[AH]=1 also dim[W]=3/2

dim[ypo* Y F,,] =5
Note in chiral basis

mp = m(Prr + YrYL) wL
VY = (Yt + vryH YR)

35
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EDMs & Sensitivity to New Physics

The electric and magnetic moments change chirality

Yo = (Yo pr + Yro" L)
Yo ys1p = (Yot ysr + YR ys9L)

By dimensional analysis we infer the scaling

“New Physics
gy . Scale”
dp ~ € A2 sin ocp /
md(MeV) o 1
danark “A(TeV)? A(Tev)2® 0

Note ILL limit on neutron EDM:
dn < 3x1026 e-cm @ 90%CL LPendlebury et al., 20151

EPM experiments have TeV scale sensitivity
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