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* New physics in beta decays: generalities and EFT framework

e Constraints on non-standard charged current interactions
e global analysis of beta decays
e collider input: LEP, LHC

* comparison of sensitivities

¢ Summary and outlook

Special thanks to Martin Gonzalez-Alonso for sharing his slides from
the WE-Heraeus-Seminar on “Particle Physics with Cold and UltraCold Neutrons”
October 24-26,2018, Bad Honnef



® |n the SM, W exchange = V-A currents, universality
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® |n the SM, W exchange = V-A currents, universality
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® Broad sensitivity to BSM scenarios

SUSY analyses:

Bauman, Erler,
Ramsey-Musolf,
arXiv:1204.0035,

Kurylov &
Ramsey-Musolf
hep-ph/0109222.

Hagiwara et
al1995

Barbieri et al
1985

® Experimental and theoretical precision at or approaching 0.1% level
Probe effective scale A in the 5-10 TeV range



To connect UV physics to neutron and nuclear beta decays, use EFT
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To connect UV physics to neutron and nuclear beta decays, use EFT

E

(> TeV)

Vew, Mw

(~GeV)

kF, m'n'

A

><
e

e S

’ \
— - ——

A
A

BSM dynamics

SU(3)c x SU(2)w x U(l)y symmetry
No B, L, CP, flavor

SM-EFT operators

SM-EFT’ operators
SU(3)c x U(l)em symmetry

e

Non-perturbative strong interactions

v

=
)

Chiral EFT (N,T1,...)

Many body QM

Matching

to BSM
scenarios

Perturbative

matching
within SM

Hadronic
matrix
elements

Nuclear
matrix
elements



* New physics effects are encoded in ten quark-level couplings
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* Quark-level version of Lee-Yang effective Lagrangian, allows us
to connect nuclear & high energy probes



Bhattacharya et al., 1110.6448 VC, Graesser, Gonzalez-Alonso 1210.4553

* New physics effects are encoded in ten quark-level couplings
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* New physics effects are encoded in ten quark-level couplings

Lcc
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ep (1 —v5)vp uysd
€T (70”,,(1 — v5)vp uo™ (1 —v5)d | + h.c.

€; ,gi ~ (Afw/A)Q

Can interfere
< with SM: linear
sensitivity to §;

Interference with

€ — € (1—v5)ve — (14+75)ve

SM suppressed by
my/E: quadratic
sensitivity to €



Bhattacharya et al., 1110.6448

* Work to first order in rad. corr. and new physics

VC, Graesser, Gonzalez-Alonso 1210.4553

Lcc

(e

Fermi constant
extracted fro muon
lifetime, possibly
“contaminated” by

Note: besides the pre-factor, €rappears in nuclear
decays in the combination ga = ga x (|- 2€R)

knew physicsj
C bae )

SM rad. corr.
> “large log”

(/m)xLog(Mz/k),

Marciano-Sirlin 1981
Sirlin 1982



|. Differential decay distribution
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Theory input: gvas T (from lattice QCD) + rad. corr.



Chang et al. (CalLat) 1805.12030

N=2+1+1

With estimates of all systematic errors (mg, a,V, excited states)
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2. Total decay rates

L = (GP)? % |Vig|” x | Mpaal® x (1+ 6rc) X Fin




2. Total decay rates

L = (GE)? % |Vij|* x | Muaal® x (1+ drc) X Fian

Lifetimes, l Q-values —
BRs Experimental input phase space



Theory input

Hadronic / nuclear
matrix elements
and radiative corrections

Lattice QCD, chiral EFT,
dispersion relations, ...



2. Total decay rates

Lk = (GP)? % |Vij|” x | Mpaal® x (1+ drc) X Fian

Channel-dependent
effective CKM element

Vud = Viud [1 + €7, + €+ 5(657 €T) ﬁ{in]

1Vaal? + [Vl + Via = 1+ Acxou(cr)




For nuclei, rate traditionally written in terms of “corrected FT values”

- /ﬂ//'/v/ / 7
Nucleus-dependent radiative & “Inner” radiative correction

Isospin Breaking correction ArV= (236 % 0.04)%
[Marciano-Sirlin 2006] n
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For nuclei, rate traditionally written in terms of “corrected FT values”

) g —

Nucleus-dependent radiative &

( )

, , ) “Inner” radiative correction
Isospin Breaking correction ArV= (2.467 + 0.022)%

[Seng et al. 1807.10197]




* Experimental precision between ~0.01% and few %

Ft (or—o0*) values

Parent

Ft(s)

IOC
ldo
22Mg
QGm.Al
Ml
34Al‘

38m K
B(Ca
12G,
16y
50NIn

3078.0 + 4.5
3071.4 + 3.2
3077.9£7.3
30729+ 1.0
3070.7 £ 1.8
3065.6 £ 8.4
3071.6 = 2.0
3076.4 £ 7.2
30724+ 2.3
3074.1 + 2.0
3071.2 £ 2.1
3069.8 £+ 2.6
3071.5 £ 6.7

3076.0 + 11.0

Correlation coebficients

Neubron dakta

Parent Type

Parameter

Value

“He GT/3~
2Ar F/p*
38m K F/.B+
“0Co GT/3~

67Cn GT/B~
H4n GT/3~
140/10C  P-GT/4+
26A1/%P  F-GT/*
SLi GT/8"

Pr/Pgr
Pr [ Pgr
R

—0.3308(30)™

0.9989(65)
0.9981(48)
—1.014(20)

0.587(14)
~0.994(14)
0.9996(37)
1.0030 (40)
0.0009(22)

Parameter Value

Tn (S) 87975(76) * (S = 19!2)
~0.1034(37) «
—~0.1090(41)

—011869(99) *® (S = 2.6f!)
0.9805(30) *

—1.2686(47)
—0.00012(20) *
0.004(13)

v

Nuclei

* Averaqe

S= (szt.n/ dof )1/2

Gonzalez-Alonso, Naviliat-Cuncic, Severijns, 1803.08732 & M. Gonzalez-Alonso slides



* Experimental precision between ~0.01% and few %

Ft (or—0*) values

Parent

Ft(s)

IOC
14 O
22Mg
26m A
HQ]
Ay
A8m K
B(Ca
2S¢
46 Vv
“ONIn
5400
62 Ga
74 Rb

3078.0 + 4.5
3071.4 + 3.2
3077973
30729+ 1.0
3070.7 £ 1.8
3065.6 = 8.4
3071.6 = 2.0
3076.4 £ 7.2
30724 + 2.3
3074.1 + 2.0
3071.2+2.1
3069.8 £+ 2.6
3071.5 £ 6.7

3076.0 + 11.0

3100

3090
3080 |

3070

3060

“Corrected” FT values

Mg ®Ca “Ga “Rb
c “CI*"K “v *Co

“o Al *Ar“Sc*Mn

Z of daughter

FT values before including
nucleus-dependent radiative
correction

Z of daughter

Hardy-Towner 1411.5987

Gonzalez-Alonso, Naviliat-Cuncic, Severijns, 1803.08732 & M. Gonzalez-Alonso slides



* Experimental precision between ~0.01% and few %

C
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Gonzalez-Alonso, Naviliat-Cuncic, Severijns, 1803.08732 & M. Gonzalez-Alonso slides



Gonzalez-Alonso, Naviliat-Cuncic, Severijns, 1803.08732

e Standard Model fit (A= ga/gv)

Experimental ~ Radiative corrections (Ar)
Vaa| = 0.97416(11)(19) = 0.97416(21) P = —0.13
/v = 0.57.
A = 1.27510(66) Knin/
0*-0*

~1268}
e Fit driven by Ft’s (0" —0%) \ _12m]
~1276

-128
0983 0984 0985 0986 0987 0988

Vud (|.|. AR)I/Z




Gonzalez-Alonso, Naviliat-Cuncic, Severijns, 1803.08732

e Standard Model fit (A= ga/gv)

New Radiative corrections (Ar)

Experimental [Seng et al. 1807.10197]

Vaa| = 0.97416(11)(12) = 0.97366(15) p =013
2in/v = 0.57.
A = 1.27510(66) Xinin/
0*-0*
-1268
e Fit driven by Ft’s (0" —0%) \ 107}
and Tn (not An)

-1276

-128
0983 0984 0985 0986 0987 0988

Vud (|.|. AR)I/Z




Gonzalez-Alonso, Naviliat-Cuncic, Severijns, 1803.08732

e Fit including BSM couplings (driven by Ft’s (0* =0%) , T, and An)

2nd error:
Vea =Vau (1 + 1+ en) (1 - %) |st error: Ar, ga,gs,and gr
\ experimjntal / Ga = ga (1 — 2¢p) |
Vol 0.97452(34)(19)
~2% — ~0.5% ** €R 0.002(1)(21) (90% CL) ,

~0.2 % es |~ | 0.0014(20)(3)  (90% CL) Xinin /v = 0.46
~0.1 % €T —0.0007(12)(1) (90% CL)

1.00

~[0.00 1.00
P=1083 000 1.00
0.28 —0.04 0.31 1.00

** CallLat 1805.12030



[ Vaal” + Vs |’ +M|2 =1+ ACKM(@)J

pa AN

Extraction dominated by Extraction dominated by K decays:
+ + et
0*—0" nuclear transitions K—=1rev & K= pv vs T= UV (Vus/Vud)
Hardy-Towner 1411.5987 FLAVIANET report 1005.2323 and refs therein
CKM 2016 Lattice QCD input from FLAG 1607.00299 and refs therein

+ MILC 2018 1809.02827



Vil + 1Vl + R = 1+ Acrcu(c) |
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[ Vaal” + Vs |’ +M|2 =1+ ACKM(@)]

— 0227 Vis from K= pv

Ackm= -(4x5=+«10* ~lo
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precision tests,
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With new radiative corrections
[Seng et al. 1807.10197]



e Independent extraction of Vu4 @ 0.02% requires:

- T12)
— 4908 6(]. 9) Czarnecki,
ga = ga (1 — QER) V Marciano, Sirlin
T (1 + 39A 1802.01804
- /
OT, ~035s 0galgs ~0.15% — 0.03%
OT /T, ~ 0.04 % (Da/a , OA/A ~ 0.14%)
UCNT @ LANL [T.~ 877.7(7)(3)s] OA/A < 0.2% can be reached

is almost there, will reach 0T, ~ 0.2 s by PERC, UCNA+
1707.01817 Oa/a ~ 0.1% at Nab



® Need to know high-scale origin of the various €y

O |
A — Match SM-EFT

(> TeV)
- and SM-EFT’

SU(3)c x SU(2)wx U(l)y symmetry

A
Y
% @ Chiral EFT (N,TT,...)

X
(~GeV)
kr. mm Y
(=

® Model-independent statements possible in “heavy BSM” scenarios:
Mesm > TeV — new physics looks point-like at collider

VC, Gonzalez-Alonso, Jenkins 0908.1754



® Need to know high-scale origin of the various €4

eLr originate from SU(2)xU(1)
invariant vertex corrections

U;

N
O8) =i(¢'D"0%)(q7.0%)
Z 3 ~ Gauge W

_ qr 4L ur, dr, y

- . N
Opp = ilg €Dyp)(ur"d)

N Y

E.g. from W -WrR mixing in Left-Right
symmetric models

VC, Gonzalez-Alonso, Jenkins 0908.1754



® Need to know high-scale origin of the various €4

€Lr originate from SU(2)xU(l) €spT and one contribution to

invariant vertex corrections gL arise from SU(2)xU(1) invariant
4-fermion operators

U, u

Ve

O = (1"'o"1) (@0 q)

Ogde = (Ze)(zg)+h.c.

VC, Gonzalez-Alonso, Jenkins 0908.1754



® Need to know high-scale origin of the various €y

€Lr originate from SU(2)xU(l) €spT and one contribution to

invariant vertex corrections gL arise from SU(2)xU(1) invariant
4-fermion operators

ui Ui
‘/ d
d W j -
Ve
Ve
o LEP:

® Strong constraints (<0.1%) on L-handed vertex corrections (Z-pole)

® Weaker constraints on 4-fermion interactions (Ohad)

® What about LHC?



Bhattacharya et al., 1110.6448,

® The effective couplings €4 contribute
to the process pp > ev + X

® No excess
events in
transverse mass
distribution:

bounds on &g

differential

2107 IICM'SPrei:mnaryl=n-|n:~‘l
(3106 . 02 ! ;:':
2l G E
210t =
5103 T
10°

10

1

107

102

200 400 600 800 1000 1200 1400

mT(GeV)

VC, Graesser, Gonzalez-Alonso 1210.4553
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S. Alioli, VC, W. Dekens, ]. de Vries, E. Mereghetti 1703.04751

* Vertex corrections inducing &R in the SM-
EFT involve the Higgs field (due to SU(2)
gauge invariance) P'T Dy QLT gL

0" e€Dup upy'dp




S. Alioli, VC, W. Dekens, ]. de Vries, E. Mereghetti 1703.04751

90%CL, assumes only two operators at high scale

s | I BPas B Neutron decay:
A=ga(l —2¢Rr)
0.02} | - :g - Constraint on &r uses
‘ ga =1.271(13)
N\ (CalLat 1805.12030)

(Run 2 projection)

AckMm « ELTER

Z-pole = g -0.02}
Falkowski et al oS0 o Ol (r—pv) = EL— €R
|706.03783 | | |- WH, VS =14TeV [f from LQCD]
— n-—pev
—0.04| : : . .
004 = 000 002 0.04




Example |: €L and &r couplings

Several lessons:
e Beta decays can be quite competitive with collider

e Connection between CC and NC (gauge invariance!)

e (Caveat: going beyond a 2-operator analysis relaxes some of these
constraints (but not the one on &r from A)

e Allin all, beta decays provide independent competitive constraints in a
global analysis

LQCKM < €L ' CR

Z-pole = £ -0.02
Falkowski et al 50w Ol (rr—pv) =« €L— &R
|706.03783 | | |- WH, /S = 14TeV [fr from LQCD]
n— pe v
0.0
-0.04 —0.02 0.00 0.02 0.04



0* —0* (br)

3090  Towner-Hardvl. 2010
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&1 @ M= 2 GeV (MS-bar)
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’

........................
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«) 0.000 N
Gonzalez-Alonso, Prospective beta
Naviliat-Cuncic,
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Bhattacharya et al ]
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* Model = set overall size and pattern of effective couplings

e Beta decays can play very useful diagnosing role

e Qualitative picture:  “DNA matrix”
L &R Ep &S ET
LRSM X v X X X
Can be made
quantitative,
including LHC LQ v X J v v
constraints on
each model IHDM » X v v X
MSSM v v v v v

YOUR FAVORITE
MODEL




* [ decays with sufficient th. and expt. precision (< 0.1%) remain a
very competitive probe of new physics

e Discovery potential depends on the underlying model. However,
for heavy mediators, EFT shows that a discovery window exists

well into the LHC era (simple examples: €.-€r and &s-€71 plots)

* Beta decays play unique role in probing vertex corrections €.-&r
(not enough precision at the LHC)

e Beta decays can be competitive probes of scalar and tensor
interactions if precision reaches < 0.1%



 The next frontier in beta decays will likely include

 Experiment:
¢ 6Tn ~O.IS

e <0.1% precision in decay correlation coefficients

 Theory:
e gp at sub-percent level from LQCD

e Radiative corrections: improved data for
dispersive method and lattice QCD analysis







This table
summarizes a
large number of
measurements
and th. input

Already quite
impressive.
Effective scales
in the range

A= 1-10TeV
(Asm = 0.2 TeV)

oy Y(E.)
[Y(E°) 14+bm/E.+...

J

Non-standard Current | Prospective

coupling Observable sensitivity | sensitivity
Re(eL + GR) Ackm ~ 0.05% < 0.05% *
Im(eg) D, ~ 0.05%
ep, Ep Ry = 2= ~ 0.05%
Re(es) b, B, [a, A, G ~ 0.5% < 0.3%
Im(es) R, ~ 10%
Re(er) b, B, [a, A, G], t—evy| ~01% | <0.03%
Im(er) Rs;; ~ 0.2% ~ 0.05%
€atP a,b,B, A ~5—10%

Gonzalez-Alonso & Naviliat-Cuncic 1304.1759

VC, S.Gardner, B.Holstein 1303.6953

Gonzalez-Alonso, Naviliat-Cuncic, Severijns, 1803.08732




=

_ T
® Helicity suppressed in the SM (V-A) o O

<|

® Predicted very precisely in the SM (0.01%): Rx = 1.2352(1) x10-*

Marciano-Sirlin 93 VC-Rosell '07

® Experiment: R = 1.2300(40) x10* will go down to 0.05% level

TRIUMF and PSI

® This ratio probes a whole set of € couplings (V flavor not observed)

4 )

GF afB\ — _ X=e, U
Leg D %Vu €a(l —¥s)vp - Uysd B=e,u,T

- J




® Neglecting non-enhanced € -cr terms:

M2

my(p) +ma(p)

By/m. = 3.6 x 10%

4 I
2 2 2
_ Bo ee Bo ep Bo et Bo(p) =
Rﬂ [(1 me€p) + (m.eep) + (meép) 0
SM 2 2 2
hx | — Bogn)" 4 (Bogre)” 4 (Bowr
my CP my CP m, <P
NS J
0.0004—
® No constraint if
€p/Me = €p /My, |
0.0002}
® Assume all €p of similar size
(neglect me/my) :
33(0& 0.0000
® Allowed region is an annulus
of thickness 1.38 x10-¢ _
~0.0002}
® Marginalize wrt €0
~0.0004L .

[— 1.4%x 1077 < €% < 5.5 10—4]

0.0000

0.0002
ee
€p

0.0004

0.0006



® Constraint on &s 71 via EVV radiative corrections: P operator,

generated at high scale /A, induces S and T operators at low scale U
Voloshin 92

Campbell-Maybury '05
Herczeg 95
>0<§ o< ><
P
ST
é )
—14x 1077 - N _ 5.5 x 10~
TSP €S VTP €T
log(A/p) ’ log(A/p)
N\ _J
Ysp = ;—;%%6.7x 1074
9ay 15y _o
TP = —5?—??%—7.3X 10

e With log(A/p) ~10, |5| < 8 x102 and |e7| < 10



e ¢£,=0and takeVy4 from 0" — 0*;

Czarnecki, Marciano, Sirlin 1802.01804
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(1 +3¢%) = 5172.0(1.1)s

UCN lifetime and post-2002 ga
consistent with SM (blue line) =

“favored values” within the SM

if confirmed, will put tightest
constraints on BSM interactions
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Tn(143g%) = 5172.0(1.1)s
Impact of €r = 0.003

UCN lifetime and post-2002 ga
consistent with SM (blue line) =

“favored values” within the SM

if confirmed, will put tightest
constraints on BSM interactions



Adler et al."1975
(quark model) 0.60(10)

PNDME 2011 0.80(40)
LHPC 2012 1.08(32)
ROCD 2014 1.02(35)

PNDME 2013/15 0.72(32)

ETMC2015/17 0.93(33)

Scalar & tensor
charges

1.45(85)
1.05(35)
1.04(02)
1.01(02)
1.02(08)
1.00(03)

PNDME 2016/18  1.02(10)

JLOCD'I8 0.88(11)

0.99(03)
1.08(10)

nms- '

- bn < 0.001

—0005 ‘ !
—0.0004 00002 00000

[MGA & Martin Camalich,
Phys. Rev. Lett. 112 (2014)]

gs = 1.00(8)
using (mqg -my) from 1802.04248
[FermiLab/MILC/TUMQCD]

Martin Gonzalez-Alonso



e V _ from 0*— 0*nuclear B decays

1 Gf‘|%d|27712

t  mwlog2

) (1+ ROy — ft(

1+ RC) =

2084.48(5) s
| Vad |

- —

(14 RC)

/

(I —=0¢) (1+0r) (1+ Ac)

~ |

(flr4liy = V2(1 = 6¢/2)
Coulomb distortion
of wave-functions

oc ~ 0.5%

Towner-Hardy
Ormand-Brown

}

Ab initio methods!?

Nucleus-dependent
rad. corr.
(Z, Emax nuclear structure)

op ~ 1.5%

Sirlin-Zucchini ‘86
Jaus-Rasche ‘87

T

Nucleus-independent
short distance rad. corr.

Ar =2.36(4)%

Marciano-Sirlin ‘06

Further improvements with
dispersion relations, Lattice QCD?



e V _ from 0*— 0*nuclear B decays
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7|Vl K) & £1(0)(pK + Pr)y+ -

l

Vi = Syuu

K= uv vs m— uv

l

(O] Au|K) o< Fi(pK)p
A, = 35U

e |attice QCD calculations (summaries from FLAG 2016)

Ni=2+4+1 Neg=2+1+1

Nf=2

non-lattice

FL_A(IBZOIG :

f.(0) @ 0.34%

FLAG average for Ne=2+1+1

ETM 15C
FNAL/MILC 13E
FNAL/MILC 13C

FLAG average for N;=2+1

RBC/UKQCD 15A
RBC/UKQCD 13
FNAL/MILC 121
JLQCD 12

jLQCD 11
RBC/UKQCD 10
RBC/UKQCD 07

7

H—{1+—H
H{H
[ ]

FLAG average for N,=2

ETM 10D (stat. err. only)
ETM 09A

QCDSF 07 (stat. err. only)
RBC 06

JLQCD 05

JLQCD 05

—&—
—&—

—e—

Kastner 08 55
Cirigliano 05 56
Jamin 04 5

Bijnens 03 58
Leutwyler 84 59

0.94 096 008 1.00

Ne=2+1+1

N¢=2+1

=2

N¢

F-TAG|2016

= L

fKt/fﬂt @ 0.25%

FLAG average for Ny=2+1+1
ETM 14E
FNAL{MILC 14A
ETM 13F
D 13A

MILC 13A
MILC 11 (stat. err. onIY)
ETM 10E (stat. err. only)

—1F—

FLAG average for Ny =2+1

RBC/UKQCD 14B
RBC/UKQCD 12
Laiho 11

BIA_ILCC} ow D10
{K%UQQCSCIOA

Bl.’g‘goli?WQCD 09A (stat ly)
stat. err. onl
JMILC 09A Y

MILC 09
Aubin 08

PACS-CS 08, 08A
HPGCD/RQCD 07
NPLQC6 06

MILC 04

FLAG average for Ne=2

ETM 14D (stat. err. only)
ALPHA 13A

BGR 11

ETM 10D (stat. err. only)
ETM 09

QCDSF/UKQCD 07

1.26




= v
| |

(m|Vul K) o< f+(0)(pK + Pr)p + - (0|A,|K) o Fi(px),
Vi = sypu A, = Syysu

o Lattice QCD calculations

f_l_K—»Tr(O): 0959(5) — 0970(3) F/Fr = 1.1 960(25) [Stable]
Vus = 0.2254(13) — 0.2231(9) Vus /Vud = 0.2313(7)
mm — mpPYs, a = 0, dynamical charm FLAG 2016 1607.00299 and refs therein

. e . . VC, H. Neufeld 1107.6001
e Radiative corrections computed to O(e?p?) in ChPT V¢, v Giannoe, 1.

Neufeld 0807.4507

* World data: FLAVIANET report 1005.2323 and refs therein



