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Beta decays: a trove of discoveries

© Then the EW theory and the SM came...
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© Next?
© Beta decay = precision field (TH + EXP)

o We are playing the same old game, but we are looking for a small contribution on top of
the dominant V-A interaction.
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@ Theoretical framework?

o Specific NP model vs. Effective Field Theories
("the same old approach" reloaded)




Beta decays: a trove of discoveries

© Then the EW theory and the SM came...

© Next?
© Beta decay = precision field (TH + EXP)

o We are playing the same old game, but we are looking for a small contribution on top of
the dominant V-A interaction.

® Theoretical framework?
® Specific NP model V. Effectlve Field Theones




Which EFT?

© How to compare different nuclear beta decays? [ —c...... = »n (Csev. — Cherane)
+ pyn (Cveyuve — C{/é’)/#'YSVe)

- Effective Lagrangian at the hadron level! :
+ 5130‘“’71 (Créo,,ve — Clreoysve)
— Py ysn (Caéyuysve — Clyevuve)
+ pysn (Cpéysve, — Cpéve) + h.c.

© How to compare with e.g. pion decays? [Lee & Yang'1956]
- Effective Lagrangian at the quark level!

¢ PFV . ’&Fda]

© How to compare with LHC experiments?
- Effective Lagrangian at the quark level at the EW scale!




Which EFT? B ol

© How to compare different nuclear beta decays?
- Effective Lagrangian at the hadron level!

[Lee & Yang’ 1956]

n (C{ﬁé’yﬂvL -+ C’;éfyuuR) pyHysn (CA EYuVL —

1
- pn (Cgevy + Cgevg) — 5po'n (Créowvr + Créouvp)

— C;éI/R) + h.c.

:> dT ~ f(Cyy My, Miy)

For some transitions and observables:

O ~ f(C)




Which EFT? i d

© How to compare different nuclear beta decays?
- Effective Lagrangian at the hadron level!

[Lee & Yang’1956]
( S +_ o o | z?'—' I o “”n
Lice—yYang = —py'n (Cve’yNVL - C’VefyuuR) — pyHsn (CA evuvr — Cy e’yuz/R) u

1 t

" — on (C’;éuL 4 C’géVR) — 5]50“’/72 (CitéO"u,/l/L + C’}éauyuR) l

+ pysn (Cpeévy — Cpévp) + hec.

:(> dT % f(C,, My, M)

For some transitions and observables: . )
UV meaning of the C
@ zf(Cl) + small corrections coefficients?

High precision (within & bejov\d the SM)
measuremenks (hadronization, RC, EFT, ...)




Current data

Precision:
0(oc.01 - 1Y% !

[Falkowski, MGA, Naviliat-Cuncic, JHEP 04 (2021)

Fermi or Gamow=Teller
Nuclear decavs

A

Ft (0> 0") values Correlation coefficients
Parent Ft [s]

Parent Type Parameter Value

10¢ 3075.7 + 4.4

%He GT/p~ —0.3308(30)™
32Ar F/B* 0.9989(65
38m F/B* 0.9981 (48

140 3070.2 + 1.9
2Mg  3076.24 7.0
26m A 30724 +£1.1
268 3075.4 £ 5.7
311 3071.6 + 1.8
Ay 3075.1 £3.1
38mK 3072.9 + 2.0
38Ca 3077.8 + 6.2
428¢ 3071.7 + 2.0
6y 3074.3+2.0
50Mn 3071.1+£1.6
%Co 3070.4 + 2.5
62Ga 3072.4 £6.7
"Rb 3077 + 11

)
)
50Co GT/B~ —1.014(20)
57Cu GT/B~ 0.587(14)
Ham GT/B~ —0.994(14)
1o /¢ F-GT/Bt  Pr/Por 0.9996(37)
A1/3°P F-GT/BY  Pp/Par 1.0030 (40)

[Hardy-Towner'2020]

+ updates

Neukron daka

Observable Value S factor
878.64(59 2.2
1.2

)
)
)
)
)
)

S = (Rmin/dof) /2



Precision:
0(o.01 - 1Y% !

[Falkowski, MGA, Naviliat-Cuncic, JHEP 04 (2021)

Current data (+

Fermi or Gamow-Teller + updates
Nuclear decays
A | |
Ft (0 —07) values Correlation coefficients Neubtron data

Parent Ft [s]
10¢ 3075.7 + 4.4
140 3070.2+ 1.9

2Mg 30762+ 7.0
26m A 30724 +£1.1

Parent Type Parameter Value

Observable Value S factor
%He GT/p~ —0.3308(30)™

878.64(59 2.2
1.2

827y F/B+ 0.9989(65
88m F/B* 0.9981(48

26g
34Cl
34Ar
38mpc
SSCa
42q.
467
50\ In
540
GQGa
74Rb

[Hardy-Towner'2020]

3075.4 £5.7
3071.6 £1.8
3075.1 £3.1
3072.9 £ 2.0
3077.8£6.2
3071.7£2.0
3074.3 £2.0
3071.1£1.6
3070.4 £ 2.5
3072.4 £6.7

3077 £ 11

50Co GT/B~
57Cu GT/B~
1147y, GT/B~
140 /100 F-GT/B+
6A1/30P  P-GT/3+

Pr/Per
Pr/Pgr

Th: QED + Isospin symmetbry breaking corrections

Fti = fti (1 + 8x) (1 4 Sns — 8¢)

)
)
—1.014(20)

0.587(14)
—0.994(14)
0.9996(37)
1.0030 (40)

)
)
)
)
)
)

S = (Rmin/dof) /2



Current data (+

Precision:
0(o.01 - 1Y% !

[Falkowski, MGA, Naviliat-Cuncic, JHEP 04 (2021)

Fermi or Gamow=Teller
Nuclear decavs

A

Ft (or—>or

Parent

Ft [s]

) values

Correlation coefficients

lOC
140
QQMg
26mA1
26g
34Cl
34Ar
38mpc
SSCa
42q.
467
50\ In
540
GQGa
74Rb

[Hardy-Towner'2020]

3075.7£4.4
3070.2+£1.9
3076.2£7.0
3072.4£1.1
3075.4 £5.7
3071.6 £1.8
3075.1 £3.1
3072.9 £ 2.0
3077.8£6.2
3071.7£2.0
3074.3 £2.0
3071.1£1.6
3070.4 £ 2.5
3072.4 £6.7

3077 £ 11

Parent Type

Parameter

Value

SHe GT/B~
32Ar F/B*
38mK F/,B+

50Co GT/B~
57Cu GT/B~
1147y, GT/B~
140/9C  F-GT/B+ Pp/Par
6A1/30P F-GT/B+ Pp/Por

Th: QED + Isospin symmetbry breaking corrections

Fti = fti (1 + 8x) (1 4 Sns — 8¢)

RECENT: nuclear sEruchre—deP. corrections
[Seng, Gorchtein, & Ramsey-Musolf, PRD1oo (2019)]

[Gorchtein, PRL123 (2019)]

—0.3308(30)™
0.9989(65)
0.9981(48)
—1.014(20)

0.587(14)
—0.994(14)
0.9996(37)
1.0030 (40)

+ updates

Neukron daka

Observable Value
878.64(59

S factor
2.2
1.2

)
)
)
)
)
)

S = (Rmin/dof) /2

RECENT:

Perkeo-I1I, PRL122 (2019): A,
aSPECT, PRC101 (2020): an
aCORN, PRC103 (R021): an
UCNT, PRL127 (2021): Ta



What about mirror beta decays?

® P transitions between isobaric analog states in T = 1/2 1sospin doublets
(Nuclei with p < n)
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What about mirror beta decays?

® P transitions between isobaric analog states in T = 1/2 1sospin doublets
(Nuclei with p < n)

|

. PNe
10p @
9n .

© Many per-mil level determinations of the Ft values! (Exp + Th)
[e.g. Severijns et al, PRC78 (2008)]

® Mgt/ M ratio needed: ~ (§ zf(Ci, MGT/MF) %f(Ci, p) c+t M
A Mgr
p=—

-G My

(1 + corrections)

o We need 2 observables per transition (Ft value + correlation);




What about mirror beta decays?

® P transitions between isobaric analog states in T = 1/2 1sospin doublets
(Nuclei with p < n)

© Many per-mil level determinations of the Ft values! (Exp + Th)
[e.g. Severijns et al, PRC78 (2008)]

® Mgt/ M ratio needed: ~ (§ ,@f(Ci, MGT/MF) %f(Ci, p) c+t M
A Mgr
p=—

-G My

(1 + corrections)

o We need 2 observables per transition (Ft value + correlation);

© SM analysis: [Naviliat-Cuncic & Severijns, PRL102 (2009)]
Vud can be extracted with 0.1% precision!
Although (currently) not competitive, it's a nontrivial crosscheck;




What about mirror beta decays?

® P transitions between isobaric analog states in T = 1/2 1sospin doublets
(Nuclei with p < n)

© Many per-mil level determinations of the Ft values! (Exp + Th)
[e.g. Severijns et al, PRC78 (2008)]

®© Mgt / MF ratio needed: O ~ f(Ci’ MGT/MF) ~/ f(Ci, ,0)

C} Mg,
Py M,

(1 + corrections)

o We need 2 observables per transition (Ft value + correlation);

© SM analysis: [Naviliat-Cuncic & Severijns, PRL102 (2009)]

Vud can be extracted with 0.1% precision!

Although (currently) not competitive, it's a nontrivial crosscheck; \
o What about BSM? [Falkowski, MGA, Naviliat-Cuncic, JHEP 04 (2021) 126] /

/



Current data

Precision:
0(o.01 - 1Y%

Fermi or Gramow-Teller
Nuclear deaajs

[Falkowski, MGA, Naviliat-Cuncic, JHEP 04 (2021)]
+ updates

Ft (0-—0) values  Correlation coefficients Neutron data
Parent Ft [s]
0C  3075.7+4.4 F;’Cllt (1;.\'/1); Parameter — 3()\’?2‘;1‘) : Observable Value S factor
40 3070.2+1.9 "He S T/B~ a —,.:); )8(: ) [a— :
2Ny 30762470 32 5, F/gt . 0.9989(65) r,z~(b) 879.75(76) 1.:9
26mAl 30724+ 1.1 38my F/B8* a 9()81 (48) /}” 11938(21) 1.2
2681 30754 +5.7 600 GT/B~ A 14(20) By, :9805(30)
O 30716+ 1.8 67Cy GT/B~ A m(u) AAB ~1. 2686(47)
HAr o 3075.1+3.1 1141y) GT/B~ A —( ).994(14) an 0. 1()42()(8 )
“I\ 3072.9 £ 2.0 0.9996(37) . 090(41)
WCa 30778+ 6.2 Parent Ft s Correlation 1.0030 (40) !
428c 3071.7 4 2.(

16y 30743 4 9.0 TF 2292.4(2.7)

(
(

OMn  3071.1 + 1. 9Ne 1721.44(92)
(
(

(o 3070.4 + 2.5
62Ga 3072.4 + 6.
™Rb 3077 + 11

2INa

2P 4764.6(7.9

35Ar 5688.6(7.2 A=0. A

37K

)
)
)
)

4605.4(8.2

= —0.0391

)
)
a = 0.5502(60)
)

A=—-05707(19

= 0.960(82)
14
Ag = —0.03875(91

= 0.681(86
= 0.430(22)

)
)

Mirror Eransiktions




Current data {(+ TH!!

Precision:
0(o.01 - 1Y%

Fermi or Gramow-Teller

Nuclear detajs

[Falkowski, MGA, Naviliat-Cuncic, JHEP 04 (2021)]

+ updates

Ft (0r—»07) values  Correlation coefficients Neutron data
Parent Ft s — .
10C 3075.7 + 4.4 (Paront Type Parameter Value . Observable Value S factor
14y 3070.2 &= 1.9 "He GT/p~ a —(f).3308(‘3( )? : — :
879.75(76 1.9
2Mg  3076.2 £ 7.0 S2Ar F/3+ a 0.9989(65) T’ZM 5(76) {
26m A 3072.4 + 1.1 38)71K F‘/z))nL a 0.9981 (48) /}n 11938<21> 1.2
%G 30754 +5.7 50Co GT/B~ A —1 014(20) B, 0.9805(30)
HCL 30716+ 1.8 67Cu GT/B~ A 0.587(14) AAB —1.2686(47)
HAr o 30751 +3.1 L4y GT/B~ A —( ).994(14) 0 .10 490(82)
38mc 3072.94+ 2.0 ()()()()( 57) N 0(41
FCa 30778 £ 6.2ff Parent Ft [s] Correlation 0 (40) Qn )
423c 3071.7 £ 2. I
16y 3074.3 + 2. F 2292.4(2.7)
Mn 3071141 19Ne 1721.44(92)
%Co 3070.4 + 2.5
62Ga 3072.4 £ 6.
21Ny, QECE:NT:

2P 4764.6(7.9
35AI‘
STK 4605.4(8.2

)
)
5688.6(7.2)
)

Mirror Eransiktions

Fenker et al,, PRL120 (R01%): Ax-z7
Combs et al., 2009,13700: Aye-1o

Hayen, PRD103 (2021): fa/fv values

see



Standard Model fit:

[Falkowski, MGA, Naviliat-Cuncic, JHEP 04 (2021) 126
+ updates]



PNe
PNa

Imprasséva
Prm‘:isi,ov\!

—1.25754(39)
—1.2955(13)
1.60157(75
—0.7127

N—"

\ 0.5787(20)

(11
—0.5380(21
—0.2834(25

N— e

0.98576(22) \

— Cf = 0.98576(22) G /\/2

Correlation
matrix

1.

-0.27 0.36 -0.63 0.41
1.

0.26 0.33 -0.23

-0.1 0.17 -0.11 -0.07 -0.09 0.06
1. -0.23 0.15

0.09 0.12 -0.08

- 1. -0.26 -0.17 -0.21 0.15
- - 1. 0.11 0.14 -0.1
- - - 1. 0.09 -0.06
- - - - 1. -0.08
- - - - - 1.
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0.98576(22)
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—1.25754(39) |}
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PN = Mayk(1 — yod ey*(1 — s,

d—uev V2
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Inner RC:

[Senqg et al., PRL121 (201%)]
[Gorchtein & Seng, JHEP10 (2021)]

//’ =

Via = 0.97382(24) |
ga = 1.27553(45)
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Inner RC:

[Senqg et al., PRL121 (201%)]
[Gorchtein & Seng, JHEP10 (2021)]
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0.976| Ne19

Mirror

ud
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Inner RC:

[Senqg et al., PRL121 (201%)]
[Gorchtein & Seng, JHEP10 (2021)]

Axial charge
(pluyuvysd|n)
9a = 1.2642(93) Callal, Nature'ly + update

ga = 1.21%(39) PNDME, PRD'1¥
9a = 1.24-6(2%) FLAG21

NEW: missed % level corrections?
Cirigliano et al,, 2202.104 39




SM fit

e s , :
(Cr [ 0.98564(23) \ | | 6 ©
) TQigL,__J__ilzf)ﬂ)O(z}A —— v o
| PF —1.2958(13) |\ -
| one | _ | 1.60183(76) |}

v || —0.7120(11)
| s —0.5383(21)
| Par —0.2838(25) |
\ o/ \ 0.5789(20) /i

=
p~—12753—=
MF

M. Gonzalez-Alonso

EFT for B decays



[Falkowski, MGA, Naviliat-Cuncic, JHEP 04 (2021) 126
+ updates]

"Weak EFT" (WEFT)

EFT with v, Ceag from SHEFT)

»CLee—Yang — _ﬁ,)/'un @EVMVL +€M) o pfyﬂf)%n (@éfyﬂyll _W)
— pn (@ vy, + GM) n @eaw/yL 1 G

BSM x recoil

Good approximation for the
EFT with vi, & vgr if the
couplings with vr are not large

SM + small +=¢smeeelt)?



EFT with VI,

Lree—yang = =P @éW/L +pmeT; ) — Py sn (@WVL — e, )
7) :‘f;' _|_ _M._ s ) — Eﬁo-ﬂyn 2 R

. — S ——— e — = _

S and T affect the angular distributions, the spectrum & the width!!

dr'(J)
dE.dQ.d<,

PP, [,me ), ped me\p, J
§(E){1+aEeEu bEc AECJ+(B+bBEc)EVJ}

by =#CJ+#C  Fierz term [1937]




EFT with vi,

['Lee—Yang = _ﬁyun (@é’)ﬂuyl} "‘W) - p7N75n (@é'y#yl; _%)
| 1 |
— pn (@EVL + %) — Eﬁa“”n (@EJWVL + @f_m)

Cy 0.98576(41)

|
g2 | Ca | _ [ —1.25740(54) 1. -0.63 0.81 0.71
ci| | 0.0002(10) P

. CF 0.0005(12) - -

(+ mixing ratios)




EFT with v,

['Lee—Yang = —]3’)/“72 (@EVMVL "’%) - pny75n (@é’yﬂylz _%)
| 1 |
— pn (@EVL + Gpﬁ) — Eﬁa“”n (@EJWVL + @f_m)

% 0.98576(41)
o | CL | _ | —1.25740(54) . -0.63 0.81 0.71
N Nops 0.0002(10) oL oo
. CF 00005(12) - c
| (4- mc.xc ro&uos)
Role of 004/ .
mirror [ PelPar
Eransitions? 1

-0.02

mirror

Agt

r neutron

-0.04-

uperallowed

wwwwwwwwwwwwwww

-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15
Cs/CY



EFT with v,

['Lee—Yang = _ﬁyun (@é’)ﬂuyl} "’W) - pny75n (@é’yﬂy[z _%)
| 1 |
— pn (@EVL + %) — Eﬁa“”n (@EJWVL + @f_m)

," C 0.98576(41)
2 Ch | _ [ —1-25740(54)
o 0.0002(10)
CF 0. 0005(12)
(-!- mc.xmg rakios)
Role of 0-04} i
mirror , F Prifer
Eransitions? 1

-0.02

r neutron
-0.04+

mirror

Agt

uperallowed

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15

Cs/CY

~0.04}

1. -0.63 0.81 0.71

- 1. -0.51 -0.7

- - 1. 0.65

- - - 1.
OML:.J

YWLTTOTS |

AlL dota

"_0.04 -0.02 0.00

002 004
Cs/CY

Driven by
Ft(o-»0), 1, ALl



EFT with VI,

e

pn (Cseve, — Chevysie)

C{/: 0.98576(41)\ | + Py (Cyeyave — Clrvysve)
2|2 [rmnee | |  Loon (Crttyun — Chamuna
g 0.0002(10) | § 2 ) ,
cF 19 | — Y sn (Caeyuysve — Cheuve)
T 0‘0006( + pysn (Cpeysve — Cpéve) + h.c.
e e ——

Ci+ =f(€i)

AGRV;;

L=""5

(v - aytdy,

+ Y ey flv- ﬁI‘dal
por’




EFT with vr,

C 0.98576(41)\ | .
2| Ch | _ | —L2smies) | | .
cil 1 0.0002010) || n Via
| u
c 0.0006(12 :
&! e — V 1 + €r \

&




EFT with VI,

er | _ ?7?
€s 277
€T P77

Cy 0.98576(41)\ |
2 Ci| _ | —1.25712(55) |
ce 0.0002(10) | " |
Cf (12 |
(& =_

Viud 0.97382(42)\ |

Nucleon
charges

(plal'd|n)



EFT with VI,

)
2 Ci| _ | —1.25712(55)
ce 0.0002(10)
Cf 0.0006(12
& ——

Vi 0.97382(42

777

Cy 0.98576(41 ‘

—0.012(12)>] |

9a = 1.2642(93) Callat, Nature'ls + update
9a = 1.21%(39) PNDME, PRD'1¥
9a = 1.24-6(2%) FLAG'21

Nucleon
charges

(plal'd|n)



EFT with VI,

0.97382(42)\ |
012(12)

| o 0.98576(41)\ |
2 C% _ | —1.25712(55) ": Vv

Cq 0.0002(10) | " |

Cf 0. 0006(12) }

\= ——————————

Nucleon
gs = 1.02(10) FLAG'21* [PNDME'18] char, s€S
g7 = 09%9(34) FLAG'21 [PNDME'18] (p|lul'd|n)

erfect agreement with gs = 1,02(2)
MGA Camallch Phys. Rev. Lett. 112 (2014)



EFT with VI,

0.010} rbsovy T —>evy
(PIBETA 2009)
0.005r i " Simulati
L ﬁ decays . 1000 _ —. Dl:::d ion
& 0.000] (/ ? §f
- | wr Bychkov et al, 2007
1 l 0 o 2 04 06 08 : 1.2
—0005 [ _ ‘ ’ D-- A=(2E/m_)sin” (0 12)
\
—0.010' sz =2.71 refions

—0010 Z0.005 0.000 0005 0.010
€r




Going to higher energies...

Vi 0.97382(42) \ |
€R —0.012(12) | |
es | — | 0.0002(10) | §
er —0.0004(12)/ |

1l




Matching to the SMEFT 0 (s )

A
W ~ 10 TeV NP , ‘
e L(z) = £ (SM fields, bSM fields)

i i) i0E
>\Xvnm< >'< ML > Lepr. = Lsu + 43 Zaz "SMEFT"

¢ 3 Y
>< >< ﬁd%e_w:_m\,;ﬁv

~ GeV

d

M. Gonzalez-Alonso EFT for B decays

lpyv - ytdp + Y e LTw - um;]
pol




Low-E EFT

Matching to the SMEFT

[Cirigliano, MGA, Jenkins '2010;

—9 [&(pl J11402 — [@l(ll)]wzl — Cirigliano, MGA, Graesser’2012]

il ~(3) ~ (3
=2V [ ]ee+2 [Va((pq)]lj—2 [Va

- = [dw]lj )

- [dlq]ze]'l ’

Opp = i(pTeDyp) (@ d) + hec.

O8) =i(¢' D*o%)(q1u0%q) +h.c.
W >m‘9’v0< O —i(¢1D80% )0
O = i(¢" eDpp) (7€) + hic.
0 = (Iy#o°l)(@yuo®q)
Ogde = (le)(dg) + h.c.

Oy = (Ipe)e®(Gyu) + h.c.
Oltq = (lao" €)e® (Gpowu) + h.c.




Matching to the SMEFT

o 5@ T ) [Cirigliano, MGA, Jenkins’2010;
F (3 ) . 1 .. . ’

»i GF —9 [O‘fpl)]llw%? . [al(ll)]1221 — 2[041(;’)]1122_;(1221) : .‘ Cirigliano, MGA, Graesser’2012]

|

, i _ ~(3) 53 A3

| ‘/1] ’ Ei =2 ‘/1.7 [ (,ol :| + 2 [V(lffoq)] 13 —2 [V l(q)] o0y 1
.Z A % v i.

| Vij - €5, = — gl ﬁ

l Vij-el =— [V&T ] ; 3‘

511 i "eloesy v? |

| Ve = [al] @ = 3’




Low-E EFT

Matching to the SMEFT

[Cirigliano, MGA, Jenkins '2010;
=2 [&;?2)]11+22 — [é‘l(ll) ( i Cirigliano, MGA, Graesser’2012]

Running
(QCD x QED
& QCD x EW) o 1o 0 0 0 .
MGA, Martin C lich & Mi i'l R 0 1.0046 0 0 0 €R
[ 9 a amalic mouni 7] €s = 0 0 1.72 2.46 x 10—6 —0.0242 €s
€p 0 0 2.46 x 107 1.72 —0.0242 €p
€T (=2 GeV) 0 0 —2.17 x 10 —2.17 x 10 0.825 er (1= 27)

(3) :
Wiequ 0. —0.00381 0.959 wée;u

% < ;Nz % Wiedq 1.19 0. 0. Wiedq
( Weequ ) = ( 0. 1.20 —0.185 ) ( Weequ )
(n=mz) (n=1TeV)




LLHC limits on Eq

e SM background NP (EFT)

w
>vvw< + R.C.| +

2 2 2 2
_,evX(mT >mT’Cm) =ex L x (O’W+O'S s + O ET)

[Cirigliano, MGA & Graesser, JHEP1302 (2013)/
[Bhattacharya et al, PRD85 (2012)]

ex L XOo,

( Interference w/ SM ~m/E )

2 10 ] ——— 0.004 |
3 ATLAS — W' (3TeV) -« Data |
Wyl Vs=13TeV,36.1f0" —W (4Tev) LIW |
W' — ev selection —W (5Tev) ElTop quark .
10° [IMultijet 0.002 |

Oz
[1Diboson

es 0.000

-0.002 -
' LHC-13 (pp»ev) |/Gupta et al., 1806.09006]

i LHC-13 (ppe’e’) 1/Gupta et al., 1806.09006]

2000
Transverse mass [GeV]

L I I |
200 300 1000 ~0.004 - ‘ . ‘ .—
-0.004 -0.002 0.000 0.002 0.004

€T




[Falkowski, MGA, Naviliat-Cuncic, JHEP 04 (2021) 126]

EFT with vi & vr

»CLee—Yang — _pfylun @é’Y,uVL -+ @é’YMVR) - ]5’7“’7577' (@é’YIuVL _@é’YMVR)
_ N N '1_W N N
— pn( sievrn + g I/R) — §pa n €0V + OWI/R)

Back ko 198¢



EFT with vi & vr

Llee—yang = =071 (Cy evuvr + Cpévuvr) — oy ysn (Chévuwr — CLevuvr)

— pn (C’gféVL - C’géVR) — 5150’“”’71 (C}'éau,,VL - C’EéUWVR)

‘ (+75)
| B ( 0-98501((_113\ v?|C5| < 0.053
| +1 .
2 o —1.2544§_113 v?|C| < 0.063
C —0.0007;223 ’ v?|Cy | < 0.050
c +33 v?|C| € [0.072,0.099
. :,F_ \_0'0010(_22)} 7__ | 7 | (+ mixing ratios)
4 Y I 4 I I I
3 3
B-¥. 52

0978 0980 0982 0984 0986 2010 —0.05 000 _ 005 010
V’C} V2Co

Mirrors are very
impor&ah&




EFT with vi & vr

Llee—yang = =071 (Cy evuvr + Cpévuvr) — oy ysn (Chévuwr — CLevuvr)
1
— pn (Cevy + Cgevg) — 5Potn (Cieouvr + Creouvr)

a (+75)
 fox\ 098501

| (—114) v?|Cy;| < 0.053
| ) 1.25444114)
el | —11
e —0.0007§+ f?} ’ Col<0050 | |
C}— \_0 0010E+33;} 0.072,0.099 b
L o ' SEd = ) (+ mixing ratios)

N e T N
] 320

_0.15 -010 -0.05 0.00 0.05 0.10 0.15
V2C7




EFT with vi & vr

Llee—yang = =071 (Cy evuvr + Cpévuvr) — oy ysn (Chévuwr — CLevuvr)
1
— pn (Cevy + Cgevg) — 5Potn (Cieouvr + Creouvr)

o fory  [oessort 75 \

| (—114) v?|Cy;| < 0.053
| A . (+14)
e 1.2544, ",
v = (+20) :
6 o | Cof0050_ | |
t)  \-o 00100733 | 0.072,0.099] |
L o ' SEd ==} (+ mixing ratios)
10 /3.2 o
gl 1| 7 1.¥ 0 wo aSPECTRO:
. 6l f o, = ~0,10426(¥2)
4 ]
4l T [sm: ~010688(13Y]
s EA\WARW
0015 010 005 000 005 0.10 0.5
V2C7




EFT with vi & vr

Llee—yang = =071 (Cy evuvr + Cpévuvr) — oy ysn (Chévuwr — CLevuvr)
1
— pn (Cevy + Cgevg) — 5Potn (Cieouvr + Creouvr)

‘ (+75)
 fox\ 098501

| (-114) v?|Cy;| < 0.053
€ —1.2544( %) v2|C7| < 0.063
el Al § 11; A
C —0.0007;223 ’ v?|Cy | < 0.050
. _ +33 v2|CL | € [0.072,0.099]
L . \ 0'0010(j22) - ' . » J (+ mixing ratios)

Vid _ Vi . .

o = U%gv,/HAg(HeﬁeR), Cy = —5gvy/ 1+ Af (e +ér),

V. _ VW N -

C:{ = —UL;QA\/1+A§(1+€L —€R), cy = UigdgA\/ 1 +Ag(€L - 63)7

- v Ve

V . €., €. oF = Wyrer, 05 = yre,
d> Cio b ¥ ,
Vud Vu

U — d ~
C:qi_ = U—QQSG& Cg = FQSGS;




Beta decays at NLLO 1n recoil NEW]

[Falkowski, MGA, Palavric & Rodriquez-Sanchez, 2112.07688]

Lice—Yang = —py"'n (Crevyuvr, +€8men) — py'ysn (CF ey, — Cpmmrn)
1
— pn (Cg’_éylz GM) - 5150’“’?7, (C;—'_EO-IJ,I/’/L + GEEEry




Beta decays at NLO in recoil NEW]

[Falkowski, MGA, Palavric & Rodriquez-Sanchez, 2112.07688]

Liee—Yang = —DV'n (Cyreyuvi +€pommmn) — py vsn (CL ey, — Sspoemr )

o The pseudoscalar contribution is zero at LO in recoil. But: Cp = 346(9) ep [MGA & Camalich, PRI 112 (2014)]




Beta decays at NLO in recoil NEW]

[Falkowski, MGA, Palavric & Rodriquez-Sanchez, 2112.07688]

»CLee—Yang = _ﬁ’)/'un (C+é7uVL +W) T ﬁfyuﬁ)%fn’ (Cj{_éfyﬂyL _%)
— pn (C+61/L + Gm) — 1pa’“’ (Cféouv + Grasnsss

o The pseudoscalar contribution is zero at LO in recoil. But: Cp = 346(9) ep [MGA & Camalich, PRI 112 (2014)]

o Linear effects not only in b but also in &, a, A& B




Beta decays at NLLO 1n recoil NEW]

|

[Falkowski, MGA, Palavric & Rodriquez-Sanchez, 2112.07688]

»CLee—Yang = _ﬁ’)/'un (C\_/'_é’)//ﬂ/L +W) T ﬁfyuP)%n (Cjﬁl_éfyﬂyL _%)
- (Chrvs + Smen) (Ot + G

o The pseudoscalar contribution is zero at LO in recoil. But: Cp = 346(9) ep [MGA & Camalich, PRI 112 (2014)]
o Linear effects not only in b but also in &, a, A & B

o First bound on WEFT pseudoscalar interactions from B decays:

Cy; 0.98540(48) Vad 0.97351(48)

Ch —1.25822(81) €s —0.0005(12)
v | C& | =] —0.0006(12) er | = 0.0009(17)

Cf 0.0009(16) €n —0.010(11

)
Cch —6.4(4.3) €p —0.018(13)




Beta decays at NILO 1n recoil NEW]

[Falkowski, MGA, Palavric & Rodriquez-Sanchez, 2112.07688]

Llee—Yang = —PV'n (Cy ey +€pemmrr) — py*ysn (CFeyuvr — epmmr)
N pn (C+€VL + GM) - 1ZDUW (C}'éawyL I el S—

o The pseudoscalar contribution is zero at LO in recoil. But: Cp = 346(9) ep [MGA & Camalich, PRI 112 (2014)]
o Linear effects not only in b but also in &, a, A & B

o First bound on WEFT pseudoscalar interactions from B decays:

Cy; 0.98540(48) Vid 0.97351(48)

2 Ch —1.25822(81) €s —0.0005(12)
v | CE | = | —0.0006(12) - er | = | 0.0009(17)
Cf 0.0009(16) €R —0.010(11)

Cch —6.4(4.3) €p —0.018(13)

© Many more operators appear at NLO in recoil. E.g. weak-magnetism:

L0 5~ e (4 090) Vi (e17 ) - C = 3.5(1.0)/v2



Beta decays & flavor —

[Cirigliano, Diaz-Calderdn, Falkowski, MGA & Rodriguez-Sanchez,
JHEPO4 (2022) 152]

© SM limit:
B Neutron A
BB Superallowed —e—

0218 0.220 0.222 0.224 0.226 0.228
Vis




Beta decays & flavor NEW]

[Cirigliano, Diaz-Calderdn, Falkowski, MGA & Rodriguez-Sanchez,
JHEPO4 (2022) 152]

® SM limit:

s inclusivef F———@———
->KV/T-7v
K-rivi —eo—
K>uvim->pvi
K-pvi

B Neutronr

gsuperallowedr  (Cabibbo

anomaly

0218 0.220 0.222 0.224 0.226 0.228
Vis




Beta decays & flavor NEW]

[Cirigliano, Diaz-Calderdn, Falkowski, MGA & Rodriguez-Sanchez,
JHEPO4 (2022) 152]

® SM limit:

-s inclusiver pF————=—m—

>KV/IT-mvr

K-rivi —eo—
K>uvim->pvi
K-pvi
B Neutronr
gsuperallowedr  (Cabibbo —e—i
anomaly
0.218 0.220 0.222 0.224 0.226 0.228

Vs

© BSM turned on => These processes do not probe the same quantity:




Beta decays & flavor NEW]

[Cirigliano, Diaz-Calderdn, Falkowski, MGA & Rodriguez-Sanchez,
JHEPO4 (2022) 152]

® SM limit:

-s inclusiver pF————=—m—

>KV/IT-mvr

K-rivi —eo—
K>uvim->pvi
K-pvi
B Neutronr
gsuperallowedr  (Cabibbo —e—i
anomaly
0.218 0.220 0.222 0.224 0.226 0.228

Vs

© BSM turned on => These processes do not probe the same quantity:

® Beta decays — udev




Beta decays & flavor NEW]

[Cirigliano, Diaz-Calderdn, Falkowski, MGA & Rodriguez-Sanchez,
JHEPO4 (2022) 152]

® SM limit:

-s inclusivef F———o———

>KV/IT-mvr

K-rivi —eo—
K>uvim->pvi
K-pvi
B Neutronr
gsuperallowedr  (Cabibbo —e—i
anomaly
0.218 0.220 0.222 0.224 0.226 0.228

Vs

© BSM turned on => These processes do not probe the same quantity:

® Beta decays — udev
® Pion decays — udev & udpv




Beta decays & flavor NEW]

[Cirigliano, Diaz-Calderdn, Falkowski, MGA & Rodriguez-Sanchez,
JHEPO4 (2022) 152]

® SM limit:

-s inclusivef F———o———

>KV/IT-mvr

K-rivi —eo—
K>uvim->pvi
K-pvi
B Neutronr
gsuperallowedr  (Cabibbo —e—i
anomaly
0.218 0.220 0.222 0.224 0.226 0.228

Vs

© BSM turned on => These processes do not probe the same quantity:

® Beta decays — udev
® Pion decays — udev & udpv
© Kaon decays — usev & uspv




Beta decays & flavor NEW]

[Cirigliano, Diaz-Calderdn, Falkowski, MGA & Rodriguez-Sanchez,
JHEPO4 (2022) 152]

® SM limit:

s inclusivef F———@——
->KV/T-7v
K-rivi —eo—
K>uvim->pvi

K-pvi

B Neutronr
gsuperallowedr  (Cabibbo —e—i
anomaly
0.218 0.220 0.222 0.224 0.226 0.228

Vs

© BSM turned on => These processes do not probe the same quantity:

® Beta decays — udev

® Pion decays — udev & udpv
© Kaon decays — usev & uspv
® Tau decays — udtv & ustv




Beta decays & flavor NEW]

[Cirigliano, Diaz-Calderdn, Falkowski, MGA & Rodriguez-Sanchez,

JHEP04 (2022) 152]
® SM limit:

s inclusivef F———@——
->KV/T-7v
K-rivi —eo—
K>uvim->pvi
K-pvi

B Neutronr

gsuperallowedr  (Cabibbo —e—i
anomaly
0.218 0.220 0.222 0.224 0.226 0.228

Vs

© BSM turned on => These processes do not probe the same quantity:

® Beta decays — udev

® Pion decays — udev & udpv
© Kaon decays — usev & uspv
® Tau decays — udtv & ustv

® Cross-correlations due to CKM, FFs, and lepton-universal RH currents (SMEFT)




Beta decays & flavor NEW]

[Cirigliano, Diaz-Calderdn, Falkowski, MGA & Rodriguez-Sanchez,
JHEPO04 (2022) 152]

® SM limit:

-s inclusivef F———o———

>KV/IT-mvr

K-rivi —eo—
K>uvim->pvi
K-pvi
B Neutronr
gsuperallowedr  (Cabibbo —e—i
anomaly
0.218 0.220 0.222 0.224 0.226 0.228

Vius
Vv

uD
fra- 3 3 Y2f
D=d,s f=e.u,r

(1+¢/7) Ey”PLyf ~ity*(1 — y5)D
+ef 2y,Pryg - iy (1 + y5)D

© BSM turned on => These processes do not probe the same quantity:

® Beta decays — udev

® Pion decays — udev & udpv

© Kaon decays — usev & uspv +eb? %Z%PLUL,, - ic"(1 — y5)D

© Tau decays — udtv & ustv +el! PP, - aD

© Cross-correlations due to CKM, FFs, and lepton-universal RH currents (SMEFT) —ep EP; ﬁJ/sD} +he



Beta decays & tlavor NEW]

[Cirigliano, Diaz-Calderdn, Falkowski, MGA & Rodriguez-Sanchez,
JHEPO04 (2022) 152]

Nuclear
beta

decay
Kaons ‘

Tau

ZweFT 2 — 2 Z ‘3420{

D=d,s t=eu,t
(14+€/7) &y,Pry, - ay*(1 = y5)D
e Er,Prve - (1 + y5)D

el )
+er ZKGWPLI// o' (1 —y5)D
+€SDf £Pv, - iiD

—el" P, - L_t}/SD} + hc




Beta decays & tlavor

—

——
{NEW |

Nuclear
beta

decay
Kaons ‘

Tau

Lyeo- 3 Y {

D=d,s t=e.u,r
(14+€/7) &y,Pry, - ay*(1 = y5)D
+eg £7,Py, - " (1 +75)D

o1
+eT 41,”0' P,v, - iwe" (1 —y5)D
+€5Df £Pv, - iiD

—el" P, - L_t}/SD} + hc

[Cirigliano, Diaz-Calderdn, Falkowski, MGA & Rodriguez-Sanchez,
JHEPO04 (2022) 152]

( Vs = Vs (1 + eL + €5)
%fe = %? + 1‘§/2 6L

edu/e _ my
L P my(mut+ma)
sp
€s
en
Pl
dr/e
€L
e‘g
el
627/9 —€p L < -
m‘r(mu+ms)

\ 7/ 4 0.08(1)e — 038637 + 0.40(13)é7

(0.22306(56)

/

2.2(8.6)
—3.3(8.2)

3.0(9.9)

1.3(3.4)
—0.4(1.1)

0.8(2.2)

0.2(5.0)
—0.3(2.0)
—0.5(1.8)
—2. 6(4 4)
1)

x 10"

Most complete information to date about CC interactions

between light quarks & leptons
- Large correlations!

- 3o preference for NP



Beta decays & flavor NEW]

[Cirigliano, Diaz-Calderdn, Falkowski, MGA & Rodriguez-Sanchez,

® SM limit: JHEPO4 (2022) 152]

-8 inclusive -
->KV/T-7v
K-rivr

Ko pvimt->pvr
K- pvi

B Neutronr

Cabibbo

anomaly

B Superallowed -

0218 0.220 0.222 0.224 0.226 0.228

Vis
© 1 operator at a time: el x 10° | e x 10° | €M x 10° | € x 10° | eZ x 10% | e x 10
[107-3 units] L| 07925 | -0.6(12) | 04087) | 05(1.2) | 5.0(25) |-18.2(6.2)
R| -0.62(25) 5.2(17) | -0.62(25) | -5.2(1.7) | -0.62(25) | -5.2(1.7)
S || 1.40(65) -1.6(3.2) X -0.51(43) | -6(16) | -270(100)
P | 0.00018(17) | -0.00044(36) | -0.015(32) | -0.032(64) | 1.7(2.5) | 10.4(5.5)
T 0.29(82) 0.035(70) X 2(18) 28(10) -55(27)

@ Models:

Belfatto et al 1906.02714 Kirk 2008.03261 Belfatto Berezhiani 2103.05549 Branco et al 2103.134009, ...




Beta decays & flavor NEW]

[Cirigliano, Diaz-Calderdn, Falkowski, MGA & Rodriguez-Sanchez,
JHEPO04 (2022) 152]

© SM limit:
s inclusivef F————&— -s inclusive _
-KVIT>mvE ->KV/T=> v i &
K-rvr —e—i K-mvr —e—
Kouvirm—uvt K-uvim->uvr e
Kopvr Kouvt ——i
B Neutronr . L I
Cabibbo pedten ' *
B Superallowed - e 8 Superallowed - ——
anomaly
o S 446
0.218 0.220 0.222 0.224 0.226 0.228 * *

0.218 0.220 0.222 0.224 0.226 0.228

Vis Vi T —

e} = —6.8 x 1077,

€ =—59x107% §

. T = —1.8x 1072, |

® 1 operator at a time: el x 10° | e x 10° | €M x 10° | € x 10° | eZ x 10% | e x 10 “

[107-3 units] L] -079025) | -06(1.2) | 040087 | 05(12) | 5.0(25) |-18.2(6.2)
R| -0.62(25) 5.2(1.7) | -0.62(25) | -5.2(1.7) | -0.62(25) | -5.2(1.7)
S| 1.40(65) -1.6(3.2) X -0.51(43) | -6(16) | -270(100)
P | 0.00018(17) | -0.00044(36) | -0.015(32) | -0.032(64) | 1.7(2.5) | 10.4(5.5)
T 0.29(82) 0.035(70) X 2(18) 28(10) -55(27)

@ Models:
Belfatto et al 1906.02714 Kirk 2008.03261 Belfatto Berezhiani 2103.05549 Branco et al 2103.134009, ...




Conclusions ,ré{

/ A

Ve 0.97377(41)

© (Sub) permil-level precision in B decays

o Great laboratory for nuclear, hadronic and particle physics

e Progress in all fronts:

Experiments!
Lattice QCD:;

Rad. corrections: SM & EFT RGEs. 0.008" 90% C'-Eregions
Inclusion of new data (mirror decays); | Bdecays
Full LO fit; 0.002) |

First NLO fits;

SMEFT: combination with flavor (Cabibbo anomaly),
comparison with LHC, LEP, or
even neutrino oscillations [ramxowski-mca-Tabrizi, 2019

@ ® ®©® ® ® ® ®

es 0.000

-0.002 -

. i LHC-13 (pp—ev)
— B decays are competitive TeV probes; | LHC-13 (pp->e*e)

—0.004 O 1 1 1 |
-0.004 -0.002 0.000 0.002 0.004

€r

M. Gonzalez-Alonso EFT for B decays
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M. Gonzalez-Alonso EFT for B decays




Hadronic EFT

e

- e ———
|

| _ _ _ 1

— pysn (Cpéysy — Cpev) + hee.

— on (C’Seu — C’ge%u) — 5]50‘“’71 (C’Téauyy —

‘ = —pyH'n (C‘_j:é’)/#VL — C’;éfyuuR) — pyHsn (Cjéfyul/lj — CZE’)/MI/R)

[Lee & Yang’ 1956]

— —

' Lice—vang = —DV'n (Cy ey — Cyeyuysy) + oy sn (Caevuysy — Cheyuv)

Créouwysv) |

| — pn (C+éyL + Cs_*éVR) — %pgl“/n (C%—églwyL + CEéUMVVR) ll
‘L + pysn (Chevy, — Cpévg) + hec. k

e —— e p————————

> dUR G M Mgp)

For some transitions and observables:

® zf(C,) + small corrections
High precision
measuremenks

UV meaning of the C
coefficients?
(within & bevond the SM)
(hadronization, RC, EFT, ...)



Hadronic EFT

‘\
|

_En—)pe— Ve @ TLCV

+Cspn x e(l—75)ve + 5071130‘“’7@ X €opy (1 —75) Ve

— Cp pysn X €(1 —5)ve + h.c.

+ terms with RH neubtrinos

|+ terms with v, or vq

| Bounds first derived in
[Falkowski-MGA-Tabrizi, JHEP 20197
90%CL bound = 0(c.01)

B g ;4;:‘,‘,\\‘
neubrinos |

[PS: neutrine oscillation experi.men&s
are less precise but Linearly semsitive]




SM fit

Neutron lifetime (s)

895

890

885

880

887.97 £2.04

879.42 £ 0.61

;

875
1990

1995 2000 2005 2010 2015 2020

Year

Heo\vv NP cannot
explain the beam vs.
bottle tension

—-1.2681

-1.272

-1.276}

-1.28
0983 0984 0985 0986 0987 0.988

ICyl [Gr/V2 ]

A dark channel doesn't work either
[Dubbers et al, PLB791 (2019);
Czarnecki-Marciano-Sirlin, PRL1Zo (R01%)]



From hadrons to quarks

[MGA & Martin Camalich,

Likewise... Phys. Rev. Lett. 112 (2014)]

) . ) M + Mp
Op (U y5d) = i(ma + my)uysd # 8p = g, = 34811
m d + mu
Implications? It almost compensates the bilinear suppression! / M ,_,10’3
~
(p(pp)[uysd|n(pn)) = gp(aQip(pp)V5Un (Py
[“since the nucleons are treated )

nonrelativistically, the pseudoscalar
couplings are omitted”

[Jackson, Treiman & Wyld, 1957 ]/

The samwe B cl,e.c:aj experi.mev\&s that sek
bounds on § & T, are also sensitive to P!




PR a—— = =

Probing scalar/tensor interactions ..Fé{

(
. dr(d)
&Eedﬂedﬁ,, ~¢(E) {1 T

(Filerz term)

v Direct effect in the spectrum:
(or in an asymmetry)

v Indirect effect in the asymmetries: el
- X L ‘
X = =
1 + b m/ E,)
v Indirect effect in the Ft-values & neutron lifetime:
r ~ 30901 Hardy-Towner 2009
I b = $0.009
Me ~~ 3080}
A, O0Tp, 0Ft ~ —b {(—) 2 /1
Ee “ 3070 B
_;_J 060 5 10 15 20 25 30 35

Z of daughter




Beta decays at NILO 1n recoil

[Falkowski, MGA, Palavric & Rodriguez-Sanchez, 2112.07688]

‘C#EFT 2 E(O) + C(l) + O(V2/m%v) + h.c.,

r0) — —(zp;gzpn) lCﬁ,‘ eryvr, + Cg’éRVL] + (%];0 *bn) [CX eLy v + Crery’ v ur
1
2my {iC;(¢;0k¢n)Vk(éRVL) Clre 7 (Ylo?yn) Vi(err vr)

— iCE (lo™pn) Vi (€ryvL) — iCH (YI o™ n )0 (éL’y VL)
— iCF, (Uln) Vi (Er7°7 VL) + iCy (50n) (ER 8 1) + 2iCH4 (W0 ) @ YV kvp)

— iCy WV ) 17 vn) + iC A (W0t T kb @00 vr) + Cre ™ (W0t o) (e m)}

1) —




Beta decays at NILO 1n recoil NEW]

[Falkowski, MGA, Palavric & Rodriquez-Sanchez, 2112.07688]

— Py ysn (ChevuvL — epammn)
— pn (Cgevy G@%) - %pa‘“’ (Cféouwvy + Gresprn)

o The pseudoscalar contribution is zero at LO in recoil. | . ()~ [E;nax ] P2CLCH
\ b\e) = - )
But... Cp=346(9) ep [MGA & Camalich, PRL 112 (2014)] | Sy | Ee (CV)? +72(CF)?
Aa(E ) B Me 2C+C+

B (CF) + 12(CT)
® Linear effects not only in b but also in &, a, A & B s | p) o me [T rOiCh
| € (

myV J+1 C+)2+r (C’+)27

W rCECH
J+1(

C’+)2 +r (C’+)2 ) 1‘

o First bound on WEFT pseudoscalar interactions from B decays:

Cy; 0.98540(48) Vd 0.97351(48)
Ch —1.25822(81) €s —0.0005(12)
v* | & | =] —0.0006(12) er | = | 0.0009(17)
s 0.0009(16) €R —0.010(11)
Cch —6.4(4.3) €p —0.018(13)

PS: The bound on ¢, from pion decays is much stronger




