Re(es)

Precision measurements in
nuclear § decays in the LHC era

ISOLDE seminar, CERN November 2016

0.02
fature) Martin Gonzilez-Alonso
001 Institut de Physique Nucléaire de Lyon
“nuclei _ UCBL & CNRS/IN2P3
0.00 6
-0.01 Z
UNIVERSIT% D= LyoN
_0'2%‘004 20002 0.000 0.002 0.004 Institut des Origines de Lyon \\\S

Re(er)



Outline

0.02
future)

# Introduction; 001
_ nuclei
< o000
# Bounds from beta decays; &
-0.01
# Comparison with colliders; )
pion
-0.02
-0.004 -0.002 0.000 0.002 0.004
% Summary; Re(er)

[Cirigliano, MGA & Jenkins, NPB830 (2010)
Bhattacharya et al., PRD85 (2012)

Cirigliano, MGA & Graesser, JHEP1302 (2013)
MGA & Naviliat-Cuncic, Ann. Phys. 525 (2013)
MGA & Martin Camalich, PRL112 (2014)
Chang, MGA & Martin Camalich, PRL114 (2015)
Courtoy, Baessler, MGA & Liuti, PRL115 (2015)
MGA & Naviliat-Cuncic, PRC 94 (2016)]

M. Gonzalez-Alonso B decays in the LHC era




The search for ‘New Physics’

Standard Model
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New Physics experimental searches...

= Energy frontier © Tevatron, LHC, ...
= Intensity frontier = Nuclear physics, muon, ...
= Cosmic frontier = Planck, ...
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NEW PHYSICS : a new theory that completes the SM
and solves (at least some of) the current puzzles.
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Motivation *‘*‘

©.

p Precise data

. : +

\Y

-¢ £ Precise SM predictions
o -
e [Remember... V  =0.97425(22)]
Neutron

LANSCE (Los Alamos), ILL (Grenoble), J-PARC (Tokai), PNPI (Gatchina), FRM-II (Munich),
SNS (Oak Ridge), NIST (Gaithersburg), PSI (Villigen), ...

Nuclei

TRIUMF (3K, 7K), ISOLDE (**Ar), GANIL (**Ar, °He), PSI (°Li), Louvain-la-Neuve (*O/
10C, 114]n, 90Co), Groningen (*"Al/°K), Oak Ridge (°He), Seattle (°He), NSCL (°He, °’F), ...
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Motivation *‘“

P Precise data

— +
\Y
I Precise SM predictions
n “I:

e [Remember... V  =0.97425(22)]
Implications for New Physics? P’""“\‘\o\
Competition with other searches? Q o° 2

@
= Specific model; Supersymmetric shadow” parties

Barbieri et al. (1985), Marciano & Sirlin (1987), Hagiwara et al. (1995), Kurylov
& Ramsey-Musolf (2002), Marciano (2007), Bauman et al. (2012), ...

= Something more general?
Effective Field Theory (EFT)!
Not assumption-indep!
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What’s an EFT?

------ L= £(¢7 (b/\)

Z

Lesy = £4(6) + 5 £5(9)

+A11:6(¢$)+...

- nuclei, e, v

- hadrons, e, v
-q,u,d,Le -SU@2) x U(1)
-W,Z,v, g - Flavour sym?

-B,L;

% QObservables:

Validity of the EFT:
E <<A

«i : Wilson coefficients.
They encode the
A-scale (known?)

physics.



What’s an EFT? Example: u decay

A

I
| >vmz< TR Lo (Bwieheory) 2 D

w

) ~GeV _ —

r N Lo = 5 @l wre 1ML as)p
£ + higher-dim terms

, 2

I 1 life, the process

nrea =

: ) 4/2m?

is the other way around! W/

“v-A was the key” S. weinberg wilsow coefficient
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What’s an EFT?

* How to compare different nuclear beta decays?

> Effective Lagrangian at the hadron level!
[MGA & Naviliat-Cuncic, 2013]

H(N) = € C C! D 01 F 32y
via = eu(Cv + Cyvs)vpyun : | Bv angular
—&7,75(Ca + Cyys)vpyuysn + Hee. § correlation
Héﬁ,) = &(Cs + Cgvs)vpn + H.c. % 0 |
_o), _0o), ~ ‘
HY — 2w Cr + Crys)vp—=En+H.c. Fermi transitions
T \/5( 77! ) \/i 01k :
[Jackson, Treiman & Wyld’1957] _0"1 OTO Ofl
Re(Cy/Cy)
3090 Hardy-Towner 2009 * : ' ' ::ipper :7«
& 3080 e o 1
LN f
3060 5 10 15 20 25 30 35 P T e e owm

Z of daughter cramel




What’s an EFT? *’é{

* How to compare different nuclear beta decays? HY) = &1,(Cy + Clyrwiyn

> Effective Lagrangian at the hadron level! —&9u75(Ca + Cys )vByuysn + Hee.
HYY = &(Cs + Ciys)vpn + He.
HN = e2L(0r + Chys)vpln + He.

V2 V2
* How to compare with e.g. pion decays?
- Effective Lagrangian at the quark level!
4GV |-
Liut-vg = ——=I N Dy -ay*dy, + Y | €5 J,Tw - alds
V2 por




What’s an EFT? *‘“

* How to compare different nuclear beta decays? HY) = &1,(Cy + Clyrwiyn

> Effective Lagrangian at the hadron level! —&9u75(Ca + Cys )vByuysn + Hee.
HYY = &(Cs + Ciys)vpn + He.

_0,
H;N) = é%(CT + C}“fﬂup%n +He.

* How to compare with e.g. pion decays?
- Effective Lagrangian at the quark level!

, 4GV,
d—ul~ g — \/—
2

éL'yﬂl/ -aytdn + ’ (o L'v - uFd,;]
poT"

Question: 7
C, = (Form factor) x ¢,

How well dowe =

know them?

Is that OK?

Hadronic-level parameter Hadronization Quark-level
(from experiment/th) (from lattice/th)  parameter




What’s an EFT? *‘“

* How to compare different nuclear beta decays? HY) = e3,(Cy + Chropmm

> Effective Lagrangian at the hadron level! —&9u75(Ca + Cys )vByuysn + Hee.
HYY = &(Cs + Ciys)vpn + He.

o, o
HM = e%(CT + C}w@up%n +He.

* How to compare with e.g. pion decays?
- Effective Lagrangian at the quark level!

p 4GV
d—ul~opg — — \/—
2

éL’W/ -aytdn + ’ (o L'v - ung]
poT"

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

1t s not only about
r —r I i Z o) >VV\\'IVV< comparing, but also
eff. = ~SM A2 a; U about connecting with

HEP (models!).




B decay Eff. Lagrangian <, *—b{

After hadronization and at order <.... ]

—) \
Lospe-5, = —V2GrVug (1 |:€L'YuVL -17(7" - §A7"75)n

+ Q@RVL -pn +2g ROuWVL 'ﬁG”"nL]
\_ J

N —=N'e*v g4 = W)l wyysd | nlpn))

gA ~ gA(l *

Dictionary (“matching”):

1+Re(e, +&,) < C,+C,

8s€s = Cs"'cys

8rér = CT+CIT
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B decay Eff. Lagrangian < “%{

After hadronization and at order <.... ]

+ gs €s ErvL - Pn + 297 €r EROVL -ﬁa‘“’nL:|

.

- . arxiv:0907.5386
Lifetime shift = 2023
CKM unitarity = I-Ta% rvw (0* 0"
I
]

[ WVl + V. #V, [ =1=0.120.6) 10-3]

0.225
g, +€,<5107"

Cirigliano, MGA & JenKins,
NPB830 (2010)

0'220.97




B decay Eff. Lagrangian < “ﬂ

After hadronization and at order <.... ]

Lospe-5, = _\/ﬁGFVud(l + Re(er + GR)) [EL’)',LVL '17(7” - §A’Y#’>’5)n

+ Q@RVL -pn + 29@RU,L,,VL -ﬁa‘“’nL:|
- T ¥

I S and T affect the angular distributions and the spectrum!! I

dr() PP fime ) el me o d
dE.d0.d0, ~ §F) {H“ EE, Vg g1 T B+ g

v Direct effect in the spectrum: R =z 1dr
Ly T dE,

v Indirect effect in the asymmetries: %— X , i
=1 ¥ b(m/Ey) [e.g. beta asymmetry A]

v Indirect effect in the lifetime;
[Hardy & Towner, 2009]




B decay Eff. Lagrangian < “ﬂ

After hadronization and at order <.... ]

Lospe-5, = _\/ﬁGFVud(l + Re(er + GR)) [EL’)',LVL '17(7” - §A’Y#’>’5)n

+ Q@RVL -pn + 29@RU,L,,VL -ﬁa‘“’nL:|
- T ¥

I S and T affect the angular distributions and the spectrum!! I

dr() PP fime ) el me o d
dE.d0.d0, ~ §F) {H“ EE, Vg g1 T B+ g

Exp. give us b (i.e. Csr)

= n
PR iT " D errovs “"‘:?ocr(:!
QC_ exp-
(plud|n) <p|ﬁ0wd|n> puin ¢




Low-energy EFT: B decays betgr, +# ooy

Is this precision OK?
How well do we need to know them?
(assuming b < 0.001)

How well do we know g¢ and g,?

Adler et al.’1975 0.60(40) 1.45(85)
(auark model)
PNDME 2011 0.80(40) 1.05(35) ‘
[average] [Adler et al, 1975]

-0005;, . —— - j
~00004 -0.0002 00000 0.0002 00004  0.0006

er
[Bhattacharya, Cirigliano, Cohen, Filipuzzi,
MGA, Graesser, Gupta, Lin, PRD85 (2012)]




Low-energy EFT: 3 decays

b=#gges +#grer

Is this precision OK?
How well do we need to know them?
(assuming b < 0.001)

" S~

How well do we know g¢ and g,?

Adler et al.’1975 0.60(40) 1.45(85) o
(auark model) Ngltotthetrc’a‘{s’eailr':
PNDME 2011 080(40) 1 05(35) rad. pion decays,

SL hyperon decays,
LHPC 2012 1.08(32) 1.04(02)
ROCD 2014 1.02(35) 1.01(02)  We quantify all syst. errors, including for the Ist time
====___a simultaneous extrapolationin a, V& my”
PNDME 2013/15 0.72(32) ‘ 1.02(08) ’ [Bhattacharya et al.,
Phys. Rev. Lett. 115 (2015)]
ETMC 2015 1.21(42) 1.03(06)
cve < 1.02(11)") e 0u(md) = —ima —mu)ud
v Useful connection
PNDME 2016 0.97(13) 0.99(06) between two different

Lattice efforts!

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




Resuscitating the pseudoscalar interaction

[MGA & Martin Camalich,

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

M, +M

P =348(11)

Oy (" vysd) = i(ma + my)uysd - gp = m,

Implications? It almost compensates the bilinear suppression!

o Pbilinear ~ ¢/M ~10-3; _ o~
4 (p(pp) 175l (pn)) = 9 (4T (p)7510n (2D

“since the nucleons are treated
nonrelativistically, the pseudoscalar
couplings are omitted”

Message: [Jackson, Treiman & Wyld, 1957]

the same P decay experiments that set bounds
on S & T, are almost as sensitive to P!




B decay Eff. Lagrangian

ichers et al. 198 7,
arnoy et al, 1991] -

[Johnson et al. ]1963]

-0.2

[Severijns &
Naviliat-Cuncic, 2011]
-0.1 . . 3 04
& Cr
cv CA
+ Neutron
—£(Cy Cp) * Cy Cp, ..o EEE) 5551, -
data ’ Global fit
[ + Mixed transitions] [Severijus et al."2006,

Form
factors
Wauters, Garcia & Hong, 2013]



Current limits on S & T from low-E:

P.(40)/P;(°C) (Carnoyetal’1991) ~ O0I0p e
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Superallowed nuclear B decays (by.)

3090 Hardy-Towner 2009

b = 30004

5 10 15 20 25 30 35
Z of daughter

20001 0000 0001 0002 0.003
Re(er)

A global fit of nuclear & neutron § decay data.

[Waunters, Garcia & Hong, 2013]
[Pattie, Hickerson & Young, 2013]




Current limits on S & T from low-E:

PL(40)/Py(°C) (Carnoyetal’1991)  O0I0pmmnmuss

s
o
oce

o
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Superallowed nuclear B decays (by.)

3090 Hardy-Towner 2009

b =

5 10 15 20 25 30 35
Z of daughter

A global fit of nuclear & neutron § decay data.

[Waunters, Garcia & Hong, 2013]
[Pattie, Hickerson & Young, 2013]

(PIBETA "2009)
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Bychkov et al, 2007

D ]
A=(E/m )sin’ (0, 12)




uture
&Lferrf limits on S & T from low-E.:

ﬁumre neutron decay exp.

Kb = 0.3 g5e5—5.0 gz,

Superallowed nuclear B decays (by.)

3090 Hardy-Towner 2009

b = 30004

5 10 15 20 25 30 35
Z of daughter

20001 0000 0001 0002 0.003
Re(er)

A global fit of nuclear & neutron § decay data.

[Waunters, Garcia & Hong, 2013]
[Pattie, Hickerson & Young, 2013]




uture
&J’&C‘Hf limits on S & T from low-E.:

ﬁumre neutron decay exp.

Mitror
decays

kb = 0.3 g5e5—5.0 gz, J

Superallowed nuclear B decays (by.)

3090 Hardy-Towner 2009

b = 30004

5 10 15 20 25 30 35
Z of daughter

0001 0002 0003

b from da(°He)~10-
p@v @
i

A global fit of nuclear & neutron § decay data.

[Waunters, Garcia & Hong, 2013]
[Pattie, Hickerson & Young, 2013]
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uture
&J’A?C‘rff limits on S & T from low-E.:

0.010

Oct’2011
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Re(er)
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Re(er)

= We are benefiting here from the advance in the FF determinations!

= Conclusion: S,T are at least ~1000x weaker than the V-A Fermi interaction.
2

M
€ ~ M;N —M,, ~2TeV

NP




From (CP-cons) beta decay experiments. ..

3090 HardyTowner2000 | | b AN - e o
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Lifetime shift = CKM unitarity ﬁ%‘
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High-E effective Lagrangian

L(z) = £ (SM fields, bSM fields)

[Buchmiiller-Wyler’1986,

l, Leung et al.’1986,

Grzadkowski et al’2010]

1
>v‘(vmv< >< ﬁeff.=£SM+aniOi
[Cirigliano, MGA, Jenkins 2010,
Cirigliano, MGA, Graesser’2012]
AG RV
>< >< ‘Cd—rue_ﬁz = \5‘5 .

M. Gonzalez-Alonso B decays in the LHC era

ZL’)’“I/-'E’)‘“dL + 2655 E,,I‘u-ﬂl"dg
poT

LrN,. =... & =f(a))




Vector interactions:
CKM unitarity test vs LEP

M. Gonzalez-Alonso B decays in the LHC era




CKM tests vs. HEP el Prye B30 Q010)]

Acgr = 4(-69 +d2 -dP +6 )= ~(126)10~*

o) = 1(77“0“1)(77 ol)

0(3) (ly”o“‘l)(qy Gb
<pl :Z(hTDMU ©)(17,0°1) +h.c.,

O8) =i(¢"D"o%p)(G,0%q) +h.c.

I\

Ar L 11TeV (90% CL)

Ja.

eff _
ANP =

M. Gonzalez-Alonso B decays in the LHC era




Scalar & tensor interactions:

bFierz VS LHC

M. Gonzalez-Alonso B decays in the LHC era




ILHC limits on Es

7 e SM background NP (EFT)

P P

w
- + R.C.| 4

L v

[MGA & Naviliat-Cuncic, Ann. Phys. 525 (2013)]
[Cirigliano, MGA & Graesser, JHEP1302 (2013)]
[Bhattacharya et al, PRD85 (2012)]

2 2
Npp_,evx(mT >m”u,) =¢x L x0,

2 2 2 2
p_,evx(mT >m”u,) =ex L x (0W+0S &5 + O ET)

(Interference w/ SM ~ m/E )

GMS Experiment at LHC, CERN
Data recorded: Wed Sep 21 11:35:51 M CeST

¢MS\s|= 7 TeV| oo

J'Ldt=5.0fb" =1
B oivosons
Woev L

= ovou

1
4| RunEvent: 176841/213192769
i Lumi section: 1

OrbiCrossing: 49420229 / 1640
\

Wit
B v
o ous
W 23Ten)
— - Backaround Predicton

d vl vl ol vl vl

overflow bin

& o = \/25;5;(1 — cosAde)
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M [GeV]




ILHC limits on eq

e SM background

w

+ R.C.

CMS\s=7TeV' [ ‘

Ldt=50fb" ==

5 oivosons

W ev = e
T
B vttt
e
s

— - Background Prediction

ol vl vl el vl ol

R
500 1000 1500 2000 2500
My [GeV]

NP (EFT)

[MGA & Naviliat-Cuncic, Ann. Phys. 525 (2013)]
[Cirigliano, MGA & Graesser; JHEP1302 (2013)/
[Bhattacharya et al, PRDSS (2012)]

Refes)

(Interference w/ SM ~ m/E )
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If we see a bump...

p EFT breaks down...
Toy model: scalar resonance:

L

)\Svud(b+ﬂd + /\lgb_éPLVe

p Then we have a lower-limit value for :

|VLd| T
o-BR < les|TL(T)
1202 \2N.
0020, :
0010} [—o=sw /
| ==——o=1fb -
0.005 =05 e
’,a” _____
oy P e
es|] =TT e
o000 T e
Sx1074 T e
2x1074
—4
X107 022 24 26 28 30
m(TeV)

® Data2011 3
Owsoo) J
Owiiooo) 2

Events

L(r) = [l daf (@) filr/z) ]z
T=m?/s

v
€s = 2)\5Al—2
m

Nice interplay of two
experiments separated for so
many orders of magnitudes!!!!

[T. Battacharya et al., 2012]
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Conclusions

= B decays are sensitive to TeV physics!
» Intense theoretical activity (FFs, NP, ...);
» Intense experimental activity;

p)"c" =1.02(11)

= EFT approach connects high- and low-E probes;

0.02
= This interplay becomes much more -%ﬂgg;

interesting if we see a NP signal!

0.01
. “nuclei
= Beta decay searches are a very rich 7

g - 0.00-

(and cross-disciplinary) field. & ‘
-0.01

ion
-0.02 p
—0004 -0.002 0000 0002 0004
Re(er)
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Backup slides
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u e

Low-energy EFT: dj — ui 1 v <

~

L~ (A+e)(V=AV -A) +er(V-A)(V +A) + T =) i AL
tes(S—P)S —ep(S—P) P + It i — TSP
+er(T —Ts)(T + Tys) o =bandE—="";)

S

‘ Linear approximation: SM + small perturbation

Lisues, = —\/iapvud(l +Re(es + m)) [éL'yuvL .a(w - 2@)7#75)61

+ €5 egyp - ud — ep ey - uysd + 2 ep CRO VL -ﬂo”de:|

Underlying... Process-dependent details:
= nuclear & neutron beta decay; - Hadronization (FFs) is different;
- (semi)lepton pion decays; - Exp. is very different;

>




Form factors in 3 decay (SM) >I\VXN<

Weinber: g ’58: Related to M,=M, (up to isospin breaking corr.)

(p(Pp)| ﬂ')’ud | ”(pn)) = ﬂp(pp) 'Yﬂ +U;wqy + %ﬂ] “n(pn)

gV(O):l Ademollo-Gatto’64)
_ _ 4 o) (1) _—, R4
o)l e | 1om)) = ay0) (Dt "o + I o)
N N
g,(0) 22?

+R.C. i ~10—3

2
[Marciano & Sirlin, 1986]
[Czarnecki et al., 2004] Oth = Oth (GFVud ’gA )
[Ando et al., 2004] 4 5
[Marciano & Sirlin, 2006] “*_1072M
50, ~10™ —107°11!

[-]




Form factors in $ decay (bSM)

Once we go beyond the SM...

(P(pp)| Uoy d | n(pn)> = ﬂp(Pp) ;w =+ g}%ﬁ#ﬁm
+ ﬁmﬁﬁ%) + gﬁ%‘m@)] Un(pn)

[Weinberg’58]
Now we don’t keep corrections. .. ‘

M2
£~ 107 — 4. g, ~ 107 In summary, we have 2 new
M M form factors:

ardo™ &5 =& (q° =0)
o g =8(q" =0)




g. & the nucleon splitting

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

Oy (uHd) = —i(mg — my,)ud

Isospin splitting in the nucleon

(M, -M,) =12933322(4) MeV

exp

M, -M, = (M, —Mp)QCD +(Mm, —MP)QED

1t turns out lattice-QCD is being
calculating this recently!!!!

Useful connection between two AMy
different Lattice efforts! 2+ g
1L
N Total QCD
Z 0 :
= (3 QED
_2 i exp }
_ 3 | /BMIV’13]




B decay Eff. Lagrangian < “ﬂ

After hadronization and at order <.... ] N

Lospe-5, = _\/ﬁGFVud(l + Re(er + eR)) [EL’)’,LVL '13(7” - §A’Y#’>’5>n

+ Q@RVL -pn + 2Q@RU,L,,I/L -ﬁa””nL]

\ .
ga=ga(l—{er)
ga = (pluyuysdn)

R, L, ... coefficients:

CP violating Im(es;r)
02
effects? Ro D coefficient:
Ny N Im(eg)
% 0 D=(1£6)x10™ [“Ne]
e D=(1x2)x10"" [n]
R S B
‘ RC°LI) ...,
&r&r = G +G 0500 0005 0000 0005 0010

* ' e Im(ey)
Im(SR) had Irn(CVCA + CVCA ) [MGA & Naviliat-Cuncic, 2013]




Effective Lagrangians

L(z) = £ (SM fields, bSM fields)
a

R

¢ 3

&y, (lao ™" e) €™ (qpomu)

U

X e
ﬂ ~ GeV ﬂ
_O) _O) ) _
>< >< CT;(CT + C'T’Ys)upTgn - C, =4g.¢;

M. Gonzalez-Alonso B decays in the LHC era




Connection with HEP

# Running + Matching with HEP Model/EFT:

A\

d A
(V-A) x (V+A) i(pTeD,p)(ary*d)

Their intetference with the SM goes like m/E...

S,P, T

2 4 .2
m V=58 N v, S8
o~ osMm (1+ —ﬁ%} +a§@)
O(1) for LEP, but large for the LHC.

EFT analyses of LHC data requires 2 extra assumptions:
- (D=8) << (D=6)*
- NP scale is larger than LHC scales;

Lojs.(2) = Lsm(z) + %L‘G(x) +

S

A4£3(.’E) +...



B decays vs. the LHC B

p The competition will continue:

Bhattacharya et al.’2012

= New lattice data for the Low—energy future, 5g/gs = 50%
tandard form factors; 0008 s
non-standard form factors; , Nedtron decay +

lear decays

0.006 Low-—energy futureq dg/g
= New experimental data from 0004 /
beta decays; ' HC @ 14 TeV
d’)’ 0.002
= LHC @ 14 TeV,
with higher luminosity; 0.000
—-0.002

—0.004} LHCe@ 14TeV, 10"

—0.0010 —0.0005 0.0000 0.0005 0.0010
€T

M. Gonzalez-Alonso B decays in the LHC era




Interesting
, competition*

LHC dominates!

2

E~a-m =5 ‘ Aeﬁf ~0.7-20.0 TeV [Cirigliano, MGA & Graesser, 2013
A Aejf MGA & Naviliat-Cuncic, 2013]




