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Emerging anomalies in the flavour sector
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Emerging anomalies in the flavour sector

New Physics revealed in low-energy experiments through

1) deviations of SM allowed processes with respect o tree level processes R(D") & co

to the predictions loop-induced processes R(K), P's, ...
O Vcbl Vubl e’/e, (g_Z)M

O

2) observations of processes forbidden o LFV processes 1 — 3u,u —evy...
(or heavily suppressed) in SM

- collected hints of LFU violation - relations between 1) and 2)

- coherent pattern of deviations seems to be emerging
the solution of old problems could be related to the other tensions
example: Vg lina vs [V lea Mmight be related to the observed anomalies in b — ¢ semileptonic modes
F. De Fazio, PC PRD 95 (17) 011701
what about IV lna vs IVyplexa ?
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* BSM gauge group G > SU(3)xSU(2), xU(1)y
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* BSM at a high scale A>>My
* BSM gauge group G > SU(3)xSU(2), xU(1)y

= SM effective theory at the scale My

Energy scale

A
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+ coefficients in different processes related

» coefficients in the low-energy H.¢ related to the high-scale ones

* basis of effective operators, ordered by dimension, made of SM fields

credits for the picture:
Aebischer Crivellin Fael Greub JHEPO5 (2016) 037

Buchmuller and Wyler, NPB 268 (1986) 621
Grzadkowski et al., JHEP 10 (2010)7085



* BSM at a high scale A>>My

* BSM gauge group G > SU(3)xSU(2), xU(1)y

= SM effective theory at the scale My

Weinberg opertor: v mass

t

1 1 1
Lowr = Ly + 7000 + 50000 +0 (p)
k

[ : \ \
Lkin I3 [ 9auge 3 LHz'ggs re L:Yukawa NP
\ Y ) i
accidental symmetries  violates accidental symmetries

» source of CP violation in SM
e« fermion masses




Semileptonic b decays

exclusive b — c,u modes

- hadronic uncertainties
- b — cform factor parametrization BGL vs CLN proposed to reconcile [V, | and IV, le

- what about [V, | ?

inclusive b — c,u modes: theoretically clean

- systematic expansion in 1/mq and a;
- role of the shape function
- identification of the observables



Semileptonic b decays

extension of the SM effective Hamiltonian with D=6 operators and LH neutrinos

U=c,u

Hgf?w” = %VUI, [ (1+¢€) (U'y“(l — 75)6) ((77“(1 — ’)’5)I/g)

+ €5 (Ub) (€(1 —15)ve) + €p (Unsb) (€(1 —y5)ve)
+ e (Uou(1 —5)b) (L™ (1 — y5)ve)

+ €5 (Uyu(1 +75)b) (O4*(1 — v5)ve) ] + h.c. .

Buchmuller and Wyler, NPB 268 (1986) 621
Grzadkowski et al., JHEP 10 (2010)%085



Semileptonic b decays

extension of the SM effective Hamiltonian with D=6 operators and LH neutrinos

/ SM
bsvey _ GF
H g = EVUb [ (1 ‘ ’Yn(

U=c,u

complex
lepton flavour - dependent
couplings

Buchmuller and Wyler, NPB 268 (1986) 621
Grzadkowski et al., JHEP 10 (2010)“085



Beauty baryon inclusive decays

- Inclusive modes: optical theorem
heavy quark expansion (HQE)

J. Chay, H. Georgi and B. Grinstein, PLB 247 (1990) 399
l1.Y. Bigi, M.A. Shifman, N.G. Uraltsev and A.l. Vainshtein, PRL 71 (1993) 496

- Observables as a double expansion in powers of 1/mq and a/n
b — u: F De Fazio, M. Neubert, hep-ph/9905351

- Clean correlations between meson (B, B;) and baryon (A, Z,, Q) observables
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Inclusive decay width

° SM: & sprr=0 JO _ T
—— BT, = U~,(1 —)b
HbPUw — &sz 85 J](&) LOM 4 b w =t iy 5
= L0 = Ty, (1 — 5
N\ | .
/ \/ eptonic currents
i 66) had 2
adronic currents G |VUb| . ij ii\MN
6 ies e dl’ = d% —7 == Z C;C; (W )mn (L)

;o J
Y
hadronic tensor || leptonic tensor
i 1 »
Wn = 2Ty o

™
q q
\;1,\% U(mpv — q) _{{ (T9)pn =i / d*z & =0 (Hy (v, 5)| T[S (2) I (0)]| Hy (v, 5))
/ ; mpv + k
mpv + k = (Hy(v, ) bo(0)L7 U (px )T b0 (0) Hy (v, 5))

| | |

intermediate U quark propagator
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Inclusive decay width

heavy quark expansion . . .
7 g Su(px) =S5 - S P)ST + 5P P )SP PSP + ...

v

mpy/—g/—my

1. iy, o Llp o1 5 rOtpre)
SIn(T9) iy = T (Hy(v, )50 P b0l Hi v, ) o=t —m
1 1 = (i )1/
= ~Im s (Hy (0, ) Bo[T3 Py PTR 10D )bul H(v, 5)) pu = mpw — g
0
"y (Hy (0,9) BulT S P Py PTG, ) 6D o B, 5)) \

+ ;ImA_3<Hb(

| ik > 5 o ; 3
— ZImag (Hs(v 8)[Bu[L ) Py#1 Py Py#3PT D) (1Dt ) D) (i Dy )b Ho (v, 5)) -

; hadronic matrix elements of operators with increasing number of derivatives

Mus..pn = (Hp(,5)(00)a(iDpy) - - - (iDp,) (bo)p| Ho (v, 5))

E non perturbative low-energy parameters

HQE
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Inclusive decay width

( ){ 2 My 2 = (Hp|by iD* iD, by |Hp)

1 O( ) 2 My 2 = (Hp|b, (—iouy) iD* iDY by, |Hp)
O(—=)---q "/ | 2Mu p} = (Hy|By iD* (iv - D) iDy by |Hs)
2MHpLS—(Hb|b (—iowy) iD¥ (iv - D) iD" by |Hp)
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Inclusive decay width
( ) -2 (Hp|by, iD* iD,, b,|Hp)
2 My (Hp|by (—io ) iDH iDY by |Hp)

1 O
/(g (mb) 2MHpD—(Hb|b iD* (iv - D) iD,, by |Hp)
2MHpLS—(Hb|b (—iowy) iD¥ (iv - D) iD" by |Hp)

fi2  matrix element of the kinetic energy operator

different for different hadrons (B vs A,)

zmﬁn:;c [(ma, —ma,) — (Mp —mp)] (1+ O1/mi,))

12 (B) — pZ(Ap) =

i2(Ag) = (0.50 £0.1) GeV?

Dominguez Nardulli Paver PC PRD54 (96) 4622
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Inclusive decay width

' o( : ) —2 MR = (Hp|by iD* iD,, by|Hp)
1 (’)(L) m/ |2 (Hb|by (—io ) iD* iDY by |Hp)
(’)(—n)...< m3 ) ) 2 My 52 = (HpYoytO" (iv - D) iD,. by |Hp)

2My pis = (Hp|by (—iop,) iD* (iv - D) iD" b,|Hp)

12, matrix element of the chromomagnetic operator

depends on the spin of the hadron - determined from the mass spectrum

fig(Ay) =0
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Inclusive decay width

f ( 1\ | —2My p2 = (Hp|b, iD" iD,, b,|Hp)
1 o() 2 My i, = (Hp|by (—ic ) iD* iD b, |Hp)
O(=)---q \m/)2m (Hp|by, iD* (iv - D) iD,, by |Hp)
M 2 M\, (Hp|By (—iopy,) iDH (iv - D) iDY by|Hp)
b
ﬁSD Darwin term p3(Ap) ~ p%(B) pH(Ap) = (0.17 £ 0.08) GeV?

[,%S spin-orbit term [;%S(Ab) =0

16



M., = (Hp(v, )| (bo)a(iDpy) - . . (iDps,,) (b )s| Hy (v, )

general parametrization including dependence on the spin up to O(1/m3)
B mesons: B.M. Dassinger, T. Mannel and S. Turczyk, JHEP 03 (2007) 087

new terms depending on the spin for polarized baryon

O(1/mp?): A.V. Manohar and M.B. Wise, PRD 49 (1994) 1310
S. Balk, J.G. Korner and D. Pirjol, EPJC 1 (1998) 221
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F. De Fazio, F. Loparco, PC JHEP 11 (2020) 032
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+ (— 15;% (v (3+5¢) —29") g5 + 45" P ys) +
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F. De Fazio, F. Loparco, PC JHEP 11 (2020) 032
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Fully differential decay width

® F;: lepton energy, with py = (Eg, py);
dAr ® g2: dilepton invariant mass, with ¢ = (qo, q);
dE; dg? dqo d cosfp ® Op: angle between the hadron spin s and the lepton
3-momentum py, i.e. cosfp = ot
IsllPel
\ computed with all BSM operators
M(Hy— Xyt~ ve)=To Y & g [ ("l)+”"r C("J) ("’) ("’) pLS ('*’)]
I
// %
r_ GElVul*my \ \ / / /
o= 19273 incorporate the effects of NP through the € couplings

expression at O(1/my3) including all NP operators and for non vanishing lepton mass

F. De Fazio, F. Loparco, PC JHEP 11 (2020) 032
20



Fully differential decay width

Perturbative QCD corrections in SM:

O(a/n)*) for the the partonic width Fael, Schonwald, Steinhauser, 2011.13654, 2005.06487, 2011.11655

O(o/m) for T, Alberti Gambino Nandi 1311.7381
Mannel Pivovarov Rosenthal 1405.5072
Mannel Pivovarov 1907.09187
Capdevilla Gambino Nandi 2102.03343
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Results

dF(Ab — Xufﬂg)

— Ag + Bf} cosfp

dcosfp : \

angle between 5 v
o ! T . . 5. >
. v I' direction and A~ spin 2 2
= —
AL BU 2 2

Ra,(Xv) = —F S 4

i
\ £
slope ratios for I'tand ! u
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. . * -
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polarization 4 <
= 5
- = =
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dl'(A Xylv
( Gosts " = a7 + By i
angle between
o v I' direction and A- spin
AY BU
Ra, (Xy) = =% g _. 5
I

N

analogous to R(D™)

slope ratios for I!tand ! n

Ry 4 X, — 0234
Ry, (X.)5M = 0.214

0.14f
0.12}
0.10}
0.08f
0.06
0.04}
0.02}

0.00

0.21

P. Colangelo, F. Loparco, FDF
JHEP 11 (2020) 032

#$

0.22 0.23 0.24 0.25
RAb (XC)

New clean observable but difficult to measure at LHC
accessible using polarized A, from Z decays
at a lepton collider (FCC-e or muon)
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Possible connection with the [Vl puzzle

Include the tensor operator in b I"* ¢ /v; Hamiltonian with lepton-flavour dependent coupling

2

parameter space (Re(!'!l')’ Im(/7), |Vcb|)
input (PDG) ~ B(B"! X.g7,.)=(10.8+0.4)" 10"

Im[éf] Im[€%]
T
02 -0.1 00 0102 oo -04 00 01 02
02 — 0-2 i
0.1 0.1
Re[er] 0.0 Re[e7] 0.0
-0.1 -0.1
-0.2 —0.2¢
0.044
0.038
/,l |||#$ 0.038

I 1"#$

De Fazio PC, PRD 95, 011701(R) 31



Possible connection with the [Vl puzzle

B— Xc /V|
allowed regions in parameter space

allowed &,/ correlated to V|

0o MIMES

s b .

I - 4

De Fazio PC, PRD 95, 011701(R) 32



Possible connection with the [Vl puzzle

B— Xc /V|
allowed regions in parameter space

allowed &,/ correlated to V|

0o MIMES

s b .

I - 4
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Possible connection with the [Vl puzzle

B— Xc /V|
allowed regions in parameter space

allowed &,/ correlated to V|

e

s b .

I - 4

De Fazio PC, PRD 95, 011701(R) 34



Possible connection with the [Vl puzzle

B— Xc /V|
allowed regions in parameter space

allowed &,/ correlated to V|

g 4
"$ B
—_— [ ,
I Lomone s
rg | ]
AR 4
S quoted value for SM |

De Fazio PC, PRD 95, 011701(R) 35



Possible connection with the [Vl puzzle

B— Xc /V|
allowed regions in parameter space

allowed &,/ correlated to V|

I | A R A

s b .

[ 4

. M P S RS R

De Fazio PC, PRD 95, 011701(R) 36



Possible connection with the [Vl puzzle

B(B"! D% ,)=(238+0.04+0.15)" 10"
B(B"! D°%",)=(225+0.04+0.17)" 10

B—D/v,+B— X./v,:allowed regions

Im[ef] :
0

IVch I

umode

inner regions: inclusive
outer regions: exclusive

effect of the lepton mass:
the symmetry axes of the two

regions do not coincide in the case of u

De Fazio PC, PRD 95, 011701(R) 37



Possible connection with the [Vl puzzle

B(B"! D,)=(550+0.05+0.23)" 10"

* + (0] —
el AR LA B(B"! Du,)=(5.34+0.06+0.37)" 10

inner regions: inclusive
outer regions: exclusive

De Fazio PC, PRD 95, 011701(R) 38



Possible connection with the [Vl puzzle

B—>D/V| +B—>D*/V|+B—)XC/V|

Im([€f]
_04 -02 0.0 02 04

0.4

Im[€f]
4 -02 00 0.2 04

e I
B

0.2 0.2
Re[ef] 0-0 Re[e7] 0.0
-0.2 -0.2

-0.4~ -0.4
0.040
IVcbI
umode
e mode

De Fazio PC, PRD 95, 011701(R) 39



Possible connection with the [Vl puzzle

projections in the (Re &&m g;) plane
t=p |V |=0.0335

umode

[ exclusive D
1 exclusive D*
[ inclusive

Im[e}]

-04 -0.3 -0.2 -01 0.0
Re[€)]

De Fazio PC, PRD 95, 011701(R) 40



Possible connection with the [Vl puzzle

projections in the (Re &&m g;) plane
t=p |V |=0.0340

umode 04

0.2

1:“ . [ exclusive D
g [ exclusive D*
~ [ inclusive
-0.2
-0.4
-04 -03 -0.2 -0.1 0.0
Re[€f]

De Fazio PC, PRD 95, 011701(R) 41



Possible connection with the [Vl puzzle

projections in the (Re &&m g;) plane

=i (Ve 1=0.0343 ~

0.4

umode

T~

smallest allowed value
02

1:'& . [ exclusive D
E‘ ’ [ exclusive D*
— inclusive
-0.2
-0.4
-04 -0.3 -0.2 -0.1 0.0
Re[€)]

De Fazio PC, PRD 95, 011701(R) 42



Possible connection with the [Vl puzzle

projections in the (Re &&m g;) plane
t=p  [Vep=0.0410
0.2 T T T T

umode

0.1r

:‘E‘ 0 0'_ [ exclusive D
E e, [l exclusive D*
[ inclusive
-0.1}
-0.2¢

De Fazio PC, PRD 95, 011701(R) 43



Possible connection with the [Vl puzzle

projections in the (Re &&m g;) plane

=y |V [=0.042

L mode et ]
0.1r
";I_Bl‘ : 0'_ [ exclusive D
E it [1 exclusive D*
[ inclusive
-01r
—0.2 C1 . R ‘ | B A S (A ¢ 8§ 11
-0.2 -0.1 0.0 0.1 0.2

Re[ef]

De Fazio PC, PRD 95, 011701(R) 44



Possible connection with the [Vl puzzle

projections in the (Re &&m g;) plane

T I T e
L mode e
, largest allowed value
0.1r
"E 0 0'_ [ exclusive D
E i [1 exclusive D*
[ inclusive
-01r
—0.2 C1 . R ‘ L (A ¢ 8§ 11
-0.2 -0.1 0.0 0.1 0.2

Re[€f]

De Fazio PC, PRD 95, 011701(R) 45



Im[é}]

Possible connection with the [Vl puzzle

=p_ |V |=0.0343

e=p_ Ve 1=0.0421

0.4 0.2F —
0.2 ’ 0.1F
0.0 [0 exclusive D ool [ exclusive D
’ [ exclusive D* [ exclusive D*
inclusive [ inclusive
=02 \ -0.1}
—04 '0-2 N S T R W S S S S [ G T S S A S S | ]
-04 -0.3 -0.2 -0.1 0.0 -0.2 -0.1 0.0 0.1 0:2
Re[€}] Re[€}]
umode e mode

V]! [0.0343,0.0421]
all constraints fulfilled for |V,,|! [0.036,0.042]

V,,|! [0.0360,0.0427]

SM-NP interference sizable for u
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Conclusions

Inclusive heavy hadron decays
- important for V| and IV,,| determinations
- testing ground for NP

Improvements
- new results for heavy baryons: hadronic matrix elements for a polarized baryon at O(1/m,?) including

all BSM D=6 operators
- fully differential distribution for non-vanishing m,

- New clean observable testing LFU: ratio of the slope parameter in the cos (0 p) distribution correlated
with R(A,) shows a pattern of deviation from SM
Measurement accessible at the future lepton colliders (ILC, FCC-ee)
A precise determination of the nonperturbative parameters for heavy baryons is mandatory
A9 A3 A
Hrx pD p%S

The possibility of a NP origin of the tensions in the CKM matrix elements, related to the R(D) anomalies,
should not be discarded

47



