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inclusive width

computed using OPE o Z 2m)*6*(Pg — Px)|(X|Her| B(v)) |
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width, spectrum and moments — |y

E, charged lepton energy
M, hadronic invariant mass
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no O(1/mg) corrections at g2,



(D" (pp~, €)|ewu(1 — 5)b|B(ps)) = — - i€uwaBe PEPD:

oy sl
+1 2) ppBV EVpB/.l) ) /.tpD*V CVpD*#)
‘

)2 (pBpr*V —PBvPD*u )]

FF parametrization

D* D*
B
crossing + -—
analyticity .
RN B
physical semileptonic region two-point corr. cut

mj = q2 = (mB — My, )2 q2 = (mB + mD*)z

SM

NP




V| from B—D(¥,
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Caprini Lellouch Neubert Ri(w) = Ri(1) — 0.12(w — 1) + 0.05(w — 1)?
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« confirmation of the lattice QCD result for F(1) required (SM solution of the puzzle)
* however, another anomaly has been detected in b —> ¢ semileptonic modes
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anomalies in R(D®)
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Fajfer et al.

form factor uncertainties largely cancel out
in the ratios

BaBar (2012), had. tag
0.332+£0.024£0.018

Belle (2015), had. tag

0.293 +£0.038 £0.015
Belle (2017), (had. tau)

0.270 £0.035 £ 0.0Z7

Belle (2019), sl.tag
0.283 +£0.018 £0.014

LHCb (2015), (muonic tais)
0.336 £0.027 £0.030

LHCb (2018), (had. tau)

0.280+0.018£0.029 —TH——&—+H—

Average
0.295+0.011 £0.008

SM pred. average
0.258 £0.005 | )

PRD 95 (2017) 115008
0.257 +0.003 b

JHEP 1711 (2017) 061
0.260 +0.008 -

JHEP 1712 (2017) 060
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LHCb R(J/y)
PRL 120, 121801 (2018)
0.71£0.17£0.18

SM predictions

PLB 452 (1999) 129
arXav: 0211021
PRD 73 (2006) 054024
PRD 74 (2006) 074008
Range 025 - 0.28
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SM or BSM effects?

Are the R(DY) and V| issues different problems
or
are they related?



SM successful theory of physics phenomena up to the ew scale
SM not expected to hold much above that scale, but its (eventual)

extension is unknown

pragmatic approach

experimental SM-EFT simplified more fundamental NP models
input model independent BSM Models  (accounting for the origin of flavour,
(anomalies) analysis )
>
¢’ Buchmuller and Wyl
— l : uchnmullier an yer
Leﬁ LSM +EA“"4 0’ Grzadkowski et al.
SM operators Contino etal. , ...

C <«— process dependent
A = ASM + F p p
LY

new energy scale

flavour ansatz: NP mainly coupled to the third fermion family
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{2 consider additional operators

example: operator enhancing B to T semileptonic modes o |
and |eaving T(BC) quite unaffected Biancofiore De Fazio PC

, N G - - _ P _
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IV | problem

arguments against a NP option

for Hee with new four-fermion operators (S,P,T) and massless leptons,
at zero recoil no interference between SM and NP contributions

same NP effect in all modes
Crivellin Pokorski, PRL 114, 011802 (2015)

The arguments can be evaded:

consider new operators in Hy4 (example: tensor)
relax the assumption that it contributes only for t lepton
keep non vanishingm, &e,u,t and m,# m, De Fazio PC, PRD 95, 011701(R)

same NP example:

G _ - _ - |
H = 7; eb[€7u (1 = 75)bElr#(1 — 5)v, b(l —75)bta™ (1 —ys)ve]
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2
r=ry, +|ET| I'yp +Re(8T)rINT

Csym one int €xpanded in 1/mg

parameter space (Re(ef), Im(e7 ), Vcb)
input (PDG)  B(B' — X,e'v,)=(10.8+0.4)x10™

Im[e!]

Im[e;]
_02 -01 00 01 02
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B ->X.Zv,
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B ->X.Zv,
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B ->X.Zv,

allowed regions N ParameEter SPACE NI Fapaeo POV IS VAN
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B ->X.Zv,

allowed regions N ParameEter SPACE NI Fapaeo POV IS VAN
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B ->X.Zv,

allowed regions N ParameEter SPACE NI Fapaeo POV IS VAN

B~ > X.em v,
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0.4; B
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_
o
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—0.2; B
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B->D/¢v,+B->X_¢v,: allowed regions B(B'—D"¢"v,)=(238+0.040.15)x 10"
B(B'—D’u'v,)=(2.25+0.0420.17)x 107

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
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B -> D*Zv, + B -> X_2v, B(B+ —>5*0e+1/e)=(5.50ﬂ_=0.0510.23)><10’2

B(B'—D"u'v,)=(5.3420.06+0.37)x10"

BABAR, PRD79, 012002 (2009)

[\

umode

inner regions: inclusive
outer regions: exclusive
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B->Dd¢v, +B ->D*4v, + B -> X_Zv,

Im[e7]
_04 -02 0.0 02 04

0.4
0.2
Re[e7] 0.0
-0.2
-04

0.040
V| 0.035
e mode
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projections in the (Re g;, Im ¢;) plane ’

umode

C=p |V |=0.0335

0.4+

-04 -03 —02 -0.1 0.0
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[ inclusive
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projections in the (Re g;, Im ¢;) plane ’

umode

t=p |V |=0.0340
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[ exclusive D
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[ inclusive
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projections in the (Re g;, Im ¢;) plane

umode

0.4+

0.2

-0.4

t=p (Ve [=0.0343 -

-0.4 -0.3 -0.2 -0.1 0.0

Re[e7]

T~

smallest allowed value

[ exclusive D
[ exclusive D*
[ inclusive
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projections in the (Re g;, Im ¢;) plane

umode

=p |V [=0.0410

02 ~ T
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-0.1r
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projections in the (Re g;, Im ¢;) plane

umode

b=u |V |=0.042

0.1F
:‘E‘ ook [ exclusive D
E ' [l exclusive D*
[ inclusive
-0.1+
_02 TR W R N N WA S SR S N S WU U SN M M S S S
-0.2 -0.1 0.0 0.1 0.2
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projections in the (Re &, Im ;) plane

umode

e=p (Ven [=0.0421 —

02~ o I_\
- largest allowed value
0.1+ .
=£‘ oot [ exclusive D
5 ’ [ exclusive D*
inclusive

-0.1F .
_02 TR W R N N WA S SR S N S WU U SN M M S S S
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Im(é}]

projections in the (Re g;, Im ¢;) plane

umode

C=p_ |V |=0.0343

l= Ve [=0.0421

....... ~ ——

0.4f; 0.2f
0.2 0.1}
[0 exclusive D I [ exclusive D
0-0 [1 exclusive D* 0'0__ [l exclusive D*
[ inclusive [ inclusive
-0.2 0]
-0.4 -0.2_— ....................
-04 -0.3 -0.2 -01 0.0 -0.2 -0.1 0.0 0.1 0.2
Re[€}] Re[€f]
umode e mode
V,,|€[0.0343,0.0421] V.,| €[0.0360,0.0427]
all constraints fulfilled for |V.,| €[0.036,0.042]

SM-NP interference sizable for u
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a connection between R(D") and V| could be found

impact on observables in exclusive processes



De Fazio PC JHEP 1806, 082

important for B.3D"
« effects of FF parametrization: BGL vs CLN
« disentangling SM from NP - example: tensor case

four dimensional decay distribution

d'T(B~s D*(= Dn)t" ) _
dq? dcosfdodcosby

angular coefficient functions

* sensitive to FF parametrization
« some of them vanish in SM

» relations between Dzt and Dy modes
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SM: BGL vs CLN

u mode
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there are coefficients more sensitive to the parametrization
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SM: BGL vs CLN

T mode - - -
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darker regions: CLN

there are coefficients more sensitive to the parametrization
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B > D* (D)l i B — D*(D~)€ vy

fit of the experimental differential distribution & angular coefficients  FF

SM

1 4T IT AIT 2
A 2y _ 1s _ ~6s 1s “6s ’
1(q%) 4(mp + mp-) {\/m%+3q2 o) + mg+3q2 + o)

A2 q2 — m m . s —6s s
(7) A\(m%, m}., ¢?) (mp = mp- — ) m?+3¢ ¢ m? + 3¢
1r
q —my

V(qi‘)) — (mB + mD’) 4Iirs . Igs . 4I{rs 4+ Igs
AN1/2(m%, m2,., ¢2) m?+3¢2  ¢° m2+3¢2 ¢ |’

\/q_2 \/(q2 - m%) Ilc + (q + m%) IQc

0(q2):_ 1/2 P 2 2
2)\/(m3, mD:,Q) mE(q _mE)

1§,
4 —6s

(3.8)
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complementarity D™ ->D st with D™ ->D y

=
Cos fy

=
cos 6y

D'->Dn

& BB y¥,—Drp7,)

(1073

dw dcos 8y
1.0 ‘
10
8
[} -
<)
. 8
2
0
10 11 1.2 13 14 1.5
W
& BB—D* 7. —DrT¥;) no_zl
dw deos fy
1.0F= e e e —
3
2 o
)
g
1
0
R Serwererersrerererereen

100 105 110 115 120 125 130 1.35
) 1\

D'->Dn

D*->Dy

& BB—D* u7,—Dyuv,)

[107%]

& BB—D* 5. —Dy 1) [102]
dw deos Ay

25

20
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* g, & nonvanishing
* choose & in the region to fix the V4| tension

« determine g to reproduce R(D) & R(D")

0.2 0.3:-"""""'
0.2F
0.1 !
01
3 ORI ]
< 0.0 w— 0.0} SRR LR
S £ - AEEBEE
- b
-01F
-0.1 [
~0.2}
-0.2 -0.3k

-0.16 -0.10 -0.06 0.00 0.06 0.10\ 015 0X0 / -0.10 -0.05 0.00
J7i T
Re(eT) Re(ey)

benchmark points

dark region = minimal y?

0.05
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SM vs NP
u mode
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SM vs NP

T mode
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SM vs NP at the benchmark points
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D" polarization fractions
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D" polarization fractions
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tests of LFU using the angular coefficient functions

new measurement

Belle 2018

B(B’ = D"e'v,)

B(B*—D"u'v,)

Rl _ f:,u:fx(el) (L7 (w))g, dw
g _ ) ,
fwwi’f"(&)(ff(w))egdw I; = (1 — %%-) |pD+|BRF L
SM NP
€1=T,52=,U, g1=7‘,€2=6 flzﬂ,egze 61:7',52:# €1=T,eg=e 31:;1,,32:6
7| 0.263 £ 0.006 | 0.262 % 0.005 | 0.9957 & 0.0001 T | 0.32+£0.01 | 0.304+0.008 | 0.957 % 0.002
T | 0.28+£0.02 0.284+0.02 | 1.008+ 0.004 T | 0.36 4 0.03 0.344+0.02 | 0.956+ 0.003
7 | 0.134+0.003 | 0.13340.003 | 0.9923 = 0.0002 T | 0.37+0.02 0.38 4 0.02 1.04+0.01
T | 0.07940.005 | 0.077+0.005 | 0.975 £ 0.002 7 | 0.0824+0.006 | 0.080+0.006 | 0.973 £ 0.002
T | 0.1534£0.004 | 0.1520.004 | 0.9932 % 0.0002 RT | 0.183£0.005 | 0.18240.005 | 0.9932 % 0.0002
RT | 0.11240.004 | 0.111+0.004 | 0.9891 4 0.0004 RT | 0.131£0.005 | 0.130£0.005 | 0.9890 % 0.0004
T | 0.30 £ 0.02 0.3040.02 | 0.999 + 0.001 T | 0.35+0.03 0.33 4+ 0.03 0.96 + 0.01
T | 0.197+0.004 | 0.196+0.004 | 0.9943 % 0.0001 RZ. | 0.150+0.006 | 0.152+0.006 | 1.012 4 0.003
RE | 590+£045 | 7600047000 | 12900 + 200 RE. | —116+15 —944 4 40 81.2+ 9.1
i 0 0 184 + 2

=1.01+x0.01+0.03
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collider constraints on the new operators:

crossing symmetry connects to mono-tau events at the LHC

Crossing symmetry

A
D P
b T
Bp <
C
T v Camalich Grejio Ruiz Alvarez
Vv P

excess in pp -> T + trasverse missing energy should be
observed

synergy between pp and B physics
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4d angular distributions in B— D (Dn)/v, B-—> D (Dy)(v,
can disentangle non SM effects

example
as alternative to conventional SM solutions, a NP option to solve the

IVl Vs IVl 4 tension seems still viable, related to R(D")

precision era: importance of separate theoretical and experimental
analyses for electrons — muons - taus

see also Becirevic et al.



LFU anomalies in FCNC processes

2.5 o6 from SM
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CKM suppressed b->u transition



tension in [Vl vs IVl

PDG Vyp X 103

] Vb Exclusive
I Vb Inclusive
§ Np—puv (1504.01568)

no tests of LFU: R(m) R(p)

plot: M. Prim
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Include in the SM effective Hamiltonian all D=6 operators  pe Fazio Loparco PC
G _
Hi ™ = 2V { (14 €) (@ (1= 7)0) (B(1 — 5)1)

+ €5 (ub) (£(1 — ys)ve) + €p (wysh) (£(1 — 7ys)ve)
+ & (@0 (1= 75)b) (E0* (1= 15)us) }+ hec. .

- experimental bounds

- Consequences
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the new operators contribute in different ways to the different processes

& & & s
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data B->n form factors
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B->p form factors from Light Cone QCD sum rules
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B-> p angular
coefficient functions
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R(p) vs R(m) s ]
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large deviations are possible for tauonic modes
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Which SM extension?  simplified BSM models

Scrutinized candidates:

Spin 0, 1 leptoquark (LQ) — predicted in GUT/compositeness frameworks
coupled to quarks and leptons

L=y,08L. +7,080;+h.c.

%(Ey“PLb) (ry“PLv) + tensor +..
T o Tev)

. Aebisher et al., Alonso et al., Barbieri et al., Calibbi et
SU(2) singlet vector leptoquark U,

al.,Fajfer et al., Hiller et al., Bhattacharaya et al., Buttazzo et
al.,...

SU(2) triplet scalar leptoquark S

Kowalska et al., Dorsnee et al., Becirevic et al.,...

major focus on FCNC anomalies

331 models

Buras De Fazio Girrbach...
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CONCLUSIONS & CHALLENGES

* Flavour a puzzling sector of the Standard Model

« Anomalies have been observed: they look quite robust (but no disagreement
with SM at 50 ) and seem to follow a coherent pattern, pointing to BSM

* New precision measurements foreseen in the next future (LHCb, Belle Il
and searches for signatures in pp)

 Theoretical efforts required for more precise predictions, to identify the
regularities and to explore the possible new paths.



