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b -->cZ v decays

tensions:
* ratios R(D)) deviate from SM predictions (=3.90)
* long standing issue:
discrepancy in |V | determinations from inclusive and exclusive B modes (=3.10)

impact on other flavour observables, i.e. g,

anomalies in semileptonic transitions:
is NP hiding under tree-level processes?



R(D)

_ BB’ = D'rtw.)

B(B® — D**r~1,)

RY(D) =—5—= =0.324 £0.022 R°(D* = = 0.250 £ 0.003
sM B(B° — DH{-p;) Ism (D) smM  B(BY — D*t{—1y) Ism
present scenario
HFAG quotes 3.90 deviation _
fI‘O m S M BaBar had tag :
PRD 88 (2013) 072012 : ——
03320024+ 0018 :
~ 0.5 T T T T 1 v T T T [ T T T T [ T T T T ] Belle had tag :
”é [~ ——— BaBar, PRL109,101802(2012) A= 1.0 ] PRD 92 (2015) 072014 ——————e
EZ - Belle, PRD92,072014(2015) X~ = 1.0 contours - g_l)lz : (l)_().%x: 0.015
. clle SL tag
0.45— LHCb, PRL115,111803(2015) == SM Predictions — PRD 94 (2016) 072007 .
[ = Belle, arXiv:1608.06391 R(D)=0.299(11) FNAL/MILC (2015)  _| Belle 1-prong E
0.4 — [ Average R(D¥)=0252(3) S. Fajfer ct al. (2012) —] ERLIIB@OIT 21801 =
F ] LHCb muonic § :
— . PRL 115 (2015) 111803 ; ——
035 — 0.336 = 0.027 + 0.030 ; H
B i LHCb Preliminary 3-prong
LHCb-PAPER-2017-017 —
n - 0.285+ 0.019 = 0.029 ; i
0.3 E LHCb Prelimi E :
| A reliminary average E H
0306+ 0.016+ 0.022 ; *
- N Fajfer ef al. (SM) 5 '
0.25F - PRD 85 (2012) 094025 -
F Summer 2016 0.252+ 0,003 :
B P(x?) = 70% E
0.2 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 | 1 I | | : 1 1 I 1 1 1 1 I
0.2 0.3 0.4 0.5 0.6 0.1 0.2 03 04
R(D) R(D¥*)




R(D™) pt/

«“« ” . . -’
most “natural” explanation: b . < Y

new scalars with couplings to leptons proportional to their mass B

* would explain the enhancement of Tt modes D
» would enhance both semileptonic and purely leptonic modes

the simplest model (2HDM) excluded (BABAR):
no possibility to simultaneously reproduce R(D) and R(D")

R(D")

04f

0 02 04 06 038 1
tanf/my+ (GeV™!)

many other explanations put forward....



R(DM)
common solution to the R(K(™)) tension -> new left-handed effective interaction
no effect observed in K, ;t decays -> NP mainly coupling to 3rd generation of q, ¢
<> new gauge bosons
<> leptoquarks (scalar)

< leptoquarks (vector) -> may be either gauge bosons or vector mesons

Contribution
to charged & neutral currents

AV N
! e constraints from direct searches
:
ut

|
A : A of resonances in THt inv. mass

_ Faroughy et al. PLB 2017
AN TA X -

. e constraints from B-Bbar mixing
S. Fajfer

not for vector —coloured LQ
Buttazzo et al 1706.07808
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» NP does not necessarily imply a unique mediator/a unique new structure

» bottom-up approach: no a priori identification of the model
consider the new possible structures
single out the most sensitive observables



R(D™)

» NP does not necessarily imply a unique mediator/a unique new structure

» bottom-up approach: no a priori identification of the model
consider the new possible structures
single out the most sensitive observables

T lepton in the final state: allow to access more form factors

sensitive to the lepton mass: lepton polarization asymmetry
W sM

Il &r=-03+023i

—{Ill &r=-03
gr=-0.1+06i

W SM I
I 25=—069-0.48 i
. s=—04+06i -
05 - ;:-0.4—0.61' 0.6
B 2s=-10 04} M &r=-0.1-06i
_ 00 ' :
-05
-1.0} | | , I , I 3
g [GeV7] contribution
Becirevic et al, 2016
11

4
q: [GeV:]
new scalar
contribution



R(D™) P. Biancofiore, P. Colangelo, FDF,
PRD 2013

consider a NP scenario that enhances semileptonic modes but not leptonic ones
predict the effects in other modes

Hepp = Hffu He\flf) - \/51 cb [57"#(1 — ¥s)b Oy (1 — 5) 7% +@UW(1 —v5)bloHv (1 — ')-'5_)175]
) T J \ T J
SM NP
charmed meson new complex coupling: e;*¢=0, ;°# 0
dl’ / dl’

dq2

i

— (B — M_tvy) = C(q?)

dq2

— (B — M_liy) - d—lj(B — A[C€17f) + £(B — M fry)
S dq? INT

Clq*) =

GE Ve |* A2 (m3,, m3, ,4%)

19273m3,

< |eq] 2 x Re(gg)
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R(D™)

1L0F =i big circle: R(D) constraint

0.5[
& 00} EESA overlap region:
E [ 4) 3 varying € in this range

predictions for several observables
—05F
-1 -05 0.0 _ _ Ex: T Forward-backward asymmetry
Re[er]
Eo—aD“TVT

small circle: R(D") constraint

ﬂpn (([2 )

SM predicts a zero at g2 = 6.15 GeV? :
in NP the zero is shifted to g2 € [8.1,9.3] GeV? -0.2k




S

018}

0.16f ,
~ 0141 ‘
g
S
-

012}

A
01 ®
008 0.08 01 0.12 0.14 0.16
R(Djy0)

RDf),)

007

0051

D™= positive parity excited charmed mesons

orange = non strange
blue circle = SM
green = strange
triangle = SM
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the inclusion of the tensor operator produces an increase in the ratios

forward-backward asymmetries

Ars(q®)
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04f
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0.0
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shift in the position of the zero

the zero disappears
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|Vcb |

exclusive determinations from B systematically smaller than inclusive ones

Vbl exer = (39.78 £0.42) x 1073 C. DeTar, LeptonPhoton2015

V.| (42.21 +£0.78) x 103, A. Alberti et al., PRL 114 (2015) 061802

P. Gambino et al., PRD 94 (2016) 014031

ind —

are the tensions in |V, | and R(D")) related?

15



|V, |: argument against a NP explanation
A. Crivellin and S. Pokorski, PRL 114, 011802 (2015)

model independent parametrization of NP effects: write a generalized H ¢

g * additional four-fermion operators (S,P,T)

* modified W-couplings

™~

imply modified Z couplings if invariance under
the SM gauge group is respected
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|V, |: argument against a NP explanation
A. Crivellin and S. Pokorski, PRL 114, 011802 (2015)

model independent parametrization of NP effects: write a generalized H ¢

g * additional four-fermion operators (S,P,T)

if massless leptons are considered

->

e at zero recoil no interference between SM and NP contributions
* the NP effect is the same in all modes



|Vl P. Colangelo, FDF, PRD 95, 011701(R) 2017

* include a new tensor operator in H

* relax the assumption that it contributes only for T lepton

* nonvanishing m, £%e,u,t and m,zm,

Gr . _ ) _
Hey = T;VCI)[C}';I(I — 75)brH(1 —ys)v, ;u,(l —75)btc" (1 —ys)vg]

/

new structure-> new coupling

19



Inclusive B -> X_ ¢v, decay

Heavy Quark Expansion ->I'(H) as series in powers of mQ'1

~ - 2
dl’ dl’ dl’ ¢ 2_ 9
3 C((lz) 2 |€T|2 | Tt Re(er) — ~ ¢ = m2
dq dq”|sm 1g° |np dq” Nt b

each of the three terms expanded in m,*
o, corrections included in the SM term

* prediction depends on |V | and on the complex parameter ¢,:
three-parameter space . .
(Re(e7), Im(€7), |V )

* non vanishing lepton mass - distinguish between e and u

* result to be compared to experiment | B(B" = X.e*v,) = (10.8 £0.4) x 107%| ppgG

20



inclusive B -> X_Zv, decay:
allowed regions

Im[ef]
02 -0.1 00 0.1 02

0.1

Re[e7] 0.0

u channel

comparison with dataat 1o

Im[e7]
_02 -0 00 0.1 02

0.2

0.1

Rele7] 0.0

0.038

e channel
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inclusive B -> X_Zv, decay:

: allowed values of ¢,* correlated to |V |
allowed regions

B> X.e" v,

04L ]

0.2+ i

Im[e5]

|Vep [=0.036

-0.2+ i

-04+ i

L L L L Il L L L L L L L L L L
-0.4 -0.2 0.0 0.2 0.4
Re[€5]
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inclusive B -> X_Zv, decay:

: allowed values of ¢,* correlated to |V |
allowed regions

B> X.e" v,

04L ]

0.2+ i

Im[e5]

|Vep |20.040

-0.2+ i

-04+ i

L L L L Il L L L L L L L L L L
-0.4 -0.2 0.0 0.2 0.4
Re[€5]



inclusive B -> X_Zv, decay:

: allowed values of ¢,* correlated to |V |
allowed regions

B> X.e" v,

04L ]

0.2+ i

Im[e5]

|Vep [=0.042

-0.2+ i
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inclusive B -> X_Zv, decay:

: allowed values of ¢,* correlated to |V |
allowed regions

B> X.e" v,

04L ]

0.2+ i

Im[e5]

|Vep [=0.042

-0.2+ i

-04+ i

SR quoted value for SM!

L L L L Il L L L
-0.4 -0.2 0.0 0.2 0.4
Re[€5]
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inclusive B -> X_Zv, decay:

allowed regions

0.4

Iml[e5 ]

-0.2

-0.4

allowed values of ¢,* correlated to |V |

B> X.e" v,

0.2

0.0

-0.4

1 1 1 1 1 1 1 1 1 1 1 1
-0.2 0.0 0.2 0.4

Re[€5]

|Vep [=0.0427

an upper limit is found:
|V, 1<0.04273

27



Exclusive B -> D) /v, decay

dl’
7(B_)Mﬁt)—

+d—

+ —
dg*|s gl dq

B ->D and B->D"

two sets of form factors: one for each structure in H ¢

experimental data specific for e and u available

28



2
B->D v, < D@)enblB) > p+p )+ (@) a

D Fl
< D(p )lca;w(]- — 7 blB(p) > euua p/apﬁ +1 ‘ (p#pu - pl/py

HQ relations: all form factors in terms of the Isgur Wise M. Neubert,

1 : Phys. Rep. 245 (1994) 259
- m n rr ns known for F, and F
b~ @ d a, corrections kno orr,a d 0 . Caprini, L. Lellouch, M. Neubert,

- leading order relations for F; and G; NPB 530 (1998) 153
< ¢ I:1 and FO from lattice J.A. Bailey et al.
* HQrelations to derive F; and G; from F, F, PRD 89 (2014) 114504

Compare to experiment:
BABAR Collab.,

PRD 79 (2009) 012002

B(B~ - D% ,)

(225 4+ 0.04 £0.17) x 1072

B(B~ — D% 1,) =(2.38 +0.04 +0.15) x 1072,

Theory prediction depends on |V, | and on the complex parameter &.*

(Re(e7), Im(ef), |Vep) .




B->D{¢v,+B->X_¢v,:allowed regions

Im[er]

u channel
e channel

inner regions: inclusive
outer regions: exclusive

role of the lepton mass:
the symmetry axes of the two regions do not coincide in the case of y,

they are almost coincident for e

30



B->D"?v,

2
procedure adopted by BaBar q = mB + me‘ 2mgmpaw. BABAR, PRD79, 012002 (2009)

dr G2 V. 2
T—(B = D*tr) = F|48;|3m3( — )2 W (w) i, (w (w)Va? =1 (w + 1)?

—172 1 —2wr* -i—r"2 w—1
{ll%—(l—Ra(w))iU_r*] +2[ ,1+R1 +1]}

1—r

’I

o

' 4

Ry(w) é’kl(l) +0.11(w—1) = 0.06(w — 1)? /Rl(w) (1) —0.12(w = 1) + 0.05(w — 1)?

ha, (w) = ha, (1)[1—8p z+(53*2” 15)2% — (231p% — 91)27]

< 1 <

Parameters De sample Dy sample Combined result
P} 1.22 £ 0.05 £ 0.10 1.10 £ 0.07 £ 0.10 1.16 = 0.04 = 0.08
P 1.34 = 0.05 £ 0.09 1.33 £ 0.06 = 0.09 1.33 £ 0.04 = 0.09
R, 1.59 £ 0.09 £ 0.15 1.53 £0.10 £ 0.17 1.56 = 0.07 £ 0.15
R, 0.67 = 0.07 = 0.10 0.68 = 0.08 = 0.10 0.66 = 0.05 = 0.09
B(D ) (%) 238 £ 0.04 £ 0.15 225 *0.04 £0.17 232*+0.03%0.13
B(D™v)(%) 5.50 = 0.05 £0.23 5.34 = 0.06 £ 0.37 548 =0.04 = 0.22
X /n.d.f. (probability) / 416/468 (0.96) 488/464 (0.21) 2.0/6 (0.92)
v
hé (1)|V,,] =(35.94 = 1.65) x 1073 -
A (DIVep| =(35.9 5) i (1)|Vey| = (35.63 % 1.96) x 1073
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B->D" /v, compare experiment to theory when w->1:

drth
—(B™ > D“’f-w )|t

D e
BD‘

x{(mg+mp)*2(mg—mp )* +m2]A (1

4((mp —mp.)* +2m7)] (mpTy (1) +mpT5(1)]

E ]m%—m%).)mfAl(l)[mBil(l)+m0‘i2(])]}

\

- A;(1) known from lattice
- the others from HQ relations

theory prediction depends on |V, | and on the complex parameter ¢.*

(Re(e7), Im(ef), |Vep)

32



B->D*Zv,+B->X_{¢v,:allowed regions

0.040
IVcbI

u channel

inner regions: inclusive mode
outer regions: exclusive mode

e channel
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B->D{¢v, +B->D*{v,+B->X_¢v,: allowed regions

Im[é€f]

Im[e7]
04 -02 00 02 04 _04 -02 00 0204
04F == 0.4
0.2 0.2
Re[€s] 0.0 Re[e7] 0.0
-0.2 _02
o 0.4
[Vebl
0.035 IVcb | e
u channel
e channel
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projections in the (Re ¢, Im €;) plane

u channel

t=p [V |=0.0335

0.4

~04 -0.3 -0.2 ~0.1 0.0
Re[e7]

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

u channel

t=p |V [=0.0340

0.4

~04 -0.3 -0.2 ~0.1 0.0
Re[e7]

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

u channel

t=p |V [=0.0343

0.4

~04 -0.3 -0.2 ~0.1 0.0
Re[e7]

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

u channel

[Vep 1=0.0343

smallest allowed value

[0 exclusive D
[l exclusive D*
[ inclusive

-04 -0.3 -0.2 -0.1 0.0
Re[€}]
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projections in the (Re ¢, Im €;) plane

u channel

b=y [Vep [=0.0410

0.2
0.1F
?E‘ 0.0k 0 exclusive D
E ’ [ exclusive D*
[ inclusive
-01¢F
-02 Co 0 0 P
-0.2 -0.1 0.0 0.1 0.2

Re[€7]
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projections in the (Re ¢, Im €;) plane

u channel

b=y |V |=0.042

0.2+ = ST
0.1F
"E 0.0k 0 exclusive D
E ' [ exclusive D*
[ inclusive
-01¢F
-02 TR S S S S S S ST S SR S SR S S
-0.2 -0.1 0.0 0.1 0.2



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

u channel

b=u |V |=0.0421

0.2+ = ' ST
0.1F
"E 0.0k 0 exclusive D
E ' [ exclusive D*
[ inclusive
-01¢F
-02 TR S S S S S S ST S SR S SR S S
-0.2 -0.1 0.0 0.1 0.2



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

u channel

C=p C |V |=0.0421
02F T T T T —=

: largest allowed value

0.1 _

‘E‘ 0.0k 0 exclusive D

E ’ 1 exclusive D*

[ inclusive

-01r T
-0.2 T T S S R S S BTSN B
-0.2 -01 0.0 0.1 0.2

Re[er]
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Im[e7]

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

u channel

(=

Ve 1=0.0343

0.4y

0.2
0.0 [0 exclusive D I exclusive D
’ [ exclusive D* [l exclusive D*
[ inclusive [ inclusive
-0.2
—04 '0-2 Co v v v ey ]
-04 -0.3 -0.2 -0.1 0.0 -0.2 -0.1 0.0 0.1 0.2
Re[ef]

Re[e€7]

selected range | |V ,,| € [0.0343,0.0421]
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projections in the (Re ¢, Im €;) plane

e channel
t=e C |Ve |=0.036 ~
10F T T T T sSsS
0.5+
% 00-
g
H .
-0.5
=100
-1.0 -0.5 0.0 0.5 1.0
Re[€]

the largest value found from inclusive does not change

V.| € [0.036, 0.0427]

selected range

[ exclusive D

smallest allowed value

[l exclusive D*

[l inclusive
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V, range from both modes

u channel e channel

V| € [0.0343,0.0421] Ves| € [0.036,0.0427]

@ all constraints can be fulfilled in

V.| € [0.036,0.042]
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role of the NP contributions

B-> XE /V,:,
dl’ dl’ dl’ dl’
— C 12) [— |2 — RC 2 -
a7~ ) [daz o T | TR 2 INJ
ﬁSM ﬁNp éINT

<

compute varying Re(e;), Im(e;) and |V | only in the allowed region
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role of the NP contributions

B->X. Zv,

B »5X.e 7,

'
z }
@ |
|||IIIIIIII|||||“|| l Hl"
5 o.o||||IIH||||||mu||||||||||||| oooo NN
5 t .
-0 ~0.005 ¢ $65584
ssss : ....:3
5 09 09
)
2 08 06
&
5
+ 03 |||||Il UITTT
. lllllllllllum.. Mgy,
8 LTV LTTTTTTTY
36 38 40 42 36 38 40 42
[Ves| x 10° [Veo| % 10°

interference term can be sizable for u

* the total NP contribution (NP+INT) is negligible for both e and w when |V | is large
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role of the NP contributions

B->D Zv,
B D"y ¥, B D¢ v,
10° ! :
i | 005
éi : | ooo’
E Ot S ittt
X 1 |
: | -0.05
-10 :
2 0.025
e\f 0.04 "
:
® 0.02- 0.015
+
< * "I \II\I il
o 0,005
fffffffffffffffffffffffffff ([T
36 38 40 42 38 a8 40 42
[Ves| % 107 [Ven| x 10°

* interference term can be sizable for u
* the total NP contribution (NP+INT) has a larger impact in the inclusive mode

H:> the role of NP is different in different channels!
a NP H_x might be at the origin of the |V | anomaly




. 5 Bigi, Gambino, Schacht, 1703.06124
A SM solution to the |V, | puzzle: Grinstein, Kobach, 1703.08170

fully differential decay rate dl'(B — D*lp)
(Belle 1702.01521) dw d cos 6, d cos 0 dx

Boyd-Grinstein-Lebed (BGL) form factor parametrization instead of Caprini-Lellouch-Neubert (CLN)

differences:
CLN relies on HQET relations (4 parameter fit of the differential rate)

BGL based on unitarity, analiticity (as CLN)
BGL includes single particle (B_") contributions (8 parameter fit)

BGL more conservative, data at low recoil better reproduced

=> |V, | from the fit with BGL closer to the inclusive determination
(with a larger uncertainty)

warning: only new Belle data considered

talk by Schacht



A few words about V
- Inclusive determination from B-> X, | v -> OPE : the same parameters!
requires shape function (moments related to the OPE parameters)
- Exclusive: from B->m v, A, —> p | v : requires FF

- Exclusive leptonic: from B ->t v : requires f;

Inclusive vs exclusive:
recent lattice calculation of B->t FF point to larger values of |V |
discrepancy still at 3 o level

excl

If LFU violation exists in b -> ¢ we should probably see it also in b->u

universal breaking pattern?



Challenging the lepton flavour universality opens new perspectives in NP searches

What is needed

separate measurements for e and u inclusive and exclusive B modes Vg

* new modes, e.g. measurements of B, and A, semileptonic decays V. || R(DM)
* modes where the tensor operator does not contribute, i.e. B->t v, V, | R(DM)
* new observables where effects are expected, e.g. D,”" .

(are F-B asymmetries accessible?) Ve || R(DY)
* Same breaking pattern in b->u transitions? Vib

A lot of surprises from three-level processes

The journey in search of phenomena beyond SM continues....



