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Qutline

e | V.| plays an important role in the unitarity triangle analysis and the
predictions of FCNC, | Vi V5|2 = | Ve |2 [1 + O(M?)].

= Long standing tension between inclusive and exclusive determinations.

e Anomalies in tree and loop-level B decays:

, B(B — D®rp) |
Rpoy = ————— & RSP > RSM
PO T BB = D) e, D =~ D)
B(B — K(*)MM) exp SM
Rge = BB — KPec) & Ry < Ry
€G30 Tmmax]

= Violation of Lepton Flavor Universality (LFU)?

This talk: (i) Latest V., and (i) Rpe (SM and beyond).
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| Vep|: inclusive vs. exclusive
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Status: HFLAV | V.| averages [1612.07233]

| Vep| = (42.19 £ 0.78) x 1073 from B — X (v
| Vep| = (39.05 + 0.47¢xp £ 0.58,) x 1072 from B — D*¢w
| Vep| = (39.18 + 0.94exp £+ 0.36,) x 1073 from B — D¢

| V| extracted from exclusive decays are systematically lower than the one
determined from inclusive semileptonic decays.

e New B — D* result: | V| = 37.4(1.3) x 1073 [Belle, 1702.01521]

c.f. Gambino talk at Moriond EW 2018
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B — D™(v decays

-
W= _ . .
% B(B — D®)¢p)**? combined with

b (D) |epy* by | BY™eo allow extracting | V,y|.

@D

For light (heavy) leptons:

e B — D: one (two) form factors with fy(0) = f1(0) at ¢* = 0;
o Lattice QCD at ¢? # ¢2, (w # 1) for both form factors

e B — D*: three (four) form factors;
o Lattice QCD at ¢? = ¢2,, for leading form factor [A1(¢2,. )]

o Shape of leading form factor [A(q?)] constrained by analiticity and
unitarity; Normalization by HQET, refined by LQCD.
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Recent developments: Refitting Belle distribution

Results of new Belle angular analysis of B — D*{ [1702.01521] revealed that
| V.p|®*¢! depends on parametrization of form factors:

dB(B — D*(— Dr){v)

f 2 A 2 . 2 A 2 . A 2
dw dcosfp dcosbyde o[ Verl f( 1(4), V(g), A2(¢7), me Ao(g ))

= |Veo|* [ A1(w)[* ] (Ri(w), Ra(w), me Ro(w))

with w = (m3 + m3. — ¢®)/(2mpmp-).
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Recent developments: Refitting Belle distribution

Results of new Belle angular analysis of B — D*{ [1702.01521] revealed that
| V.p|®*¢! depends on parametrization of form factors:

dB(B — D*(— Dr){v)

f 2 A 2 . 2 A 2 . A 2
dw dcosfp dcosbyde o[ Verl f( 1(4), V(g), A2(¢7), me Ao(g ))

= |Veo|* [ A1(w)[* ] (Ri(w), Ra(w), me Ro(w))

with w = (m3 + m3. — ¢®)/(2mpmp-).
HQET inspired:

e CLN [Caprini et al. 1997]:

ha,(w) = ha, (1) [1 + 8p%z + (53p° — 15)2% — (231p* — 91)2°]
Ri(w) = Ry(1)—0.12(w — 1)+0.05(w — 1)?
Ro(w) = Ry(1)—0.11(w — 1)—0.06(w — 1)?

e BGL [Boyd et al. 1997]: do not fix shape parameters in red. Otherwise,

parameterization is the same in z = (vVw + 1 — v2)/(vVw + 1 + /2).

Olcyr Sumensari (INFN Padova) Semileptonic B decays



Recent development: Refitting Belle distribution

Results of new Belle angular analysis of B — D*{7 [1702.01521] revealed that
| Vep|°*! depends on parametrization of form factors:

ha,(w) = ha, (1) [1 + 8p%z + (53p° — 15)2% — (231p — 91)2°]
Ri(w) = Ry1(1)—0.12(w — 1)+0.05(w — 1)?
Ry(w) = Ra(1)+0.11(w — 1)—0.06(w — 1)?

BGL gives Ry(1) larger than HQET by more than 20
[Bigi et al. 2017], [Grinstein et al. 2017].

| Vep| &% = (38.2+1.5) x 1073 | Ve |55 = (41.7129) x 1073

| Ve | it = (42.0 4 0.5) x 1073 | Vepincl = (42.2 4 0.8) x 1073

Both fits (using CLN or BGL) are good = Inconclusive!
= Belle-Il will remedy the situation.

Way out: | V.| from LQCD & Belle-Il data at small recoil values.
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Lepton flavor universality violation: b — clv
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(i) Rpw = B(B — DWr0)/B(B — DWip)

Experiment

More in talks by Neubert, Owen, Simonetto and Rudolph

R(D¥)
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Belle, PRD92,072014(2015)

LHCb, PRL115,111803(2015)
——— Belle, PRD94,072007(2016)

——— Belle, PRL118,211801(2017)
——— LHCb, FPCP2017

D Average

T — T
BaBar, PRL109‘101802(2012)

——
Ax?= 1.0 contours

== SM Predictions

R(D)=0.300(8) HPQCD (2015)
R(D)=0.299(11) FNAL/MILC (2015)
R(D*)=0.252(3) S. Fajfer et al. (2012)

\\;ZU

11 ||i||)|/||||||||||||||||||||

l N Bl HFLAV
[ Fecp 20171
| P(x):71.6‘|7/o—_

o

.2 0.3 0.4 0.5 0.6

e Rp: B-factories [~ 20]
e Rp«: B-factories and LHCb [< 30]; dominated by BaBar
e LHCb confirmed tendency R7, > RSM e B, — J/Wlo

J/p

= Needs confirmation from Belle-Il (and LHCb run-2)!

= Other LFUV ratios will be a useful cross-check (Rp,, Rps, Ry, ...
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(i) Rpey = B(B — DW1)/B(B — D®{w)
Theory (tree—level in SM) See talk by Bouchard

e Rp: lattice QCD at ¢2 # ¢2,, (w > 1) available for both leading
(vector) and subleading (scalar) form factors

2 2 2 2

(D(k)|ey"b|B(p)) = <p+k>“—%q“ f+<q2>+q#%fo<q2>

with f4.(0) = fo(0).

e Rp-: lattice QCD at ¢? # ¢2,, not available, scalar form factor
[A0(¢?)] never computed on the lattice

Use decay angular distributions measured at B-factories to fit the leading form
factor [A1(q?)] and extract two others as ratios wrt Ay (q?). All other ratios from
HQET (NLO in 1/m¢) but with more generous error
bars (truncation errors?)
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SM predictions for R

| Ref. | Rp Rp+ | dev. (Rp) dev. (Rp-) |
Exp. [HFLAV] 0.41(5)  0.304(15) - -
LQCD [FLAG] 0.300(8) - 2.30 -
Fajfer et al. '12 0.296(16)  0.252(3) 2.30 3.40
Bigi et al. '16 0.299(3) - 2.30 -
Bigi et al. '17 - 0.260(8) - 2.60
Bernlochner et al. '17 | 0.298(3)  0.257(3) 240 3.10

e Larger errors in [Bigi et al.] for Rp+. Good agreement for Rp.
e LQCD determination of Ag(q?) would be very helpful.
e Soft photon corrections: first steps in Disentangling
structure dependent terms, important!? — More work needed.
We must wait for more exp. data and more LQCD input...
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EFT description of Bp and Rp+
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Effective theory for b — cTv

Lom = —2V2Gp Vg [(1 + gv, ) (eLyubr) (e ve) + gvy, (rYubr) (Cry"vr)

+ g5, (eLbr)(CrvL) + gs, (erbr)(LrvL) + 97 (CROMW bL)(ERUMUVL)} +h.c.

General messages:

e Perturbativity = Axp < 3 TeV

e SU(3). x SU(2)r x U(1)y gauge invariance:
= gy, is LFU at dimension 6 (W ¢rbg vertex).
= Four coefficients left: gv,, gs,, 95, and gr.

e Several viable solutions to Rp.:
oeg. gy, €(0.09,0.13), but not only!
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Fitting Rp and Rp-: (i) (pseudo)scalar operators

2.5¢
u=my
) 200 N
Os, = (¢rbr)(LrVL) '

Osy = (¢Lbr)(CrVL)

1.5¢

1.0¢

8pP=85,—85

0.5¢

NB. 0.0f .

(D|evsb|B) = (D*|eb|B) =0 R | | |

-3 2 -1 0 1
g5=gs, 85

= (Pseudo)scalar operators in tension with 75_ constraint: B(B, — 77) < 30%
[Alonso et al. 2016], see also [Akeroyd 2017]

2 2 2 2\ 2
75, M5 Ji, G| Var|” o (1_ m; )

B(B. — 10) = e ;
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Fitting Rp and Rp-: (ii) scalar and tensor operators

0.5F
u=mp
0.4F - |
Os, = (¢rbr)(lrvL) 0.3} : g ]
Or = (ERUube)(ERJMVl/L) . 0.2F
s3]
0.1}
0.0f R—
Os, and O mix via EW RGEs —0.1F
[Gonzéles-Alonso et al. 2017]. 02 Bty Rp
—02L .\ ‘ ‘ ]
-1.0 -05 00 0.5 1.0
8s.

= Rp-~ is highly sensitive to tensor contributions.

= Scalar and tensor operators provide a good fit — case of scalar leptoquarks
S1=(3,1)1/3 and Ry = (3,2)7/6. 75, is not a problem here!
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e Several scenarios can accommodate Rp and Rp-.

= More exp. information is needed to distinguish among them:
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e Several scenarios can accommodate Rp and Rp-.

= More exp. information is needed to distinguish among them:

i) Many angular observables (e.g. Ag,, T-polarization asymmetry)
[Becirevic et al. 2016], [Alonso et al. 2016]

W SM

W 25=-069-048 i

W 25=-04+06i
25=-04-06i

W =10

W SM
W 2s=-0.69-048 i
=0.4+06i

(D)
B
e 2 ¢
(=T ] .
(D)
!

[=]

....... N I it S S S S
4 6 8 10 4 6 8 10
q [GeV?) §* [GeV?)
, _ _ +0.20
o First measurement: P, = —0.44 £ 0.477 77 [Belle, 1608.0391]

ii) Other LFUV ratios (e.g. Rj/w, Rp,, Rps, Ra,)
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LHCb confirmed tendency in:
ROP B(B. — J/YT0)
IV B(B. — J /WD)

= 0.71(17)(18)

= Larger than SM estimates RE%, ~ 0.22 — 0.28; large exp/th errors.
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LHCb confirmed tendency in:
ROP B(B. — J/YT0)
IV B(B. — J /WD)

= 0.71(17)(18)

= Larger than SM estimates RE%, ~ 0.22 — 0.28; large exp/th errors.

= Useful information to distinguish among NP scenarios:
[Melic, Becirevic, Leljak, OS. to appear]

12 ' 12
g gs, = —4xgr
1.0; 1.0
0.8 0.8
2 2
< <
0.6 0.6
0.4 0.4
0.2 0.2 ]
02 03 04 05 06 07 02 03 04 05 06 07
RD RD

More exp. data and LQCD results are more than welcome here!
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Concrete New Physics Scenarios for R ()

[Fajfer et al. 2012, 2015], [Celis et al. 2012, 2016 and 2017], [De Fazio et al. 2013], [He et

al. 2012], [Sakaki et al. 2013], [Bhattacharya et al. 2014], [Ghosh 2015], [Soni et al. 2015],
[Bauer et al. 2015], [Ligeti et al. 2016] [Greljo et al. 2015 and 2018], [Guadagnoli et al. 2015],
[Becirevic et al. 2012, 2016], [Barbieri et al. 2015 and 2017], [Li et al. 2016], [Boucenna et

al. 2016], [Crivellin et al.], [Feruglio et al. 2015 and 2017] [Buttazzo et al. 2017], [Di Luzio et
al. 2017], [D'Ambrosio et al. 2017], [Blanke et al. 2018], [Asadi et al. 2018], [Buttazzo 2018]...
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R;?:) > R%}{) require new bosons at the TeV scale:

b 14
b Ly T
- :A
H~ A 1
& 14 e b«
c v
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R;((Ii) > R%}{) require new bosons at the TeV scale:

b 14
b Ly T
- :A
H~ A 1
& 14 e b«
c v

Challenges for New Physics:

o Loop constraints: e.g. 7 — uv, Z — £l [Feruglio et al., 2016]
See Feruglio talk

o LHC direct and indirect bounds [Greljo et al. 2015, Faroughy et al., 2016]
See Greljo talk
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R;?:) > R%}{) require new bosons at the TeV scale:

b 14
b Ly T
- :A
H~ A 1
& 14 e b«
c v

Challenges for New Physics:

o Loop constraints: e.g. 7 — uv, Z — £l [Feruglio et al., 2016]
See Feruglio talk

o LHC direct and indirect bounds [Greljo et al. 2015, Faroughy et al., 2016]
See Greljo talk

In Summary:
e Charge Higgs solutions are in tension with 75, constraint

e Minimal W’ models: tension with high-pr ditau constraints
= Still viable in models with vy [Greljo et al. 2018, Asadi et al. 2018]

e Scalar and vector leptoquarks (LQ) are the best candidates so far.
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LQ models for R

| Model | gl (p=ma) | Rpe |
S1=0,1)13 | gv,. 9s, = —4gr v
Ry = (3,2)7/6 gs, =4gr v
S3=(3,3)1/3 gv, X
U= (3,1)y3 gv, v
Ve = (3,1)2/3 gsg X
Vo= (3,2)_1/6 gs, X
Us = (3,3)2/3 gv, X

Viable models for R :

e Ui (9v,) S1 (gv, and gs, = —4 gr), and Ry (gs, =4 gr € C)

NB. w/o vg

e Possibility to distinguish them by using other b — ¢/ observables!

e Some models are excluded by other flavor constraints: B — Kvi, Amgp,...
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A pattern of LFUV?  Taiks by Feruglio, Tetlalmatzi-Xolocotzi, Ciuchini and Mahmoudi
Ry = B(B — KW up)/B(B — K®ee):

Experiment
12 1.2
1.0 1.0
.
0.8 1 0.8 I
T *
X 03 + T
o 06 o 06
04 SM 04 SM
02 LHCb 0.2 LHCb
0.0 i 0.0
o 1 2 3 4 5 6 o 1 2 3 4 5 6
2 2 2 2
g [GeV7] q” [GeV~]

= Needs confirmation from Belle-Il!

Theory (loop induced in SM)
e Hadronic uncertainties cancel to a large extent = Clean observables!

e QED corrections important, Ry () = 1.00(1), [Bordone et al. 2016]
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LQ models for Ry (and Ry ) NB. w/o vy, tree-level

’ Model ‘ RD(*) ‘ RK(*) H RD(*) & RK(*) ‘
S =0 ys | v X X
Ro=(3,275 | v x* X
S3 = (3,3)1/3 X v X
Ui=B,1)qs | ¢ v v
Va=(3,1)y3 | X X X
Vo=(3.2) 16 | X X X
Us = (3,3)2/3 X v X

Models for Ry & Ryo:
e Building a model that can solve all anomalies is a very challenging task!

e Only Up can do it, but UV completion needed [Buttazzo et al. 2017]
= Possible in Pati-Salam models: [Di Luzio et al. 2017], [Bordone et al. 2017]...

e Two scalar LQs can also do the job: Sy and S3 [Marzocca, 2018], Ry and Ss

[Becirevic, Dorsner, Fajfer, Faroughy, Kosnik, OS, to appear].
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Summary and perspectives

Olcyr Sumensari (INFN Padova) Semileptonic B decays



Summary and Perspectives

[¢]

Important progress in understanding the uncertainties for B — D*{p,
but the V., puzzle remains.
Wait for LQCD & Belle-1l data at small recoils.

(0]

SM prediction for Rp is robust (LQCD). Hadronic uncertainties
entering Rp+ need to be better understood, but anomalies persist.
More LQCD input necessary.

@]

Several viable New Physics scenarios can accommodate R ().
More exp. info. is needed: ang. distributions, other LFUV ratios etc.

o

Building a model to simultaneously explain Ry (.) and Rp.) remains
a very challenging task.
Data driven model building!
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Thank you!
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Back-up
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BaBar had. tag
BaBar had. tag 0.332 + 0.024 + 0.018 ——
0.440 + 0.058 + 0.042 T Belle had. tag
0.293+0.038 + 0.015
Belle had. tag
Belle sl.tag
0.375 + 0.064 + 0.026 0.302 + 0.030 + 0,011 —_——
Average Belle (hadronic tau)
0.270 + 0.035 + 0.027
0.407 £ 0.039 + 0.024 —
LHCb
L I,
FNAL/MILC (2015) 0.336 + 0,027 + 0.030
0.299 + 0.011 LHCb (hadronic tau)
0.285 £ 0.019 + 0.029
HPQCD (2015) Average
0,300 + 0008 0.304 £ 0,013 + 0.007
S. Fajfer etal. (2012)
0.252 + 0.003
HFLAV HFLAV
L ‘ ‘ L L ‘ L ‘ L
0.2 04 0.6 0.2 0.3 0.4
R(D) R(D*)

e 3.90 combined deviation from the SM [theory error under control?]

e 2.2¢0 deviation if only Rp is considered.

e 20 deviation in R /y(7?)
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Fitting the anomalies: Rp and Rp-

0.5 * % ] 2: /,\\I LAl u=mp
0.4} .y ] - 8
® y 9
03— h ] ] 3
L 020 || ' 1
R
0 | _nl
0.1 | ] %2
‘ Rp o -
0.0F == . . | k7
-4t - \
—0.1’ i 7] ¢4 _
o2t Ll I ‘ | ‘
-20-15-10-05 00 05 1.0 -3 -2 -1 0 1
85, &8s
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SMEFT:

Eem = _2\/§GF Vcb |:(1 + ng)(EL’YMbL)(ZL’Y#VL) + gvp (ER’YubR)(ZLfY#VL)

+ gs, (erbr)(lrvL) + gs, (€rbr)(CrvL) + g7 (ERU;WbL)(ZRUIWVL)} +h.c.

SU(3). x SU(2)r, x U(1)y gauge invariant operators:

( = gvy,
Credg = (Ber) (dsay) — 95
Chogu = (Ber) e (2l ) = 9s;
Chogw = (Bower) e (@l w) = gr
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B — D form factors

13

09

0.8+

0.7

0.00

BABAR 2009
BELLE 2015
— MILC-FNAL
— HPQCD

BGL N—4
¥ dof=19/22

[Bigi et al. 1606.08030]

001 002 0035 004 005 006
Jorm factors [,(z) (upper plot) and [fy(z) (lower plot)
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BGL parametrization

o

1 )
) = B 2

Z:\/1+w—\/§ w:m%—f—m%*_qQ
VIFw+v2 2mpmp-

e B — D" znax = 0.056 = truncation at N = 2 is enough
e B;(z): removes poles

e ¢;(2): phase-space factors.
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. i 2V (q?)
D* k ,U«bB — ~HVPO * k0_77
(D*(k,e)[ey"b|B(p)) = """ eyp, pep——
Az (q?)

(D* (k. )|er* 35| B(p) = ie™ (ms + mp-) Ar(¢%) = i(p + )" (" )2 00

2’25* [A5(¢%) — Ao(?)]

—ig"(e* - q)
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[Bigi, Gambino. 1703.06124]

BGL Fit:|Data + lattice|Data + lattice + LCSR  CLN Fit:|Data + lattice| Data + lattice + LCSR
x>/ dof 27.9/32 31.4/35 x2/dof 34.3/36 34.8/39

[Ves| | 0.0417 (13)) 0.0404 (*1%) |Ves| 0.0382 (15) 0.0382 (14)
al 0.01223(18) 0.01224(18) P 1a7(*; 1.16(14)
al | —0.054 (*3 —0.052 (*71) Ri(1) | 1.301(*3%) 1.372(36)
al 0.2(*7,) L0 (*2) Rao(1) | 0913 (*3) 0.916 (*55
ait | —0.0100 (*E}) —0.0070 (*23) ha, (1) 0.906 (13) 0.906 (13)
ag! 0.12 (10) 0.089 (*35,)

al 0.012 (*§4) 0.0289 (£57)

af 0.7(*3) 0.08(*35,)

g | 08(%) ~10(*¥)

see also [Grinstein, Kobach,1703.08170]
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