Hadronic uncertainties in
b—s?f exclusive decays
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* The paradigm: B — K* pp at low g2

* Factorizable amplitudes — form factors

* Non-factorizable contributions — the charm loop
theoretical estimates & phenomenological approaches
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Angular analysus of B —» K*uu

4T 9, S; = (I(SC)+I(SC)/F’
dq? d(cos 0))d(cos 6i)d¢ 327 (If sin® 8y, + I cos® O + (I sin® 8, + I cos® 6;) cos 26, -
+ 15 sin? B, sin? 0; cos 2¢ + I, sin 26, sin 26, cos ¢ (2 [ = df/dq2 + dr/dQQ)
CmQUIClr' +Issin 20, sin by cosg + ([sin” O + [fcos ) cosfy | o oo nvERAGED OBSERVABLES
I . + 1 sin 20, sin 6; sin ¢ + Ig sin 26, sin 26, sin ¢
ana YS|S + I sin® 6 sin® 6, sin?qﬁ) FL: AFBa 83,4,5,7,8,9
In the helicity amplitude formalism (1, ~ 0), H)\ = (. +
we need to compute few helicity amplitudes: , T
C C F
I = —I=5 (Hy[ + [H3F), I = FRe[Hy (Hy)* - Hi(H)],
3 _ _ —
o= 8= (P (HEP PP ), = O
_ = [ + — 0 \x* + — 0\x*
I = ——Re (Hi (Hy ) + HE(H7)] I = SIm|(Hj +Hy)(Hy)" + (Hy + Hy )(Hy) E
F _
F - - _ g+t 0 \* - g+ 0\ *
I, = ZRe [(H\t —I—H;)(H‘O/)* + (HX "‘HZ)(HSX)*} ’ Iy = 4Im _(HV Hv)(HV) + (HA HA)(HA> ] ,
F F [ —\ * —\ *
Iy = JRe[(Hy —HY)HY +(Hy —HHHEY)], I = JIn[Hy(Hy)" + Hi(H)"].
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NNLO Wilson coefficients from the AB=1, AS=1 effective Hamiltonian:

C?HTL/\ — 167’(’2]1)\] } .

z
HAB=1 — 95147 | 9 /had 0n = 166; 510 b
s 4G Qe L
i = =~ M (CrQoy + CoQov + CroQuoa) Y T (517br) ((70)
Qe
L Qioa = - — (517,b1) (Ey*~°0) .
1L

Hadronic matrix elements

B K~ ﬁ of quark currents:
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Form factors

Six (seven) form factors need to be computed: 0, (57)
or, in the fransversity basis,

Two main approaches:
Isgur, Wise; J. Charles et al., hep-ph/9812358;

Heavy quark symmetry Grinstein, Pirjol, hep-ph/0201298
* 7 FF's — 2 soft functions in the infinite mass limit

« useful to define optimized observables (FF-independent for m, — )
* symmetry breaking corrections still require a dynamical approach

Non-perturbative QCD approaches

* 2+1 lattice QCD calculations at low recoil - uncertainty ~ 5-10%
Horgan, Liu, Meinel, Wingate, arXiv:1310.3722

* light-cone sum rules at large recoil - uncertainty ~ 10-15%
Bharucha, Straub, Zwicky, arXiv:1503.05534
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. . Bharucha, Straub, Zwicky, arXiv:1503.05534v3
Results given in terms of the e e

coefficients of a z-expansion

151
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Correlations induced by the HQ | A
symmetry accounted for by the =
provided correlation matrix | -

0.0
I

12

In the low g° region,
one has to rely on LCSR results,
yet the extrapolation to high g2
matches quite well lattice QCD B
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Charm-loop effects
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Charm loop in the effective theory

e 45; {)\u C1 (QF — Q7) +C2(Q3 — Q3)] — A |C1Q] + CaQ5 + Z CiQi + CsQgy }
| i=3 A

~__

top loops in the SM give rise to penguin operators —
* non-perturbative matrix elements of local operators \

\

* o, suppressed matching conditions, small Wilson coefficients

charm (and up) loops appear as Wick contractions in the MEs
» dominated by the insertion of Q, ,, namely O(1) Wilson coefflcuem‘s

* easily produce intermediate real states,
i.e. rescattering, non-local contributions, -{
strong phases, etc.
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Non-leptonic b—s decays:
“charming” penguins

Colangelo, Nardulli, Paver, Riazuddin, Z.Phys. €45 (1990) 575
MC, Franco, Martinelli, Pierini, Silvestrini, hep-ph/9703353

Charm penguin is doubly Cabibbo-enhanced in b—suu transitions

* Threatened factorization of non-leptonic B decays in the infinite

‘mi Beneke, Buchalla, Neubert, Sachrajda, arXiv:0902.4446
miT — ‘ ! ! ’
mass l m 1- Tamed see also Bauer, Pirjol, Rothstein, Stewart, hep-ph/0502094

* Questioned the extraction of the CKM angle y from B — Kn decays (but
helped to account for the Kn and nn BRs and CP asymmetries)

* Challenged NP sensitivity of various non-leptonic B decays

. MC, Franco, Martinelli, Pierini, Silvestrini, hep-ph/0208048
— still to be Tamed Beneke, Buchalla, Neubert, Sachrajda, hep-ph/0104110
Fleischer, Matias, hep-ph/9906274, ...
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BUT 4-quark operators also contribute to the ME. In the

Jdger, Camalich, arXiv:1212.2263;

helicity amplitude formalism, they appear in  yeirov. Nikitin, Simula, hep-ph/9807464

H, A = 4Cemn 5, {CTV, ) + 2k (22087, — 167, | |
h 2 _ EZ()\) d4 1qx K*T 7 Hhad B
@) = s ze " (KT jém (x) Heg (0) ] B)

B

» At small values of q2= m, 2, the H matrix element

N ’
Beneke, Feldmann, Seidel,

factorizes in the infinite mass limit . 5n 0106067

* Yet the "charming penguin” issues are present:
— how large is the genuine power-suppressed contribution?
— how much does it increase approaching the resonant

region where factorization badly fails?
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Taming the charm-loop
monster...

g
o,
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An es*ima‘re in 2 S'repsz Khodjamirian, Mannel, Pivovarov, Wang, arXiv:1006.4945

1. at g% «« 4m 2 the charm loop is dominated by light-cone dynamics.

One can write the ME %7 .0)] = 200K (¢)|0u(q)| B+ ).
where 0,.(1) - / 4o Lpslg.0)57780 — PG00 is @ non-local
operator representing the first subleading ferm ..o

of an expansion in A2/(4m ?-q®) (single soft gluon f NN <

approximation), whose ME is computed using v
light-cone sum rules

.

vvvvvvvvvv

I ostimate of the hadronic contribution at small g2 < few GeV?
but large uncertainties (100%? more?)
no hard gluons, no phases, no scale and scheme dependence, ...
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2. extend the previous result to larger g2 using a dispersion relation,
modeling the spectral function (2 physical YO+ effective poles)

(CC) 5 T1,i T2
~ 1.4 1 — -+ AC ( )—2 0107002 1.13+0:00
AC(CC) 2 ) q -1Y_0.00 0.01
0 (47) = P = 00993 | 11250
2,132 0.06505 | 1.057003

J/P

but model dependence, no pert. gluons and phases: uncertainty ?
Khodjamirian, Mannel, Pivovarov, Wang, arXiv:1006.4945
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2010 — today

Step 1. no new non-perturbative calculation. However an hierarchy among

contributions in the helicity basis has been found
A ) b Jdger, Camalich, arXiv:1212.2263

h+NO<—

mp

Step 2: recent attempts to gain more control over the g2 dependence
improving the dispersion relation approach
1. empirical model using resonance data over the full dimuon spectrum
Blake, Egede, Owen, Pomery, Petridis, arXiv:1709.03921

2. replace the dispersion relation with a z-expansion of h,, constraining the

P . eqs e Bobeth, Ch , Dyk, Virto, arXiv:1707.07305
coefficients using analiticity and obeth, Ehraaszcz, van Ly, ¥irto, arlv

1. resonant B — WWK* data (masses and amplitudes)

2. LCSR + QCDF theoretical results at small/negative g2
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Blake, Egede, Owen, Pomery, Petridis, arXiv:1709.03921

e m p ' r. ' Ca I m O d e I seelaISO LHCb collaboration, arXiv:1612.06764

The hadronic contribution is modeled as

B vHEPO9 (2010) 089

WAl0  EE6e%=0

8 e 01 20, 0L =0
i A the sum of 1~ resonances represented by M0 =n Wiflavio v0.20
= . L e vy . ~LHCD
! 1 relativistic Breu’r-ngner functions
Cgl%\d Z e zQAAles )
Miypes i1
Ar_es q ): resj 'Ieb_}
il (Mies; — %) — imues;T5(q?)
Open issues:

Why should it work far from the
resonances? What about double

counting? How large is the model
uncertainty? 0

5 10 15
g* (GeV?/c%)

2 5 6
revey Illustrate nicely the importance of strong phases
Marco Ciuchini Beauty 2018 — La Biodola, Isola d’Elba — 10 May 2018 Page 14



C l O 0 p f r'o m a na Iy‘l' | C ' -ry Bobeth, Chrzaszcz, van Dyk, Virto, arXiv:1707.07305

Features:

* get rid of DD branch cut modeling by mapping it at the
boundary of the expansion region
* exploits the ) resonance data to constrain the expansion

Open issues:
* strong phases related to the DD_ cut in p? are taken from
LCSR and QCDF calculations. Are they reliable?

- 0 1 2__ e z expansion: no sign of
Re[al™]  —0.06+021 —6.77+£0.27  18.96 £ 0.59
Refel’]  —035+062 —313+041 1220134 CONvergence fOF‘ the
Re[a\”] 0.05 £ 1.52 17.26 + 1.64 - TypiCCll VC(|LI€S IZl"‘ 02_04
Im[a'")]  —0.21+2.25 1174358  —0.08 £2.24

Imfe{)]  —0.04+367 —214+246  6.03+2.50 NB: z expansion of FF at

Im[a!”]  —0.0544.99 4.29 + 3.14 - much smaller' values
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Parametrizing the charm loop

Jdger, Camalich, arXiv:1212.2263
MC, Fedele, Franco, Mishima, Paul, Silvestrini, Valli, arXiv:1512.07157
+ preliminary update

2
H, = —z‘N{(CSﬁ +hL) Vo + TZQB EZ:’ (Ce® 4+ hO) Tr,— — 167%h2 q4”
- 2 19 - - -
H) = —iN{(CSH +hE) Vig + ”;23 [;ZZ’ (O + hY) Tro — 167 (hg + h§ q2>]}
+ - off 1 mZB 2Mp et 0 2 (1,0 12 2 4
Hf = —ZN{(Cg +hL) Vi + Z [m (C" + h2) Ty — 167% (). + Rl ¢ +h+q)]}
B

ACYD = % and AC{® = hl shift the corresponding
Wilson coefficients (as NP contributions do), while the
other parameters have no short-distance counterparts
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Fitting hadronic parameters

* Compute all amplitudes using QCD factorization and form
factors from LQCD (Bailey et al. '15) and LCSR (Bharucha,
Straub & Zwicky '15)

* add hadronic parameters and
— use LCSR calculation from KMPW at low g% (O and 1 GeV?) only (PDD)

or
~ extrapolate LCSR calculation to larger g2 using KMPW (PMD)

* fit all available experimental data using the |E33fit|code

* compare different models using IC = —2log L + 407, |
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NP in C.;*and C_®
9 9
MC, Coutinho, Fedele, Franco, Paul, Silvestrini, Valli, arXiv:1704.05447 + work in progress

LFUV hints are not affected by hadronic parameters... Co.z

(C + Cy, )

l\')lr—\

Co_ = 079102 Co— =0.84703
PMD i o
IC =175 ' Jlllj IC = 87
5 ARRIN
; Co = =077 % St | G = —083108
S iy N ' N
Lo fi L =) jﬁi'li
s@ || 5 (@)
o i © (AN
i H'JI I llLH
% I S . Al S N N
N “ I\ A QA [N N “ D < DD

N

NN N R N N

ng_ ngr 09,—
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NP in C +*and C ¢

MC, Coutinho, Fedele, Franco, Paul, Silvestrini, Valli, arXiv:1704.05447 + work in progress

1
C I CNP + CNP
.. BUT viable NP scenarios ARE! 10.= 75 (Crou+ Croe)

Cp— = —0.6970-55 Cio— = —0.651017
PMD it Pk PDD
IC =125 ‘ﬁ% IC =89
¥ AL | Gy = =025
. _ EE
S P ik
o 1 + [
= @) = |
QO ] QO & ;i 1
J 7 ol L
/\‘:O_I - i . & - N FEN
~ NN RS ’ NN SRS

/\C} P A /\’_L ; , A
Clo— Clo+ Cio—
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Summary & Conclusions

The case of B—K*?2€ was discussed, but similar issues are
present in other exclusive b—s semileptonic decays in the
low g region, albeit to different extents

Two dominant sources of theoretical uncertainties:
form factors and charm loop effect

Form factors uncertainty is in the 10-15% ballpark, but
optimized observables have reduced sensitivity

(-) only LCSR results for FFs available in the low g region
(+) full correlation matrix available
(+) matching between extrapolated LCSR and LQCD results
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Charm loop: dangerous
or - harmless?

A clear-cut non-perturbative calculation is not available yet

Combinations of QCDF, LCSR, analiticity and unitarity point to a
moderate effect with a flat g2 dependence in the region of interest.
Yet their ability to fully describe c-loop rescattering is questionable

Future data could be able to pin down hadronic contributions with no
short-distance counterparts (all but AC, and AC,)

LFUV signals are not affected, but their interpretation may be
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Backup
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Alguero, Capdevila, Decotes-Genon, Matias, in preparation

Belle data [S. Wehle @ Belle Col.]

CMP = —1.76, CYF = —1.1, C10. < 0
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d4T 9 .
= I?sin? 6y + I¢ cos® 0, + (1% sin® 65, + IS cos® 6;.) cos 26
dq? d(cos0;)d(cos O )de 32 ( ' e et (5 BT ) :
+ 15 sin? 6. sin? 6, cos 2¢ + 14 sin 26 sin 26, cos ¢
+I5 sin 26, sin 6; cos ¢ + (I sin® @y + I¢ cos? k) cos §;
angular e
+1I; sin 26, sin #; sin ¢ + Ig sin 26, sin 26, sin ¢
CmClIYS IS + Igsin? G sin? 6 sin 2¢)

5= (109 109) /1
(21" = dU/dg* + dT' /dg?)

8 CP-AVERAGED OBSERVABLES

Fr,Arp,S345780

In the helicity amplitude formalism: (1, ~ 0)

c _ _gCc _ E 012 02
S S 3 — — C
Iy = 312=gF(IH¢\2+\Hvl2+|HX\2+\HA\2), Ig = 0,
F _
Iy = —5Re[H{(Hy) +HL(H;)], I = SIm[(H+H)(Hy)" + (Hy + Hy)(Ha)'],
L = LRe (H + Hy)(HY)* + (HL + H))(HY*], Is = H i (Hy, — HY)(HY)* + (Hy — H)(HY)"]
4 = A 1% 1% 1% A A A ) 8 A Ly \% \% A A A )
F _ \ _ \ F_
I; = JRe[(Hy — HY)(HA)" + (Hy — HD)(HY)], Iy = —m [HY (Hy)" + HE (H)"].

We need to compute few helicity amplitudes: [/
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NP IN C.* AND C,°
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NP IN C.* AND C,*

NP _ +0.44
Cy,, = —1.16 7154
T T
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FUTURE PROJECTIONS

* Choose a theory setup (SM or NP; rising or non-rising charm
loop)

* Generate experimental results from current best fit point in the
given setup

* Assume future exp errors scaling LHCb statistical errors to
50/fb (roughly /6) and including Bellell estimates

* Fit parameters from generated data

See also Hurth, Mahmoudi, Martinez Santos & Neshatpour '17;
Albrecht, Bernlochner, Kenzie, Reichert, Straub, Tully '17
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SM PROJECTION
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