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Plan of the Talk

Present status of 6 — s anomalies

T heoretical tools for exclusive and inclusive modes

Model-independent analysis of b6 — s anomalies

Inclusive penguins and new physics reach

Nonlocal subleading corrections in inclusive modes



Prologue



Self-consistency of the SM

Do we need new physics beyond the SM ?

e It is possible to extend the validity of the SM up to the Mp as weakly coupled theory.

&h
S
=
=
o
0 -
2 .
w L
02} v !
(e = -"==-"==®®s===-====== min leVv --==-==s===co=e.-o
2
O.O —_);b | | | | | | | | | | | | | | | |
102 10* 10 10® 10" 10?2 10" 10% 10 10%
RGE scale g in GeV Buttazzo et al. arXiv:1307.3536

High-energy extrapolation shows that the Yukawa couplings, weak gauge couplings
and the Higgs self coupling remain perturbative in the entire energy domain between

the electroweak and Planck scale (no Landau poles !).

e Renormalizability implies no constraints on the free parameters of the SM Lagrangian.



Experimental evidence beyond SM

e Dark matter (visible matter accounts for only 4% of the Universe)
e Neutrino masses (Dirac or Majorana masses 7)

e Baryon asymmetry of the Universe (new sources of CP violation needed)



Experimental evidence beyond SM

e Dark matter (visible matter accounts for only 4% of the Universe)
e Neutrino masses (Dirac or Majorana masses 7)

e Baryon asymmetry of the Universe (new sources of CP violation needed)

Caveat:

Answers perhaps wait at energy scales which we do not reach with present experiments.



Summary of experimental searches for New Physics
by Glinther Dissertori (CMS)

> x 0 = 7
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Infinite experimental NoO deviation

measurements from SM



Summary of experimental searches for New Physics
by Gunther Dissertori (CMS)

> x 0 = 7

Infinite experimental NoO deviation

measurements from SM

T here is still electroweak and flavour precision data

to look for NP indirectly !



Indirect exploration of higher scales via flavour

e Flavour changing neutral currrent processes like b— sy or b — sfT¢~
directly probe the SM at the one-loop level.
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e Indirect search strategy for new degrees of freedom beyond the SM

Direct: Indirect:
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Flavour problem of New Physics or how FCNCs hide?

L = L:Ga.-u.ge T EH'iQQS T Z Z/\
7

o + ..

e SM as effective theory valid up to cut-off-scale A

o KU — K%mixing 0° = (3d)?: SM/MZ, x (5d)2+ cNew/A? x (5d)%2 = A > 10% TeV

e Natural stabilisation of Higgs boson mass = AN~ 1TeV

Ambiguity of new physics scale from flavour data

(Csm/Mw + Clp /Anp ) % O;



Flavour matters

Aoude, Hurth, Renner, Shepherd arXiv:1903.00500 and arXiv2003.5432

Role of flavour data in global SMEF T fits using the leading term in spurionic
Yukawa expansion at the new physics scale as initial conditions (there are
no FCNC at the tree level at the NP scale) " leading MFV'"
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The b > s Anomalies



Differential decay rate of B — K*W/

Assuming the K* to be on the mass shell, the decay B° — K*%(— K—nt)¢te
described by the lepton-pair invariant mass, s, and the three angles 6;, Ok, ¢.

diT 9

= —J(q% 6,0
dqzdﬂﬂﬁf}gdﬂﬂsﬁﬁdqﬁ 32?T (q‘.' [s Hjiﬁ)

J[qE! HE! EH! ';"'['} —
= Jy sin? 0 + Ji.cos® O + (Jog sin? O + Jo. cos? O ) cos 260; + Jg sin? B sin? 6 cos 2

+J, sin 205 sin 26; cos ¢ + J5 sin 20 sin 8 cos ¢ + (Jgs sin® O + Jg. cos? O ) cos 6

+.J5 sin 20 sin @) sin ¢ + Jg sin 20k sin 26; sin ¢ + Jg sin? 8 sin? ; sin 2¢

Large number of independent angular obervables



Careful design of theoretical clean angular observables
Egede Hurth,Matias,Hamon,Reece,arXiv:0807.2580 arXiv:1005.0571

— Dependence of soft form factors, £, and ef”, to be minimized !
form factors should cancel out exactly at LO, best for all s
— unknown A/m; power corrections

Al o= AEL”_H (1 -|—CJ__~||_~[|) vary ¢; in a range of £10% and also of £5%
Guesstimate

th & =

+

7°(GeV") a®(GeV’)
The experimental errors assuming SUSY scenario (b) with large-gluino mass
and positive mass insertion, is compared to the theoretical errors assuming the SN,



Careful design of theoretical clean angular observables
Egede Hurth,Matias,Hamon,Reece,arXiv:0807.2580 arXiv:1005.0571

— Dependence of soft form factors, £, and ef”, to be minimized !
form factors should cancel out exactly at LO, best for all s
— unknown A/m; power corrections

Al o= ffl'i”_ﬂ (1 -|—CJ__~||_~[|) vary ¢; in a range of £10% and also of £5%
Guesstimate

th & =

+

q° (GeV’)

T his was the dream 1in 2008



First measurements of new angular observables

SM predictions

LHCb

SM Predictions
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Descotes-Genon, Hurth, Matias, Virto arXiv:1303.5794
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Good agreement with SM in P/, P; and P,
but a 3.70 deviation in the third bin In 1);3

LHCDb arXiv:1308.1707



Anomalies in B — K*; 7~ angular observables, in particular P.; Ss

Long standing anomaly in the B — K *u*u~ angular observable Ps /S5 (= P x \/F,(1 — F,) )
= 2013 LHCbH (171

= 2016 LHCb (3 b1
= 2020 LHCD (4.7 fb~1)

E\ v Fm - 7 NIRRT T DR ' T T ]
LHCbRun I +2016
|| SM from DHMV i
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_ - [E. Smith CERN Seminar ‘20
0 B "] LHCb 2003.04831]
05 o N —
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0 15
g [GeV?/c*

"~ 30" local tension in Pg with the respect SM predictions (DHMYV)

Also deviations in other angular observables/bins and other decay modes

New Physics or underestimated hadronic uncertainties
(form factors, power corrections) 7



Lepton flavour universality in BT — Kty¢to—

o June 2014 (3 fb—i): measurement of Rk in the [1-6] GeV? bin (pRL 113, 151601 (2014)):
2.60 tension in [1-6] GeV? bin

@ SM prediction very accurate (leading corrections from QED, giving rise to large
logarithms involving the ratio mg/m,, .)

——LHCb ——BaBar ——DBclle

2 v T T

-‘ 1 Y T v T s v v 1

< 'LHCb Rk = BR(BY — K*putu™)/BR(BY — Ktete™)
1.5 d .
1 , } = R = 0.74579,070 (stat) £ 0.036(syst)
0.5F | ’
: : RM = 1.0006 + 0.0004
) S

0 5 10 15 207 Bordone, Isidori, Pattori, arXiv:1605.07633
g- [GeV</c!]

BaBar, PRD 86 (2012) 032012; Belle, PRL 103 (2009) 171801

Would be a spectacular fall of the SM !



New results: Lepton flavour universality in BT — KT/7(~

Rk = BR(B* — Kty pu™)/BR(BY — KTete™)

1.6 Run 1 (PRL 113, 151601 (2014)):

2\ _ 0.083+0.017
. | . Rk ([1.1,6.0] GeV4) = 0.7177 5 351 5 016
19— Run 2 (arXiv:1903.092252): 0 089-0.050
_ +0.089+0.
< ‘ ] - 1 Rk ([1.1,6.0] GeV“<) = 0.928" 5 076 0. 017
m . —
08— (Combined) (arxiv:1903.09252):
T i 0.060+0.016
. g Lo Rk ([1.1,6.0] GeV?) = 0.8461 3 02t 505
HH BaBar'12
04 , , , , RZM = 1.0006 + 0.0004
! ] q2 l[OGeVQ/c‘i] 15 20 Bordone, Isidori, Pattori, Eur.Phys.J. C76 (2016) 8, 440

New result (9 fb~")(arXiv : 2103.11769) :
Rk([1.1,6.0] GeV?) = 0.8467 5 035" G 012

Central value is exactly the same, but the tension increases to 3.10 due to the smaller
uncertainty of the new measurement.



Lepton flavour universality in B? — K*0¢ty—

o LHCb measurement (April 2017):

JHEP 1602, 104 (2016)

Rk~ = BR(B® — K*°ut1™)/BR(B° — K*%eTe™)

o Two g° regions: [0.045-1.1] and [1.1-6.0] GeV?

2.0

1.0f

BaBar, PRD 86 (2012) 032012; Belle, PRL 103 (2009) 171801

L] ' %l L]

L LHCb Preliminary

® LHCH 7]
B BaBar -
Belle 7]

; | l'20
q¢* [GeV?/c']

RPPE — 0.66079 119 (stat) + 0.024(syst)

RPPn2 — 0.68519 103 (stat) + 0.047(syst)

Rix"P™ = 0.906 + 0.020qEp + 0.020pF

Re2P™2 = 1.000 + 0.0100ED

Bordone, Isidori, Pattori, arXiv:1605.07633

2.2-2.50 tension with the SM predictions in each bin



New results: Lepton flavour universality in B® — K*0/+ ¢~

1.6
1.4 | LHCDb (HeP 08 (2017) 055):
12+ ) —1d | Rk+([0.045,1.1] GeV?) = 0.6607Q 430 + 0.024
* [
R e 3 e I - Ri-([1.1,6] GeV?) = 0.6857%113 + 0.047
0.8
¥ LHCb'17
0.6 HH Belle'19
HH BaBar'l2
0.4 7 I I | I I
0 2 5 8 0 12 15 18
¢* [GeV?/c']

Belle (arXiv:1904.02440).
Rk~ ([0.045,1.1] GeV?) = 0.527% 32 +0.05, Rk-([1.1,6.0] GeV?) = 0.967 5% + 0.11,
Rk-([0.1,8] GeV?) = 0.907937 +£0.10, Rx~([15,19] GeV?) = 1.187935 + 0.10.

The very low-g? bin has a tension with the SM prediction slightly more than 1o, while the other
bins are all well in agreement with the SM at the 1o-level.



Theoretical Tools



T heoretical tools for flavour precision observables

‘|‘ Mw N

short-distance physics
QCD mp, perturbative

_________ I o= few x AQCD:

long-distance physics
nonperturbative

AQco
Factorization theorems: separating long- and short-distance physics

e Electroweak effective Hamiltonian: H gf = —470-25- > Ci(py Mpearny) Oi(p)

o u?~ M3, >> M3 : 'new physics' effects: CM(Mw) 4+ CNY(Mw)

How to compute the hadronic matrix elements O;(p =my) 7

HQET, SCET, ...



Effective Weak Hamiltonian

4G p ) ,
Mor=——2VaVii (X (G0 + Clm0iw))
i=1---10,5,P
4-quark electromagnetic chromomagnetic semileptonic
operators dipole operator dipole operator operators
b O12 S
\. Os3.6 / Of 04y
O+ Og b > > S
b > > S b > > S
.‘A\'\ 1% e

(91’2 X (§F#c)(5r”b) O7 x (gU#VPR)F;}V Og (§0'”VTG'PR)GZV
O3 6 (§I',,,b)zq(§l'“q)

In the SM: C7 = —-0.29 Co = 4.20 Cio = —4.01
New physics:

e Corrections to the Wilson coefficients: C; — CPM 4 6CNP

e Additional operators: Chirally flipped (O;), (pseudo)scalar (Og and Op)

Og o< (3v#br) (Tyul)
Of o< (3y#br) (Pyuyst)



Exclusive modes B — K ) gy

Soft-collinear effective theory

TG =CYE + o T @ o g + O(A/my)

— Separation of perturbative hard kernels from process-independent
nonperturbative functions like form factors

— Relations between formfactors in large-energy limit

— Limitation: insufficient information on power-suppressed A/my, terms
(breakdown of factorization: 'endpoint divergences')

The significance of the anomalies depends on the assumptions
made for the unknown power corrections!

(This does not affect Rk and R,"g of course, but does affect combined fits!)



Problem of nonfactorizable power corrections in angular observables

Crosscheck with Ry, e ratios:

NP in the ratios would indirectly confirm the NP interpretation of the
anomalies in the angular observables (if there is a coherent picture)

Ongoing efforts: Estimate of power corrections based on analyticity
van Dyk et al.: arXiv:2011.09813, 2206.03797

In the long run: Solution with refactorization techniques

New developments in the SCET community

Neubert et al., arXiv:2009.06779



Inclusive modes B — Xsv and B — X /10~

How to compute the hadronic matrix elements O,(p =my) 7
e Heavy mass expansion for inclusive modes:
I‘(B . Xs’)’) mb_—';x‘ '_(b . Xgarton,y) ’ Anonpert. ~ /\%CD/ml?

No linear term Agcp/my, (perturbative contributions dominant)

Chay,Georgi,Grinstein 1990




Inclusive modes B — Xsv and B — X /10~

How to compute the hadronic matrix elements O,(p =my) 7

e Heavy mass expansion for inclusive modes:

I‘(B s Xa) mp— 00 r(h— Xgarton’y) ’ Anonpert. A%CD/'ml?

No linear term Agcp/my, (perturbative contributions dominant)

Old story:

— If one goes beyond the leading operator (O, Og):
breakdown of local expansion

Dedicated analysjs:

naive estimate of non-local matrix elements leads to 5% uncertainty.
Benzke,Lee,Neubert,Paz,arXiv:1003.5012 |
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Analysis in B — Xg¢¢ in this talk; Benzke,Fickinger,Hurth, Turczyk



Model independent Analysis of Anomalies

Hurth, Mahmoudi, Martinez-Santos, Neshatpour arXiv:2104.10058

Update 2022



Update 2022

New measurement of BR(B; — upu) from CMS update at ICHEP!

Old Combination: BR(Bg — pupu)S9™P = (2.851037) x 107°

exp

New Combination: BR(B, — p)2™P = (3.52793¢5) x 1072

exp

SM Prediction: ~ BR(Bs — pp)sm = (3.58 £0.17) x 10~°



Separate NP fits with two operators

Hurth, Mahmoudi, Martinez-Santos, Neshatpour arXiv:2104.10058

Role of B; — puu

Red (blue) solid line:
central value of R, 5.0 - NG
: N>
Coloured regions: 1lo ey &%
range (th4exp) with
. 0.0 -
the experimental cen-
tral value i‘g’ 25
Yellow diamond : best 5.0
fit point of (C§', Cig) of |- r@re
the fit to Ry« = R ([1.1,6))
. —10.0 ] ™ R ([0.045,1.1))
Green cross: best fit w0 BR(Bs—up)
point of (C§, Cj,) of s 5 4 5 o 3 & e
the fit to Ry and 6CYo

Bl — ptp
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Separate NP fits with a single operator

Hurth, Mahmoudi, Martinez-Santos, Neshatpour arXiv:2104.10058

Fit to clean observables Ry, Ry«, Bs — up

Only Ry, Ri+ and By g — £+~ Only Ry, Ry~ and B, g — £+0-
2021 data (x2y = 28.19) 2022 data (x3y = 30.63)
) b.f. value ‘ X2 ‘ Pullgy B b.f. value | x2. | Pullsm
0Cy _ —1.00 +£6.00 | 28.1 0.20 0Cy _ —2.00 = 5.00 | 30.5 0.40
0C§ 0.80+=0.21 | 11.2 4.10 0C§ 0.83+0.21 | 10.8 4.40
(505 —0.77 £ 0.21 11.9 4.00 (505 —0.80 £ 0.21 11.8 4.30
0C1o 043 +0.24 | 24.6 1.90 0C1o 0.03 +£0.20 | 30.6 0.10
0CY, —0.78 £ 0.20 9.5 4.30 0CY, —0.81 £0.19 8.7 4. 7o
SCH | 0644015 | 73| 4.60 5CH | 0504£0.14 | 162 | 3.80
0CTy, 041 +0.11 | 10.3 4.20 0CTy, 0.43 +£0.11 9.7 4.60
5CH | —0.384£0.09 | 7.1 | 4.60 5CH. | —0.334£0.08 | 124 | 430




Separate NP fits with a single operator

Hurth, Mahmoudi, Martinez-Santos, Neshatpour arXiv:2104.10058
Update 2022

Comparison of fits to clean and other b — s observables

Only Rk, Ri+ and Bg g — €14~ All observables except LFUV ratios and Bs g — €74~
2022 data (x§u = 30.63) 2022 data (x2y = 221.8)
i b.f. value X?nin Pullsm b.f. value xfnin Pullsm
5Co | —2.00£5.00 | 305 | 0.40 5Co | —0.95+0.13 | 185.1 6.10
5CS 0.83+0.21 | 10.8 | 4.40 5CE 0.70 +0.60 | 220.5 1.10
5CH | —0.80+£021 | 11.8 | 430 5CH | —0.96+0.13 | 182.8 6.20
5C1o | 0.03+0.20] 306 | 0.1 5C1o | 0.29+0.21 | 219.8 1.40
5C¢ | —081+£0.19| 87| 470 5CS, | —0.60+0.50 | 220.6 1.10
5CH | 050+0.14 | 16.2 | 3.80 5CH | 0.35+0.20 | 218.7 1.80
5Ce, | 043+011] 97| 460 5Ce. | 0.34+0.29 | 220.6 1.10
5C* | —0.33+£0.08 | 124 | 430 5C* | —0.64+0.13 | 195.0 5.20
Clean observables Dependent on the assumptions on the
0 +,,— . .
Rk AND Bi— ™ p nonfactorizable power corrections

Our guesstimate is 10% power corrections



Separate NP fits with two operators

Hurth, Mahmoudi, Martinez-Santos, Neshatpour arXiv:2104.10058

Comparison of fits to clean and other b — s observables

0.3 0.3

- 68% CL (Rgt) m 68% CL (all b5 except Rl
0.2 - B 95% CL (Rgm) 0.2 - m 95% CL (all b-s except Reo)
wmas 68% CL (Ryt1 & B-pip) === 68% CL (all b=s except Ry & B-yp)
0.1 —— 95% CL (Rxt & B-pp)) 0.1 1 — 095% CL (all b5 except Rg» & B-uu)}
= 007 0.0 -
O
> 01 -0.1
e
Q
O 0.2 -0.2
-0.3 -0.3
-0.4 —-0.4
-0.5 T T T T r . - -0.5 T T T T T n .
04 -03 -02 -01 0.0 0.1 0.2 0.3 0.4 -04 -03 -02 -01 0.0 0.1 0.2 0.3 0.4
6Co/C3" 6C5/ICS™
Clean observables Dependent on the assumptions on the
Rk AND BJ— put i~ nonfactorizable power corrections

Our guesstimate is 10% power corrections



Global fit to 108 b — s observable with 20 operators

Hurth,Mahmoudi,Martinez-Santos,Neshatpour: arXiv:2104.10058

(see also 1806.02791,1812.07602)
New approach see Isidori et al.: arXiv: 2104.05631

Considering only one or two Wilson coefficients may not give the full picture!
Issues:

LEE and method for eliminating insensitive parameters and flat directions
(Use profile of likehoods and correlation matrix....)

A generic set of Wilson coefficients:
complex Gz, Cg, C¢, Cfy, C&, C5 + primed coefficients

The available observables are mainly insensitive to the imaginary parts, one can limit the
set to

real Gz, Cg, G5, Cio, Ct, C5 + primed coefficients

corresponding to 20 degrees of freedom.

Some of the coefficients may have only weak effects on the observables, and affect the
number of dof without affecting the \?, acting as spurious degrees of freedom.

Effective degrees of freedom (e-dof): degrees of freedom minus the parameters C; only
weakly affecting the 2, defined such as

|X2(5C,- =1) — X2(5Ci =0)| <1



Global fit to 108 b — s observable with 20 operators
Hurth,Mahmoudi,Martinez—Santos,Neshatpour: arXiv:2104.10058

All observables with xZ,; = 253.5
2022 data ( Pullsm = 5.50)

507 508
0.06 £ 0.03 —0.80 £ 0.40
5CL 5C,
—0.01 £ 0.01 —0.30 £ 1.30
5CH 5CE 5CH 5C%,
—1.144+0.19 | —6.50+=1.90 0.21 +£0.20 2.60 £+ 3.1
5L 5Cte 5O 5Ce
0.05 4+ 0.32 1.40 = 2.30 —0.03 +£0.19 1.30 + 3.2
u u
CQI Cgl CQz ng
0.044+0.20 | —1.60+1.70 | —0.15+0.08 | —4.10 %+ 0.9
i I
CQ1 06’51 CQz Cg?zz

—0.03+£0.20 | —=1.50+=2.10 | —0.16 £0.08 | —4.00 £+ 1.2

Our guesstimate is 10% power corrections



Inclusive semi-leptonic penguins



Experiment

e "Latest” Belle measurement of branching ratio is based on less than 30%
of the total luminosity

Belle hep-ex/0503044 (!!1) (based 152 x 10°BB events)
Integrated luminosity of B factories

-1
(tb™) >1ab!
1200. NS B N R S R I l On resonance :
——KEKB ~ ——PEP-I| | Y(5S): 121 tb‘i
Y(4S): 711 fb~
1000 i Y(3S): 3 e
Y(2S): 25 b
g0l Y(1S): 6 b
Off reson./scan:
~100 fb!
600 |-
. | | f ~ 550 fb™!
‘ Y (4S): 433 fb*
- Y(3S): 30 fb*
200 4 | | Y(2S): 14 fb !
: | Off resonance:

1998/1 2000/1 2002/1 2004/1 2006/1 2008/1 2010/1 2012/1

New Babar analysis on dilepton spectrum arXiv:1312.3664
New Belle analysis on AFB arXiv:1402.7134



Belle-1I Extrapolations Akimasa Ishikawa, B2TiP

Error of Branching ratio B — Xs(f"*’(?_

BF (%) (stat,syst)|0.7/ab 5/ab 50/ab

[1.0,3.5] 29 (26,12) | 13 (9.7,8.0) | 6.6 (3.1,5.8)
[3.5,6.0] 24 (21,12) |11 (7.9,8.0) | 6.4 (2.6,5.8)
> 14.4 23 (21,9) |10 (8.1,6.0) | 4.7 (2.6,3.9)

Error of Normalized Forward-Backward-Asymmetry

AFBn (%) (stat,syst) | 0.7/ab 5/ab 50/ab

[1.0,3.5] 26 (26,2.7) | 9.7 (9.7,1.3) | 3.1 (3.1,0.5)
[3.5,6.0] 21 (21,2.7) | 7.9 (7.9,1.3) | 2.6 (2.6,0.5)
> 14.4 19 (19,1.7) | 7.3 (7.3,0.8) | 2.4 (2.4,0.3)

B — (m, p)¢T¢—, semi-inclusive B — X ¢1T¢~ at 50/ab
(uncertainties like B — Xs¢T¢~ at 0.7/ab)




Belle-1II EXtrapolations

Results competitive with LHCb expected with S5ab—1

Observables Belle 0.71ab™' Belle Il 5ab~' Belle IT 50 ab™*
Rk ([1.0,6.0] GeV?) 28% 11% 3.6%
Ry (> 14.4GeV?) 30% 12% 3.6%
Rg- ([1.0,6.0] GeV?) 26% 10% 3.2%
Ry~ (> 14.4GeV?) 24% 9.2% 2.8%
Rx. ([1.0,6.0] GeV?) 32% 12% 4.0%
Rx. (> 14.4GeV?) 28% 11% 3.4%

.

The Belle Il Physics Book, Prog Theor Exp Phys (2019)



Review of previous calculations for B — X/

e On-shell-ce-resonances =- cuts in dlepton mass spectrum necessary :
1GeV? < ¢2 < 6GeV? and 14.4GeV? < g2 = perturbative contributions dominant

LBR(B — X,*t1~) x 1075

e NNLL prediction of B — X.£T¢—: dilepton mass spectrum
Asatryan,Asatrian,Greub,Walker,hep-ph /0204341

Ghinculov,Hurth,Isidori, Yao,hep-ph /0312128
BR(B — X€T07) e penceveecevs] = (1.63 4+ 0.20) x 107°

BR(B — Xl 1) cur go14.4cev> = (4.044+0.78) x 10~7
NNLL QCD corrections ¢? € [1GeV?, 6GeV?]
central value: —14%, perturbative error: 13% — 6.5%



Complete angular analysis of Inclusive B — X/
Huber,Hurth,Lunghi, arXiv:1503.04849

e Phenomenological analysis to NNLO QCD and NLO QED for all angular

observables
2
de ZZ - g [(1 T 22) HT(qz) + ZZHA(QZ) + 2(1 — 22) HL(qz)] (z = COSOe)
ar JA
dg? — Hr (@) + Hu(a) qu;B = 3/4 Ha(q?)

2
e Dependence on Wilson coefficients Hr(q%) o« 2s(1 — s)? [ICs + 3 Cr|* + |C1o|2]

Lee,Ligeti,Stewart, Tackmann hep-ph/0612156 2
Ha(q%) < —4s(1 — s)® Re [Cw(Cg + 3 Cy)]

Hi(q?) x (1 — s)? [|C9 +2C2 + |c10|2]

e Electromagnetic effects due to energetic photons are large and calculated
analytically and crosschecked against Monte Carlo generator events

Qtem Iog(mﬁ/mﬁ)



New physics sensitivit
Phy y |Huber,Hurth,Jenkins,Lunghi,Qin QIin,Vos,arXiv:2007.04191

Constraints on Wilson coefficients ¢{'* and c{{ff

that we obtain at 95% C.L. from present experimental data
(red low ¢2, green high ¢?)

that we will obtain at 95% C.L. from 50ab~—1 data at Belle-II

light blue T e L :
( 9 ) ] ® B[1,6] © B[>14.4] « SM
® B — X,uu (current) @ B — X,uu (50 ab™")
10+
Zz2 of
D L
0_
) [ S —————————————




Crosscheck of LHCb anomalies with inclusive modes

Hurth,Mahmoudi,Neshatpour,arXiv:1410.4545

O
F

YIVYYTYYVIVTYTVTVI'IVYY‘YIY]V

Blso SM prediction >

Cl2o / ]

—

o
w
I
-

Q

-

—

-
—

BR(B—)Xsp*p')mgh ¢
o
(V)
|

0.1 Belle-1I projection*i
: assuming best fit -
OE.I Lol 1Al 1A1$qenarj‘ol.1.1-1AEX1o-6
0 1 2 3
BR(B—X u*u )|ow P

If NP then the effect of Cg and C, are large enough to

be checked at Belle-II with theoretically clean modes.

Hurth, Mahmoudi, arXiv:1312.5267 EXperimental extrapolation by Kevin Flood



Assuming Belle II measures SM values
|Huber,Hurth,Jenkins,Lunghi,Qin QIn,Vos,arXiv:2007.04191

Exclusive vs Inclusive

5_, (P L. L. L. .S L . . ..
[ ® B - X,upu (50ab™) © B — X,upu (current)
4 “T-- Exclusive (1Y)  SM
3t

a, 2r

s |

O 1
of ;
1t 60504
-2.'|.. ' B P L1 PR T T T T L1 L1 .l:
-4 -3 =2 -1 0 1 2 3

CuNP

Exclusive vs Inclusive

(O B — X,pp (current) + B, — pp (

ent)
® B- Xspps (50 ab—l) + By = pp (300 fb-l)
® B, - pp (current) @ B, — upu (300 1)

CT Exclusive (37) * SM




Assuming Belle II measures best fit point of exclusive fit
|Huber,Hurth,Jenkins,Lunghi,Qin QIn,Vos,arXiv:2007.04191

10

C/JJNP

Exclusive vs Inclusive
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____ Exclusive (37) o SM

Exclusive vs Inclusive
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Cuts In the dilepton and hadroniCc mass Spectra

e On-shell-ce-resonances = cuts in dlepton mass spectrum necessary
1GeV? < g2 < 6GeV? and 14.4GeV? < ¢> = perturbative contributions dominant

LBR(B — X,*1~) x 1075




Cuts In the dilepton and hadroniCc mass Spectra

e On-shell-ce-resonances = cuts in dlepton mass spectrum necessary :
1GeV? < g2 < 6GeV? and 14.4GeV? < ¢2 = perturbative contributions dominant

e Hadronic invariant-mass cut is imposed in order to eliminate the background
like b — c(— seTv)e v = b— sete 4+ missing energy

*

sk

*

Babar,Belle: my < 1.80r2.0GeV
high-q2 region not affected by this cut
kinematics: X is jetlike and m% < msAgcp = shape function region

SCET analysis: universality of jet and shape functions found:

the 10-30% reduction_ of the dilepton mass spectrum can be accurately
computed using the B — Xy shape function
5% additional uncertainty for 2.0GeV cut due to subleading shape functions

Lee,Stewart hep-ph/0511334

Lee,Ligeti,Stewart, Tackmann hep-ph/0512191

Lee, Tackmann arXiv:0812.0001 (effect of subleading shape functions)
Bell,Beneke,Huber,Li arXiv:1007.3758 (NNLO matching QCD — SCET)

New ongoing analysis: Extrapolation between OPE and SCET result

Huber,Hurth,Jenkins,Lunghi



Nonlocal subleading
contributions

Benzke,Hurth, Turczyk,arXiv:1705.10366; Benzke,Hurth,arXiv:2006.00624



Subleading power factorization in B — X,_q€+€—

Hadronic cut

Additional cut in Xg necessary to reduce background
affects only low-g2 region.

Hadronic invariant m% < 1.8(2.0)GeV?
Multiscale problem — SCET
2 oE
v 2

PON

Scaling A= /\QCD/mb



Kinematics

B meson rest frame

q = PB — PX 2mp Ex =m23+i\fif;2<—q2

X system 1s jet-like with Exy ~ mp and m%( <K E.%(

two light-cone components p)_(p} — m%(

npx = py = Ex + |px| ~ O(mp)

npx = pyw = Ex — |px| ~ O(Aqcp)

¢" =ng=mp —px ¢~ =ng=mp—py



Kinematics

B meson rest frame

q = PB — PX 2mp Ex ZmQBJrZ\-’if;Q(—qQ

X system 1s jet-like with Exy ~ mp and m%( <K E.%(

two light-cone components p)_(p} — m%c

npx = py = Ex + |px| ~ O(mp)

npx = pyw = Ex — |px| ~ O(Aqcp)

¢" =ng=mp —px ¢~ =ng=mp—py

m% = Px = (Mg —n-q)(Mg — - q)



Scaling )\:/\QCD/mb m§<~)\ = Mp—N-q~ A

M, =[0.5,1.6,2] GeV [Black ,Blue ,Red] M =[0.5,1.6,2] GeV [Black ,Blue ,Red]
Upper lines: Py, lower lines: Py Upper lines: g*, lower lines: g~
5 -
af
gt/ 3
GeV ,f ] GeV ,f

For ¢2 < 6GeV? the scaling of npyx and apy implies nq is
of order A\, means ¢ anti-hard-collinear (just kinematics).

Stewart and Lee assume ng to be order 1, means ¢ is hard.

This problematic assumption implies a different matching of
SCET/QCD.



Shapefunction region

Local OPE breaks down for m% ~ X = mp—n-q~ A

)

1 o 1 ( n-k | ) 1
- ' (mpv+k—q)> — mp—n-q mp—n-q ' ") mp—n-q

myv + k
bU + /‘p=mbv+k—q

Resummation of leading contributions into a shape function.

(scaling of ng does not matter here; zero in case of B — Xys7)

Factorization theorem A ~ H-J® S

The hard function H and the jet function .J are perturbative quantities.
The shape function S is a non-perturbative non-local HQET matrix element.

(universality of the shape function, uncertainties due to subleading shape
functions)



Calculation at subleading power

Example of direct photon contribution which factorizes dl ~H- 7@ S

Qs 2 :
— e in low m% region

Example of resolved photon contribution (double-resolved) which factorizes

A Az A ~H- JQRQsQRJRJ
‘ VQsoft QSOft' \
A
_) m_b

In the resolved contributions the photon couples to light partons instead
of connecting directly to the effective weak-interaction vertex.



Interference of Qg and Qg

-

Y*

drres e2 dw
- /dW5(w+P+)/ / 2 gag(w, w1, wn)
dn-qdn-q mb Wi+ n- q—l—le Wwp+n-q—Ie

ges(w,wi,wr) = M—B(Bﬁr(tn) ...s(tn +un)3(ri)... h(0)|B)F.T.

e Convolution of jet function and shape function

e NO resolved contribution if the photon is assumed to be hard !



Interference of Q1 and Q-

*

v

drres 1 i dwq
~ /dw S(w + p+)/
dn-qgqdn-q mp w1 + i€
1

B SRR

dr —iwqr
w,wy)= [ —e 1
g17( 1) o o

dt

® Shape function is nonlocal in both light cone directions

® It survives My — 1 limit (irreducible uncertainty)

n-q(n-q+ wp)

m2 m2
+n-q (G( _c ) — G( — - )) 1g17(waw1)
n-qgn-q n-q(n-q+ wi)

9 e=iwt 1 BiAen) . .. G2P(ri) . .. h(0)|B)
Mg

)=



Interference of Qg and Qg

drres e2

dwy
dwd(w + W, W1, W
dn-qdﬁ-q Mmp / ( p+)/w1+n q+le/w2+ﬁ-q—ieg88( 1,w2)

ges(w,wi,wr) = MLB(Blfw(tn) ...s(tn +un)5(ri)... h(0)|B)g.T.

e Subtlety in the Qg-Qg contribution: convolution integral is UV divergent

— This implies that there is no complete proof of the factorization
formula yet.

— Nevertheless one shows that scale dependence of direct and resolved
contribution cancel.

— Refactorization methods allow to resolve the problem and reestablish
factorization formula.



Numerical evaluation

e Subleading shape functions of resolved contributions similar to b — sy

e Use explicit defintion to determine properties:
* PT invariance: soft functions are real

* Moments of g17 related to HQET parameters
* Vacuum insertion approximation relates grg to the B meson LCDA

e Perform convolution integrals with model functions



Numerical evaluation 0§ — O,

_(\9\*\9 e
.F](.I.? — 1 Cl(/‘f)CTy (/-") € Re[ ()‘t) A(::I fj‘oo déd]_ (]17((12 qIQnaxwl) 12'.17(&)1’“')

my CoPE |)\‘t1|2 min’
2 _
2 2 1 q”B dn-g 1 A
‘]17(qmin' Ymax: wl) — R‘ewl—l—le g2 mq w1 ]2"(wla ,U') = / dw 917(w: Wi, ﬂ')

. aQ 'm.?: G L.
—n-q ( ! (-mb(ﬁ'q-l-w1)) - (771.bT-q>)

oo

e One derives normalization of soft function: / dwihi7(wi, 1) = 2 Ao

— 00

e /17 should not have any significant structure (maxima or zeros) out-
side the hadronic range

e Values of hi7 should be within the hadronic range



Additional constraints on shape function hq7y
Paz et al. arXiv:1908.02812
Systematic analysis with the Hermite polynomials:

wi

W _
hir(wi, p) = ZaﬁnHQn (f—glg) e 207

n

Further constraints from higher moments of soft function:

/ dwt w1 hir(wi, 1) = 0.237 +£0.040 GeV?

—00
00

New input: / dwr w12 ]2,17((,01,#) —0.15 +0.12 GeV*
—00

h/{GeV)
©
o N




Updated result for B — Xy

Charm dependence of jet function:

0.6

04

0.2 ~ ~

haz(wy) (GeV)

Benzke,Hurth,arXiv:2006.00624

Foley € [—0.4%, 4.7%)

Fotal € [-3.7%, 6.5%]

Benzke,Hurth,arXiv:2006.00624

Constraint on shape function:

0.6

Neubert et al., arXiv: 1003.5012

FI e [-1.9%, 4.7%)

b—sy

Ftotal

besay € —5.2%, 6.5%)]

(In addition: large scale dependence)

Still: Largest uncertainty in the prediction of the decay rate of B — Xy



Remarks

e T here is a significant scale dependence of around 40% if one chooses the hard-
collinear instead of the hard scale at LO.

e A NLO analysis will significantly reduce large scale dependence and also the
dependence on the charm mass.

e Comparison with the numerical analysis in Paz et al. arXiv:1908.02812

FU7 e [-04%, 1.9%] versus FiT_ e [-0.4%, 4.7%]

b—sy

Reason for significantly smaller error is twofold:
— For charm dependence only the parametric uncertainty was used

1.17GeV < m,. < 1.23GeV

We use scale variation of the hard-collinear scale and get
fne ~ /My Aqep from  1.3GeV to 1.7GeV 1.14GeV < m, < 1.26 GeV

— Numerically large l/mg term due to kinematic factors was dropped
compared to the original analysis in Neubert et al., arXiv: 1003.5012

Other 1/m? terms due to operator interferences are shown to be small.

Underestimation of the uncertainty due to the resolved contribution.
But used in recent b — sy analysis. Misiak, Rehman, Steinhauser, arXiv:2002.01548v2



Updated result for B — X 0/
Benzke,Hurth,arXiv:2006.00624

Rather symmetric jet function —
Various shape functions lead to very similar values of the convolution

0.5

hi7(wr) (GeV)

—0.5 ¢ T~ /

arXiv:2006.00624 arXiv:1705.10366

Folssee € [+0.2%, +2.6%] FLr o € [-0.5%, +3.4%]

We find large scale dependence of the results in both penguins
= g corrections desirable



Numerical relevant contributions to O(l/m,g)

Benzke,Hurth,work in progress

‘Fl / mg

.Flgl O(l/??lg) but CQ/IOl ~ 13 C77|

e Interference of X1 and Qq: Subleading power correction to BR

Indications that additional suppression in all terms are within the jet

function!
— Q1 and Q7 and Q1 and Qg9 terms could have the same shape function

e Interference of X1 and Qq19: First contribution to Agpg



Summary

e Lepton-Flavour-Universality-Violation would be a spectacular fall of the
Standard Model.

e [ensions in the angular observables are compatible with the tensions in
the LFUV observables at least at 2o.

e Inclusive semi-leptonic decays require Belle-II for full exploitation, but
are theoretically very clean and allow for crosschecks of the present
tensions.

e Nonlocal power corrections presently belong to the largest uncertainties
in the inclusive modes B — X¢v and B — X /.



Epilogue



Michelangelo Mangano

e [ he days of "guaranteed” discoveries or no-lose theorems in particle physics are over,
at least for the time being .....

e but the big questions of our field remain open (hierarchy problem. flavour, neutrinos,
dark matter, baryogenesis,...)

e T his simply implies that, more than for the past 30 years, future HEP’'S progress is
to be driven by experimental exploration, possibly renouncing/reviewing deeply rooted
theoretical bias.



Experimental flavour opportunities

e L HCDb: allows for wide range of analyses, highlights: Bs mixing phase,
angle v, B — K*uu, Bs — pp, Bs = ¢¢ then upgrades to 50 and 300 b1

e Dedicated kaon experiments J-PARC E14 and CERN P-326/NA62:
rare kaon decays Kg 7% and KT — v

e Super-B factory Belle-II at KEK (50ab™1)
Belle-II is a Super Flavour factory: besides precise B measurements
CP violation in charm, lepton flavour violating modes 7 — u~y, ...



