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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.
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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)

Caveat:

Answers perhaps wait at energy scales which we do not reach with present experiments.
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Summary of experimental searches for New Physics
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> 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 and direct discoveries
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T he indirect discovery very often was before the direct one,

but the glory was reserved for the direct discoveries....
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Indirect exploration of higher scales via flavour

e Flavour changing neutral currrent processes like b — sy or b — s/~
directly probe the SM at the one-loop level.

b W S ,
: :t
b
S
| ﬁ
9 ]

e Indirect search strategy for new degrees of freedom beyond the SM

Direct: Indirect:
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e High sensitivity for 'New Physics’ (<« elektroweak precision data, 10% < 0.1%)




Ambiguity of new physics scale from flavour data:

(Cip /My + Clip/Anp ) X O;



Minimal flavour violation as solution of NP flavour problem

Ambiguity of new physics scale from flavour data:

(CEm/Mw + Clyp/Anp ) X O;
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Minimal flavour violation as solution of NP flavour problem

Ambiguity of new physics scale from flavour data:
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Non-minmal flavour structures are still compatible with the data !



Present status of tensions In flavour physics

Charm CP
violation

B, mixing and
CP violation

Ry and Ry
u-e anomalies

Rp and Rp.
u-t anomalies
Colour code: no anomaly seen; needs TH understanding; needs more data

Courtesy of Johannes Albrecht



The b > s Anomalies



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

Long standing anomaly 2-30:
@ 2013 (1 fb—1): disagreement with the SM for P, and P{ (PRL 111, 101801 (2013))

@ March 2015 (3 fb—1): confirmation of the deviations (LHCb-CONF-2015-002)
@ Dec. 2015: 2 analysis methods, both show the deviations (JHEP 1602, 104 (2016))
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@ Also measured by ATLAS, CMS and Belle

New Physics or underestimated hadronic uncertainties

(form factors, power corrections) ?



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,, .)
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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/1T/~
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Combined result (arxiv:1003.00252):

R ([1.1,6.0] GeV*) = 0.846"5 /054" 6 014

Central value is now closer to the SM prediction, but the tension is still 2.50 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?
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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 BY — K*0p+p—
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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?) = 0.901%37 +£0.10, Rk-([15,19] GeV?) = 1.187%53 + 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

‘l‘ 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.¢f = —470-25- > Ci(ps Mheany) Oi(p)

o pr=~MZ, >> M3 : 'new physics' effects: C*M(Mw) 4 CN“(Mw)

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



Exclusive modes B — K ) gy

QCD-improved factorization: BBNS 1999

TO = COE, + 65 O TO ® daxc- + O(A/my)

(Soft-collinear effective theory)
— 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,"; of course, but does affect combined fits!)



Model independent Analysis

Hurth, Mahmoudi, Martinez Santos, Neshatpour arXiv: 1705.06274

Arby,Hurth,Mahmoudi,Neshatpour arXiv: 1806.02791

Arby Hurth,Mahmoudi,Martinez-Santos,Neshatpour, arXiv:1904.08399



Model-independent global fits to b — s data

/

/
Relevant operators: O, Og, 09#,67 010#,6

Scan over the values of §C;: C;(n) = CPM 460

More than 100 observables included

Experimental and theoretical correlations considered

Several groups doing global fits.

Fits to the data including Ry« of 2017 °

Capdevilla et al. arXix:1704.05340
Geng et al. arXiv:1704.05446
Altmannshofer et al. arXiv:1704.05435
D’Amico et al. arXiv:1704.05438
Ciuchini et al. arXiv:1704.05447

Hiller, Nisandzic arXiv:1704.05444
Hurth et al. arXiv:1705.06274

Fits to the data after Moriond 2019

Alguero et al. arXiv:1903.09578
Aebischer et al. arXiv:1903.10434
Ciuchini et al. arXiv:1903.09632
Arby et al. arXiv:1904.08399



Separate NP fits with a single operator

All observables except Rk, Rk+ Only Rk, Rk+
(x3, = 100.2) (x3\ = 16.9)
b.f. value | x3;, Pullsm b.f. value | x2;, | Pullsm
G —1.004+0.20 | 825 4.20 0 Gy —2.044+593 | 16.8 0.30
0C§ | —1.03+0.20 | 80.3 4.50 6C§ | —0.74 £0.28 8.4 2.90
0Cs 0.72+0.58 | 98.9 l.1o 0Cs 0.79 +£0.29 7.7 3.00
0 Cio 0.25+0.23 | 98.9 l.1o 0 Cio 4.10+11.87 | 16.7 0.50
5Cio 0.32+0.22 | 98.0 1.50 dCio 0.77 £0.26 6.1 3.30
0C, | —0.56+0.50 | 99.1 1.00 0Cio | —0.78 +0.27 6.0 3.30
6C{; | —0.48+0.15 | 89.1 3.30 6C{; | —0.37+£0.12 7.0 3.10
Gy 0.33+0.20 | 99.0 l.1o 0CrL 0.41 £0.15 6.8 3.20
8 C{1, basis corresponds to § G = —5Cy,.

Reduced NP significance of the ratios compared to before

NP analyses of the two sets of observables are less coherent than often stated, especially

regarding the coefficients Ci;°.




Separate NP fits with a single operator

Only Rk, Rk+,Bsd — ™

All observables except Rk, Rk=, Bs.g — p ™
(Xgm = 99.7)
b.f. value | x2., Pullsm
3G —1.034+0.20 | 81.0 4.30
0C§ | —1.05+0.19 | 78.8 4.60
0C§ 0.72+0.58 | 98.5 l.1o
5Cio 0.27+0.28 | 98.7 1.00
dCio 0.38+0.28 | 97.7 l.40
0Cso | —0.564+0.50 | 98.7 1.00
6C{y | —0.50+0.16 | 88.8 3.30
Gy 0.33+0.20 | 98.6 l.1o
8 C{1, basis corresponds to § G = —5Cy,.

(ng = 19.0)
b.f. value | x2,, | Pullsm
0Co —2.044+593 | 18.9 0.30
0Cs | —0.74+0.28 | 10.6 2.90
0Cs 0.79 +£0.29 0.9 3.00
0 Cio 0.43+0.32 | 17.0 l.40
dClo 0.65 +0.20 6.9 3.50
0Cio | —0.78 £0.27 8.2 3.30
6C{1 | —0.37+0.11 7.2 3.40
oGy, 0.41 +0.15 0.0 3.20

Within the one-operator fits, Bs. ¢ — 1"~ do not play a major role!

The new BR(Bs — i1~ ) shows a tension of 1.50 with the SM prediction, which
suggests the same direction for ({, as it is preferred by the R,(.) fit.




Separate NP fits with two operators

All observables except Rx and Rk- (with the assumption of 10% power corrections)
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Separate NP fits with two operators

All observables except Rx and Rk- (with the assumption of 10% power corrections)
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Using only the data on Rx and Rk~
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The two sets are compatible at least at the 2 o level



Using all the relevant data on b — s transitions:

assuming 10% error for the power corrections

All observables (x3,; = 117.03)

b.f. value | x2;, | Pullgym

dCo —1.01 +£0.20 99.2 4.20
6Cy —0.93 £ 0.17 89.4 5.30
0Cq 0.78 =0.26 | 106.6 3.20

5Cio | 0254023 | 1157 | 1l.lo
5CE | 053+0.17 | 1058 | 3.30
5Cfo | —0.73+0.23 | 1052 | 3.40
5Cl | —0.41+0.10 | 96.6 | 450
5Cfr, | 0.40+0.13 | 1058 | 3.30

The NP significance is reduced by at least 0.50 compared to before.



Global fit to 108 b — s observable with 20 operators

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

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

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

real Gz, Cg, Cs, Cio, C5, 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 y?, defined such as

X*(6C =1) —x?(6Ci=0)| < 1



Cs.p are usually assumed to be highly constrained by BR(Bs — ™ p7)

— not considered in the global fits Not quite true!

Imposing BR(Bs — p ™), if Cs and Cp independent, there exists a degeneracy between
Ci0 and Cp so that large values for Cp are possible

03— - | 0.8

‘ €8% CL | . 8% CL |
0.2] B sk o 4 0.6 - ES
0.1 0.4 :
5 00 S 9? \
Y 0.0 e
‘ -0.2/
-0.2|
3 | ~0.4 .
-0.3
-10 -5 ] 5 10 -10 -5 0 5 10
6Co 0Co
Even if Cs = —Cp, allowing for small variations of Cs p alleviates the constraints from

Bs — ,LL+,LL_ on C10



Global fit to 108 b — s observable with 20 operators

Set: real G;, Gg, Cg, Cio, Cé, Ch + primed coefficients (20 (16) degrees of freedom)

All observables with x2,; = 117.03
(XZin = 71.96; Pullsm = 3.3 (3.8)0)
5C7 5C8
—0.01 +£0.04 0.82 +0.72
03 5 Cg
0.01 +0.03 —1.65 + 0.47
6Cy 0Cg 6Ci 6 Cio
—1.37+0.25 | —6.55+237 | —0.11 +0.27 2.34 + 3.11
) Cé" 5 C® ) C{’g S
0.23+0.62 0.75 +2.82 —0.16 £ 0.36 1.67 + 3.05
C51 C51 ng Csz
—0.01 =0.09 | undetermined | —0.05 +0.19 | undetermined
G s % &,
0.13+0.09 undetermined | —0.18 +-0.20 | undetermined

16 effective degrees of freedom (05(32 taken out)

NP significance 3.8 o In the global fit

based on the assumption of 10% error for power corrections



Hadronic uncertainties



Problem of nonfactorizable power corrections in angular observables

Crosscheck with £, . ratios
Hurth, Mahmoudi, Martinez Santos, Neshatpour arXiv: 1705.06274

@ Rk and Rk~ ratios are theoretically very clean

@ The tensions cannot be explained by hadronic uncertainties

NP In the ratios would indirectly confirm the NP interpretation

of the anomalies In the angular observables

(if there is a coherent picture)



Problem of nonfactorizable power corrections in angular observables

Calculations beyond guessing numbers

Methods offered in the analysis of B — K¢T¢— to calculate power
corrections Kjodjamirian et al. arXIv: 1211.0234, also 1006.4945

Crosschecking errors and correlations of formfactor calculation
in Zwicky et al. arXiv: 1503.0553 by independent LCSR analysis

Most recently: Estimate of power corrections based on analyticity
structure Bobeth et al. arXiv:1707.07305 -



Hurth,Mahmoudi,Neshatpour arXiv:1603.00865

Fits assuming different form factor uncertainties

A ' 68% CL
0.4 W 9s%cL
. — NoFF corr
| ~~  2x FF err
o2 | - 4xFFerr
= o P il ‘~.|L
3 0.0 : -
O \ \1 "
S . | ;
-02: T -
|
—04 . | . | | | .
-05-04 -0.3 -0.2 -0.1 0.0 0.1 0.2

§Co/CM

The size of the form factor errors has a crucial role in constraining the
allowed region (LCSR-calculation Zwicky et al. arXiv:1503.0553)



Future LHCD prospects for the angular observables

Hurth, Mahmoudi, Martinez Santos, Neshatpour arXiv: 1705.06274

Global fits using the angular observables only (NO theoretically clean R ratios)

Considering several luminosities, assuming the current central values
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LHCD upgrade will be able to distinguish between NP and hadronic
effects within the angular observables — even without any theoretical
progress



Simplified Models



New physics explanations (1o solutions)

Difficult to generate §Cq9 = —1 at loop level (MSSM with MFV)

Various models under discussion (tree level contributions):

/
Z bosons Leptoquarks
b pt
e — <
|
|
LQ
:
>——>—
S h
Altmannshofer, Straub arXiv:1308.1501 Hiller, Schmaltz arXiv:1408.1627
Gauld, Goertz, Haisch arXiv:1308.1959:1310.1082 Sahoo, Mohanta arXiv:1501.05193
Buras,De Fazio,Girrbach arXiv:1311.6729 Becirevic, Fajfer, Kosnik arXiv:1503.00024

Altmannshofer,Gori,Pospelov,Yavin arXiv:1403.1269 Bauer, Neubert arXiv:1511.01900 (loop)



Model explaining all anomalies by one leptoquark
Bauer, Neubert arXiv:1511.01900

o g/t _ BB = DVrv)/B(B = D)
D™ B(B — D®Ip)/B(B — DM®Ip) gy,

3.90 deviation from 7 — p/e universality

B(B— Ku'p™)
B(B — Kete™)

2.60 deviation from p — e universality

o RN = = 0.7457999% + 0.036

o (9—2)u



Inclusive semi-leptonic penguins



Crosscheck of LHCb anomalies with inclusive modes

Hurth,Mahmoudi,Neshatpour,arXiv:1410.4545
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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



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)




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



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

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

Heavy mass expansion for inclusive modes:

M(B— Xoy) "= 1 (b — XPortony) - Anompert L A2 fm?

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

An old story:
— If one goes beyond the leading operator (O4, Og):
breakdown of local expansion

A new dedicated analysis:

naive estimate of non-local matrix elements leads to 5% uncertainty.
Benzke,Lee,Neubert,Paz,arXiv:1003.5012

Analysis in B — Xé¢ in this talk; Benzke,Hurth, Turczyk, arXiv:1705.10366



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]
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



New physics sensitivity
Huber,Hurth,Lunghi, arXiv:1503.04849

Constraints on Wilson coefficients Cq/C3M and C1q/C7) R — Ci(po)

| | - CM(po)
that we obtain at 95% C.L. from present experimental data

(red low ¢2, green high ¢2)

that we will obtain at 95% C.L. from 50ab—! data at Belle-II
(yellow)




Cuts In the dilepton and hadroniCc mass sbectra

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

+ Babar,Belle: my < 1.80r2.0GeV

" high—q2 region not affected by this cut
* Kinematics: X; is jetlike and m’j} < mp\gcp = 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 — X vy shape function

5% additional uncertainty for 2.0GeV cut due to subleadinag 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)



Nonlocal subleading
contributions

Benzke,Hurth, Turczyk, arXiv:1705.10366



Subleading power factorization in B — X,9€'+€_

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
v 2

m% = Px = (Mg —n-q)(Mg — - q)
P)&X X X

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)



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

drres e2qy dw dw
— ~ S/dw5(w+P+)/ —1 / 2 ggg(w, w1, ws)
dn-qdn-q mp, wi+n-q+ie) wr+n-q—is

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

Shape function is non-local in two light-cone directions.

It survives My — 1 limit (irreducible uncertainty).



Interference of Q1 and Q-

*

v

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

— n. — — n. w .
wy ! n-qn-q e n-q(n-q+ wp)
m2 m2
+ﬁ-q(G( = ) —G( o ))]g17(waw1)
n-qgn-q n-q(n-q+ wi)

da _. dt _; 1 _ _ _
gir(w,wy) = | —e i1 [ Lq '“’tM—B(B|h(m)...G;"B(rﬁ)...h(one)

27 27

Expansion for m, ~ my leads to Voloshin term in the total rate (—)\Q/mg),
the terms stays non-local for me < my,.



Numerical evaluation Benzke,Hurth, Turczyk, arXiv:1705.10366

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



Final result Benzke,Hurth, Turczyk, arXiv:1705.10366

Our final estimates of the resolved contributions to the leading order:

(normalized to OPE result)

Fi € [-0.5,43.4] %, F& €[-0.6,+4.1]%,
FLs € [-0.2,—-0.1] %, Fafe[0,0.5]%

Fim, € [-0.8,44.5], Ff/,. €[-0.7,43.8]

/my

flgl O(l/mg) but |Cg/10| ~ 13|C77|

(work in progress)



Power corrections In the inclusive mode

e For g anti-hard-collinear we have identified a new type of subleading
power corrections.

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

e [ hey constitute an irreducible uncertainty because they survive the
My — 1 limit.

e If g was hard then these resolved contributions would not exist

Nonlocal power corrections of O(1/m§) numerically relevant

My cut effects in the Iow—q2 region with q2 anti-hard-collinear

(work in progress)



