Towards precision phenomenology

in non-leptonic and rare B decays

Tobias Huber
Universitat Siegen

dowes™ /b

DFG roRr1873

Workshop “EW and Flavor Physics at CEPC”, November 9-10™, 2017

T. Huber Towards precision phenomenology in non-leptonic and rare B decays



@ Exclusive nonleptonic B decays

@ Charmless two-body decays [Bell,Beneke,Li,TH'15]
e Heavy-light final states [KrankI, TH'15; Krank,Li, TH'16]
e Three-body decays

@ Inclusive rare B decays

e B— Xs 070~ [Hurth,Lunghi, TH'15]

] B — Xd f+£7 [Hurth,Lunghi,Jenkins,Vos,Qin, TH w.i.p.]
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Introduction to non-leptonic B decays

@ Non-leptonic B decays offer a rich and interesting phenomenology

o Large data sets from B-factories, Tevatron, LHCb, in future Belle Il
e O(100) final states

@ Numerous observables:

@ branching ratios

@ CP asymmetries

@ polarisations

@ Dalitz plot analyses
@ Combinations thereof

@ Test of CKM mechanism (CP violation)
@ Indirect search for New Physics

o Not as sensitive as rare or radiative B decays, but large data sets
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Introduction to non-leptonic B decays

@ Theoretical description complicated by purely hadronic initial and final state
o QCD effects from many different scales
Theory approaches based on factorisation

@ Disentangle long and short distances

o QCD Factorisation [Beneke,Buchalla,Neubert,Sachrajda’99-'01]

e Systematic framework to all orders in as and leading power in A/my

@ Problems with factorisation of power suppressed and annihilation
contributions. Endpoint divergences.

@ Countless pheno applications

[Beneke,Neubert'03; Cheng,Yang'08; Cheng,Chua’09; Bell,Pilipp’09; Beneke,Li,TH'09; Bobeth,Gorbahn,Vickers'14; Bell,Beneke,Li, TH'15; ...]

o SOft'CO”inear effeCtiVe theory (SCET)[Bauer.F\emmg Pirjol,Stewart’01; Beneke,Chapovsky,Diehl,Feldmann’02]

e Similar to QCDF, factorises spectator part further
[Wang,Wang,Yang,Li'08; Wang,Zhou,Li,Li’'17]
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Introduction to non-leptonic B decays

@ PQCD [Keum,Li,Sanda’00; Li1,Ukai,Yang'00]
e Based on kr-factorisation. Organises amplitude differently
o Generates larger strong phases. Avoids endpoint divergences.
e Discussion of theoretical uncertainties difficult
since no complete NLO (O(a?2)) analysis available
@ Also countless pheno applications [e.9. AliKramer.Li, Li,ShenWang,Wang 07]
More theory approaches
@ Flavour symmetries: (Zeppenfeld81]
Isospin, U-Spin (d < s), V-Spin (u < s), Flavour SU(3)

[see e.g. Chiang,Gronau,Rosner'08; Chiang,Zhou’06'08; Cheng,Chiang,Kuo'14'16]
@ Only few a priori assumptions about scales needed
o Implementation of symmetry breaking difficult [Jung,Mannel'09; Cheng,Chiang'12]

@ Combination: Factorization-assisted topological-amplitude approach (FAT)
[Li,La,Yu'12; Li,LG,Qin,Yu'13; Wang,Zhang,Li,Li'17]

@ Dalitz plot analysis. Applied to 3-body decays
@ Mostly a fit to data, but also QCD-based predictions possible

[Krankl,Mannel,Virto'15; Klein,Mannel,Virto,Vos'17]
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Effective theory for B decays
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@ My, Mz, m; > my: integrate out heavy gauge bosons and t-quark

)

o EffeCtiVe Hamiltonian: [Buras,Buchalla,Lautenbacher’96; Chetyrkin,Misiak,M(inz'98]
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QCD factorisation

M,

o Amplltude in the ||m|t mb >> /\QCD [Beneke,Buchalla,Neubert,Sachrajda’99-'04]
_ 1
(MiMLIQ/1B) = m}, FE" (0) fy, / du T/(1) oms ()
0
1
+13 fu, fu, / dwdvdu T/ (w, v, u) ¢a(w) du, (V) dum,(U)
0

@ T'": Hard scattering kernels, perturbatively calculable

@ F,: B — M form factor Universal.

fi - decay constants From Sum Rules, Lattice
¢i : light-cone distribution amplitudes

@ Strong phases are O(as) and/or O(Agep/mp)
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Anatomy of QCD factorisation

TI

vertex
tree penguin
LO: O(1)
NLO: O(as)
Beneke, Buchalla, Neu~ 703“‘
bert, Sachrajda’99-"04
—rrrEET
Qs
NNLO: O(a2) evee)
[Bell’07,°09] 701“‘
[Bencke, Li, TH'09]
Krinkl, TH in progress]
— RrrwET
Qs

[Bell, Beneke, Li, TH in progress,
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TII

spectator
tree penguin

AL bf

[Beneke, Jiger'05]
€l’06; Pilipp 07]

encke, Jiger'06]
[Jain, Rothstein
Stewart’07]
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Classification of amplitudes
@ «; : colour-allowed tree amplitude v

@ «p: colour-suppressed tree amplitude

@ «;'°: QCD penguin amplitudes

V2 (77 7° et |B™) = Anr Au [m(ﬂﬂ') + ag(‘/rﬂ')}
(777 | Het |BY) = Ann {/\u [011(7”1') + th(ﬂ'ﬂ')} + Ac af(ﬂ"fr)}
- <7r07T°|H9ﬂ \BO> = Arr {/\u [(12(7”7) - aZ(‘frﬂ')} - A af(mr)}

(n K| Hew |B™) = Ai [ Al + 08 o ]
(7K™ | Her |BY) = A g {)\( ) (a1 + al) + O ] [Beneke,Neubert'03]
@ Tree amplitudes ay and az known analytically to NNLO [Bell'07'09; Beneke,Li TH09)]
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Penguin amplitudes aj and a§ to NLO

@ NLO:

U U S I

a4(nm) = —0.029 — [0.002 + 0.001/]y +[0.003 — 0.013]lp + [2? + 77 /],

+ [5255] {[0.001]10 + [0.001 + 0.000] v/ e + [0.001 ]z }

= (—0.02419904) + (—0.012755%);

a§(rr) = —0.029 — [0.002 + 0.0017]y — [0.001 + 0.007i]p + [?7 + 77 (a2

+ [o255] {[0.001]L0 + [0.001 + 0.001 /]y P + [0.001] 3 }

= (-0.028743) + (~0.006" G553
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Penguin amplitudes at two loops

@ O(70) diagrams at NNLO.

Qi-¢ leiGQ ; % Q‘g [Kim,Yoon'11]

@ Quite some book-keeping due to various insertions

Qi |” ! Q¢ N\ ! Qs |” !
L R VAl o

Qs |” ! Q|7 ! Qsy |” !
il U N o -

@ Focus on Q"° and @} ° insertions first

Only ~ 25 diagrams contribute

However: Genuine two-loop two-scale problem with threshold
Apply state-of-the-art multi-loop techniques

Perform matching from QCD onto SCET
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Results: Penguin Amplitudes

@ Only Q2 contribution. Inputs from seneke i o9

aj(rK)/1072 = —2.87 —[0.09 + 0.09i]y, + [0.49 — 1.32i]p, — [0.32 + 0.71i]s,

n [0434] {[o 13]10 + [0.14 + 0.121]y — [0.01 — 0.051]sp + 0. 07][“;}

= (-24675%%) + (-1.9415%)i

a(rK)/1072 = —2.87 —[0.09 +0.09i]v, + [0.05 — 0.62i]p, — [0.77 + 0.50i]e,

+ [0 434] {[0 18]Lo + [0.14 + 0.2y + [0.01 + 0.03]up + [0. o7]lw,}

= (-3.3415%) + (-1.05'5 %)/

@ NNLO correction sizable, but no breakdown of perturbative expansion
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Results: Penguin Amplitudes

0000 *LO
~0.005!
* NLO
£ -0010} &jlrK]
_0.015/ + NLO
ay[nK]
—0.020!
~004  -003 _ -002 _ -00L _ 000
Re
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Results: Scale dependence
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de ratios

Ratio NLO NNLO
Prr : .
7 -0.121 - 0.021/ —0.124 15520 + (—0.02673532)i
% —0.035 — 0.009i —0.04179%9 + (—-0.0147591)i
P, ; . .
ﬁ —0.038 — 0.005i —0.040%99%8 + (~0.00974%2)i
Pox ; .
ﬁ 0.040 -+ 0.002i 0.036*9 0% + (—0.0017 %%
CT::: 0.317 — 0.040/ 0.32079%5 + (—0.0307% 1%%)i
% _ i +0.187 _ +0.142y 7 .
T, 0.165 — 0.064i 01761515 + (-0.05415%)i Unpublished numbers.
% 0.219 — 0.064i 021249197 1 (~0.062°%114)i Only Q> contribution.
Inputs from (seneke,Li.H09).
% 0.092 — 0.080/ 0.11279 1% + (—0.065751%2)i P [ !
% 0.821 4 0.016/ 0.81015%2 + ( 0.010799%2)/
of(nK . .
m —0.085 — 0.019i —0.087+5%2 + (—0.02179%23)i
PP
#Kag(”) ~0.029 — 0.005i —0.03019%2 + (~0.007:%%)i
c
% 0.037 + 0.0047 0.034*3% + (1 0.001755%0)i
§(pK* . .
2i(pK") ~0.023 — 0.010i —0.0279%7 4+ (~0.0127%%4);

ai(pp) + a2(pp)
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Results: Amplitude ratios

015 5lrK) 015 agnK’]
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@ Direct CP asymmetries in percent.

Errors are CKM and hadronic, respectively.

Results: Direct CP asymmetries |

f NLO NNLO NNLO + LD Exp
K07 07715 RIGE 0101555 1716
RKT S42t UL 104819 IR% 170800 s0+21
TR 725TREE B08TIENE —828X05 Y —82:06
mK® 427 1RNNT —433IGRSE 14 GRS 1£10
5(7K) 24719405 2101933 140 2,0719%+27€  122+22
A(rK) 115155105, —088I515M0Y 048GR 1411

A(rK) = Aco(ntK™) +

T. Huber

5(71'R) = ACP(TFOKi) 7Acp(7T+K7)

M~k — g0
o Al R -

2r
La

0K —
Mt k—

Acp(TroKi) —

2 oz =
= 70RO ACP(‘ITOKO)

TtK—
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Results: Direct CP asymmetries |l

@ Direct CP asymmetries in percent

f NLO NNLO NNLO + LD Exp
AL LR IS R
PR 1BSEESY 18167LTAD 1581 SNIES exas
PR IIRTERIEE 197095 10% 00THEED e
PR 2E S1RUEL  219RY 15e
AR 2e8nEG  1seSEN  72NLUER e
AR TIBUBEE a4SURRE 1020NE osads

&5 (M Me) = (M1 Me) + 1 (M Me) + BE(M; M)
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Results: Branching ratios

@ Unpublished numbers. Only Q> contribution. Inputs from iseneie Li o9
@ Branching ratios in 1075,

NNLO NLO Experiment
Bore  SAEARNTOE sm 548l
Bonm  TATROROSNS 780 51009
B > nn° 035 SN, 088 13808
Boor K 1603NENECLOL,  14s4 279%%
Bk 9STURSENGETSE 897 12047
Bor K M0TNBASSEE, 1288 105758
B K° 5820 LS 53 9.93°%%

@ Errors are CKM, scale and inputs (masses, decay constants, FFs),
Gegenbauer moments, power corrections
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The decays B — D) L

[Krankl, TH'15; Kréankl,Li, TH'16]
@ Le{mp K" a/(1260)}
@ Only colour-allowed tree amplitude
@ No colour-suppressed tree amplitude, no penguins
@ Spectator scattering and weak annihilation power suppressed

GE(mg — mp)° |4

BR(Bo — D*rn™) = -
B

el u"chbF\a1(Dw)\2fﬁF5(mi)+O(%>
@ Applications
o Ratios of non-leptonic decay widths

a(Dr) [°

ay(D*)

[(Bs—D'n7) (M- mb)iGlox (Fo(m?))’
r(Bs— D7n) 4mlg ., \Al(m?)

o Test of factorisation via ratios to semi-leptonic decay

r(By — DW*r™)
dr(By — D(*)+l*z7)/dq2|q2

= 67| Vua|? 2 |ai (D7) 2

—m2

e Estimate size of power corrections, test of QCD factorisation
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NNLO calculation and result for a;(B° — D*K~)

@ NLO correction small M M M

@ Colour suppression
o Small Wilson Coefficient A&‘ ﬁ ‘%‘ A‘é‘ M M" %

@ AtNNLO fﬁz M M M

@ Again around 70 diagrams Xléﬁ‘ %ﬁ fﬁ,’é Jg_;%
0.07]
a(D'K™) = 1.025+[0.029 + 0.018/]nw0 008
+[0.01 6+ 0.028i]NNL0 _ 005 NNLO
= (1.069°9%%) + (0.046755%)i g
-§: 0.03]
E
0.02 NLO
0.01]
000f——t0

102 104 1.06 108
Refay(D*K™)]
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Scale dependence

0.08F T T T m

o
8

Im[ay(D*K7)]
o
R

0.02
0.00; ; ; ; .
2 4 6 8 10
ulGeV]
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Branching ratios in QCD factorisation |

_ _ GZ(m3 — Za T *
BR(B® - D) = ZETe IO LAIom oy 2y (D) P12 (2)

[Caprini,Lellouch,Neubert'97]

@ Form factor parametrization from CLN

[For more recent B — D form factor analysis see Wang,Wei,Shen,Li'17]

@ Slope and normalization from fit to semileptonic data (HFAG)

@ Calculation applies equally well to other B® — D*+L~ decays

@ Branching ratios in 10—3

Decay Theory (NNLO) Experiment

B - Dtr— 3.931043 2.68+0.13
B® — D**n~ 345793 276 +0.13
B° — D*p~ 10424128 75+£1.2
B® — D**p~ 9.247972 6.0+0.8

@ NNLO central values about 20 — 30% larger than experimental ones
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Branching ratios in QCD factorisation |l

Decay mode LO NLO NNLO Exp.

By — D*n~ 358  3.791%4 393794  268+0.13
By — D**n 3.15 3.3219%2 34579%  276+0.13
.?d — D'p~ 951  10.06%\%  10.42*12 75+1.2
By — D**p~ 8.45 8.91 47 9.24 1472 6.0+0.8
By — D'K~ 2.74 2.9019% 3.0119% 1.97 £0.21
By — D*tK~ 2.37 2501%% 25910%  214+0.16
By — DTK*~ 4.79 5.07%% 525755 45+0.7
By — D*"K*~ 4.30 4.54 %40 4701990 -

By — D*ay 10.82 11447155 1184718 6.0+3.3
By — D**a; 1012 10667,y 11.0677 70 -

@ Branching ratios in 1072 for b — ciid and 10~* for b — cls transitions

@ Have also Bs and A, decays

@ Non-negligible W-exchange contributions in By — D™)*x~ / p~ decays?
(not present in By — D™+ K()—)

T. Huber Towards precision phenomenology in non-leptonic and rare B decays



Tests of QCD factorisation

@ Ratios of non-leptonic decay widths
e Within error bars, no significant tension

Decay Theory (NNLO)  Experiment
r(B° — D*77)/r(B* = D*n"™) 0.878791%2 1.03+0.07
r(B° - D*p~)/I(B° = D*n™) 2.653791%3 2.80 +0.47

@ Extraction of |ay| from ratios of non-leptonic and semi-leptonic BRs

r(By — DW*7™)
dr(By — D(*>+I*z7)/dq2|q

= 672 Vyo|? 2 |ay (D)) ?

2=m2

Decay |ai| Theory (NNLO) |as| Experiment
B - D*n— 1.07 £0.01 0.89+0.05
B - D"~ 1.07 £0.01 0.96 +0.03
B - Dtp~ 1.07 £0.01 0.91+0.08
B - D**p~ 1.07 £ 0.01 0.86 + 0.06

@ Quasi-universal value |ai| ~ 1.07 at NNLO. Experiment favors lower |a|.

@ Leaves room for (negative) power corrections to the amplitude of ~ 10 — 15%
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Three-body nonleptonic B-decays

@ Three-body nonleptonic B-decays provide another
fertile testing-ground to study CP violation

@ Events populate a Dalitz plot, wealth of data

@ Focus on B — «t w7 in a factorisation approach [Ke&inkiMannel Virto'15]

o |dentify different regions in Dalitz plot
e Each region obeys its own factorisation formula

slow

[Plots courtesy by K. Vos]
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Central region

[Krénkl,Mannel,Virto'15]

@ Factorisation formula
(TTrtn 7 |QiIB e = T/ FF7" 00, @0, + T/@ 050 ¢, @ ¢ @ O,

@ At tree-level all convolutions are finite

@ 1/m? and o suppressed compared to two-body case
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Edges of Dalitz plot

[Krénkl,Mannel,Virto'15]

@ Resonances close to the edges

@ Factorisation formula
<7T+7T+7T_|Q,'|B>e _ Til ® FB—>7r+ ® ¢7‘r+7‘r7 + Til ® FB*}ﬂ:Fﬂ'_ 2.

@ Always an improvement over quasi-two-body decays,
reduces to B — pm for p dominance and zero-width approximation

@ New nonperturbative input (source of strong phases):
27LCDA, B — 7x form factor

T. Huber Towards precision phenomenology in non-leptonic and rare B decays



New nonperturbative input

@ New nonperturbative input from data or model [Klein,Mannel,Virto,Vos'17]

o 27TLCDA [Polyakov’99]
q _ ax~ ju(kx™) /_+ - =y
Prn(U G 8) = | 5" (7" (k)7 (k2)|G(x~ n-)1h, q(0)|0)
S = (k1 +k2)2, ¢ = k1/S

@ Both isoscalar (/ = 0) and isovector (/ = 1) contribute

@ At leading order only normalization needed
Jadwes—@c-nre) [ audtiecs -0
@ Time-like pion formfactor F.(s) from e e~ — wn(y) data

o Magnitude well constrained, phase Not  (sheknovisova Przedzinski Roig Was 12; Hanhart12]
o AlSO iSOSCE\|aI’ part Ff needed [Celis,Cirigliano,Passemar’13; Daub,Hanhart,Kubis'15]
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New nonperturbative input

@ B — 7w form factor [Klein,Mannel,Virto,Vos'17]

o Was studied in B — 7w £ v decays

[Faller,Feldmann,Khodjamirian,Mannel,van Dyk'13; Boer,Feldmann,van Dyk'16]

@ For B — 7" =~ =" only vector form factor relevant

Koy (7" (ki) (Ke) By +°ulB* (p)) = i my Fi(s.C)
@ Both isoscalar (S-wave) and isovector (P-wave) contributions

FI — FtI:O + Ft’:1
o Isovector F/=' part studied with QCD Light-Cone Sum Rules

[Hambrock,Khodjamirian'15; Cheng,Khodjamirian, Virto'17]

o ASSUmptiOn / model for FII:1 [Klein,Mannel,Virto,Vos'17]
@ Decay B — 7w proceeds only resonantly through B — p — 7w

o MOde| fOI‘ FII:O. F|t 6 and (]5 from data [Klein,Mannel,Virto,Vos’17]

,_—/:Oqz _L% i ES( 2
() = -6 F ()

[Celis,Cirigliano,Passemar’13; Daub,Hanhart,Kubis’15]
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Introduction to inclusive B — Xg (¢~

@ Inclusive B — Xs ¢4~
@ Rare decay, FCNC process

e Probes SM directly at the loop level "
@ Sensitivity to new physics \\—4’—/
@ Complementary to B — Xs v

@ More observables
e Box and penguin diagrams
o Besides Cy, also sensitivity to Cg 10

@ Complementary to B — K®) it~

o Complementarity in experimental analysis:
LHCb vs. BaBar, Belle (Il)
e Handling of power corrections
@ Sensitivity to different (combinations of) operators
@ Probing different theoretical approaches when
measuring e.g. Cq
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Observables

@ Double differential decay width (z = cos 6,) [Lee Ligeti Stewart Tackmann'06]
BT 2 (14 2 (@) + 22 Ha(qF) + 201 — 2) )]
dg2dz 8
ar dA
Note: = = Hr(q?) + Hu(¢? 8 = 3/4 Ha(q?
9 T(q°) + H(a7), 9 /4 Ha(q")
4 . . . . 0.5 T T T
] L
] 03 fia Y
sl ] . ,
— I %y o1t '
| ;3 1
z 2t - CEl
o - “m
; [ — — i %L% -0.1
PR ) ]
S y - 03+ — [
g \ : !
% 5 10 15 20 05, 5 10 15 20
¢ [Gev?][Ghinculov,Hurth, Isidori,Yao] @ [GeV?][Ghinculov,Hurth, Isidori,Yao]

@ Low-g? region: 1GeV? < ¢ < 6GeV?
@ High-g? region: ¢° > 14.4 GeV?

T. Huber Towards precision phenomenology in non-leptonic and rare B decays 32



Observables

@ Dependence of the H; on WCs
Hr(q?) « 2s5(1 — s)? [|Cg + % C7|2 + |C1o|2]
Ha(q?) x —4s(1 — s)? Re [Cm(Cg + % c7)]

HL(e?) o (1 = 92| G +2.C [ + | Cuof |
@ Consider integrals of H; over two bins 1 — 3.5 GeV? and 3.5 — 6 GeV?
o Hr suppressed at low-g?: Factor “s” and small | Co + 2 2

@ Moreover: zero of H, in low-g? region

@ High-g? region:

f;0 d§ dr(B — Xs£*0")/d3
f;0 dg dr(B® — X,tv)/ds

@ Introduction of the ratio  R(sy) =

[Ligeti,Tackmann’07]

o Normalize to semileptonic B® — X,¢v rate with the same cut
Need differential semi-leptonic b — u rate
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Perturbative and non-perturbative corrections

(B — Xs ) =T(b— Xs£¢) + power corrections

@ Pert. corrections at quark level are known to NNLO QCD + NLO QED

[Misiak,Buras,MUinz,Bobeth,Urban,Asatrian,Asatryan,Greub,Walker,Bobeth,Gambino,Gorbahn,Haisch,Blokland]
[Czarnecki,Melnikov,Slusarczyk,Bieri,Ghinculov,Hurth,Isidori, Yao,Greub,Pilipp,Schiipbach,Lunghi, TH]

e Involves diagrams up to three loops

-

o Fully differential QCD corrections at NNLO for Pg 1o also known

[Brucherseifer,Caola,Melnikov'13]

3 2 H u vage’
° 1/m§! 1/mb and 1/mC non_pert' CorreCtlonS [AM,HH\er,}%[gﬁ‘(ﬁkéiokl\?ggzi%i'gg}

[Bauer,Burrell’'99; Buchalla,Isidori,Rey’97]

@ Factorizable cc contributions implemented via KS approach [Krtiger, Sehgal'96]
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Collinear photons

@ Rate differential in g2 is not IR safe w.r.t. energetic, collinear photon radiation
off leptons

@ Gives rise to log-enhanced QED corrections oc aem log(m3/m?)

@ Size of logs depends on experimental setup

° CI2 = (Pe+ + Pe- )2 VS. q2 = (Pe+ + po- + p'y,coll)z

e To compare to BaBar electron channel our numbers need to be modified

high
(Bs1] [B:¢"]
9Pt +Pg— +Pry G=Pgt +Py +Pry
[BIOW] et TPy el | —1.65% i et Pe ol _ | — 6.8%
6 1q=Pe+ +Pe— [ ee ]a:pe\ +P,
07f
10¢ o F
< 9F > 06F Il s -Kee
% E 8 E B -«kee
3 sE o Osf B - Xgere (M(X) > 11Gev)
< E =) F
(@) s r
= E Doy =
X 6 X r
E o) C
S SE o 03[
= 4 ~
S ab 7 o2f
[T 0
o E oS 01
JE Z
e =
3 0 2 4 6 8 10 12 14 16 18 20 22

@ (Gev?)

T. Huber Towards precision phenomenology in non-leptonic and rare B decays



Collinear photons

@ Validation
o Generate events (EVTGEN), hadronise (JETSET), add EM radiation
(PHOTOS)

90
o] [ Most energetic photon (58%)
50| [ Al photons % 2ol i Second most energetic photon (23%)
Y Photonswith E < 30 MeV .
O i
=
%)
5
X
L L :
04 06 08 T 12 14
E, (GeV)
o. 2
0.03f- —Kkre'e 1.5
1 Ba;(vse:e:(M(Xs)>LlGeV) °
—Xgete
So.02 s 9 4
Ex X 0.5
<0
g o
] <
< -0.5
=
Y -1
o I T B P T B PO T
%9 "2 4 6 8 10 12 14 16 18 20 22 3 10 15 20

¢ (Gev?)

o\/2
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@ Results for Hr, integrated over bins in low-g? region, in units of 10~°
o Electron channel

Hr[1,3.5]ee =0.29 £ 0.02
Hr[3.5,6]cc =0.24 + 0.02
Hr[1,6]ee =0.53 £ 0.04

@ Muon channel

Hr[1,3.5],,,, =0.21 £ 0.01
Hr[3.5,6],,, =0.19 + 0.02
Hr[1, 6], =0.40 £ 0.03

@ Total error O(5 — 8%). Still dominated by scale uncertainty.
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@ Results for Hy, integrated over bins in low-g? region, in units of 10~°
e Electron channel

Hy[1,3.5]ee =0.64 £ 0.03
H,[3.5, 6]ee =0.50 + 0.03
Hy[1,6]ee =1.13 £ 0.06

@ Muon channel

Hy[1,3.5],,, =0.68 + 0.04
Hy[3.5,6],,,, =0.53 + 0.03
Hy[1,6],, =1.21 £0.07

@ Again total error O(5 — 7%).
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Branching ratio, low-g? region

@ Branching ratio, integrated over bins in low-g? region, in units of 1078
o Electron channel
BI1,3.5]06 =0.93 % 0.03caip & 0.01 5, & 0.08 m, = 0.01, & 0.002,, % 0.008xu % 0.01gr,
=0.93 +0.05

B[3.5, 6]es =0.74 = 0.04sci0 %= 0.01, &= 0.08, my 2 0.01m, & 0.008,, % 0.002cky % 0.01r,
=0.74 £0.05

B[1,6]ee =1.67 £ 0.07sca1e & 0.021m, & 0.06 ¢, & 0.02pm, & 0.01,, + 0.005¢1m = 0.028r,
=1.67£0.10
@ Muon channel
B[1,3.5],,,, =0.89 = 0.03sate & 0.01m, & 0.03¢ i, & 0.01m, & 0.002,,, =+ 0.002cxm & 00188,
=0.89 £+ 0.05

B[3.5, 6], =0.73 = 0.04sca1e & 0.01m, & 0.03, . & 0.01m, = 0.003,, = 0.002cxm % 0.015m,
=0.73+0.05

B[1, 6], =1.62 % 0.07scaie & 0.021m, = 0.05¢ m, & 0.02pm, = 0.014 & 0.005cky == 0.02s5,
=1.62+0.09

@ Again total error O(5 — 7%), dominated by scale uncertainty.
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@ Results for Ha, integrated over bins in Iow—q2 region, in units of 108

@ Electron channel

Ha[1,3.5]ee = — 0.103 £ 0.005
Ha[3.5,6]ce = + 0.073 +0.012
Ha[1,6]ee = — 0.029 + 0.016

@ Muon channel

Ha[1,3.5],.u = — 0.110 £ 0.005
Ha[3.5,6],., = + 0.067 +0.012
Ha[1, 6], = — 0.042 +£0.016

@ Single bins much better behaved than entire low-5 region, owing to
cancellations due to zero crossing
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Zero of Hs (FBA)

@ Forward-backward asymmetry (or Ha) has a zero in low-g? region
@ Electron channel

(GB)ee =(3.46 + 01056416 & 0.001m, + 0.02¢ m, + 0.06m, + 0.02,,) GeV?

—=(3.46 £ 0.11) GeV?
@ Muon channel

(G8)un =(3.58 £ 0.10scaie % 0.001 5, % 0.02¢ e £ 0.06, £ 0.02,,) GeV?

=(3.58 +0.12) GeV?
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High-g? region

@ Branching ratio, integrated over high-g® region, in units of 1077
e Electron channel

B[> 14.4]ee =2.20 + 0.30scale = 0.03m, + 0.06¢,m, + 0.16m, £ 0.003,, + 0.01ckm + 0.03gry

+£0.12,, £0.48,, & 0.36;, £ 0.05;,
=220+ 0.70

@ Muon channel

B[> 14.4],,,, =2.53 + 0.295c516 + 0.03m, + 0.07¢ m, & 0.18, + 0.003,, + 0.01ckw + 0.03gr,

£0.12,, £0.48,, £ 0.36;, £ 0.05,,
=253 +£0.70

@ Total error O(30%)

@ Significantly lower values compared to earlier works [Greub, Pilipp,Schiipbach'08]

e Main reaons: Power corrections, QED corrections, different g3,
o To lesser extend: Input parameters, normalisation
o Perfect agreement if we switch to prescription by Greub et. al.
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High-g? region

@ Ratio R(g2,,), integrated over high-g? region, in units of 1073

@ Electron channel

R(14.4)0 =2.25 £ 0.1240010 £ 0.08n, % 0.02¢ m, % 0.01m, = 0.01, £ 0.20xwm
£0.02,, £0.14,, +£0.08,, £0.120

=2.25 4 0.31
@ Muon channel

R(14.4) 1 =2.62 % 0.09c10 £ 0.03m, = 0.01¢ my = 0.01m, £ 0.014 & 0.23ckm

+0.0002,, +0.09,, +0.04,,, +0.120

+fs

=2.62+0.30

@ Total error O(10 — 15%).

@ Uncertainties due to power corrections significantly reduced
o Largest source of error are CKM elements (V)
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[Hurth,Lunghi, TH'15 [1503.04849]]

-10 -5 0 5 10
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Inclusive B — X0t~

[Hurth,Lunghi, TH'15 [1503.04849]]

@ Model-independent constraints on high-scale WCs

@ Extrapolation to the full Belle-Il statistics (50 ab~")

BR(low)

05
Rio oo} 1 |\

=05
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Inclusive vs. exclusive b — s¢ ¢~

[Ishikawa, Virto, TH w.i.p., preliminary]

@ If the true values for the NP contributions are C3 and C}y, with which
significance will the Belle Il measurements exclude the SM (CL¥ = C} = 0)?

@ For each point (Cy¥, CI%), we consider hypothetical measurements of BR and
Ags, with central values given by the theory predictions at the corresponding
NP point, and errors given by the experimental sensitivity study plus an extra
5% to account for non-perturbative effectsiurn rickinger Turczyk senzie'i71.

2.0F
1.5¢
@ Complementarity study: We also 1o
consider the one-, two-, and )
three-sigma regions obtained 32 0,51\

from the current global fit, which is
dominated by the exclusive 00
b — sup measurements at LHCb
(red regions).

—05}

~1.0b Nt AU
220 15 10 -05 00 05 10 15
cyP

[See also Hurth,Mahmoudi’13; Hurth,Mahmoudi,Neshatpour'14]
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@ The suppression of background from b — ¢ (— sév) v requires a cut on
My,. Have My, < 1.8 (2.0) GeV at BaBar (Belle).

@ Usually taken into account on experimental side

@ This puts kinematics at low-g? into
the shape function region

= SCET applicable, define

i g*€[1,6]GeV?
pX = EX :F |p)(| [Lee,Ligeti,Stewart, Tackmann'06]

@ High-g? region hardly affected by the

cut o 1 2 3 4 5
Px [GeV]
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@ Compute non-perturbative corrections of leading and subleading order in

~ =510 —10%

AQCD/mb [Lee, Tackmann’08]
5 [T T T T T
@ Use different models for E ]
subleading SF 0 1
IS ]
@ Effecton Hjand T is 5 7 /

AT(1, 6; m$t)

—10 :,
@ Shift of zero of FBA is N E
~ —0.051t0 —0.10 GeV? "6 17 18 19 2 21 22 23
m$t [GeV]
@ Add NNLO QCD-corrections to heavy-light currents [Bell Beneke,Li,TH'10]

in shape function region

@ Zero of FBA
a = [(3.34...3.40)"0%]GeV®  for  m¥'=(2.0...1.8)GeV

@ In same region as inclusive result
@ Significantly smaller than exclusive result [Beneke,Feldmann Seide'01]
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[Hurth,Fickinger, Turczyk,Benzke'17)
@ Recent analysis of factorization to subleading power
in B — Xs¢*¢~ in presence of a cut on My,
@ Systematic analysis of resolved power corrections at O(1/mp)
@ Compute so-called resolved contributions, explore numerical impact

N\

[ m | : . E \ | I
Npl D N’

A b A A £ o 3

@ Numerical impact

Fir € [-0.5,+34] %, Frg € [-0.2,-0.1]%, Fsse€[0,0.5]%
(normalized to OPE result)

Fi/my, € [-0.7,43.8]

Fig: O(1/m) but |Coygo| ~ 13|Cx,|

@ Resolved contributions stay nonlocal when the hadronic mass cut is released
o Represents irreducible uncertainty independent of the hadronic mass cut
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Inclusive B — Xs¢*¢~ and B — Xyl ¢~

[Qin,Vos,TH w.i.p. and Hurth,Jenkins,Lunghi,Qin,Vos,TH w.i.p.]

@ Further improvements in B — X0t 0~

o Update inclusion of charm resonances:
Replace Kriliger-Sehgal functions by fit to latest BES-IIl data

@ In B — Xyt ¢~ transitions, sides of UT are democratic in size (all o A%)

e Expect measurable CP asymmetries in this channel
o Latest theory prediction from 2003 [Asatrian Bieri,Greub,Walker 03]
o Update in progress

@ Inclusion of matrix elements of (9;’/2
@ Inclusion of new perturbative corrections (especially log-enhanced QED)

@ Inclusion of all available power corrections

@ Inclusion of 5-body contribution of type b — d qgq £T¢~ [Qin,Vos, TH w.i.p]
o

Inclusion of effects from ut resonances
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Conclusion

@ Two-body nonleptonic B decays have entered era of precision physics

e Many sophisticated approaches
@ BRs and direct CP asymmetries for charmless two-body decays at
NNLO in QCDF almost complete

@ Perturbative series under control, but sizable uncertainties due to unknown
power corrections

@ Heavy-light final states allow to test factorization approach
@ Also QCDF analysis of three-body decays under study

@ Inclusive B — Xs £7¢~ is an unsung hero
e Complementarity to B — X5~y and B — K™ * .~ can help in the
search for NP

o Complete phenomenological analysis to NNLO QCD + NLO QED
for all angular observables

@ Careful investigation of treatment of energetic collinear photons

@ Most observables have parametric + perturbative errors of O(5 — 10%)

e Also B — Xy ¢*¢~ under study (—s CP observables)
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Some definitions

. G

Arn = [—£ mEFE=T(0)f,
73 meF 0)
9f. 1g
fe = o FBom(0)
mb)\BF+ (0)
_ < d
)\31 = /0 %QSB((‘%/‘I’)
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Results: Direct CP asymmetries

@ Direct CP asymmetries in percent

f NLO NNLO NNLO + LD Exp

SR 0SSTS 029NN 0%09EEE  r2e1
SKC O 1919EE AURIES  E7TEIET o
prK™ 513135155 150105 5% 2593748 %% 20+ 11
PK° 8.6371 5% 8991 5% —04250RTS%  6+20
SOR)  MATRRIS  SeTONn  17s0RUel 1t
AGK) -BTSTENE  1084U1EUNE  -243iaR a7s0r
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