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Why B physics:
» What is B physics: properties, productions and decays of vari-
ous hadrons containing at least one bottom quark;

By.4,5,c mesons, Ay baryon

» Why study B physics: three main motivations;
\

Measure the SM parameters related to flavour; complementary to EWP tests (@LEP)

Test of the CKM mechanism of flavor and CP violation; | «<——| and direct searches at high-energy

frontier (@ LHC, Tevatron);

Indirect probe or constrain on various New Physics;
. J
operator product expansion;
Deepen our understanding of strong interactions
various effective field theories; | ———
both the pert. and non-pert. aspects QCD.
factorization theorems;
4
Test and probe the internal hadronic structure theoretical and phenomenological
. . D E—
in B-hadron and its decay products. input for other hadron processes;
N
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Dedicated B-physics experiments:

P Past: first observation of B — Xy by CLEO in 1994; continued by Tevatron @
Fermilab and the two B-factories: BaBar @ SLAC and Belle @ KEK with many key
measurements; [A. J. Bevan et al., “The Physics of the B Factories,” 1406.6311]

» Current: dedicated LHCb (also ATLAS and CMS) @ LHC with many exciting
results; [I. Bediaga et al., “Physics case for an LHCb Upgrade Il - Opportunities

in flavour physics, and beyond, in the HL-LHC era,” arXiv:1808.08865]

» Future: besides LHCb @ LHC, also Belle Il @ SuperKEKB expected to start
data taking in 2018, designed to find NP beyond the SM of particle physics;

[https://confluence.desy.de/display,/Bl/B2TiP+WebHome; 1808.10567]
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Theoretical tasks for B physics:

» Main task: try to improve the theory predictions to match the more

and more precise exp. data;

» Many dynamical frameworks developed: HQET, SCET, NRQCD,

» For the non-pert.

QCDF, pQCD, - --

— based on QCD, and separate pert. from non-

pert. strong interaction effects <+ factorization theorem;

objects: mostly from Lattice QCD and LCSR,

- [for reviews see: http://flag.unibe.ch/, and https://hflav. Web.cern.ch/]
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Current status of B physics:

» The CKM mechanism of flavor & CP violation well established! —
2008 Nobel Prize for Kobayashi and Maskawa;

» Information on UT from tree- and loop-level processes well consistent!
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Current status of B physics:

» Remember: O(20%) NP contributions to most FCNC processes still
allowed by the current data;

» Several intriguing tensions/anomalies do observed in flavour physics,
might be any BSM signals?

gy 1 all of them not yet conclu-
BoKe*e/B-Kut i sive: theo. uncertainties
or exp. fluctuations?
—_ DO pu CP asym
& B0ty
% 1 except for theo. cleanest
5 modes, more cross-checks
g BoKWyr angular needed;
g | V| incl/excl
g | V| incl/excl
S| Be@opit0 pit0)BoR T exp. measurements of re-
A Cl’<szi K) g2 lated observables needed;
€
Z.ligeti, 1606. 02756 . .
I 5 s . 1 indep. theory and lattice
significance (o) calculations needed,;
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How to describe B-hadron weak decays:

» At the quark level: B-hadron weak decays mediated by weak
charged-current J/. coupled to W+,

K dr,
Lec = _972 JEW] +he, Jh = (dg,ep, L)y Voxu | so
2 bz

— Vekwm: describes flavor violation, and very predictive, especially for CPV!

» In the real world: no free quarks due to confinement; quarks
always confined inside hadrons through soft-gluon exchanges;

< In B physics, simple weak decays overshadowed by complex strong interactions!

5]
00009000 1%,
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Typical features for B-hadron weak decays:

» A typical multi-scale problem and scales are highly hierarchical;

EW interaction scale > ext. mom’a in B rest frame > QCD-bound state effects
myy ~ 80.4 GeV > my ~ 4.8 GeV > AQCD ~ 1 GeV

> Starting point L.g: integrate out heavy d.o.f. (mw,z,t > my), physics
above (below) p ~ my, contained in C; ((O;)); [A. J. Buras, 1102.5650]

Less ~ GF VCKMX[ Y COP+ Y GO+ Y GO+ Y, C/O/]
3 6 7,...,10

p=u.ci=12  3,.., 7v,89

charged current ‘ | QCD-penguin ‘ EW-penguin | electro- & chromo-mgn ’

b u.c

uc s

» (;: RG-improved pert. calculable;

matching at po and running to uy;

NNLL accuracy available!
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Hadronic matrix elements for B-hadron weak decays:

» How to evaluate (f|O;|B): (0|0;|B), (x|O;|B), (xr|O;|B), (B|O:|B),

' Quark-hadron duality, Flfective theorics,
Heavy-quark mass expansion, acloru_atlon, .
HQE. OPE, Approximate symmetrics
’ ? Lattice QCD, LCSR, ...

Exclusive decays

Inclusive decays B~ 0I01B)
B-Bmixing > (B|O|B)

e
BoXy. B> Xl Borly - (x|O|B)
B> X/tv,B—> X lv B osar > (27]0|B)

InLIP ALt

> <M1M2’O,‘B> not yet possible in lattice QCD; expressed in terms of (few)

universal non-pert. hadronic quantities with pert. calculable coefficients;

- dynamical approaches based on factorization theorems: PQCD, QCDF,
SCET, ---; [Keum, Li, Sanda, Lii, Yang '00;
Beneke, Buchalla, Neubert, Sachrajda, '00;

Bauer, Flemming, Pirjol, Stewart, ’01]

- (approximate) symmetries of QCD: Isospin, U-Spin, V-Spin, and flavor

SU(3) symmetries, ---; [Zeppenfeld, '81;
London, Gronau, Rosner, Chiang, Cheng et al.]
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B — B mixings:

» Motivation: strongly suppressed in SM; highly sensitive to BSM effects;

b W~ d b Xi d General parametrization:
u.] Un Bl b0 M= MM x (14 he?)
d w b d ¥ b NP parameters
snt: o Np: O o [Azwn]
" mi, A2

. d
> AMS’d = 2’Mfé . calculated from box diagrams with internal virtual par-

ticles; main uncertainty from Bag parameters (B,|O;|B,) « f3 B
q

By
FU:Gzoprd v éBa fa,V éEs

AMEM = (0.5310:9%) ps~1

: I I AMYFAG — (0.5065 £ 0.0019) ps
¥ DS I AMEM = (18.17773) ps ™!
T oo Hf% AMIFAG — (17,757 +0.021) ps—
1 T [Kirk, Lenz and Rauh, 1711.02100;
L T. Rauh, talk given at CKM2018]
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B—-B

> Al‘s,d = 2|Fi’2d| COS ¢‘i’2d arise from absorptive part of box diagrams, dom-
inated by tree-level b — c¢s(d) transitions; [Artuso/Borissov/Lenz, 1511.09466]

| 4

mixings:

3

A 5,(0) | Qs s,(1) as\2 _s(2) ]
1o = Ty —TIy — ) Iy
12 mg[3 +47r 3 +(47r) 3t

A4

+ = (ri*(‘” n ) +...[H. M. Asatrian et al, 1709.02160]
my,

as’d - ‘ Fiéd
fs s,d
M3

68% CL contours
(Alog £ =1.15)
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D -
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. d
‘ Sin qbié . motivated by 2013 DO dimuon charge asymmetry!
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B — B mixing:

» AM; 4 vs Al'g 4: state-of-the-art comparison; [Kirk, Lenz and
Rauh, 1711.02100; T. Rauh, talk given at CKM2018]

¢ HFLAV * HFLAV
O Sumrules \ | 5 O Sumrules
f FNAL/MIL
010 @ FNALMILC f O MILC
O Average ! - [ Average
BN \} '
'n \// mo.
S L oo x
lE] 00 = No mixing
< hypothesis
. _5
No mixing
0.00 x hypothesis
s 0 5 10 15 20 25 02 00 02 04 06 08
AMg[ps ] AMlps™]

» SM predictions and exp. averages consistent with each other!

— |Large NP effect in By 4 mixings now closed!
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Bs,d — /LJr:ui:
» Facts about By 4 — ' pu: highly suppressed within the SM;

~
- helicity suppressed, by a factor of (m,/mp)?; SM
. b\';,\l z° ,//i'(
- FCNC process, forbidden at tree-level, proceed Penguin %' %‘\_A.V,»V@.v<\ 7
only via loop diagrams; 37 ¥
12, b w _
- CKM suppressed by |Vi, V5|2 u
Box ' v {
< | very sensitive to NP, especially from OS(P); ‘ L H W W

> Theory status: C4 now to NNLO QCD + NLO EW; enhanced EM correction
included; [Bobeth et al., 1311.0903; Beneke, Bobeth and Szafron, 1708.09152]

A,S,P

GFOt |: * !
Het = ———— | Vi Vs § (Ci0; 4+ C{O]) + hec.
\/571'3%/‘, 4

O = (TvuPLb) (v y58),  Og(py = my(TPrD) [£(75)4]

k3

B(Bs — ptu~™) = (3.5740.17) x 1072, B(By — ptpu~) = (1.06 & 0.09) x 1010 ‘
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Bs,d — M+M_:
» CMS + LHCb and LHCb updated results: [1411.4413, 1703.05747]

— 09zl —

— 2 osf LHCh

B(Bs — ptp=) = (3.0 & 2, 3

t ]

0.6703) - 1079 (7.80); B E

T ]

m 0 E

B(Ba - i) = 39710 :

~10 . o ]
1010 (3.00); i o

6 8
BF(BY - wy)
» Powerful in model kl”lng good consistency between SM and exp. data;

[D. Straub, 1205.6094] 20 5
o
&
NP ~ 15 MSSM-LL 2
\1 [w]
_ i =
T - 3
PN 2. N
By, W‘,H: g
1 . o
dis W &
- PE2S d
b WX w 5 08
B;; teulq v MSSM-AC
0.0 .
dis * \;V-';"- < L 0 10 20 30 40 50

10% x BR(Bs = u*p~)
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Bs,d — M+M_

» Time-dependent observables: due to sizeable AT's; [De Bruyn et
al., 1204.1737; Fleischer et al., 1703.10160; 1709.04735]

A —

M

B
AAI‘. =

1 [\ 2|PS|cos(¢p — ¢s)
Co = 7= Z g = —m\Cuu
S ATNE 2N [P +|S]2 ACpy
23(&) PP sin(2pp — XF) — [S[?sin(2ps — 1) _ S
l+\£x\’7 ‘p‘2+‘5‘2 = Oup
2R(E) _ | Pul® cos(20H" — ¢NP) =[Sy cos(20" — ¢XT)
LHIGE Pl + 1S,

» With the updated LHC: these observables provide new d.o.f.
[Fleischer, Jaarsma, Tetlalmatzi-Xolocotzi, 1703.10160; 1709.04735]

searches;

= )

for NP

[P|(s)
IS1(¢s)

Py =

12 '
Spe= (1 - a5 Mo, a
M3 2me \mp +ms Clséw

14 74
Cio — Cio
SM
C1()

M ;‘;,x
2my

mp,

my, ) [CE-cF
(mb + ms> [

mp
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V| and | V| problem:

> Importance of |be|: play a key role in determining the apex of UT;

15

T o
[ oicados o has L5095 %

%

%

- |Vup| or |Vup/Vey| constraints
drectly the UT;

- b — sinduced FCNC processes
Vi Vi l? = Voo [1 + O (N3]

1=

2 .
- e alVal? 4o
&
> More precise determination of [ et ey

. . A A T A
|Vep| is of utmost importance! 70 05 00 05 10 15 20

P
» Incl. vs excl. methods: [Nandi, Gambino, Tackmann, talks at CKM 2016]

- Inclusive |V,|: OPE/HQE, dominated by theory uncertainties, especially by

correlations of theoretical parameters;
- Inclusive |V,5|: OPE/HQE, limited knowledge of leading and subleading SFs;

- Exclusive |V,;|: how precise can the form factors be calculated by LQCD or LCSR;
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|Vip| and V| problem:

» Status of global fit for |V,p|: [Gambino, Silva, Bona, talks at CKM2018]

0.0060 - T T p-valugm
F (LA
0.0055 [ 09
Fooo Rl 0.8
0.0050 {Fol,, 90she0)
r 0.7
0.0045 [— 06
;%1.0040 0.5
0.0035 ; L. 04
£ 0.3
0.0030 —
E NallVel, 02
0.0025 [— 01
- excluded area has CL > 0.95
0.0020 L L Il L | I || L 0.0
0.032 0.034 0.036 0.038 0.040 0.042 0.044 0.046 0.048
cb’
» Results for CKM2018: [Silva, Bona, talks at CKM2018]
[Veplinel, = (42.2+£ 0.4 £0.6) - 1073, [Vibliner, = (4.44 £0.17 £0.31) - 1073
[Viplexel, = (41.24£ 0.6 £ 0.9+ 0.2) - 1073, [Viblexcer. = (3.72 £0.09 £ 0.22) - 1073

‘—>‘ | Vb tension significantly reduced, especially for |V ]! ‘

N \ global fit favours [Vyp|exct. & |Veo|ine.! \
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R(D) and R(D*) anomalies:

» B — D(*)Tﬂ decays: tree-level processes;massive 7 makes them sensitive

to tree-level NP like RH currents, charged Higgs, leptoquarks, - - -;

*)
» Current status: R(D®)) = ];((B%D(()ZT)) [BaBar, 1205.5442, 1303.0571;
{4

Belle, 1507.03233, 1607.07923, 1612.00529; LHCb, 1506.08614, 1708.08856]

N 05F ~ T BIaBaI, PRho'e,mlmoz'(zm'Z) L 5 T =
@, o Belle, PRD92,072014(2015) Ax° = 1.0 contours B
@ o4sk- ;z&ﬁ;ﬁﬁ%ﬁgﬁ%’f’ == Averageof SV predictions J > R(D)sm = 0.299 £ 0.003 2.30
: r Belle, PRL118,211801(2017) R(D) =0.299 + 0.003 1
F LHCb, PRL120,171802(2018) R(D*) = 0.258 + 0.005 .
04F EI Avee = [0.407 £ 0.039 =+ 0.024]
P w4 > R(D*)sgy =0.258+0.005 3.00
03f } b — (0.306 4 0.013 + 0.007]
0.25F ————
E % — ’ combined ~ 3.78c deviation! ‘
0‘2'_| 1 M| L .p(x.):?Ml_'
0.2 03 0.4 05 0.6

P Theo.: more precise lattice calculations for B — D*) FFs at non-zero recoil!
» Exp. AE<*), RE*, Ay = AeTD, Bs — Dg*)Tﬁ, Be — J/Y(ne)T0, B — X 70;
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R(D) and R(D*) anomalies:

Importance of other observables:  [Celis, Jung, Li, Pich, 1612.07757]

cbe che che cht

st = (g" + g§*)mp —mp)? Al = (" — g m3
o= mg iy — i) DT me (i + )
Iy T
=} [ Belle Projection
[N L Belle Combination
'SM predjction: PRD8S 094025 (2012), PRD87 034028 (2013)
) 0.5 —— scar -
“3 vesr 0o
< ggggg RD87 034028 (2013) ]
Q L
4 o =
/ ]
Y — %_l;
_2 1 0 02 025 03 0.35 0.4
Re(6,,) R(D*)

» B.-lifetime constraint: [Li/Yang/Zhang, 1605.09308; Hu/Li/Yang, 1810.04939]

1
LsMEFT = 5(4) Tz ZC (MQi,

R(D

QY = (' D@ 719), Qfayy = Fe)ejn(@u) F ou

Qiedq = (Fe)(dg?), Q) = (Fouwe)esu(@d o™ u)

-0.05

|V — A and/or tensor Lorentz structure needed! o o1 e o1 o 03
AR(D) 20/35




R(D) and R(D*) anomalies:
» The observed tension is model independent: exclusive already
over-saturates inclusive; [M. Freytsis, Z. Ligeti, J. Ruderman, 1506.08896]
> The data on R(D) and R(D*) imply:
Br(B — D*r) + Br(B — Dtv) = (2.78 £ 0.25)%
> Including the four lightest orbitally excited D meson states:
Br(B — D™ 70) + Br(B — D** i) ~ 3%

> From inclusive=) exclusive:  Br(b — X.77) = (2.35 £ 0.23)% (LEP)

» R(X.) constraint: [Kamali/Rashed/Datta,1801.08259; Lai/Li/Li/Yang, w.i.p.]

0.
0.30
0.30
_ 0.25] _ 025
% X
'3 o
0.20
0.20
0.15
0.1
-20 -15 -1.0 -05 0.0 0.2 =01 0.0 0.1 0.2 03 0.4 0.5
9L gar
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R(D) and R(D*) anomalies:

» Another hint of LFUV: around 1.7 above SM;

[LHCb, 1711

Cohen/Lamm/Lebed, 1807.02730; Wang/Zhu, 1808.10830]

R(J/Y) =

Br(B: — J/¢Tvr)
Br(Be — J/wlvg)

=0.71£0.17+0.18 s

.05623;

0.20 ~ 0.39 (theo.)

» Future prospects with Belle-1l and LHCb very promising![Albrecht
et al., 1709.10308; I. Bediaga et al., 1808.08865]

0.1

Absolute TR(X)

0.01

0.001

~ 034

LHCh é ML ( / \\\:
o 0.32 22 Saby —

. AN ) B
NPk
v F ]

L 50

X 0.28F A
‘ r 90—
. 026 [dtHeh  []Bdlell J
i : [ sm [ ]Future WA [*]SM prediction ]
0.4t ‘ ! _—

2350 300 i 0.3 0.35 0.4 0.45
Integrated Luminosity [fb~!] R(D)

» Maybe the first tantalizing hint for BSM? Let’s stay tuned!
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Exclusive b — s¢*¢~ decays:

» Heg forb — SO0 [Bobeth, Gambino, Gorbahn, Haisch, hep—ph/0312090]
B 4G R

M = =LV VL S (G0 +ClOY) . O = 1, (50 Pryh) o
[
I "
" (1) _ 7
Oy’ = (57" Pr(r)b) (bvut)
s Z\fr< I rr’;f%w'/ 1672
b mj s b g teu - s

2
e _ _
. ¥ _ o1 = 1672 (57" PLryb) (Evu750)

q q 7

]

» Amplitudes for exclusive decays: [Descotes—Genon, talk at FPCP 2016;
Bobeth, Chrzaszcz, Dyk, and Virto, arXiv:1707.07305]

N Y 2m M YA M
AL B = MO RO A+ TR (O F (@) 165 B A (0)] |
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Exclusive b — s¢*¢~ decays:

» Hadronic matrix elements of O;: [Beneke/Feldmann/Seidel, 0106067,
0412400; Grinstein/Pirjol, hep-ph/0404250; Beylich/Buchalla/Feldmann, 1101.5118]

1 Spectrum
5 enhancement R dominated b
H — narrow charmonium
1 ’ Large recoil (low-g?) ‘ L esonances

wlo5) (vetoed in data)

el

e
=

- very low-¢? (< 1 GeV?)
dominated by O7;
- low-¢2 ([1,6] GeV?)
dominated by Og 10; ol
calculations
- QCDF or SCET, LCSR;

- g

cf) wmaCif

oG
e
interference Long distance
contributions from CC
above open charm

i Form-factors from

Lattice QCD
parameterisatior

4m(u)? 5 @ =m(lly

t ’Small recoil (high-g2) ‘ - dominated by Qg 10; - local OPE + HQET;

> Key issues: how large of power corrs from b — scz — st 0~ for g% < 6 GeV?2
and from fact. FF terms? [Descotes—Genon et al., 1510.04239]

(@) = % [ dixe e (K| T{ im0, ¥ coi0)}[Bp)
B i

2 4
~[Loin1/my] +h@ + L T _p@) p012) ¢
[ fme] + I3+ o™+ Tgevi ™ oS
QCDF
2
F(q2) = Fsoﬂ(éiju(qz)) + AFD‘S(QZ) + ar + ng—g + ...
24/35



Exclusive b — s¢*¢~ decays:

» Parametrisation of H(g?): [Khodjamirian et al., 1006.4945; Bobeth et
al., 1707.07305]

2mbMB

AL =Ny, {(Cg T Cr0)Fald”) + [C 7 (a*) — 167 miH M )]}

1—2zz2%, 1—2zz2*
J 25) ;
Ha(z) = [ D), Hale) = [Z oV A )
BT RIjy BT Zy(2S) k=0
2(¢°) = ek M ST
\/t+—q +Vitr —to
» Based on analyticity + data and valid for —7 < ¢2 < m?/)(25): [Bobeth et al.,

1707.07305; Chrzaszcz et al., 1805.06378; Mauri et al., 1805.06401]

k 0 1 2 g e

D & 2 — ooumaesony 99% CL
Relof”]  —0.06+0.21  —6.77+0.27  1896+0.59 ©,f — vammm E
Rele{"]  —035+062 -3.13+041 12204134 & . 1
Re[a”)] 005+152  17.26+1.64 - \ i

0f

Imfa(Y]  —0.214225 1174358  —0.08+£2.24  _f E
mla{’]  —0.04+3.67 —2.14+246 6.03+250 -+ E
me®”]  —0.05+499  4.20+3.14 CETTETTS




Exclusive b — s¢*¢~ decays:

» Observed anomalies:

[Dettori, Langenbruch, talks at Moriond 2018]

¢ [GeV? /]
» Comments: 1, P5' stat. fluctuation unlikely; 2, precise evaluation of QED effect in

- LHCb -m-BaBar —&Belle
T AR N PR R ‘ ‘ ‘ i
. a o a ]
= Belledata © CMSdata ] LHCb
0.5 [T sM fromDHMV ] 1.5 ]
Asm fromASzB ]
I { ] 1 I
[ ] M
| T . ; ! s
[ - ] *
o5 5 & 05 E
: % > = PRL 113, 151601 (2014)
-1 il | 0 L L L !
0 5 10 15 ) 0 5 10 15 20
o [Gev?/c] ¢ [GeV¥c]
[ T
Lof . .
[ Taes 1 T 9E T T [ =
A 1 * LHCb
0.8 bl > SE E
F ‘ T B g E SMpred.
»L\_}_‘ 1 'q 2 3 +Dua
0.6¢ ® LHoh 2 ;’ .
[ BIP ] & 3 + + E
041 voonw 1 3 ¢F +
L B EOS ] I 3 _+_—+—' =
0.2 € flav.io| § 2 =
[ LHCb e JC E O E
) S N R B AP S ?:s:l R X |
0 2 3 4 5 6 g0 B 10

15
4 [GeV¥cH)

R(K*) very necessary; 3, cross-checks about hadronic nuisance parameters needed;
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Exclusive b — s¢T(~ decays:

» Global fits to b — s¢T¢~ data:

AS+ QCDF+

CJ+ QCDF++

DGMV+  QCDF+

HM+ QCDF++

Rome QCDF++

b — spu [ LFU
b — sup + LFU
b — sup + LFU
b — sup + LFU

b — sup + LFU

[Danny van Dyk, talk at CKM2018]

Altmannshofer, Straub et al.

[1703.09189] [1704.05435]
Camalich, Jager et al.

[1412.3183] [1704.05446]
Descotes-Genon, Matias, Virto et al.

[1510.04329] [1704.05340]
Hurth, Mahmoudi et al.

[1603.00865] [1806.02791]
Ciuchini, Coutinho, Fedele, Franco,
Paul, Silvestrini, Valli [1704.05447)

BCvDV  z-param

B — K*pup (LHCb)

Bobeth, Chrzaszcz, DvD, Virto

» Conclusion: while different in the treatment of local and non-local hadronic contri-

butions, all groups agree on a negative shift to Cg by —1.1... —1.76 ~ —25...40%

of the SM value, although other contributions are also possible.
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Exclusive b — s¢*¢~ decays:

» New global fits: [Capdevila et al., 1704.05340; D. Straub, talk at CKM2018|

R
Ry and Ry
|- b — sy global fit

ReCYy

- Ry and Rj
,,,,, b — sy global fit

— all
107 flavio wios —=- all, fivefold non-FF hadr. uncert.
-2.0 7i.5 7110 7(‘).5 []:0 015 1:0 1.5 -3 7‘2 7‘1 0 i é 3
ReCl ReCy
» New directions for model builders: [G. 1sodro, talk at CKM2018]
b—o Ty [

EWPO & light gen.
bounds satisfied
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Non-leptonic B decays:

» To leading power in the heavy-quark expansion, {M; M2|O;|B) obeys the follow-
ing factorization formula: [Beneke, Buchalla, Neubert, Sachrajda, '99- '04]

(M M| O3] B) ~ m% FM1(0) fary / du T} (u) par, (u) + (My +> My)
+ fB fymy v, /devdu T (w,v,u) d5(w) dar, (v) b, (u)

+ O(1/my)

N

Q'm(u)

(220 ZQ(u) {T‘J(w x B O (;

;% b
Q)

o [EZ TR
= T x 8 (@>

O(WMy)

—
-
B

A

+O(Um,)

» Systematic framework to all orders in a, but limited accuracy by 1/my corrs.
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Non-leptonic B decays:
» Status of the hard kernels T//1:  [Bell/Beneke/Huber/Li, from '09]
Two hard-scattering kernels for each operator insertion: T' (vertex), T (spectator)
(MiM2|Oi|B) ~ F"" T) @ o, + T/ @ ¢ © om, @ om,

and two classes of topological amplitudes: “Tree”, "Penguin”.

‘ ‘ T! tree ‘ T penguin ‘ T tree ‘ T penguin

LO: O(1) N

N4
NLO: O(as) R {)““L el ?\/

BENS '09-'04

NNLO: O(a2)

» Missing NNLO pieces: 2-loop tree with insertion of penguin operators Q3—_g;

2-loop penguin with insertion of penguin operators Q3_g; work in progress!
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Non-leptonic B decays:

» How to deal with power corrections of order O(1/my);

Main limitation of QCDF approach, e.g. weak annihilation

><< ~ /dwdudv T(w. u,v) dg(w) b, (V) o, (u) ?

» convolutions diverge at endpoints = non-factorisation in SCET-2

» currently modelled with arbitrary soft rescattering phase

o . HFAG averages including LHCD Collaboration, (R. Aaij etal), LHCB-PAPER-2016-036
Pure annihilation decays

0.084+/-0.024

108Br(By — KTK~) = 0.13 £ 0.05 (AD = 1, exchange topology)
0.671+/-0.083
108 Br(Bs — ntn~) = 0.76 £ 0.13 (AS = 1, penguin annihilation)
= extract weak annihilation amplitudes from data [Wang, Zhu 13; Bobeth, Gorbahn, Vickers 14;

Chang, Sun, Yang, Li 14]
» New insights from collider-physics applications like collinear anomaly/rapidity di-
vergence? [Becher/Neubert '10; Becher/Bell '11; Chiu/Jain/Neill/Rothstein ’12]

— our next task: how to evaluate the power corrections?
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Non-leptonic B decays:
» Tree-dominated decays: Brs [x1079]

[Beneke, Huber, Li '09]

Theory I Theory II Experiment
— —_0 —+0.06 41.45 —+0.07 4+1.42 —+0.41
B — am 5.43 o i (%) 5.82 Tom (%) 5.50T0-40
70 +. - -8 .22 B .16
B) - ntx 737 T0R LA (x) 570 TOTOTL (%) 5.16 +0.22
B — n0x° 0.33 T0- 1L To-42 0.63 0121064 1.55 £0.19
BELLE CKM 14: 0.90 £ 0.16
- — 0 0.42 42.71 4 +0.41 42.54 1.2
B™ —=7m7p 8'68t0.41t1,50 (x%) 9'84t0.40t2.52 (x%) 8'3:,3
- 0 — —+0.90 42.18 —+0.85+42.23 +1.4
B~ — % 12.38 By (%) 12.13 Lnhy (%) 10.9714
B > ntp— 17.80 TO R HLT0 (5) 1376 TOU LT (%) 157 £ 1.8
B" - 7 pt 10.28 700137 () 814 TORTIS (hx) 73+1.2
B 0.27 +3.82 0.20 4+3.06
B — n¥p¥F 8.8 TR () 21,90 T30 F3% (1) 23.0£2.3
R0 0.0 +0.04 +1.11 10 +0.07 +1.77
B — 70p 0.52H0-0 1L 1.49 F007HLTT 20405
— — 0.234-3.92 0.2444.59 1.8
B~ — p; pf 18.4210 339 (4x) 19.06 702340 (5%) 22878
B — 0.85 0.68 3.1
BY — o pf 25.98T0-83F29% (5x) 20,6670 %5+ 23713

20 00
By — preL

+0.0340.83
039503 L0326

+0.05 +
105 g 03 Do

+0.22
0.5579-3%

Theory I: %7 (0) = 0.25 £ 0.05, 45" (0) = 0.30 £ 0.05, \5(1 GeV) = 0.35 £ 0.15 GeV
Theory I1: 47 (0) = 0.23 & 0.03, 457 (0) = 0.28 & 0.03, A (1 GeV) = 0.2010( Gev

» Theory Il: small Ag and form-factor hypothesis are more favoured;

» Colour-allowed modes well described, but colour-suppressed modes less; 52/



Non-leptonic B decays:
» Penguin-dominated decays: Acp [x1072] [Bell, Beneke, Huber, Li '15]

vvyyVvYyy

“NLO" and “NNLO":

f NLO NNLO NNLO + LD Exp

K onuEnL  onNEHE  onfBRE  t7kls
AET owNENE  oWHENE  LrHEME sl
ere mUEEE SRS anmEn et
SR aHSHE anHESd LadTES e
swk) 2HENR 20MBE 083N o2
AD) LBRANS omEHY owfBHR  uan

§(nK) = Acp(7°K ™) — Acp(n K 7)
A(nR) = Acp(n+K™) + FF% Aco(n %) — % Aco(n°K ) — % Acp(n°R°)

including only pert. calculable SD contribution;

“NNLO+LD": power-suppressed spectator and annihilation terms included back;

For 7K, NNLO change minor, since the total penguin af = aj + rJag + B5;

NNLO correction does not help resolving the observed 7w K CP asymmetry puzzle;



Non-leptonic B decays:
» Brs and ratios: 1073 (b — cad), 10~* (b — cus) [Huber, Krénkl, Li '16]

Decay mode LO NLO NNLO Exp.

By — Dtr~ 358 3.70F04 3037043 2684013
By — D*tn~ 315 332702 345103 276+0.13
By —Dp- 9.51 1006717 1042113 75+1.2
By— D*p~ 845  8O170TH 9244072 6.0+0.8
By — DTK~ 274 20003 301708 1.97+021
By — DK~ 237 2507030 2597080 214 +0.16
By— DTK* 479 507708 525000 4s5+07
By— D*™K*= 430 4547050 470705 —

Ay — Afm 2.60 2751038 2.85 1054 4.30 1038
Ay — Afp™ 7.46 788110 81T —

Ay — Afay 957 101155 10474 —

Ay — AFK 2.02 21471040 2211040 3424033
Ay — AFK* 3.86 4071018 4.227073 —

» For By decays, NNLO Brs higher than the data; for A} decays, NNLO Brs smaller

than the data; < non-negligible power corrections with natural size ~ 10 —15%7 /e
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Conclusion and outlook

» High-luminosity frontier is very complementary to high-energy fron-
tier, especially for NP searches;

» Great progress achieved in both theo. and exp. sides for B physics,
and also a very promising future (LHCb and Belle Il, - - -);

» CKM mechanism of flavor and CP violation well established. How-
ever, 20% NP effects in most FCNC processes often possible;

P Several deviations observed at 2 ~ 40 in b — c¢tv and b — suu
decays, implications of LFUV? Lets stay tuned!

» QCDF at leading power and at NNLO in QCD established and almost
complete. Any further breakthroughs welcome;

Thank You for Your Attention!

35/35



	Outline
	Introduction
	Theoretical tools for B physics
	B- mixings: Ms,d, s,d, afss,d
	Bs,d+-: powerful model killing
	Semi-leptonic decays: |Vub|, |Vcb| and R(D())
	Exclusive bs + - decays: several anomalies
	Non-leptonic decays: higher-order pert. corrs
	Conclusion

