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Recommended Reviews

Particle Data Group C. Patrignani et al., Chin. Phys. C, 40, 100001 (2016)
e The CKM quark-mixing matrix; A. Ceccuci, Z. Ligeti, Y. Sakai

e CP violation in the quark sector; T. Gershon, Y. Nir

Review of Lattice results concerning low energy particle physics

S. Aoki et al. (FLAG Collaboration); http:/ /itpwiki.unibe.ch/flag

Heavy Flavor Averaging Group (HFAG)
Y. Ambhis et al., arxiv:1412.7515; www.slac.stanford.edu/xorg/hfag/

Three Lectures of Flavor and CP violation within and beyond the
standard model; Stefania Gori, AEPSHEP 2015; arxiv:1610.02629

Rare B-meson decays at the crossroads;
A. Ali, Int. J. Mod. Phys. A, Vol. 31, No. 23 (2016) 1630036
[arxiv:1607.04918 (hep-ph)]

Weak decays beyond leading logarithms, G. Buchalla, A.]. Buras and M.
Lautenbacher, Rev. Mod. Phys. 68 (1996) 1125 [hep-ph/9512380]

References to the original papers cited later in these lectures
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Standard Model Lagrangian

Lsm = Locp + Lasw
QCD [SU(3)]: Strong Interacting Theory of Colored Quarks and Gluons

1 _(a . _
Coeo =~ 15" a7 000}

with P,Sa) = A(a) —dy A(a) —gsfuhCA(b)A(C), ab,c=1,..,8
and (D,,)Mg = 6apOu +1igs ), ;A(u)A(a), «,p=1,23

® f.pc are SU(3) structure constants, Ai’;) are Gell-Mann SU(3) matrices

Electroweak [SU(2); X U(1)y]

Lgsw = L:gauge (Wi: B, lP]) + L:Higgs (¢kr Wi, B, lP])

1 . .
ACgauge (Wi: B, lIJ]) = — ZF;WF”V 1B;WBIW + Z tpLiDy')’” YL+ Z IIJRID;A')’” Y1
YL YR

o (W;),; i =1,2,3 and By, electroweak gauge fields;
® Yy an SU(2)1 doublet, 1[JR alU(1)y singlet



Standard Model Lagrangian-Contd.
LHiggs (¢r, Wi, B, Yj ) = LHiggs (gauge) + LHiggs (fermions)
Liggs (gauge) = (D, ®)*(D'®) — V(@)

Du® = (13 +i% By) +ig2g - W) ®; V(@) = —p? @@ 4+ A (' ®)?
EHiggs(fermions) = YmiszL,i(i)uR,j + YgQL,iq)dR,j + h.c. +...

® 3 Quark families: Qr, = (ur, dp); (cL, sp); (tr; br); iR, dg; ...
Flavour mixing resides in the Higgs-Yukawa sector of the theory
Flavour symmetry broken by Yukawa interactions
QY dip — QiMd;
QiVilujpt — QiMilu;
B  Quark mass matrices diagonalized by a biunitary transformation
M, = diag(mg, ms, my); MJr = diag(my, mc, m) X Vekm

B Vexm = U LIdL a(3x3) unltary matrix = quark flavour mixing
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The Cabibbo-Kobayashi-Maskawa Matrix

B Charged currents involving quarks: J# W,j' = — %l:li'y” W,j' VCKMDE
Via Vus Vup
VM = [ Ve Vs Vb
Via Vis Va

B Requires four parameters, one of which is a phase inducing CP
violation; customary to use the handy Wolfenstein parametrization

— 3/ A AN (p — in)
Vakm =~ | —A(14iA%A%y) 1— 122 AA?
AN (1—p —in) —AA*(1+iA%y) 1

® Four parameters: A, A, p, 1; p = p(1—A%/2), ij=n(1— A*/2)
B The CKM-Unitarity triangle [¢p1 = ; ¢2 = &; ¢p3 = 7]

P




Phases and sides of the UT

ViV, ViV, VeV,
— _ VpVtd — _ VepVed — Vb Vud
c=o(cvin) o p=em(ovin) =)

B Band ¢ have simple interpretation

Via = Viale™,  Vip = [Vigle™™
B « defined by the relation: « =7 — g — 7

B The Unitarity Triangle (UT) is defined by:
Rye’’ + Ree P =

R, = M 24 _( A) ‘
||VCbVCd| 2 )2
VEV,, 1
R = Lt— 1— 2 — J
t [V Vo] ( P+ =7 ’V
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Present Status of the CKM Matrix Elements
|Vud|
B From O" — O™ Nuclear Superallowed Fermi Transitions (charged
vector current):
|V,a| = 0.97425 4 0.00022 (Towner & Hardy 2009)
B From Neutron f-decays n — pe™ 7., (axial- and vector-currents)

e Great progress in precise measurements of 7, and neutron
polarization (e.g., at Grenoble), but ga/gy an issue at present

|Vua| = 0.9773 £ 0.0016; ga/gv = —1.2701 + 0.0025

B From Pion B-decay: 7™ — %™, (involves only vector current)
@ Result from PIBETA Collaboration (Phys. Rev. Lett. 93, 181803 (2004))

BR(m" — %% v,) = (1.036 £ 0.004(stat) £ 0.004(syst)) x 10~8
= |Vyua| = 0.9728 £ 0.0030 (Blucher & Marciano; PDG2014)
B Present World Average [PDG 2012]: |V,,4| = 0.97425 =+ 0.00022



K3 Decays and | V|

B Ky3 Decays: K — mlv,

M= LV O (O i+ )y +F4(0) (o = pry | 1
L' =a(py)y" (1= 15)o(pe); t = (px — pr)? Cx =1[J5] (for K°
[KT])

B Partial Width: T = C2 % [f_Iﬁ(O)|2 Ik (f4.f-)

B Accurate determination of | V| requires:
e Evaluation of fX (0) — 1 (enters QCD)
e Momentum dependence of f4 (t) — Ix(f+,f-)
e Photonic radiative corrections [Ginsberg; Bytev et al.; Cirigliano et al.]

B Integrating out W and Z fields = Effective Low Eneregy Theory (LET)

Eeff—i(l-l-fl 7) XH L*

V2
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Theoretical Estimates of fX (0) in xPT and Lattice QCD

Matrix elements calculated in LET using Chiral perturbation theory;
Calculational tool: Chiral symmetry and expansion in p/Ay, x = 47fx

Low Energy Constants (LEC’s) encode physics order by order in xPT;
have to be determined from experiments

Theoretical Developments

No linear corrections in (ms — m,,) [Ademollo-Gatto-Sirlin Theorem '64]

In O(p*): finite non-polynomial corrections induced by meson loops;
numerically small: 5@ = —229% [Gasser-Leutwyler "85]

In O(p®): Appearance of (ms — my)?/ A;l( terms; model-dependent
6(®) = (—1.6 & 0.8)% [ Leutwyler-Roos, '84]

Estimates (including O (e?p?) terms) [Cirigliano et al. ‘01]
§=—(40+08)% = fX(0) =0.961+0.008

Lattice QCD [ FLAG 2016]: fX (0) = 0.9784(29)

Present World Average (including measurement of Vy,s/V,,3):
|Vus| = A = 0.2253 + 0.0008
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Current Estimates of |V4| and | V|

B |V,| can be determined from the old dimuon data in vN scattering:
vy+d—pc c— sy+v,, = vy — wtu—X
tut+d—opts e v = v o ptp X

B Using the relation

o(vu = p=X) — o (7 = ptp~X)
o(vy = p=X) —o(vy — ptX)

B With L.H.S.= (0.463 £ 0.034) X 10~2 and
B(c — pTX) = 0.087 4 0.005 [PDG 2012] = |V4| = 0.230 4 0.011

= B(e = pX)|Veal?

B From D — mrlvy & Lattice QCD: | V4| = 0.220 = 0.006 4 0.010
B Averaging the two: |V.4| = 0.225 % 0.008
B |V
e From D — ptv,, D — ttv, = |Vi| = 1.008 +0.021;

e From D — Kfv, = |Vgs| = 0.953 - 0.008 + 0.024;
Averaging = |Vs| = 0.986 £ 0.016



|Vep| from Inclusive decays B — X 4vy

Theoretical Method
Heavy Quark Mass Expansion and Operator Product Expansion (OPE)

[Chay, Georgi, Grinstein; Voloshin, Shifman; Bigi et al.; Manohar, Wise; Blok et al.]
Perform an OPE: my, is the largest scale

Decay rate for B — X £,

1
=T+ —TI1+ F2+ F3+
my m b
I'; are power series in as(my) — Perturbaton theory

I’y is the decay of a free quark (“Parton Model”)

I'1 vanishes due to the absence of dimension-5 operators

I'; is expressed in terms of two non-perturbative parameters

2MpA1 = (B(v)|Q0(iD)*Qy|B(v))

6MpAs> = (B(v)| Qoo [iD¥,iD]Qy|B(v))

A1: Kinetic energy, A»: Chromomag. moment (also called % and p%)

I's is currently under investigation; involves several new parameters



Moment analysis of B — X.£v, with lepton energy cut

Lepton-energy and hadron mass moments [Gambino, Uraltsev; Benson et al.]

fE é dE dEé <M2 >> )
(B (Beu) = 22— (M) = 1+ cl,
g, (00 [
e Combined with the decay B — X
dr
(m3)" T2 dm% / EY C?Er dE,
2n . Ecut mX E}’l _ Ecut Y
<mX >Ecut - 4 < 7>E -
dr dm cut dr dE
Ecut de X Ecut dE’Y !

e Kinematic-mass scheme, y ~ 1 GeV

o Theory depends on mc (), my (1), px(u), 1w, pis(i), (1)
O(AZQCD/mi) O(AéCD/mg)
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u2 vs. my, (HFAG 2012)

<
>
O}
S o5
[SUN
=
0.45
04

SN

X,y constraint 1
m, constraint

035

4.55 4.6



|Vep| vs. my: |Vep| = (42.240.7) X 1073 (PDG 2014)

_8 [ \ ]
> L i
= ogomb HFAGH
* el
0.042- =

: 0.220‘0000 :

0.041- =

i X,y constraint |
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|Vep| from B — (D, D*) Ly, decays
B — D*£v, decays
dr G% 1/2
= —F (w? = 1) m}. (mp —mp+)? G(w) |V |* | F(w)|?

dw ~— 4m8
e F(w) = Isgur-Wise function: G(w) phase space factor:

g1 =x(1) =1,
e Leading Agcp/my, corrections absent (Luke’s theorem)

e Need second order correction to F (w = 1), and slope p?

F(w) =F(1) [1—8p*z+ +(53p> — 15)2> — (231p* — 91)7°]
where z = (v/w +1— \/E)/;_\/w +1++2), F(1) = ga[1+ Sy + -]
e strong correlation between F (1) and p?,

F(1)|Ve| = (36.0£0.5) x 1073
Current values of F (1)
F(1) = 0.90240.017 [Lattice QCD (Bernard et al., 2009)]

® |V |B—p*ev, = (39.5+0.08) x 103 (PDG 2014)




F(1)|Vy| vs. p (HFAG 2012)
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|Vub|

From End-point spectra in B — X, £vy and B — X5y

Background from B — X £v, removed by a large Ep-cut

Decay rate in the cut-region depends on the shape function f(w)
2Mpgf(w) = (B|Qud(w +n- (iD))Qy|B); (n.v =1,n* = 0)

Use of OPE to calculate inclusive spectra:

Example: Photon Spectrum in B — X, [Neubert; Bigi et al.]
. . 2E
Leading Shape Function (x = Z1):
dr  Giam
— = L 0V Ve |2 |Cr )2 F(1 —
= ViV P G2 (1~ )
® Ey - and My, -spectra in B — X, fv, governed also by f(x)

® f(x) can be measured in B — X5y



Theoretical Frameworks used to determine |V,;,| by HFAG
— Starting point: Triple differential rate in
P, = Mg —2Ey; P_ = Ex + |Px|; P4 = Ex — |Px]|
d°’r GV
dP dP_dp, 16n?
+ (Mp—P_)(P— —Py)Fo+ (P- —Pg) (P — P+)-7"3}
o F1, F2, F3 “structure functions”, calculated using Soft-Collinear-Effective
Theory (SCET) — a technology developed to handle multi-scale problems

B The BLNP Method [Bosch, Lange, Neubert, Paz (2004 - 2006); updated to
include O(a2) contributions (Greub, Neubert, Pecjak (2010)]
e Explained on the example of the E,-spectrum in B — X
dls  Gia

e = o Vi Vese [ (ui) | CF) (o) [PU G 1) Fy ()
v

[(P_ —Py) (Mg —P_ + P, — P+).’F'1)

° C;j;f (#5,): Wilson coefficient of the operator O7 inducing b — sy
transition in the SM, calculated at the scale py, = my,;
® U(pp, pi): Renormalization group running between the scale p, and

ui = /mpAgcp; F,(P4): Structure function for B — X,y



Theoretical Frameworks used to determine |V,,;,| by HFAG (Contd.)

m  Factorization Theorem for the SF F,(P.) (in leading power in 1/m,,)

(0) i a7
FOP4) = 1He(u) [ atom, ] (o (P = @), ) S((w), )

e H: Perturbatively calculable hard coefficients;
e J: Perturbatively calculable jet functions;
e S: (soft) Light-cone dist. functions — the shape-functions

® This framework is developed by incorporating O(a2) contributions in
the various hard functions and in the RG running, and by including
subleading power (in 1/my) contributions

B Other variations on the BNLP Method:
e The GGOU Method [Gambino, Giordano, Ossola, Uraltsev; (2007)]:
Uses the kinematic scheme for the definition of the quark masses and
the shape functions are defined differently
® Dressed Gluon Exponentiation (DGE) Method [Anderson, Gardi
(2000)]:
An attempt to calculate the SFs by extending the perturbative result into
the infrared regime using renormalons



|Vip| from inclusive B — X,,£vy decays (HFAG: ICHEP 2012 Update)

CLEO (E) :
4.19+ 0.49 + 0.26 - 0.34 T
BELLE sim. ann. (m_, ¢?) :
446+ 0.47 + 025 025 g
BELLE (E) :
4.88 + 0.45 + 0.24 - 0.27 St
BABAR (E) :
4.48 + 0.25 + 0.27 - 0.28 b
BABAR (E, §7) :
4,66+ 0.31+0.31-0.36 R e
BELLE multivariate (p*) :
4.47 £ 0.27 +0.19 - 0.21 ]
BABAR (m, <1.55) :
4.17+0.19+0.24 '

ABAR (M, <1.7) 0
3.97 +0.22+0.20 —
BABAR (m, <17, g>>8) :
4.25+0.23+0.23- 0.25 T Ea
BABAR (P"<0.66) :
4.02 + 0.25 + 0.24 - 0.23 ——e—g
BABAR (m o? fit, p*>1GeV) H
4284024+ 0.18-0.20 "
BABAR (p*>1.3GeV) :
4.29 + 0.27 + 0.19 - 0.20 |
Average +/-exp + theory - theory :
440+ 0.15+0.19- 0.21 1

°/dof = T 11011
ByShe 52! of‘é’cggetzoospaz BLNE) : HEAG
) i ) ) o
2 4

6
V.| [x 107



|Vip| from inclusive B — X, £v, using the SF Method (HFAG: ICHEP 2012)

HFAG Ave. (BLNP)
440x0.15+0.19-021
HFAG Ave. (DGE)
445x0.15+0.15-0.16
HFAG Ave. (GGOU)
439x0.15+0.12-020
HFAG Ave. (ADFR)
4.03+0.13 +0.18 - 0.12
HFAG Ave. (BLL)
462+020+029
BABAR (LLR)
4430452029

BABAR endpoint (LLR)
4.28:029=048
BABAR endpoint (LNP)
4.40:030==047

HFAG
1 PR | 1 1 | 1 ] 1 1 1 l

5
IV 1 [x107]




|Vip| from exclusive decays B — mwlvy

_ my — m> m3 — m?
(e (pre) b7l B(ps)) = ((ps +pr)u = qu"w> Erlq®) + = Fol)s
Techniques used to determine F (g2), Fo(4?)

e Light-cone QCD sum rules  [Colangelo, Khodjamirian; Ball, Zwicky]
e Lattice-QCD (Quenched) [APE, UKQCD, ENAL, JLOCD]
e Lattice-QCD (Unquenched) [HPQCD, FNAL/MILC]

x10°

o [ LN B B L

‘7'> 12— ‘ A Belle _

) r v BaBar (12 _blns)

0] - e BaBar (6 bins)

< 10[ BCL fit (3+1 par.) ]

Yo 4 FNALMILC

S EN S ]

m L ! ]

S| G%HPHH —— .
| 1 |
4 I -
g "N
2r —
O:HH\HH\HH\H“\H‘i‘\i
0 5 10 15 20 25

9? (GeV?)



|Vip| from exclusive decays B — mwlvy

Khodjamirian et al. ¢? < 12
3.40+0.07 +0.37-0.32

Ball-Zwicky ¢ < 16
3.57+ 0.06 + 0.59 - 0.39

HPQCD ¢f < 16
3.45+ 0.09 + 0.60 - 0.39

FNAL/MILC ¢ < 16
3.30+0.09 +0.37 - 0.30

HFAG




Summary of the First 2 Rows of Vxm

|V,a| = 0.97425(22)
|Vius| = 0.2253(8)
— +0.15 -3 e
u = o . _ 'y -
|Vip| = (441 £0.157 ;7)) X 10~° [Inclusive; SF-based]
|Vip| = (3.28 £0.29) X 10~3 [Exclusive; Lattice-QCD (updated)]

Unitarity of the Ist Row of Vexwm

|Viud|® + | Vus|® + (| Vip| = 0.0036)? = 0.9999 = 0.0006
|Veq| = 0.225(8)
|Ves| = 0.986(16)
|[Vep| = (411 £1.3) x 1073

Unitarity of the 2nd Row of Vexm

[Veal? + |Ves|? + |Vip|? = 1.024 + 0.032

B Room to improve the precision on | V4| and | V|
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Status of the Third Row of Vegm
| Vi |

B From direct production and decays of the top quark measured at the
Tevatron (pp; /s = 1.96 TeV) and LHC (pp; +/s =7 & 8TeV)

R = B(t—W+b) |Vip |2
CBE—=WHY,a) [Vl + Vs + [V |?

B Assuming CKM unitarity & Data => ( 95% C.L.) bounds on | Vy|:

e |Vy| > 0.78 (CDF )

© 0.99 > | V| > 0.90 (DO)

e |Vy| > 0.92 (CMS)
B Single top-production X-section is a maesure of |Vy,|. A typical process

issg+b—=b"— W~ +1¢

o o(pp — tX; /s = 1.96TeV) = (3.517030) pb —

|Vip| = 1.03 £ 0.06

e o (pp — tX(t — channel); /s = 7TeV) = (68.5 £ 5.8) pb —>

|th |7 Tev = 1.03 £ 0.05; |th |3 Tev = 0.99 £+ 0.07

PDG Average [2014]: |Vy,| = 1.021 4= 0.032

= |th|2



Meson-Antimeson mixing formalism

Time evolution of a decaying particle: B(t) = expli"st—Tst/2]

In the case of two-state mixing, such as B0 (bg) and B = (bg), the
time evolution is governed by a (2 X 2) coupled channel equation:

d (" |By(t)) ) < ) ( |By(£)) )
L N — ,rq q
t< |B4(t)) |B4(£))
Weak interactions induce virtual transitions By s — By s (box diagrams),
generating the off-diagonal elements in M7, and T%,

b > t,c,u d
i WS :
‘_ t,C,ll ‘_

Diagonalization of M, and fq yields mass eigenstates B, iy (H = heavy)
and B, 1 (L = light) with the masses M}, M] and decay rates I'};, T?



Meson-Antimeson mixing formalism (Contd.)

3 Observables: M7,, 1, and the relative phase ¢ = arg( —M7r,

The phase ¢, can be measured from the decays B; — X£1 v,

g _ T(By(t) > ) —T(By(t) > F) _ AT, g
SLUUT(By(t) = f) +T(By(t) = f)  BMy !

Mass difference AM, = Mj; — M} (g = d,s) is given by the modulus of
the dispersive part of the Box-diagram

Decay rate difference AT, = A7 =T7 — T = 2|T4,| cos ¢, (9 = d,5)
is given by the absorptive part of the Box -diagram

SM Estimates (ps—!) [Lenz, Nierste]
AT <« ATt ATt = AT(0) (14 glattice 4 5PQCD | SHOEY — (0087 +0.021

AT = (0.082 £ 0.007)ps—! = ATSP/ATHh = 0.94 +0.26
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Contours in (1/Ts, ATl's) & (1/T1, 1/Ty) plane [HFAG]

Contours of A(logL) = 0.5

=" 0.25
n
K=
(020
<
0.15 s I/
J/ fo)
0.10
Theory
0.05 |
0.00 u (B = DJB,)
0.62 0.66 0.70 0.74
Ts[ps]

ATs = +0.082 + 0.007 ps—!
1/Ts = 1.510 & 0.005 ps
1/T = 1.422 % 0.008 ps
1/Ty = 1.610 £ 0.012 ps

1/Fijs]

-
N
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Contours of A(loglL) = 0.5

(B?

— D\Dy) HFAG
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Determination of |Vy;| and |Vis| from loop processes
| V|
m  From BY - BY Mixing; AM,; = (0.5096 & 0.0034) ps~! [PDG 2016]
SM (Box contribution wiZth NLO QCD corrections) (x; = mf / m%,v)
G2 ) .
AM; = é’?BWﬁi i "M, (f5 Bs,)MiySo(x)

So(x) = x- [1+9 1 3 1 3 Anx ]
4 4(1-x) 2(1-x)?2 2(1-x)3
(B (B (1 — 75)a)?1B3) = 13 B, M3,
B Unquenched Lattice-QCD [Gray et al., Wingate et al (HPQCD); Bernard
et al. (Fermilab); Laiho et al., Updated in Aoki et al. (JLQCD) (2013)]:
Bg,fs, = 216 £ 15MeV; So(x¢) = 2.29(5)

216 MeV 2.29

\/ Ba.fs, So(xt)

e Lattice-QCD & SM = |V;;*Vyp| = (8.4+0.6) x 103 [PDG 2014]
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|Vis| and |Vigq|/| Vis| from AM; s and Lattice-QCD

|VtS|
B? - B Mixing: AM, = (17.757 4 0.021) ps—! [CDF & LHCb]
Gz A
SM: AM; = ¢ Liig|Vis Vi |*Ms, (13, Bs, ) MiySo (xt)

Lattice-QCD: \/Bp fp, = 266 4= 18 MeV [Aoki et al. (2013)]
= |Vis*Vip| = (40.0 £2.7) x 1073
in quantitative agreement with |V, | = (41.1£1.1) x 1073,

| Veal/| Ves|

Using the ratio AMs/AM; and ¢ = 1.268 = 0.063 [Lattice-QCD]
AMs — ;"MBS |Vts|2_ g —
AM; "M, |Vl

= |V;alVis| = 0.216 + 0.001(exp) = 0.011(th)

This is an important constraint on the CKM-Unitarity triangle



Current Status of the CKM-Unitarity Triangle [CKMfitter: 2015]

15

T T T T T T T | T T T T[T T T

exduded area has CL = 085 5

1.0

05

Lol BT R

05—
10 Y N A
F : ol wiees2p<0
r EPS 15 {excl.al CL>0.95)
gl b by b L B B
-1.0 -0.5 0.0 0.5 1.0 15 20

P

B Measurements of V,;,, Am,; and Ams do not determine the KM phase J.
Requires the measurement of a CP violating quantity.
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CP violation in charged and neutral-hadron decays - Formalism

®  Decay amplitude of M (and its CP conjugate M) to decay into a final
state f and its CP conjugate f are defined as

Ap =(fIHIM), Ap = (fIHIM)
As =({f|H|M), Zf = (f|H|M)

B 7 is the weak interaction Hamiltonian. The operatror CP introduces
phases ¢y and &y, which depend on their flavour content

CP|M) =exp™M [M), CP|f) = exp™™ [f),
CP|M) =exp 4 [M), CP[f) = exp % [f),

B The phases ¢y and &y are arbitrary and unobservable. If CP is
conserved, i.e., [CP, H] = 0, then Af and Zf have the same magnitude,

and an arbitrary unphysical relative phase Zf = expi(gf —ém) Ay

®m CP violation in decay is defined by |Klz/Af| # 0. This is the only
possibility for charged meson (and baryon) decays.
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CP violation in neutral meson decay into a CP eigenstate

Ay
PY / T
PO

Indecay: A/A #1 (% = ﬁiiﬁi)

(For example, A; is a Tree amplitude & A, is Penguin)

. . ZM* 7':[“*
In mixing: |q/p| # 1 (% — W/;)]AZF)

In interference: ZmA # 1 </\ — qA)

v A
B The case theorists love! )
e Decay dominated by a single CPV phase: 4| = 1;
e CPV in mixing negligible |g| =1
e The remaining efect is: Sy ~ sin[arg(M12) — 2arg(A)]




CP Violation in the Kaon sector

CP violation was discovered in K — 7t7r decays in 1964
[J.H. Christenson et al., Phys. Rev. Lett. 13, 138 (1964)]

The decays actually measured were the decays of the mass eigenstates,
labelled as Ky, (long-lived) and K (short-lived). In the CP conservation
limit, CP|K5> = +|K5> and CP|KL> = —|KL>

As the final states 7w+ 7t~ and 7w%7? are CP even, in the CP conservation
limit K; — 7r7t Not allowed.

(070 | H|Ky )

Defining: #100 = [1700| exp™#® = 575775 S

— gy — (a7 |HIKL)
M- = 14— exp'P+- = (mF+ 7= [H[Ks)
00| = (2.220 0.011) x 10~ and |y4—| = (2.232 +0.011) x 10~3
Ul U

P00 = (43.7 £ 0.6)° and ¢ = (43.4 £ 0.5)° (assuming CPT )

Another important observable is the asymmetry of the semileptonic

_ T(Kp—£tvem ) —T(KL—£~ 7pmct) _3
= R 8 v ) TE (R e 0) = (3-32£0.06) X 10

decays: Jr
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CP Violation in the Kaon sector (Contd.)

CP violation in neutral K decays is described in terms of the (complex)
parameters € and €’, and the observables #go, 74—, and i are

o - ’ _ 1—|q/p|* __ 2Re(e)
Hoo == € 2e yN+— == € + €, 5L — 1+|q/p|2 - 1+|€|2’

Isospin decomposition of the decay amplitudes for K — 700, 7wt 7=
having the weak phases ¢; and strong phases J;

Ao = \/g|A0| exp!(%o+0) —\/§|A2| expi(®2+92)
Aptp— = \/§|Ao| eXPi(‘S"""”") +\/g|A2| expi(5z+¢2)

Ay parametrise the amplitudes with total isospin I = 0,2
Ap = ()| H|K®) = Apexpi(9t+41),

A = () | HIK®) = Apexpi(o—91)

irt/d Im(M . . o .
e P InMu) - of = |42 expi(%2 ) sin(¢2 — )

A fit to to the K — 7r7r data yields

le] = (2.228 +0.011) X 1073, Re(e’/e) = (1.66 £ 0.23) x 1073
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€k in the SM
B Indirect CP violation in K — 7r7r is measured by ek

exp'/4 ImA,
P (ImMy, + 28ReMy,); & =
ﬁAMK( 12+ 20ReMu2); & = R

B Mj; calculated from the Box diagrams in which the charm and top
quark loops dominate (x; = m?/m3;)

€K =

G |
My, = o= 2F BKmKM%v [/\?21]150 (xc) + /\?21]250 (xt) + ZA:/\?ﬂg,So (xc, xt).

B So(xc),So(xt), So(xc, x¢) are the Inami-Lim functions
So(xc) =x¢

So(xt) =dxy — 11x% + x2/4(1 — x4)* — 322 Inx/2(1 — x4)3
So(xc, x¢) =xc[Inxe/x. — 3x:/4(1 — x;) — Sx% Inx;/4(1 — xt)z]

B A =V VE (i = ¢ t), Fx is the K-meson decay constant, By is a bag
constant, and #; are QCD renormalizaion constants

m =138, 1, = 0.57, 53 = 0.47
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ek in the SM (Contd.)

i

ek = Ce Bk ImA{ReA [n1S0(xc) — 73S0 (xc, xt)] — ReAs 7250 (xt)}ex4
B Cc = GEFZmgM3,/67/2c*AMk = 3.78 x 104

Using the Wolfenstein Parametrization in which

ImA; = —ImA, = 7A%A% Red, = —A(1— A%/2); ReA; = — (1 — A?/2)A?
m This yields the following relation (a Hyperbola in the (g, i) plane)

i[(1 — p)?A%2So(x¢) + Po(€)]A’Bk = 0.226
B where Py(e) = [#3S0(xc, xt) — qlxc]/A4 , interscting the circle given by
Ro= [pe = VP

B — 2 solutions for the KM phase 5 . However, the intersection of Ry, Ry
and ex determines J, to be tested by the CPV in the b-sector
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Current Status of the CKM-Unitarity Triangle [CKMfitter: 2015]

1.5\\\\\\\\1\||:

excuded area has CL> 095 .

(1
%
2

: Y

1.0

05

5
LA L B
14
xm\ ;
e |

-1.0 Y
] sol wicos2p<0
EPS 15 {excl.'at CL=>0.95) -|
PPN P I P Y A
-1.0 -0.5 0.0 0.5 1.0 15 20

P

B Do direct and indirect measurements of the angles agree well? Need to
discuss the measurements of the angles of the Unitarity triangle



D° —

D? Mixing and CP violation in the charm sector

The formalism of D — D® mixing and CP violation is the same as in the
B-meson sector

_ i
(D°|H|D°) =M1z — -T12

2
The three observables are defined likewise:
r M
]/12=7| ;2|, —2| 12|’ P12 = arg( 12)

HFAG 2014 Update: x12 =(0.37 £ 0.10) X 102

y12 =(0.6675755) x 107

P12 =(—9735)°
Difficult to reliably estimate the SM contributions, as they are dominated
by long-distance (non-perturbative) terms

The most sensitive searches of CP violation involve the modes

D® - KTK—,D° — mt7~,and D — KT F, and their
time-integrated asymmetries Acp(D — KTK™), Acp(D — 7w ™)
and AAcp = ACP(D — K+K_) — .ACP(D — 7'(+7T_)
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D® — D Mixing and CP violation in the charm sector (contd.)

B The time-integrated CP asymmetry for a CP eigenstate f is defined as
o = r(D° — f) —T(D° — f)
T f)+T(D° —f)
®  The decay amplitudes As(Ay) are:

Ap = AT (141l 90)]
Af = ﬂcpA} e_i¢fT [1 + Tf ei(af_(pf)]
T
fcp = %1is the CP eigenvalue of f; A}eiu‘bf are the “tree” amplitudes;

r¢ denotes the relative magnitude of all the other (usually called the
“penguin”) amplitudes, having different strong J; and weak ¢ phases

" a ;= a}lirect + a;nixing + + a]icnterf.

B Of these, direct CP asymmetry has the expression (ry < 1)

. 27 sin Jy si
adit = 7y SIn 7 Sin ¢y >~ 2ry sin &y sin ¢y
f 1+ 2r¢ cos & cos ¢pf + 12
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D —

DP Mixing and CP violation in the charm sector (contd.)

D® — KTK~: Using the CKM unitarity relation A7 + A + A, = 0 (here
A = Vi V,i), one can eliminate the A, term:

Ak = As(A% — AR + Ao (AR — AR)
D® — 7t 7w~ Here, one can eliminate A; and write
Ar = Aa(A% — A%) + Ay (A% — A%)

Define §s = Ap/As = Vi Vip/ Ves Vs and &g = Ap/Ag = Vi Vip/ Vea Vi,
and the ratio of the hadromc amplitudes
RM = A — A% v _ Ay — A
_As —AL T T AL — A
We can express: adl' ~ 2¢,Im (R{M); adi* ~ 2¢;Im (RSM)
Current measurements: Aacp = af’ — adi* = (2.6 £1.0) x 1073

In the SM: & = —&; = A%A%\/(p? + #?)

Aacp ~ (1.3 X 1073) X Im(ARM = RRM + RSM) ~ 0(1073)

Ahmed Ali (DESY, Hamburg) Flavour Physics and CP Violation 2 /119



D® — D Mixing and CP violation in the charm sector (contd.)

| a}Vﬁ" signals CP violation in Mixing; it and also a}“t' are universal

aMit = =201 =15 ) cos g

] a}“t' signals CP violation in the interference of mixing and decay

Int. x4 Py
a’ =——(|-|+|=])sin¢p
S0+ sing
B One can also isolate the effects of indirect CP violation using the
time-dependent decay rates involving D% - DO mixing. For (x,y) < 1,
I(D° — KTK™) =T[1+ |g|(ycos ¢p — xsin ¢p)]
I(D% — KYK~) =T[1+ |Z|(y cos ¢p + xsin ¢p)]

B Define the CP-conserving and CP-violating combinations

r(p° — K+K—) — (DY — K+K~)
2T

. T(DY = K+K~)+T(DY — KTK— _
vep (k) = 1t I ) 1 aractk) =

B In the limit of CP conservation, ycp = (I'+ —T'_)/2I' = y and Ar = 0.
LHCb has shown that CP asymmetry in the charm sector is essentially 0
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CP Asymmetry in the charm sector using effective lifetime measurements

Ar(KK) = (—0.14 +0.37 £ 0.10) x 1073;
Ar(rr) = (0.14 £ 0.63 - 0.15) x 1073

e Results

[LHCb-CONF-2016-009] Run | data, 3fb-!
a b = T T T
= E LHCb preliminary
T E +
= E m:”—p—v——— #,:—f B
el E 4 2011Up + 2011 Down
w 1 1 L 1
& = ———T T T
[ %2 E LHCb preliminary
o E
£ E Yo, e
s MLt o -
= E -+ 2012Up —+ 2012Down
- I | i L
4 6 8 20
t/Tn
T T T —
LHCb preliminary L
- e AT - =
I 4 2011Up 4 2011 Down E
b3 h L i L P
1< T T T T —3
=S E LHCb preliminary E
s e e
! E =
i 3 . —
g i 0 2 4 6 8 20
2SS t/7p




CP Asymmetry in the charm sector using bins of decay times

Ar(KK) = (—0.30 £ 0.32 £ 0.14) X 10~3;
Ar(mmr) = (0.46 £ 0.58 +0.16) x 1073

m compatible with 0 at the level of 0.3 per mill

P. Marino (SNS & INFN-Pi)

1 a ’ 07/09/2016

74

[LHCb-CONF-2016-010] 2012 data, 2fb"
[¢] ss0ne oo o 4
-
—0.05— LHCb Preliminary ) . -
1 2 3 tIps]
Z 9 ~—

7Ar(KK) = (—0.03+0.46+0.10) x 1073

Data
- F:‘é a .
—— Prompt signal

D — gt

LHCb Preliminary

E VN =
www

1

2

3 T[ps,

e

Ar(nzr) =( 0.03£0.79x0.16) x 1073




Introduction to CP Violation in B Decays & Mixings -1
B CKM Violation in the SM is due to the phase 7 in the CKM matrix

B CP violation in the SM is due to interference of two different amplitudes

Three Classes of CP Violation in B Decays

Direct CP Violation: e.g., in B¥ — K+ decays
Acp = 2|A1||Az| sin(d1 — 87) sin(¢p1 — ¢p2)
[A1]% +2|A1[|Az| cos (01 52)COS(<P1 $2) +|A2f?
e Requires (01 — 0y) # 0 & (¢p1 — o) #
Indirect CP Violation:
SL =

I'(BY — (tX) —T(B® = (~X)

[(BY — £+X) + T (B — £~ X)

e Involves the relative phase in the absorptive & dispersive parts of the
BY - BY Mixing Amplitude: Ag = Im(]%zz)

e Writing (]\%22),4 = rqeigfi: Asp (By) = rgsiny
e SM (NLO): Asgp (B;) = —(4.1+0.6)(107%) [Lenz & Nierste (2011)]
e SM (NLO): Agp (Bs) = +(1.9 £ 0.3)(107°) [Lenz & Nierste (2011)]
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Current Status of of Agy (BY) vs. Agp.(BY) [HFAG 2016]

=) Ax=1
20.01- =
[S)

@
<€

10
AN

N HFAG
-0.03
Il L

-0.02 -0.01 0 0.01
Ag (BY

B Agp (Bg) and Agy (B?) are defined as follows (4)‘112 = arg(—Mlel"zz)):

AT,
ASL (Bq) - Mq tan ¢12
m ASM(B;) = (1.9 £0.3) x 1075 vs. ANA(B,) = —0.007 £ 0.0041
m ASM(B;) = (—4.1£0.6) X 10~* vs. AWA(B,;) = —0.0015 + 0.0017

® Both Ag (BY) and Agp,(BY?) are consistent with SM within 1.5 ¢



Interplay of Mixing & Decays of B® and BY to CP Eigenstate
B Tree-dominated B-decays (b — cCs): (BY/ B0 — J/YKs; J/9Kr)
(B0 —T(B°
A(t) = (B°(t) = f) —L(B(t) = f)

L(BO(t) = f) +T(BY(t) — f)
= Cycos(AMpt) + Sy sin(AMpt)

Cr= (|Af|2+1) f = (AfP+1)
B Definitions: )\f = (q/p) p(f); p(f) = (f)
B ' A(f)
A(f) = (fIH|B%); A(f) = (f|H|B)
ViV . :
q/ — VZ:VT — ele‘Pmixing — e_ZZ/S

m If only a Single Amplitude dominant: p(f) = nfefziq’decay
1f = %1 is the intrinsic CP-Parity of the state f = [o(f)| = 1

-Af( ) = Sf sin(AMgt); Sf = *ﬂf sin 2(¢mlxmg + (Pdecay) Cf =0

Ahmed Ali (DESY, Hamburg) Flavour Physics and CP Violation
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Scp from the b — c€s decays [HFAG 2016]

sin(2p) = sin(29,) EEER

PRELIMINARY
0.69 £0.03+0.01

BaBar
PRD 79 (2009) :072009

PRD snx(%oqﬁ 412001 —

BaBar J/y (hadronic) K, H 1,56+0.42£0.21
PRD 69 (2004):052001 ° :
0.67 £0.02+0.01

0.69 +0.52 +0.04 £ 0.07

Belle :
PRL 108 (2012) 171802
0.84 152+ 0.16

LEPH :

PLB 492, 259 (2000)
OPAL : 3.20 350 + 0.50,
EPJ C5, 379 (1998)

CDF : : 0.79 31
PRD 61, 072005 (2000) — o
LHCb i L 0.73 +0.04 £ 0.02
PRLHS(zms) 031601 :

Belle5: : 0.57 £ 0.58 +0.06
PRL ma (20125 171801 H

Average : B 0.69 +0.02
HFAG ; :

-2 -1 0 1 2 3

m sin(2p) = sin(2¢;) = 0.691 + 0.017 (HFAG: Summer 2016)



Constraints on g — #j from sin(2¢1) decays [HFAG 2016]

Meriond 2015

PRELIMINARY
T

0%2 0 02 04 06 08 1

hel

B B=¢ = (21.9+07)° or = = (68.1+0.7)°



Ccp from the b — c¢s decays [HFAG 2016]

b—ces Crp

PRELIMINARY
BaBar i . 0024£0020:0016
PRD 79 (2009) 072009 f ‘

BaBar 7, K. : -0.290 “) g + 0.030 £0.050
PRD 80 (2009) 112001 '

Belle o -0.006+0.016 £ 0.012
PRL 108 (2012) 171802 7| i |
LHCb ) N -0.038 +0.032 £ 0.005
PRL 115 (2015) 031601 |
Average i -0.004 +0.015
HFAG BN

014 -012 -01 -0.08 -0.06 -0.04 -002 0 002 004 006 008 01 012 014




Scp from the b — ccd decays [HFAG 2016]

sin(2p°™

sin(2¢;™) EEXS

PRELIMINARY
T World Avetage 069 +0.02
bces  HFAG (Mo—iognd 2015)
F = -1 = =T S S °
¢ _  PRL101 (2008) 021801
& Belle 0.85+0.21+0.05
i = PRD 77 (2Db08) 07 TOT]
i 7 Average 0.83+0.15
; HFAS Correlated avera
E o S i RS
Ca PLE 742 (2015) 38
2 Average 0.66+0.14
i HPAG conelated avera e
: BaBar 063+ 036+0.05
H PRD 79, 0820022009
Belle 1.06 911 £0.08
o PRD 85 (2p12) 091106
Hn  LHC 054 7010+ 0.05
S arXiv:1608.06620" ] o
Average 0.84+0.12
... HFAG correlated averagp 1 - [ -
B BaBar 0700164 0.03
H PRD 79, 082002 (20&°
by BaBar part. rec. 0.49 +0.18 + 0.07 £ 0.04
‘a PRD 86 (2D12) 12004
3 Belle L 0.79 +0.13+0.03
) PRD 86 (2D12) 071103[R;
H Avergge 0.71 £0.09
i HFAG correlated avergglg|  :

-1 o 1 2



Ccp from the b — ced decays [HFAG 2016]

ICHEP 2016

f f PRELIMINARY
BaBar -0.20+6.1910.05
- RRL 101 (20087 0Z180T H
& Eelle -0.08 +Q.16 + 0.05
%} 2RD 77 (2008) 07 YTOT(RHS H
iverage -Q.10+0.13
ﬁFAchorrelaled al a
I &< (o] I T 006 £ 00698
“a  RLB 742 (2015) 38 r‘-‘i H oot
= fiverage it -6.06 £ 0.06
7  HFAG correlated avelade
T BaBar U -
FRD 79, 032002 (7009 :
Belle -0.43+0.16 £ 0.05
o PRD 85 (20209106 e
t LHCb 0.26 1515 £ 0.02
e SrXivi1608.06620 — {017
ﬂverage .13+£0.10
e HFAG correlated age . R o -
EaBar 0.05+Q.09 +£0.02
3RD 79, 032002 (200 H
. aBar part. rec. 0.15+0Q.09 £ 0.04
& PRD 86(2012) 112008 i H
1 Belle -0.15+0.08 + 0.02
O RRD 86 (2012) 071103 H
Average -0.01 £ 0.05
HFAG correlated averd :

4 08 06 04 02

oe 1 12 14




Scp from the b — s5(s, d) decays [HFAG 2016]

sin(2B°™) = sin(2¢;™) EIEXD

PRELIMINARY

bscos Warld Average ' | 068+002
oK®  Average i e o7l
mWK®  Average i w4 | 053006
KoKoKg Avérage | —fh— | 0724019
°K®  Average b 0572017

f, Kg Average
f, Kg Avérage a3 0.48 + 0.53
fy Kg Avérage fod 0.20 + 0.53

o 1 '
7° tHég—Average

on’ Ky Avérage

= Kg NRvérage

K*K K° Avérage ) ) L 06885

16 -14 12 -1 -08 -06 04 02 0 02 04 06 08 1 1.2 14 16



Ccp from the b — s5(s, d) decays [HFAG 2016]

Moriond 2014

PRELIMINARY

o B e e e
oK’  Aveérage 0.01+0.14

n K Av:erage -0.05 £ 0.04

KsKsKs Average i | 0245014

"K®  Average i © 0.01+0.10

| 0.06+0.20

p°Ks  Avérage
oK;  Average ©-0.04+0.14
f,Ks  Average 0144012

f,Ks  Average ©o028%F
. Ks  Average : P03

" 7" Kg Average © 0.23+0.54

9n°Kg Avérage ——— :-0.20+0.15

= 7 Kg NRvérage —— 0.0140.26

KK K° Average ket © 0.06+0.08

1 1 1 1 L 1 1 1 1 1 L 1 1 1 1 1
o

-16 -14 12 -1 -08 06 -04 -02 02 04 08 08 1 1.2 14 18



Time-dependent CP-asymmetry in B%/B0 — st t 7w~

I[B°(t) » ntn~] —T[B%(t) = nT ]

a ;’r_; ( t) = 50 + — 0 + —
I[[B%(t) > w+m— ]| 4+T[B(t) —» wtm]
= S~ (t)sin(AMpt) — C;; (t) cos(AMpt)
+ - + -
" C Fa S s
cp PRELHRARY Cp PEELMRARY
BaBar | -0.25+0.08 £ 0.02 BaBar N -0.68+0.10+0.03
PRD 87 (2013) 052009 i PRD 87 (2013) 052009 |
Belle . -0.33+0.06 % 0.03 Belle ! . -0.64+0.08£0.03
PRD 88 (2013) 092003 PRD 88 (2013) 092003
LHCb | N -0.38+0.15 £ 0.02 LHCb | 0.71+0.13+0.02
JHEP 1310 (2013) 183 JHEP 1310 (2013) 183
Average -0.3140.05 Average -0.66 + 0.06
HFAG correlated average HFAG correlated average
-0.6 -0.5 -04 -0.3 -0.2 -0.1 0 -0.9 -0.8 -0.7 086 -05 -0.4

numbers

® Individual measurements imprecise, but HFAG average now significant




Current World Average of « [CKMfitter 2012] & Update

-= qnlpp/pn (BABAR)
wneae. --- an/pp/on (Belle) = CKM fit

3 anlpplpn (WA)

1.0 IIIIIlIIIIIIlIIIII;IIIIIIIIIIIIIIII‘I

08

06 -

p-value
P N i

04 =
b
02

]

W 4
b | y
0.0 |~\|l|||||||||u |u1r'/|.

"0 2 4 60 80 100 120 140 160 180
o (dea)

2016 Update: « = [88.0 £ 5]° (Belle & BaBar measurements)




Current World Average of v [CKMfitter 2012] & Updates

-+ D(*) K(*) GLW +ADS
w2z~ -~ D(*)K() GGSZ () Combined

Ful\ Fvequennsllrea\mem on MC basis e CKM fit
10 P T

p-value

R BTV i s S I N
0 20 4 60 8 100 120 140 160 180
1 (deg)

m oy= (69+17 (BaBar)
®m y = (70.97%%)° (LHCb)
m = (68.0752)° (PDG 2014)



Some open issues (tensions) in the CKM-UT fits

B The correlation between BR(BT — ttv.) and sin 28 is at odds with
their direct experimental determinations

B BR(BT — ttv;) = (10.8 £ 2.1) X 1075 is too large compared to the
indirect SM-based estimates: (7.581’8:28) X 1073 [Pull: 1.6 o]

3 p—value1 o

0.15 ; |
o0 |- V 1 Hos
[ 1 s

[ T ]
00 [ T T P P T 0.0
050 055 060 065 070 075 080 085 090

sin2p

BR(B — 1v)
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Some open issues (tensions) in the CKM-UT fits (contd.)

m The shape of this correlation can be understood by by the ratio
BR(BT™ — ttv;)/AM,, which depends on sin B/ sin 'y and Bg,

BR(BT — ttv;) 3 m2 (1— ﬂ%)zr 1 (smﬁ)z
AM, 4 m3,S(xe) 5" Bg, B, | Vaal? d|2 sin vy
jfgesnsnnnns panny RN ERRA AR
1.05— e

_1.01 .
. . " ]
E Constraint from B" — t* v_ and Am; -
7\.”\”\..\H\\H\\Hux\uwf
15
10 05 00 05 1.0 15 20

p
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Contours in the (1/T, ¢s) plane [HFAG]

=

014 D@ 8 fb HFAG
012 68% CL contours
lm (Alog £ =1.15)
£ 010 CDF 9.6 b

0

— ATLAS 4.91b™"
< 08

0.06

0.4 0.2 0.0 0.2 04
¢$°*[rad]

® ATy = +0.082 £ 0.007 ps—!
B ¢s(ccs) = —0.013 £ 0.37



Current Status of the Squashed UT; Triangle [CKMfitter]

0.10

0.05

® pp, = —0.0078 £ 0.0015 [Fit-value]
fip, = —0.018377 00008 [Fit-value]

sin2f; = 0.0364 + 0.0016[Fit-value]
where Bs = — arg(—VesV/VisV},)
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Rare B-decays on the Crossroads

B The Standard Candle in Rare B-Decays: B — Xsy

B Electroweak Penguins: B — X017~

B Exclusive Radiative Decays B — K*7 & Bs — ¢y

m Test of Lepton Universality in B — D) tv; Decays

B Exclusive Decays B — (K,K*, )€1 £~ & Tension on the SM

® Current Frontier of Rare B Decays: Bs — ptu~ & By — puTp~

m Current Pulls on the SM Parameters

Ahmed Ali (DESY, Hamburg) Flavour Physics and CP Violation



Examples of leading electroweak diagrams for B — X;

5 v 7 3
soh u
! 7 u 1 c ¢ t 1
b
u b W 5 b W s b 4! s

Yaglus| Yapbus ~ 29 ~ +200% ~ —100%

In the amplitude, after
including LO QCD effects.

B QCD logarithms as ln enhance BR(B — Xs7) more than twice

B Effective field theory (obtalned by integrating out heavy fields) used for
resummation of such large logarithms



The effective Lagrangian for B — Xsy and B — X£T£~
10

L = Logcpxeen(g,1) + \[VtthbZC(ﬂ)O

(g=wu,d,s,c,b, l=r¢e,pu i=1
(§l",~c) (El"lfb), i= 1,2, |Cl(mb)| ~1
(sTib)Z,4(gTlq), i=3,4,56, |Ci(mp)| <0.07
Ol fr 186';1:2 §L0”u/bRF’u/, i - 71 C7(mb) ~ _0'3

g6 S 5 oMV T DR GY i=38, Cs(mb) ~ —0.15

pvr

e (Lbn) (7 (15)0), = 9,(10)  |Ci(omy)| ~ 4
Three steps of the calculation:

Matching: Evaluating C;(po) at g ~ M by requiring equality of the SM and the
effective theory Green functions

Mixing: Deriving the effective theory RGE and evolving C;(#) from pg to p, ~ my,

Matrix elements: Evaluating the on-shell amplitudes at p, ~ m,
Ahmed Ali (DESY, Hamburg) Flavour Physics and CP Violation 65/ 119



The decay b — s€T£~: Leading Feynman diagram

b s
b w 1
w w
t v
zY
1 1 s w 1
(b) (©

Diagrams in the full theory

\%X{\@,/

Diagrams in the effective theory

(a)




Structure of the SM calculations for B —> Xsy &B— X414~

Her ~ ZC(F)O

i=1

B H.g independent of the scale p, while C;(u) and O; () depend on u
= Renormalization Group Equation (RGE) for C;(u):

d
V@Ci(u) 15Ci (1)
7ij: anomalous dimension matrix
B Matching usually done at high scale (ug ~ My, m;)

B SM and the matrix elements of the operators have the same large logs
#o ~ O(Mw)
J RGE
pp ~ O(my): matrix elements of the operators at this scale don’t have
large logs; they are contained in the C;(pp)

® Evaluation of the on-shell amplitudes at pp, ~ my,




Examples of SM diagrams for the matching of C7 (o)

LO:
[Inami, Lim, 1981]

NLO:
[Adel, Yao, 1993]

NNLO:
[Steinhauser, Misiak, 2004]



2 n
Resummation of large logarithms (ocs In % > inb — sy amplitude

RGE for the Wilson coefficients 717, 4Ci(n) = Ci(p)vij(n)
e Renormalization constants =—> ')/1,. C;(n) known to NLL accuracy

o gt <

Galllaul Lee, 1974] [Grinstein et al., 1990] [Shifman et al., 1978]
Itarelli, Maiani, 1941 Gng]ams et al., 1988]
[Altarelli et al., 1981] [Chetyrkin et al., 1997] [Misiak, Miinz, 1995]

Bumq Weisz, 1990

NNLOK o

[Gambino et al., 2004]  in progress: Czakon, in progress: Gambino,



The b — s matrix elements

Perturbative on-shell amplitudes

v
LO b s
O7
NLO , . g . ?. i }
[Ali, Greub, 1991] [Greub, Hurth, Wyler, 1996] 2
O,
NNLO - jg;%y i
[
in progress: Asatrian, Greub, Hurth [Bieri et al, 2003] (O(a?ny))

in progress: Steinhauser, Misiak
(extrapolation in m,)



Wilson Coefficients in the SM

Wilson Coefficients of Four-Quark Operators

Ci(pp) Co(pp) Cs(pw) Calpp) Cs(mp) Colps)

LL -0.257 1112 0.012 -0.026 0.008 -0.033
NLL -0.151 1.059 0.012 -0.034 0.010 -0.040

Wilson Coefficients of the dipole and semileptonicr Operators

Cf(up)  Cg(p) Colpp) Cro(pp)

LL -0.314 -0.149  2.007 0
NLL -0.308 -0.169 4154  -4.261
NNLL  -0.290 4214  -4.312

m Obtained for the following input:
upy =4.6GeV (i) = 167 GeV
Mw =804GeV  sin® 6w = 0.23



B(B — X 7): Experiment vs. SM & BSM Effects

[Misiak et al., PRL 114 (2015) 22, 221801
m Expt.: CLEO, Belle, BaBar [HFAG 2014]: (E, > 1.6 GeV):

B(B — X;v) = (3.43+£0.21+0.07) x 104
® SM [NNLO]: B(B — X;v) = (3.36 - 0.23) x 10~*

Expt./SM = 1.02 4= 0.08
Excellent agreement; restricts most NP models

m BSM effects can be parametrized as additive contributions to the
Wilson Coeffs. of the dipole operators C; and Cg

B(B — X;v) x 10* = (3.36 4= 0.23) — 8.22AC7; — 1.99ACs

m In2HDM, B(B — X,7) puts strict bounds on M+



Photon Energy Spectrum in B — X 1y

+ Data _
— Spectator Model |
>40
=
g 1] +| + ++ +LL #.‘F-- -
i
1525 35 a5
E, (GeV)
CLEO
PRL 87 (2001) 251807

Spectator Model: Greub, AA; PLB 259, 182 (1991)
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PRL 93 (2004) 061803



B — X5y in 2HDM

NNLO in 2HDM [Hermann, Misiak, Steinhauser; JHEP 1211 (2012) 036] ;
Updated [Misiak et al.,, Phys. Rev. Lett. 114 (2015) 22, 221801]

Ly+ = (2V2GE)L},_ 71 (Aymy, ViPL — Agmg ViiPR)d;H* + h.c.
2HDM contributions to the Wilson coefficients are proportional to A,-A]’-"
e 2HDM of type-l: A, = Ag = ﬁ
e 2HDM of type-II: A, = —1/A; =




B — X; vy in Type-II 2HDM

[Hermann, Misiak, Steinhauser JHEP 1211 (2012) 036]

e Updated NNLO [Misiak et al., Phys. Rev. Lett. 114 (2015) 22, 221801]

® My + > 480 GeV (at 95% C.L.)
® My+ > 358 GeV (at 99% C.L.)

e Limits on 2HDM competitive to direct H* searches at the LHC



The decay B — K*v

®m InLO, only the electromagnetic penguin operator Oy, contributes to the

B — K* amplitude; involves the form factor TgK*) (0)

y

b s
q ) q

MEO o v, vy Cl0et 47?; T8 (0) [(Pg) (e*e*) — (€°P)(7q) +ieps(e”, &%, P,q)]

Here, P! = pg + pZ st = pg — PZ is the photon four-momentum; ¢ is
its polarization vector; ¢/ is the K*-meson polarization vector
B Branching ratio:

G2 |V, Vi |2aMB

BLO(B — K*y) = s - B i () | €87 ) T (0) 2



Hard spectator contributions in B — (K*,p) v

Spectator corrections due to Oy

Spectator corrections due to Og

b

¥

|
|
|

i

07
d(u)

S
B3

Q0000

S
B3

S
@

Q0000

Q0000

Spectator corrections due to O3

O




B — K*  decay rates in NLO
B Perturbative approaches: QCD-F; PQCD; SCET

Factorization Ansatz (QCDF):
[Beneke, Buchalla, Neubert, Sachrajda; Beneke & Feldmann]

)

(V1IQiB) = iy, + 1@ ¢} @ g} + O(722

m

B [y, (form factor) and @BV (LCDASs) are non-perturbative functions

t! and #! are perturbative hard-scattering kernels
H=01)+0(s) +... tHhH=0(ns)+..
® The kernels # and #!! are known at O (as);

include Hard-scattering and Vertex corrections
[Parkhomenko, AA; Bosch, Buchalla; Beneke, Feldmann, Seidel 2001]



B — K*v Decays

Nonfactorizable a; Corrections

Oy O1-6
(a) (b)

(c) (d) (e)

m Firstline: hard-spectator corrections

m Second line: b — sy vertex corrections



SCET factorization formula for B — K* ¢

[Chay, Kim "03; Grinstein, Grossman, Ligeti ‘04; Becher, Hill, Neubert '05]
D A B1 . 1% B
(Vy|QilB) = AiC Ty, + (AiCT" ®j1L) @ ¢ Q¢
® v, ¢, ¢8 are matrix elements of SCET operators

® Hard-scattering kernels ¢!, #/ = SCET matching coefficients
th = A, CA(myp); t = A;,CBY(mp) ® 71 (\/mpA) (subfactorization)

B Derivation of factorization in SCET
1) QCD — SCETy: Integrate out my,; defines vertex corrections
AiCA - tl!

Qi — AiCA(mb)]A + A,'CBl(mb) &® ]Bl =+ ...
2) SCET; — SCETjy;: Integrate out /my Aqcp; defines spectator corr.
JP' = j 1 (VmpAqep) ® OPSCETI (Agep)

3) Large logs in t/ resummed by solving RG equations



B — K* v in SCET at NNLO

) [ Pecjak, Greub, AA "07]
Vertex Corrections

A;CA = A,CAO) Ay + MAI.CA(U + MA,-CA(Z)
4r (477)2

m Contr. from Oy and Og exact to NNLO O(a?2)
m  Contr. from O, exact at NLO O(as) but only large-Bo limit at O(a2)

Spectator Corrections at O (a?2)

tfl(l) (u,(U) — AiCBl(l) ®]S(_)) + AicBl(O) ®]S})
B The one-loop jet-function jg}) known; [Becher and Hill '04; Beneke and
Yang '05]
B The one-loop hard coefficient A,CB1() known; [Beneke, Kiyo, Yang '04;
Becher and Hill '04]
The one-loop hard coefficient Ag cB1(M) known; [Pecjak, Greub, AA "07]

A;CB' (M (i =1,...,6) remain unknown (require two loops)



Estimates of BR(B — K* <) in SCET at NNLO
[ Pecjak, Greub, AA; EPJ C55: 577 (2008)]

Estimates at NNLO in units of 10—5

B(BT — K*tq) = 4.6 - 1.2[{x+] & 0.4[m.] & 0.2[A] £ 0.1[x]
[Expt. 4.21 & 0.18 (HFAG 2014)];
B(B® — K*) = 4.3 £ 1.1[x+] & 0.4[m.] £ 0.2[Ap] £ 0.1[#]
[Expt.: 4.33 & 0.15 (HFAG 2014)];
B(Bs — ¢) = 43 4 1.1[p] % 0.3[m.] & 0.3[Ap] £ 0.1[]
[Expt.: 3.59 & 0.36 (HFAG 2014))]
Comparison with current experiments

B(BT—K*t
u ETErAr AN = 1.10 £ 0.35(theory] + 0.04[exp]

B(B'—K* _
m BE Km0 (B:’_)KQYN)NLO 1.00 + 0.32[theory] & 0.04[exp]

B(B,
Bty = 1.0 % 0.2[theory]; 0.81 % 0.08[exp]

Theory error is about 30%; dominantly from (v, , m. and Ap




B — X.ItI~

o There are two b — s semileptonic operators in SM:

2
e - 7 .
0; = 1672 (SL')’}lbL)(llyy('YS)l)/ i=9, (10)
e Their Wilson Coefficients have the following perturbative expansion:
_ AT e (0) s (1) (1)
Co(n) = ws (1) Co "(m) + Co (n) + an Co ' (n) + -
M
Cro = c® 4 %=Mw) ooy,

47
° Cg_l) () reproduces the electroweak logarithm that originates from the

photonic penguins with charm quark loops: b (’)1’2 s

4
&s (mb)

§™ (my) = 1nM—+0(as) ~ 2

° Cgo) (myp) =~ 2.2; need to calculate NNLO for reliable estimates T



The decay b — s€T£~: Leading Feynman diagram

b s
b w 1
w w
t v
zY
1 1 s w 1
(b) (©

Diagrams in the full theory

\%X{\@,/

Diagrams in the effective theory

(a)




NNLO Calculations of B(B — X£1£7)
e 2-loop matching, 3-loop mixing and 2-loop matrix elements are available

[ ] Matching: [Bobeth, Misiak, Urban]
| Mixing: [Gambino, Gorbahn, Haisch]

B Matrix elements:
[Asatryan, Asatrian, Greub, Walker; Asatrian, Bieri, Greub, Hovhannissyan;

Ghinculov, Hurth, Isidori, Yao; Bobeth, Gambino, Gorbahn, Haisch]

e Power corrections in B — X1 £~ decays

| | l/mb corrections [A. Falk et al.; AA, Handoko, Morozumi,Hiller; Buchalla, Isidori]

B 1/m, corrections [Buchalla, Isidori, Rey]

e NNLO Phenomenological analysis of B — Xs£T £~ decays

[AA, Greub, Hiller, Lunghi, Phys. Rev. D66, 034002 (2002)]
m BR(B— XsuTp™); ¢* > 4m; = (421+1.0) x107°
B BR(B — XseTe™) = (6.9£0.7) x 10



Sensitivity of the different g regions to SD- & LD-pieces

dr/dq?

$(25)

Photon pole
4« enhancement (from Cr)

Broad charmonium
resonances (above the
open charm threshold)

Sensitivity to
Cg and 010
C—

CKM suppressed
 light-quark resonances

Sensitive to C7—Cy
interference

phasespah‘

suppression

< increasing hadronic recoil
increasing dimuon mass =

15 20
q? [GeV?]



Forward-Backward Asymmetry in B — X0+ £~

[Proposed in AA, Mannel, Morozumi, PLB 273, 505 (1991)]

[NNLL: Asatrian, Bieri, Greub, Hovhannisyan; Ghinculov, Hurth, Isidori, Yao]

Normalized FB Asymmetry

1 AT (B—XsTe~
Arp(3) = 24 FL(BX 7L7) T;gdz ) sgn(z) dz
- 1 d*T(B—Xs0+4—
J2a I dBdz L dz
" 2
/‘1 dzr(b — X5 £+ei) s n(Z) dz = <D‘97m>2 Glz-" mlsj,pole |Vtthh| (1 . §)2
L A3 dz & 4 48 73

20

~off =effx 2n R ~ off ~offx
x |38 Re(GHEEH) (1422 o)) — sRe(@TESH) (142

B NNLL stabilize the scale (= ) dependence of the FB Asymmetry
AN (0) = —(2.51+0.28) x 10~¢;
ANNLL(0) = —(2.30 £0.10) x 10~°
B Zero of the FB Asymmetry is a precise test of the SM, correlating ngf
and E’Sff



Normalized FB-Asymmetry in B — X0t 0—

05 [Ghinculov, Hurth, Isidori, Yao 2004]

03 - 1 R N Ean

0.1

5 1‘0 1‘5 20
7 (GeV?)
B ! d?B(B — X0t 07)
"~ dB(B = Xslte)/dg? ) dq? d cos 0,
e Zero of the FB-Asymmetry is a precision test of the SM
@ = (3904 0.25) GeV? [Ghinculov, Hurth, Isidori, Yao]

@ = (376+ 0.22¢heory £ 0.24y,) GeV?  [Bobeth, Gambino, Gorbahn, Haisch]

dcos by sgn(cos 6y)
1



Dilepton invariant mass spectrum in B — X410~ [BaBar 2013]

=== )
5 10 15 20
q? (GeV/c?)?

dB /dq? (10°/ [GeVic* )

Forward-Backward Asymmetry in B — X071 £~ [Belle 2014]




Exclusive Decays B — (K, K*)£+ £~
B B — K & B — K* transitions involve the currents:
l"}ll =57,(1— 9s5)b, 1"121 =509 (14 75)b
B — 10 non-perturbative g2-dependent functions (Form factors)

(K|T3,|B) D f1(4%),f-(q°)
(K|T%|B) D fr(4*)
(K*|T},|B) D V(q*),A1(q%),A2(q%), A3(q%)

(K*|T3|B) D T1(4%), T2(4%), T5(q°)
m Data on B — K*7 provides normalization of T1(0) = T2(0) ~ 0.28

® HQET/SCET-approach allows to reduce the number of independent
form factors from 10 to 3 in low-¢* domain (g*/mj, < 1)



Experimental data vs. SM in B — (X, K, K*)£1 £~ Decays

Branching ratios (in units of 107¢)  [PDG: 2014]
SM: [A.A., Greub, Hiller, Lunghi PR D66 (2002) 034002]

Decay Mode | Expt. (BELLE & BABAR) | Theory (SM)
B — K{T4~ 0.48 +0.04 0.35+0.12
B — K*eTe™ | 1.19+0.20 1.58 £0.49
B — K*utu~ | 1.06 £ 0.09 1.194+0.39
B— Xsutu~ | 42+13 42+0.7
B— XseTew | 47+13 42+0.7
B— X (t¢~ | 45+13 42£0.7




Test of Lepton Universality using BT — K=£T £~ decays

[R.Aaij et al. (LHCb) PRL 113, 151601 (2014)]
B Precise measurements of the differential branching ratios in
BT — K*ete™ & B* — K*utyu~
. 2
_ i Geve ATIAq*[BE — KEptp~)dg?
B ffg:élzz dr/dg?[B* — K*ete—]dq?

_ -+0.090
= 0.74570:0 4 0.036

B SM Predictions [Bobeth, Hiller, Piranishvili, JHEP 12 (2007) 040]
Rk =1.0003 £ 0.0001 — 2.60 deviation

Radiative corrections for the experimental setup is an issue
B BRs(expt.) smaller than the SM for both K*utu~ and K*ete~

B(B — Kete™) = (1562012700%) x 1077
B(B — Kutp~) = (1.20 4 0.09 £ 0.07) x 107

BM(B — Kutp™) =BM(B — KeTe™) = (1.7545) x 1077



Test of Lepton Universality from the ratio B — D) tv./B — D*) £y,

[J.P. Lees et al. (BaBar), Phys. Rev. D88, 072012 (2013); M. Husche et al. (Belle) Phys. Rev. D92,
072014 (2015); R. Aaij et al. (LHCb) PRL 115, 159901 (2015)]

B A 390 deviation from t/¢; (£ = e, p) universality in charged current
semileptonic B — D(*) decays is reported by BaBar, Belle and LHCb

e _B(B = D®1u)/B(B = DM rir)gy
D& ™ B(B — D) €v,)/IB(B — D) bv)sm

RYf =1.3740.17; REE = 1.28 +0.08

B A 30% deviation from the SM in a tree-level charged current interaction
calls for a drastic contribution to an effective 4-fermi interaction
proportional to the LL operator (&v,br) (TLy,vL)

B Lepton non-universality in loop-induced Rk can be due to an
LL operator (51,br) (firyupr), or an RL operator (51v,br) (fiLyupr)



Leptoquark models for Rk and B — D*) tv./B — D*) £y, anomalies
B Several suggestions along these lines have been made involving a
leptoquark mediator

B A leptoquark model, with the leptoquark ¢ transforming as (3,3, —1/3)
under the SM gauge groups, yielding an LL operator for muons:

L= —=Apup*qsls — Asudp™q2£2

B A leptoquark model with an RL operator for electrons, with ¢
transforming as (3,2,1/6)

L= _A—be¢(EPL£E) — Asefp(gPLee)
[G. Hiller, M. Schmaltz, Phys.Rev. D90, 054014 (2014)]

B A scalar leptoquark ¢ transforming as (3,1, —1/3) under the SM gauge

groups, with mg = O(1) TeV and O(1) couplings
[M. Bauer, M. Neubert, arxiv 1511.01900 (2015)]

B  Anomalies in B decays and U(2) flavor symmetry
[R. Barbieri et al., Eur.Phys. J. C (2016) 76]



Angular analysis in B — K*u"u~

B’ K*(— Ktn)ptpu~

» Decayis P — V'V’ (since K*(892)° is J¥ = 17).
» System fully described by ¢ and three angles §3 = (cos 6;, cosOx, ¢)

K+




Observables in B — K*utu~

1 d‘l(F+f‘)_ 9 14 . 9 9
AT )/ag dquﬁ _@[H(l—ﬁ_)sm Oy + F1,cos”

+i(1 — Fi.) sin® Ak cos 26;

— F}, cos® B cos 20; + Sa sin® Ak sin” 0 cos 26
+ S sin 205 sin 26 cos ¢ + S sin 26 sin ) cos ¢

+%AFB sin® Ay cos f + S sin 26, sin 6, sin o]

+Sg sin 26 sin 26, sin ¢ + S sin® A sin’ f; sin Qqﬂ] ]

Optimized variables with reduced FF uncertainties

Py =253/(1—Fr); P, =2Af/3(1—Fr); P3=—S9/(1—Fp)
Pys68 = Sas68/\/FL(1—Fr)
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Latest Update from the LHCb: LHCb-Paper-2015-051
SM Estimates: Altmannshofer & Straub, EPJC 75 (2015) 382
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Analysis of the optimised angular variables: LHCb-Paper-2015-051
SM Estimates: Descotes-Genon, Hofer, Matias, Virto; JHEP 12 (2014) 125
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Recent Updates: Pull on the SM [Altmannshofer, Straub (2015)]
W. Altmannshofer & D.M. Straub, EP] C75 (2015) 8, 382

Decay ohs. ¢ bin SM pred. measurement pull

B Bty 107 %? 2,43 0444007 0294005 LHCH +18
B BNty 107 %& [16,19.25] 0474006 0314007 CDF 418
B KWty F 2,43  081+£0.02 0264019 ATLAS +29
B KWty R [4,6]  074+0.04 061+006 LHChH +19
B~ K*%m- Se [46)]  —0.33+003 0154008 LHCh -22
B~ K pty 1079} [46]  054£008 026+010 LHCH +21
B K% Fp 108 % [0.1,2] 2714050 126405 LHCh +19
BY = K% tu 108 %%‘? [16,23]  0.03+£012 0374022 CDF 422
Bi—guty 107 %%§ [1.6] 0484006 023+£005 LHCh 431
B Xetew  10°BR 142,25 0214007 0574019 BaBar —1.8




Tension on the SM from B — K*u* 1~ measurements

B Perform x? fit of the measured observables F;, Arg, S3, ..., S
B Float the generic vector coupling, i.e., Re(Cy)
B Best fit: ARe(Cy) = Re(Cy)MHCP — Re(Co)M = —1.0440.25

-
X [ ]
< [ ]
15 —
100 .
sk .
i -

|95}



Effective Weak b — d Hamiltonian

bd) 4G
He(zf: )= P[ bVid ZC

ViV 3000 (010) - 0§”><u>)] +he

i=1

B G (Fermi constant), C;(y) ( Wilson coefficients), and O;(p)
(b—s)

(dimension-six operators) are the same (modulo s — d) as in H

B CKM structure of the matrix elements more interesting in H (b_ml), as

ViVig ~ Vi Vi ~ A3are of the same order in A = sin

B Anticipate sizable CP-violating asymmetries in b — d transitions
compared tob — s
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Operator Basis

m Tree operators
O = (aL’nyACL) ((_ZL')/}lTAbL) , Oy = (aL’Y}ch> (EL’yﬂbL)

Ogu) - (aLWﬂTA”L> (ﬂLWVTAbJ ’ Oéu) = (dryuur) (ay"br)

m  Dipole operators

07 = en;b (C_ZL(TI/WbR) F‘uv/ 08 - @ (aLUHVTAbR) GI::V
8st &st

B Semileptonic operators

- ) 2 i}
Oy = % (dry"br) Z (lyul), O = ;7 (dLy¥br) Z (Erust)
¢

t Vi st

oq
®



B — 5t transition matrix elements

Momentum transfer: ! ! n
q=pB—Pr = Pe+ +Pe- s ()
VA AV
The Feynman diagram for the B* — 77 *¢~ decay.
_ "2 —
(m(pr)lByd[B(ps)) = f+ () (P + k) + o) = f ()] =2 4"

(el B gud|Bpa)) = L[ () 2 — g (o — i)

mp + My

B Dominant theoretical uncertainty is in the form factors f1(4%), fo(4%),
fr(g?); require non-perturbative techniques, such as Lattice QCD

B Their determination is the main focus of the theory




B — €t v, decay 5 5
ms —m
(m|uy"b|B) = f1(4°) (Pg +pr - qunq”> +fola?)
B fo(q*) contribution is suppressed by m3/m% for £ = e, p
m Differential decay width
dr

2 2
myg — my

7 7

G| Vip |2
BO £+ _ JFlYuo| 3/2 2
( — L yy) = 192751 3 (@) |f+ ()]

with A(qz) = (m% +m?% — qz) — dmEm?,

B Assuming Isospin symmetry: f4(g%) and fo(4?) in charged current
B — mfvy and neutral current B — 7€ £~ decays are equal

B Global fit of the CKM matrix element
[PDG, 2012]

Vg i3

&
=

Vip| = (3.5155013) x 1072 /\ 0

= 7
(VI Y
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Fits of the data on B — 7t £~ v, yield £+ (¢?)

=
=

i
I
'
At

AB (g7 )AL < (2 GeV?) x 107
T2 -

= ¥
Tn

00-

© BiBar B - nly combied detn

0
ABelleB S rlydit
E
*Belleuntagged B - w17y dat)

 BellsB -l vdan

0 A

12—

10

£ (a”)
o



Heavy-Quark Symmetry (HQS) relations

B Including symmetry-breaking corrections, Heavy Quark Symmetry
relates 1 (4%), fo(¢*) and fr(g*) (for g°/m} < 1) [Beneke, Feldmann (2000)]

fo(q2)=<W> (1+“522CF (2-2L@g )>>f+( )

mg
as(4)Cr  mi(q* —m3)
A (n 40— )

as(p)C
<1+ g F<1 y—b+2L( >>>f+( )

_as(u)Cr g

A my +m — g

m2 m2 2 871 B o
L(f) = <1+m2 _Bq2>1n<1+”m2q ) AF = Nﬁ;”@ >+ <u 1>ﬂ
s B

+ AF

4

AF

7




B* — m*¢+¢~ atlarge hadronic recoil (¢*Im} < 1)
[AA, A. Parkhomenko, A. Rusov; Phys. Rev. D89 (2014) 094021]
B Partially integrated branching fractions for B+ — g+¢+e-
BRswi(B — 5 11 GeV? < g2 < 8Gev?) = (057437 x 1078

B Dimuon invariant mass spectrum at large hadronic recoil
1.2 3|

,_.
=)
| P
£

e
=]

TS L

10° x dBr/dd’, Gev=
=] =]
ey (=2}

o
to

e
(=}
[

4 6 8
q°. GeV?
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Determination of f£(¢?) and f£7 (%) and comparison with Lattice QCD

0.0~
0 5 10 15 20 25

¢ (GeV*)

4
e = ¢ 4 v
FL F2 C Ca a3

3

B FFs are obtained by the z-expansion [Boyd, Grinstein, Lebed] and constraints

from data in low-g2

B Lattice data (in high-g? are obtained by the HPQCD Collab.
for f87 (%) from [arXiv:hep-lat/0601021]

for f87 (%) from [arXiv:1310.3207]

B In almost the entire g>-domain, the form factors are now determined
accurately. Recent Fermilab/MILC lattice results are in agreement
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BT — smrtutu~ in the entire range of 42

[AA, A. Parkhomenko, A. Rusov; Phys. Rev. D89 (2014) 094021]




Dimuon invariant mass spectrum in B — 7t £ ¢~

* LHCb APR13 # HKRI5 8 FNAL/MILC15
—— ]

g
tn

[\

dB/dg? (10° GeV-2c%)
tn

g2 (GeVZ/c%
m In excellent agreement with the APR2013 predictions, as well as
with the Lattice results



SM vs. experimental data

B SM theoretical estimate of the total branching fraction
[AA, A. Parkhomeno, A. Rusov; Phys. Rev. D89 (2014) 094021] :

BRswi(B — ) = (188703 ) x 108

B Uncertainty from the form factors is now reduced greatly.
Residual theoretical uncertainty is mainly from the scale dependence
and the CKM matrix elements

B LHCb has measured the BR and dimuon invariant mass distribution in
B* — ¥ utu~) based on 3 fb~! integrated luminosity
[LHCb-PAPER-2015-035; arXiv:1509.00414] :

BRexp(B* — o p ™) = (1.83 £ 0.24(stat) & 0.05(syst)) x 10~®

B Excellent agreement with SM-based APR2013-theory within errors, but
significant improvement expected from the future analysis
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Determination of Wilson Coeffs. from B — (r/K)uTpu~

[Fermilab/MILC, arxiv:1510.02349]

10 10
—~ 5 1 —~ 5
%E %9_
) S}
QD <]
o 1 o
0 SM 1 0 <sm
BoKuy By
B—»K B,
51 1P ey TR ey -5 LI dtley Dwsé’é’egz
10 -8 -6 -4 -2 0 2 4 -10 -8 -6 -4 -2
NP
Re(Cy™)

H‘e(CgNP)



Bs — puTp~ in the SM & BSM
m Effective Hamiltonian

Hep = — \‘2 Vi vtbz Ci(1) Os(1) + CL(w) Ol (w)]

m Operators: O; (SM) & O/ (BSM)
O10 = (3u¥"Prba) (Ivuysl),  Ofp = (327" Prba) (Iyusl)
Os = my, (5.Prby) (1), Og = ms (3.P1ba) (1)
Op = my, (5. Prby) (Iysl), Op = ms (5.Prby) (Ivsl)

2
- _ o m TB,
BR(Bs »putp™) = 643{35 |Vis* Vip |2 \/1— 4,
X [(1—4m§,) |Fs|? + |Fp + 23 Fyo|? ]

/
Cs/pmb — CS’PmS

my + mg

Fsp = mp,

/ A
] ,  Fio = C10 — Cyq, ity = mylmp,
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Leading diagrams for B — pp~ in SM, 2HDM & MSSM

wt
u,c,t
" s
~ W+ HT
b ANNNAN
u,c,t v
s NANANAN
W— H~
b wth
a, et
" s
o+
b I S
i, ¢t o




Bs — pTp~ in the SM
B SM predictions depend somewhat on the input parameters [Blanke &
Buras, arxiv: 1602.04021; Bobeth et al., Phys. Rev. Lett. 112, 101801 (2014)]

3.02 0.032
B (Bs — utu~) =(3.6540.06) x 10 (163'5 GeV) ( 084 Rs

(e (_m 0.938 Vsl \?
* 7 \227.7 MeV 1.516 ps ) \ r(ys) ) \41.5x 1073
B AT effects are taken into account through r(ys) = 1 — ys, with
Ys = 13,AT’s /2 = 0.062 % 0.005

B(Bs — utu~) =(3.78 £0.23) [3.65+0.23] x 1077

3.02 0.032
B(By — u'p) =(1.06+0.02) x 101 (mf(mf)) (“S(Mz)> R,

163.5 GeV 0.1184

R; = B, ’ B, [Vial ?
47 \1905MeV ) \1519ps/ \ 88 x 103

B(By— utu~) =(1.02+0.08) [1.06+0.09] x 1071
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Compatibility of the SM with B((’s) — ptp~ measurements

B)— ptp~

Combined analysis with CMS

CMS and LHCb (LHC run I)
E T T

LS

[Nature 522(2015)]

3

&
T

» First observation of B — ptp~
and evidence for B — ptp~.
> 6.20 and 3.20 respectively.

» Measurement of branching
fractions and ratio of branching OMS and LHCD (LHC un )
fractions.

B [BO_> Lo _ +0.7 o SM and MFV
s pT] =2.8706 x 10 ;
B[B°— ptp~] =3.9715 x107" N3

» Ratio found to be compatible with
SMto 2.30. o5 o




Test of the SM in Semileptonic B-decays and Bs — pp~

[Fermilab/MILC, arxiv:1510.02349]

Re(Cy")
Re(Cy")

______ _2 =

Y N o i B K
N ] ot
CB>Kmw -3 K g1
—angles —1B->Xl ] Clgnged” TB-XH ‘

-10 -8 -6 -4 -2 0 2 4 -3 -2 -1 0 1 2
Re(C;") Re(C;"")

-5
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Current Pulls on the SM Parameters from Unitarity Fits [CKMfitter 2015]

By 0.91
y 0.65
ki 0.91
o 0.84
sin 2( 1.66
Ex 0.05
A 1.21
A, 1.29
B(B—Ttv) 1.22

IV ) semitep 0.89
el 0.88
BB 1.83
B(D_ —uv) 1.08
B(D —t v} 1.64
B({D—Khv) 0.01
B(D— wiv) 0.04
IV slnot e 0.00
v

cdnotatice 043

B(ya) 2.22
B(K ) 0.03
B(I,) 1.44
B(K 3 0.00
IV 0.04

1 1 II
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Summary and outlook

Experiments carried out during the last 50 years in flavour physics have
led to a consistent theoretical framework - the CKM theory

In particular, all observed CP violations in the quark sector are described
by the single Kobayashi-Maskawa phase

FCNC processes in the SM are governed by the GIM mechanism and
have been measured in a number of K, D, Ds, B and B; decays

In particular, rare B-decays have been measured over 6 orders of
magnitude and are found to be compatible with the SM, in general

There is some tension on the SM in a number of rare B decays, typically
2 -4 o; whether this is due to New Physics or QCD remains to be seen

FCNC processes remain potentially very promising to search for physics
beyond the SM, and they complement direct searches of BSM physics

We look forward to improved theory and even more precise
measurements at the LHC and the Super-B factory at KEK
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