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Interest in Rare B Decays

Rare B Decays (b — (s,d)y,b — (s,d){T0~,...) are
Flavour-Changing-Neutral-Current (FCNC) processes
(JAB| =1, |AQ| = 0); not allowed at the Tree level in the SM

They are governed by the GIM mechanism, which imparts them
sensitivity to higher scales in the SM (11, myy)

In the SM, they determine the weak mixing CKM matrix elements V,;,
Vis and th

In principle sensitive to physics beyond the SM (BSM), such as
supersymmetry. Precise experiments and theory are needed to establish
or definitively rule out BSM effects in Flavor physics

Rare B-decays have enjoyed great attention in the current & past
experimental programme in flavour physics, with the present frontier
being LHC



Rare B-decays in the Standard Model
SM Lagrangian and the CKM Matrix
QCD Effects in Weak Decays
Operator product Expansion
The Standard Candle in Rare B-Decays: B — Xy
Exclusive Radiative Decays B — K*y & B; — ¢y
Electroweak Penguins: B — X £1T£~
Exclusive Decays B — (K, K*, t) €T £~

Current Frontier of Rare B Decays: B — pTu~ &
By — ptu~

Summary and Outlook



Standard Model Lagrangian

Lsm = Lgsw + Locp
QCD [SU(3)]

1 _(a a)uv . T
Locp = —7FW FOM 40" §59" (Dy)ap¥l

with F{9) = 3,4( —9,4(" — gsfubcA,S”)Aqﬁf) ; abc=1,..,8
and (Dy,)ap = 0apOu +1i8s Y, %Ai‘;)A,(,u)

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

Lgsw = L:gauge (Wir B, 1/’]) + £Higgs (¢kr Wi, B, ll)])

1, 1 . .
Lgauge(wir B, lIJ]) = _ZP;WP,”V - EB;WBIW + Z lleDy')’”l/’L + Z tpRlDy')’”lpI
YL Yr
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Standard Model Lagrangian-Contd.
LHiggs (¢r, W;, B, P;) = LHiggs (gauge) + LHiggs (fermions)
['Higgs(gauge) = (DMCI))*(DVCI)) - V(‘D)
D,® = (I(3, +i%By) + ig25 - W-)®; V(@) = —p2®T® 4 A (DT D)?
Liggs (fermions) = Y,/ Qi ®ug; + Y] Qp,i®dr; + h.c. + ...
® 3 Quark families: Qr, = (ur, dp); (cL, sp); (tr; br); iR, dg; ...
Flavour mixing reside in the Higgs-Yukawa sector of the theory
Flavour symmetry broken by Yukawa interactions
QiY]dip — QiMd;
QiVilujp® — QiMilu;
M, = diag(mg, ms, my); M} = diag(m,, m., m;) X Vexm

B Vckwm a (3 X 3) unitary matrix is the only source of flavour violation



The Cabibbo-Kobayashi-Maskawa Matrix
(Vud Vus Vub)
VekmM = (Vea Vs Vb
Via Vis Vaw

B Customary to use the handy Wolfenstein parametrization

—2A? A AN (p — in)
Vekm =~ | —A(14+iA%A%) 1— A2 AA?
AN (1—p—in) —AAZ(1+iA%y) 1

m Four parameters: A, A, p, 1; p = p(1—A2/2), ij=n(1— A?/2)
B The CKM-Unitarity triangle [¢p1 = B; ¢2 = a; ¢3 = 7]

(P.n)




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 =

VeV, A2
R, = |u*bi”d| 2_|_,1 — ( ) = ‘
||Vcbvcd| 2/ A
— thth _ 2 1 Vi
Ry = VA Vel — (1 P+ =7 Vo
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Current Status of the CKM-Unitarity Triangle [CKMfitter: 2015]

A5 = T R R i ) LI o D o e
exduded arBL has CL> 095 ‘: %%{ h
r ‘ % .
[ Y % ]
100 3, ot Amg ]
= oo e B il e
05 [ % /
[ - - ]
-10 77 J gk ]
F ; sol. wicos2f<0
I EPS 15 {excl.'at CL=>0.95) -|
1.5 (A e, |, o, . 1, ], SRRV, ,
-1.0 -0.5 0.0 0.5 1.0 15 20

P

m Direct and indirect measurements of angles agree well; largest
Pullisonsin2B (= 1.6 o)
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QCD Effects in Weak decays: Basic Formalism
B Renormalization procedure in QCD
A, =7 =7
80,s = Zggsy® my = Zyym
B The index “0” indicates unrenormalized quantities. Aj and g are

renormalized fields, gs is the renormalized QCD coupling and m the
renormalized quark mass

® Dimensional Regularization is used in which Feynman diagrams are
evaluated in D = 4 — 2¢ space-time dimensions and the singularities are
extracted as 1/e poles

B The simplest renormalization scheme is the Minimal Subtraction Scheme
MS in which only divergences (1/e poles) are subtracted

i 2 (a3 | by
zi= 24 () (‘:‘;+ 2)+O(a§)

T 4m e 47 &

aj; and bj; are p-independent constants.



Example: Quark Self-Energy Correction in the MS scheme:

2
1206,3 =1 ﬂCF(SalBél [ —|—ln47‘c—'yE+ln_ﬂ—pz+l]
Cr = 4/3; g is the Euler constant yg = 0.5772...
®  The MS-scheme is defined by: ‘uM— = pee/ 2(471)*1/ 2

(iz‘txﬁ)dzv 1CF‘50¢ (V 4m> +O(“Z)

B Adding the counter-term i0,g[(Z5 — 1) ¥ — (ZgZm — 1)m]
and requiring the final result to be zero yields the Renormalization constants

s 1 5
Zy=1- ﬁCpgl—F O(az)

[
Zp=1-— EST?:CFE + 0(a?)



Renormalization contd.

B Z3and Zg calculated from the gluon propagator and the g7g vertex

as [2, 5. 71 5

s |11
Ze=1- ° {

271 5
eV g e row

Basic RG Equations in QCD & their Solutions

B Scale-dependence of coupling gs(¢) (§ = gs) and quark mass m(p):
dg (1)

m = B(g(n),€)
) = (g
where B(g(n), &) = —eg+ B(g),
1 dZ, 1 dZ,,

B(g) = _gZM' Ym(g) = Zm



Compendium of Useful Results

B B(g), v(as) and Zy 1 (as) up to two-loops are

where

Bo =

N -2 %

3 5
B&) = ~Poge s — By

Ym(ats) = %(1?)f+7”(f—;)2

sra ()
4 2 4

Zq,l (Dés) =

3 pr=7FN- —Nf—chf

97 10
YW =6cr Ay =cCr (BCF + 2N - f)

3 3

3 17
am = —Cp 112=Cp< Cp——N+ f>

4
N2 -1

Cr="3N




Running Coupling Constant

B The RG equation for g(y) can be written as:

dus a2 al
= —2By-= —2
dinp 2‘50471 & (47)?

The solution is:
as(p) 1 B ﬁlnln(yz/A%)
4 Boln(p?/Ai5) By In(p2 /AZ)

Agz is a QCD scale characteristic for the MS scheme.

Ajzg and () depend on f, the number of “effective” flavours present,
which depends on the scale y. As a working procedure f = 6 for yu > my,
f=>5formy, <y < m etc.

Denoting by rxg ) (u) the effective coupling constant for a theory with f

effective flavours, the current world average is

«\¥ (Mz) = 0.1181 £ 0.0013



QCD Coupling constant a;(u) [PDG: 2016]

QOctober 2015

o (0? v Tdecays (VLO)
S(Q ) » DIS jets (NLO)
o Heavy Quarkonia (NLO)
031 o €f¢ jets & shapes (res.NNLO)
o e.w. precision fits (NNLO)
v PP -> jets (NLO)
v pp-> tt (NNLO)

02}

01}

Q6]

100 1000



Running Quark Masses

B The RG equation for m(u) can be written as:

T =~ (@)

m Withdg/dInpu = B(g) the solution is:

() /
s[5

m m(up) is the value of the running quark mass at the scale p. Inserting
the expansions for ,,(g) and B(g) and expanding in «a; gives:

(0)
% (1) (0) Ca
R e l1+ (’;go . ﬁ;;g ) i) o w]

© .
B Since zgo is a positive number, quark masses m () decrease as y

increases, and they require a scheme and a scale to be quantified much
like as(pt)



Bottom-quark-mass running m, () [HERA & LEP]

N"" B-mags manauramants al -
o & DELPHI B-cecays
= 5 ®  DELPHI 3-jets
5 F B DELPHId-jeis LD
= % DELPHI4-jis MLO
a A ALEPH
=, O OPAL
£ _ & SLD
&
4 |1
L]
[ J}
B wil
1 B |
I
i L L L R |
1 10 1
Q[Gav)
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Operator Product Expansion in Weak decays
m Consider the quark level transition ¢ — sud

B The tree-level W-exchange amplitude is:

Gr M3,
A = ——ViV,ym— i (5c)v_a(id)v_a
\/E s " u k2 _M%/v

Gr k?
— ViV, (50)v_a(iid)v—a + O(—-)
ﬁ cs " u M%\/
where (3¢)v_a = §y,(1— 75)c
m Ignoring O(k*/M?3,) terms, the amplitude A may also be obtained from
Gr

V2

He = Vi V,4(5¢)v—a(itd)v—a + High D Operators



Basic idea of OPE

B Product of two current operators is expanded into a series of local
operators, weighted by the eff. coupling constants, Wilson Coefficients

OPE & Short-distance QCD Effects
B Rewriting the ¢ — sud transition to make the quark color-indices explicit
) _ Gr
H AL

B With QCD effects ’H(jg() is generalized to

—=VesVia(Saca) v—a(tipdg) v

Hegp = \fVcsVud(Cl( 1)Q1 + Co(1)Q2)

where
Q1 = Gucp)v-allipda)v-a
Q2 = (Baca)v—alfipdp)v—a
B In addition to the original operator Q; , a new operator Q; with the same

flavour form but different colour structure is generated, as is evident from
the colour structure



The Wilson coefficients C; and C,, become calculable nontrivial
functions of &5, M and the renormalization scale .

Calculation of Wilson Coefficients

They are determined by the requirement that the amplitude A, in the
SM is reproduced by the amplitude in the effective theory A

G
Ay = Agfp = 7F§V:svud(cl<Ql> +C2(Q2))

There are three steps involved in this procedure, outlined below



Step 1: Calculation of Az

® Inthe SM, Agy to O(as) (m; = 0, p> < 0):

GF ws 1 pu? 3 a5, My
as | M3,
—3E In _7;7251}

Here S1 and S, are the tree level matrix elements of Q; and Q»
S1 = (Q1)tree = (Gucp)v_a(fipda)v_a
S2 = (Q2)tree = (5uca)v-a(figdp)v_a
B The singularity 1/¢ can be removed by quark field renormalization



Step 2: Calculation of Matrix Elements (Q;)

B  The unrenormalized matrix elements of Q; and Q, are found at O(a;)
by calculating the diagrams in the effective theory

2 2
0 — & (L H 3as (1 K
<Q1> <1+2CP471’ <£+ll’l_p2 Sl+N47{ s+ln—p2 Sq
g (1
347_[ <€+11’1_p2>52
00 = (14202 L Vo422 (Lin#)s
2 B Farm e —p? 2" Nax \e -2 )72
g (1
347_[ (€+ln—p2>sl

m Divergence in the first terms can again be removed by quark field
renormalization. However, one needs Operator renormalization to remove
the residual divergence

Q" = 7,0,



Relation between unrenormalized & renormalized Green functions

m The relation between the unrenormalized ({Q;) (0)) and the renormalized
amputated Green functions ((Q;)) is:

Q) =27,22;(Q))

[ ] Zq’2 removes the 1/¢ divergences in the first terms discussed above. Zij
removes the remaining divergences. In the MS-scheme:

. . a1(3/N -3
Z_1+47T£( -3 3/N)

B The renormalized matrix elements (Q;) are given by

2
_ s M Bag, w aa @
<Q1>_(1+2C In p>51+N4 In =581 3 ~In %

2
- s n M Bas W ks @
(Q2) = (1+2CF In— 7 >52+N4 In v 552 3 ln - 551



Step 3: Extraction of C;

®  Inserting (Q;) in A, and comparing with Ag; yields the Wilson
coefficients C; and Cp
My

o

B The Wilson coefficients in the meanwhile have been calculated to
next-next-leading-order (NNLO) precision. Their expressions are too
long to give here. Their numerical values will be quoted.



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

1o GLyubn) (9" (5)D), i=19,(10) | Ci(my)| ~ 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,
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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)

25000
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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 103

B(BT — K*t9) = 4.6 £ 1.2[{x+] & 0.4[m.] £ 0.2[Ap] £ 0.1[¢]
[Expt. 4.2 4 0.18 (HFAG 2012)];

B(B® — K*) = 4.3 £ 1.1[k+] & 0.4[m.] £ 0.2[Ap] £ 0.1[¢]
[Expt.: 4.33 £ 0.15 (HFAG 2012)];

B(Bs — ¢7) =43 £1.1[{4] £ 0.3[m.] & 0.3[Ag] £ 0.1[y]
[Expt.: 57734 (BELLE); 3.9 4 0.5 (LHCb)]

Comparison with current experiments

B(B+—sK*+
= g(;B:) _IfK*JZiI;NLO = 1.10 £ 0.35[theory] & 0.04[exp]

B(B"—K*?
n W = 1.00 + 0.32[theory] + 0.04[exp]




B — X.ItI~

o There are two b — s semileptonic operators in SM:
2

e - 7 .
0i = 1o (Gryubr) (17" (75)1), 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
Cio = ng) + %CS) + ..

® The term Cg_l) () reproduces the electroweak logarithm

that originates from the photonic penguins with charm quagk lodﬁqzjg s

4 o(-1)
C
“s(mb) ’

4. M;
(myp) = 5 lnm—‘g—i—(’)(us) ~ 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



Dilepton Invariant Mass in B — X;£1 £~

(1—3)?

2
dr(B — Xse—’_g_) . (D‘em)z Glz:mg,pole |V:Sth’
ds - \4r 4873

- 2 - 2
X ((1+2§) <)c§ff‘ + ’c%ff )+4(1+2/§)

eff|? Seff meffx)
ce ( + 12Re (C7 o ))
it = (1+ "‘i’”w(é)) A7
Ks n n a
5 (cOED (3) + VR ) + AP E ()
ceff — (14 ng(é) Ao + To (2, 8) + U h(1,3) + Wo (0, 3)
9 7T
Ks n n a
) (DR ) 4 OF 5) 4 ADED )
ceff = (1 + 7"‘57(1” )w9(§)> At

B Ay Ag, Ag, A9, Tg, Uy, Wy are functions of the Wilson coefficients



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~
Ghinculov, Hurth, Isidori, Yao 2004]
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e Zero of the FB-Asymmetry is a precision test of the SM
@ = (3.9040.25) GeV? [Ghinculov, Hurth, Isidori, Yao 200

2 /A1 N AN [N W] N o r? m 1 [ Ve 1. ~ 1 1 TT 1N



Comparison of B — Xs£1 £~ with Data

[AA,Greub, Hiller, Lunghi 2001 (AGHL); Ghinculov, Hurth, Isidori, Yao 2004 (GHIY); Huber, Lunghi, Misiak, Wyler 2005

(HLMW); Bobeth, Gambino, Gorbahn, Haisch 2003]

m Inclusive B — X7 £~ BRs

B(B — Xs£T£7) (Mg > 02GeV) = (3.667075) x 10~° [HFAG'12]

SM: (4240.7) x 10°° [AGHL]; (4.6 40.8) x 10~° [GHIY]

m Partial BRs (integrated over lower range of 4?)
B(B — X:£T£7); ¢ € [1,6] GeV? = (1.63 £ 0.20) x 10~° [GHIY]
BB — Xsutu™); > € [1,6] GeV? = (1.59 £ 0.11) x 10~° [HLMW]
B(B — Xsete™); g% € [1,6] GeV? = (1.63 £ 0.11) x 10~® [HLMW]
Expt: B(B — Xs£1€7) ¢ € [1,6] GeV? = (1.60 - 0.51) x 10~°

m Partial BRs (integrated over higher range of 4?)
B(B — X£T£7); ¢*>14GeV? = (4.04 £ 0.78) x 10~7 [GHIY]
o B(B— Xsutu™); 4% > 14.4GeV? = 2.40(1702%) x 10~7 [HLMW]
B(B — Xsete™); g% > 144 GeV2 = 2.09(17032) x 10~7 [HLMW]
Expt: B(B— X£T£7) > > 14.4GeV? = (444+1.2) x 1077




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%)  [HFAG: 2012]

SM: [A.A., Greub, Hiller, Lunghi PR D66 (2002) 034002]

Decay Mode | Expt. (BELLE & BABAR) | Theory (SM)
B — Kete— | 045+£0.04 0.35+£0.12
B — K*etem | 1.191017 1.58 £ 0.49
B— K*utp~ | 1157018 1.19+0.39
B— Xsutp~ | 42£13 42407

B — Xsetem | 47£13 42407
B— X (t0~ | 45+13 42407




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® A cos B + Sy sin 20 sin A sin @

+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)

Ahmed Ali (DESY, Hamburg) Rare B-Decays in the SM and Hints of BSM P! 58 / 80



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(Co)
B Best fit: ARe(Cy) = Re(Cy)MHCP — Re(Co)M = —1.0440.25
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Effective Weak b — d Hamiltonian

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

VIV Zc ( ) — oM (y))] fhe

B Gr (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 Uf’? d), as

ViVig ~ Vi Vi ~ A3are of the same order in A = sin 61,

B Anticipate sizable CP-violating asymmetries in b — dtransitions
compared to b — s



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:
q=PB—Pr = Pe+ TP~ [ &4 [w]

\ u u

The Feynman diagram for the B* — 77¢*¢~ decay.

m2 _ mZ
(m(pr)lByd[B(ps)) = f+ () (P + k) + o) = f ()] =2 4"
(rt(pr)|bot q,d|B(pp)) = m [(pg +p§§) 7 —q" (m%; = mi)}

® Dominant theoretical uncertainty is in the form factors £, (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

2 2 2
mp —m

m3 —m
(t[ay"b|B) = f+ (") (Pﬁ +ph - qu"q”> Tolg?) =
®  fy(q?)contribution is suppressed by m? /m% for £ = e,
m Differential decay width
ar
dg?

_ G%|Vub‘2 3/2

BY - tty,) =
( 2 192733

(@) |f+(g%)[?

with A(q?) = (m% + m?% — q2)2 — dmim?%

B Assuming Isospin symmetry: f; (g?) and fy(¢%)in charged current
B — mlv, and neutral current B — 7t/" ¢~ decays are equal

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

V| = (3.51751%) x 1073 |
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| B [ |
| {

\/ i d




Fits of the data on B — 7t £~ v, yield £+ (¢?)
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Heavy-Quark Symmetry (HQS) relations

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

fo<q2>:<”W) (H”‘*ffl” (2-2L(g ))>f+( )

g
as(u)Cr _my(q* —m7)
A (m3 +m% — g?)?

as(p1)C
<1+ g F(l y—l’+2L( )>>f+( )

_as(u)Cr g

. m3 4+ m% — g2

m> m% — q> 87 _ -
L) = <1+m2 _Bq2> 1n<1+”m2q ) AFy = NCJ;’?;” (), (@ 8
ﬂ B

+ AF

4

AF

7




B* — m*¢+¢~ atlarge hadronic recoil (¢*Im} < 1)
[AA, A. Parkhomenko, A. Rusov; Phys. Rev. D89 (2014) 094021]
® Partially integrated branching fractions for B¥ — g+¢+e-
BRsm(B — mrutu—;1GeV2 < ¢ < 8GeV?) = (0.57t3;3§) x 108

B Dimuon invariant mass spectrum at large hadronic recoil
1.2 3|
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Determination of {87 (%) and f£7 (4?) and comparison with Lattice QCD

i
- ol * * A v
L5 / FIL 2 Cl 2 3

0.0 i 0 -} 10 as 20 25

¢ (GeV*)

B FFs are obtained by the z-expansion [Boyd, Grinstein, Lebed] and constraints
from data in low-g2

® Lattice data (in high-g? are obtained by the HPQCD Collab.
for f87 (%) from [arXiv:hep-lat/0601021]
for f87 (%) from [arXiv:1310.3207]

® In almost the entire g>-domain, the form factors are now determined
accurately. Recent Fermilab/MILC lattice results are in agreement



BT — smrtutu~ in the entire range of 42

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




Dimuon invariant mass spectrum in B — 7 £ ¢~

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

g
tn

[\

dB/dg? (10° GeV-2c%)
tn

20

g? (GeV?/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] :
+ + - 0.32 —8
BRswi(B* — ™) = (188%032) x 10
B  Uncertainty from the form factors is now reduced greatly.

Residual theoretical uncertainty is mainly from the scale dependence
and the CKM matrix elements

®m LHCb has measured the BR and dimuon invariant mass distribution in
B* — m*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



Determination of Wilson Coeffs. from B — (r/K)uTpu~

[Fermilab/MILC, arxiv:1510.02349]
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Bs — ptu~ in the SM & BSM
m Effective Hamiltonian

\‘Z"‘ Vis"Vao 3 [C0) O1(r) + €)1 1)

m Operators: O; (SM) & O} (BSM)

Oy = (ga'YﬂPLboc) (7')’;4’)’51) ’ (9{0 = (%’Y”PRb.x) (7’)’;4')’51)
Os =my (gaPRbtx) (il) , Og = mg (gtxPLba) (il)
Op = my, (5.Prby) (Iysl), Op = mg (5.Prby) (Iysl)

BR(Bs »utp™) = 647:,;5 |Vis* Vip |2 \/1— 4,

X {(1 - 4m§) |Fs|? + |Fp + 2ii2Fyo|? ]

Hoy =

/
Cslpmb — CS’Pms

my + mg

Fsp = mp,

1 y Pl() == C]() —_ Ci()/ ﬁ’l’l = m,,/mBs



Leading diagrams for B — pp~ in SM, 2HDM & MSSM
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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)]

B (Bs — uTp~) =(3.65+0.06) x 1077 <mt(mt)>3'°2 (“s(Mz)>°'°32

163.5 GeV 0.1184

R. — Fg, \°( 1. 0.938 Vis|
* 7\ 227.7 MeV 1516 ps ) \ r(ys) / \41.5 x 10—3
B AT effects are taken into account through r(ys) = 1 — ys, with
ys = Tp,AT4/2 = 0.062 = 0.005

B(Bs — ptu~) =(3.78 £ 0.23)[3.65 + 0.23] x 10~°

3.02 0.03!
P —10 (_mi(my) as(Mz)
B (By — ptp~) =(1.06 £ 0.02) x 10 (163.5 GeV) < R

R; = Fs, 2, |Vid| 2
47 \1905MeV ) \1.519ps) \ 8.8 x 10—3

B(B; — pTp~) =(1.02 £ 0.08[1.06 & 0.09]) x 10~ 1°




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]
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Summary and outlook

Lattice QCD, QCD sum rules, and heavy quark symmetry provide a
controlled theoretical framework for B-meson physics

Despite this impressive progress, some non-perturbative power
corrections remain to be calculated quantitatively, limiting the current
theoretical precision

B-decays have been measured over 9 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 -3 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



