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Overview

* 1. Introduction

15’
[A] Overview Flavour Anomalies
[B] Flavour Violation & Flavour Universality
[C] Effective Hamiltonian(s)
[D] Angular Distributions
2. Current tensions (anomalies) SM-status - prospects
35’

[A] Tree -level: [Vl exclusive vs inclusive &
[B] b —sl B =»D0OIv: I=e,uvs t

(i) Theory Overview

(i) Experimental Results

(i) Summary of global Fits

(iv) Theoretical Reappraisal of Charm
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... in a few (un)expected places

b—s FCNC’s

Angular Observables
(e.g. AFBa }Dé)

TD-CPV: B, — ¢

RHH . B(BU = I{*Upby.)
Kr/e ™ B(BY = ¢up)

B(B—K™) up)
B(B— K (*)ee)

Pirsa: 17060013 Page 6/80



... in a few (un)expected places

b—s FCNC’s Tree-level
Angular Observables

VS |Vub ‘incl
TD-CPV: B, — ¢

e B(BY = K*up)
K*/¢ = B(BI — duu)

R L BBox L e B[B = D(*)Tl/]
K™ = B(B—K ™ ee) D™ = BB = D™y
Lepton Flavour Universality Violation (LFUV)?

U=
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New flavour physics and generic flavour structure?

Anarchic flavour O(1) Wilson coefficients
— most severe constraints from mixing i.e. AF=2
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... in a few (un)expected places

b—s FCNC’s Tree-level
Angular Observables
(Cg AFBa Rfi) |V;1b‘excl & glObal fit

VS |Vub‘incl
TD-CPV: By — ¢

e B(BY = K*up)
K*/¢ = B(BY = dup)

B|B — D™ 1y
B|B — D™y

l=e, 1

R _ B(BoK™ up)
K®) = B(BSK™ee)
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New flavour physics and generic flavour structure?

Anarchic flavour O(1) Wilson coefficients
— most severe constraints from mixing i.e. AF=2

hadron discovery dim-6 operator bound Arv/(103TeV)]
Ko 1964  (Sd)v_a(Sd)v_a (Apy) 2 1
Bo 1999 (bd)v_A(bd)yv A 0.4
Bs 2006  (bs)v-a(bs)v_a 0.07
Do 2007  (cu)v_a(cu)y_a 1
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New flavour physics and generic flavour structure?

Anarchic flavour O(1) Wilson coefficients
— most severe constraints from mixing i.e. AF=2

hadron discovery dim-6 operator bound Arv/(103TeV)]
Ko 1964  (Sd)v_a(Sd)v_a (Apy) 2 1
Bo 1999  (bd)v_a(bd)v_a 0.4
Bs 2006 (bs)v-a(bs)v-a 0.07
Do 2007  (cu)v_a(cu)y_a 1

= new flavour better have a structure! (also more likely to explain old one)

N.B. Constraints Lepton sector larger AF=1
(since photon does not couple to v)
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ABC of Symmetry:
Flavour Universality (FU) & Flavour Conservation

*  Yukawa =0 global symmetry: Gr=UQB)’=Gqx G, Gq=UB)ox U3)urx U3)or
Yukawa #0 breaking down: Gq=U@B3)q* - U(1)Baryon
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ABC of Symmetry:
Flavour Universality (FU) & Flavour Conservation

*  Yukawa =0 global symmetry: Gr=UQB)’=Gqx G, Gq=UB)ox U3)urx U3)or
Yukawa #0 breaking down: Gq=U@B3)q* - U(1)Baryon

«  SM: FU-broken : my # mc¢# mt but not couplings gweak = gu= gc = Ot

SM: Flavour Violation (FV) by misalignment of Yukawa matrices:
Vekm=SpSut # 1
(i) charged FV b—W'c (tree)
(i) neutral FV (FCNC) b—sy
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ABC of Symmetry:
Flavour Universality (FU) & Flavour Conservation

*  Yukawa =0 global symmetry: Gr=UQ3)’= Gqx G|,

Gq = U(3)Q X U(3)URX U(3)DR
Yukawa #0 breaking down: Gq=

U(3)q3 - U( I )Bnrynn

«  SM: FU-broken : my # mc# mt but not couplings gweak = gu= gc = Ot

SM: Flavour Violation (FV) by misalignment of Yukawa matrices:
Vekm=SpSut # 1
(i) charged FV b—W'c (tree)
(i) neutral FV (FCNC) b—sy

Flavour Universality is not a symmetry of the SM

- Yet for leptons: control the breaking in terms of (mainly) kinematic factors.
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Make use of energy scales (eg. talk T.Becher)

ABC of Dynamics: Effective Hamiltonian

energy X * * *

A BSM 7 mw Ty 0
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Make use of energy scales (eg. talk T.Becher)

ABC of Dynamics: Effective Hamiltonian

energy —hk % * *

Ap M ! mw Ty 0

amplitude A= (XYZ|Hex|B) = > Citmp) (XY Z] Oi(my) |B)
?: a1 q202q3
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AF=1 topologies are (AF=2 mixing)

final  type topology
hadron
0 leptonic E) Shoand
\a._//. ‘\b/'
1 semi- .
leptonic Y
/ — - ‘1\
{ ~
;/)_._..j /\hi
AL,
radiative | L
FCNC s g _g,_'f\\
g) — (&)
o hon- _
leptonic A

theory methods

lattice
sum rules (SR)

decay
constant fgs

form lattice, slow 1
factors | CSR. fast

form factors ~ dualit
multi- / y

resonance—— Breit-
Wianer

LD

factorisation
(fast pions)

pb: FSI
size of A/mp

QCDF: 1/
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ABC of Kinematics: Angular Distributions

This talk mostly: B = V(—S1S2)lals or B — Slaly (semi-leptonic/radiative)

partial wave partial wave

|- (Kr-pair) l|-(1-pair)
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ABC of Kinematics: Angular Distributions

« This talk mostly: B = V(—S1S2)lalb or B — Slaly (semi-leptonic/radiative)

partial wave partial wave

|- (Krt-pair) l|-(I-pair)

K

re,)

Heff of dim=6 with 10 operators et — 307 @ Y (GO + Clo)).

v2 4 =V, AS.PT

()H(I)] = EL b f(}{j ) {J y ()"(‘h” — EL 7‘”, -(:.)"}"H (75){[ \
Or  =5,0"blo, 0, O =0l g S- and P-wave
d'-IP AL S i ; ,"_Qfms
R g = Z G Y1, (0, #)Yy,m(61,0) Y gor
dq* dcosy dcosl e do R wnow
m,l;=0..2,l . =0..Jk s ! . Lme
A 50

“Jacob-Wick formalism” for effective theories
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... connection to dynamics

327 d‘T
3 dq? dcosty deosO e do

- R«[Gﬁ}”( 20N+ G () + G () +
2000 G AR + G (P! +
G220 + G2 ()0 + G2 (H)03?
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... connection to dynamics

327 d'T
3 dq? dcosly deosl e dop

= Re|GH ()00 + GO+ GY (a9 +

TGN + G T+ GYH PN +

G220 + G2 (PN + G2 (H)03?

2,2 V V' ArrA - T 7T ¢ Ty 7T
Gy ~ (HEEE)* HARA — 2 (H+H_ +2H+tH_t))

Hadronic helicity amplitudes e.g. H:'[A] = (K*(N\)|87"[v5]0|B)e* (\) 4
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... connection to dynamics

327 d*T

2 Sz() 1 (—:U 5 SZU 2
3 dq? dcosly deosl e dop ) G ((i ) N

= Re |G ()90 + G
0+ GNP +

2,0,2)020 | 7%
7o (g7)8 :U (q
) -

G220 + G2 (PN + G2 (H)03?
@y ~ (Hpeiy+ H A — 2 (HTAT + 20T HT))

Hadronic helicity amplitudes e.g.  H} Y = (K*(\)[57"[v5]b|B)e* (A,

+ Pause! Goal find info on microscopic theory

Tools: (1) angular analysis (moments) extract G’s
(2) g-dependence - disentangle short from long-distance physics
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(2) Tensions

Tree=level tensions

(no sizeable long distance contamination!)
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CKM-eclements

exclusive VS inclusive

optical thm & OPE

Vi V. non-perturbative Input

‘ Ub’ ‘ cb

ihmdi B Dt TIV(e))IP,m{IS(@®)

B — plv B Dty TlVaold®)’,m{1S(¢*))]
A}, — Alv

B e g b— X v universal m-elements

shape function (model, fit)
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Voo & Vub inclusive vs exclusive

Gambino@Higgs-Maxwell’17

5.0

- - - - IVel-tension eased by angular

B-D" Vo , =
AT B Jusive data Bell‘e 17 allowed to revisit
assumption of CLN'97 (HQET):
; : HPQCD 46 ) 4 omreN 4 m—3
45 Vb inclusive /. = £ (V) . .
GGOU (HFAG 4) B=-D |I<}>|D* 41"(-‘) 10
global fit Bigi, Gambino, Schacht’17

Vb inclusive
4.0 \GGOU (BaBar 16)

B—n -
FNAL/MILC /
]

UTEIT(SM)

103 IVl

Ap—=p/Ap— A

3.0
36 38 40 42 44

108 Vel
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Voo & Vub inclusive vs exclusive

Gambino@Higgs-Maxwell’17

5.0

- - - - IVel-tension eased by angular

B-D" Vo , =
AT B Jusive data Bell‘e 17 allowed to revisit
assumption of CLN'97 (HQET):
; : HPQCD 46 ) 4 omreN 4 m—3
45 Vb inclusive /. = £ (V) . .
GGOU (HFAG 4) B=-D |I<}>|D* 41"(-‘) 10
global fit Bigi, Gambino, Schacht’17

TQ . . .
< B ngg}gj};‘f“ﬁ ~ + IVyl-tension eased by new
o BaBar analysis.
% n / 11 y ” H ]
- B—n - needs checks” Gambino’17
FNAL/MILC /
| ——
3.6 1
UTEIT(SM)
A= p/Ab— A
3.0
36 38 40 42 44
103 Vel
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Voo & Vub inclusive vs exclusive

Gambino@Higgs-Maxwell’17
5.0 .

g S | + IVel-tension eased by angular
BP:A? in:ltzivc data Belle’17 allowed to revisit
assumption of CLN'97 (HQET):

: : HPQCD 16 ) i1 ey 4 A—3
45 Vb inclusive /. = £ 2) . .
GGOU (HFAG “4) B-D |I<}>|D* 41'I(-‘) 10
glabatfic Bigi, Gambino, Schacht’17
5 N . )
> ng;‘};l;‘f“f, -+ IVyl-tension eased by new
Y = ‘ BaBar analysis.
- B—n . j “needs checks” Gambino’17
FNAL/MILC /
—t— ‘
3.0
uterrsm) © Another Vub-mode
J D YL 10—3
Ab—bp/Ab—bAc ‘Lll}}|p* — 132(13) : l(_]
i 36 38 40 42 44 Bharuct 1d, E‘}W’aﬁﬂ’}? RZ 15
103 IVl
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Voo & Vb inclusive vs exclusive

Gambino@Higgs-Maxwell’17

5.0 . 2 s
B"’D* Vcb
FNAL inclusive
: : HPOQCD 46
45 Vb inclusive Q
GGOU (HFAG “4) B—D
global fit
= Vb inclusive
= 40 GGOU (BaBar 16)
[ap]
9 D . /
D | ¥ -
FNAL/MILC ,»f””’,,7
—t—
3.5 L,
UTEIT(SM)
A= p/Ap— A
3.0
36 38 40 42 44
103 Vel

« IVel-tension eased by angular
data Belle'17 allowed to revisit

assumption of CLN'97 (HQET):

™" .." ™ < lals CAala L d
Bigi, Gambino, Schacht'17/

« |Vypl-tension eased by new
BaBar analysis.
“needs checks” Gambino’17

+ Another Vub-mode
H’ﬁll}|p* = 32(3) . 10_3
harucha, St

N7 4
straub. RZ ‘15
JLICAUANY, TV LS | I

v IVupl-tensions disappearing in favour of global fits! (not fully sorted...)
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* Yet instructive to contemplate on right-handed currents &g

Vcb

|Vcb|incl = |Vcb|(1 + %Cz)
| Veb|p* = | Veb|(1 + €)
|Veb|p = | Veb|(1 — €)

no good as D and D’
in wrong direction
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* Yet instructive to contemplate on right-handed currents &g

Vcb

|Vcb|incl = |Vcb|(1 + %Cz)
| Veb|p* = | Veb|(1 + €)
|Veb|p = | Veb|(1 — €)

no good as D and D’
in wrong direction

Vub
8 I L B
. BB B - X,Iv |HFAG BLNP - Diagnosing better via angular
B HFAG I =
Bnly |HFAG avg. w distribution Bernlocher Ligeti, Turczek'14
6

+ General dim-6 RHC can explain (old)

Vub-pattern but problems with Z->bb
Crivellin, Pokorksi’14

R » Ao~ plv from LHCDb from ’15 does
~ Standard Model - not support right handed currents

7] e e P . . :
204 —03 02 -01 0 01 02 03 (not exclude them either)
€R

L
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* Yet instructive to contemplate on right-handed currents &g

Vcb

|Vcb|incl = |Vcb|(1 + %Cz)
| Veb|p* = | Veb|(1 + €)
|Veb|p = | Veb|(1 — €)

no good as D and D’
in wrong direction

Vub
8 I L B
. BB B - X,Iv |HFAG BLNP - Diagnosing better via angular
B HFAG I =
Bnly |HFAG avg. w distribution Bernlocher Ligeti, Turczek'14
6

+ General dim-6 RHC can explain (old)

Vub-pattern but problems with Z->bb
Crivellin, Pokorksi’14

R » Ao~ plv from LHCDb from ’15 does
~ Standard Model - not support right handed currents

7] e e P . . :
204 —03 02 -01 0 01 02 03 (not exclude them either)
€R

L
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Flavour Universality I: tvs n,e

05

T
Ay’ = 1.0 contours

P ——————
BaBar, PRL109,101802(2012)
e Belle, PRD92,072014(2015)

R(D*)

B(B — D™ 1v)

RD( N o= 0.45 LLHCb, PRL11S,111803(2015) =y SM Predictions
11— B B = D(*) e L)l/) Belle, PRD94 (072007(2016) R(D)=0.300(8) HPQCD (2015)
-y ,L ’ ; Belle, arXiv: 161200529 R(D)=0.299(1 1) FNALMILC (2015)
04 ) Average R(D*)=0.252(3) §. Fajfer et al. (2012)

3-90' 0.35

LHCb@FPCP'17 B

Rp+ = 0.285(19)(25)(14) 025

I}I'll]llllll]illllllll

Moriong EW 2017 t‘
1

P(x*) =67 4% 7]

"\J\!l!]I!?l'llil'll!lllll]llll'

0.3 0.4 0.5 0.6
R(D)
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Flavour Universality I: tvs n,e

~ 05
*

B(B — D™ 1v) S

e p—p———
BaBar, PRL102,101802(2012) 2
Ay = 1.0 contours

Belle, PRD92 072014(2015)

RD( N o= e~ 0.45 LLHCb, PRL11S,111803(2015) =y SM Predictions
e B B = D(*) e [)l/) Belle, PRI94 072007(2016) R(D)=0.300(8) HPQCD (2015)
75 ,‘ £ ) = Belle, arXivi1612.00529 R(1)=0.299(11) FNALMILC (2015)
04 ) Average R(D*)=0.252(3) S. Fajfer et al. (2012)

3-90 0.35

LHCb@FPCP'17 B

Rp+ = 0.285(19)(25)(14) 025

Ll ll}l'lllllllll]illllllll

Moriong EW 2017 t

P(x’) = 67 4%

LIS LI LI LB L LILJL LELBLIL LILLEL LILLIL
| | ] I |

Ll

4 Y S VO T G S VOUSF CHY GHR S NS WU S S——"
- SM: S,P wave form factors 5 i 04 0.5 y

Ro lattice HPQCD Na et al"15
Rp+ using Caprini, Lellouch, Neubert'97 expansion (O(as/mb))

R;(w) = R;(1) + R;(1)(1 —w) + R/(1)/2(1 — w)* « ot

/ ITOT

Belle'10 data assuming no NP |=e,u

V]

6

So
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Flavour Universality I: tvs n,e

~ 05
*

B(B — D™ 1v) e

e ——————
s BaBar, PRL109,101802(2012) 2
Ay = 1.0 contours

Belle, PRD92 072014(2015)

B = ~ 0.45 LLHCh, PRL115,111803(2015) =y SM Predictions
D Lg B -5 D ( % ) e L) l/) Belle, PRD94 (072007(2016) R(D)=0.300(8) HPQCD (2015)
] ,L y . = Belle, arXiv: 161200529 R(1)=0.299(11) FNAL/MILC (201%)
04 ) Avernge R(D*)=0.252(3) §. Fajfer et al. (2012)

3-90 0.35

L ll]l'll]lllllllillllllll

M\!llII!?I_'llil’ll!ll!ll’]llll'

LHCb@FPCP'17 o
0%_ — 01.3 e ()I.4 e 0.5 -I'{)E-'_-ﬂ? 1%():.6
- SM: S,P wave form factors R(D)

Rp lattice HPQCD Na et al’15
Rp+ using Caprini, Lellouch, Neubert'97 expansion (O(as/mp))

/ \ : ’
R;(w) = R;(1) + R;(1)(1 —w) + R/(1)/2(1 — w)* focto”
e for™

Belle'10 data assuming no NP |=e,u

+ Rprdominated by scalar form factor Ro which is exp-unconstrained!
Angular analysis B—D*tv is investigated by LHCb ....
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Refined analysis using Belle’17 angular data with more reliable error Rp:
Schacht et al & Robinson et al to appear @LHC-workshop - anomaly persists

Rp- = 0.258(10) [preliminary] compare Rp*= 0.252(3), Fajfer, Kamenik, Nisandiz¢’13
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Refined analysis using Belle’17 angular data with more reliable error Rp:
Schacht et al & Robinson et al to appear @LHC-workshop - anomaly persists

Rp- = 0.258(10) [preliminary] compare Rp*= 0.252(3), Fajfer, Kamenik, Nisandiz¢’13

« However : t difficult particle ...

| [ 2.42(06) -107* Ligeti, Tackman(theory)
BF(B — X.tv) = { 2.41(23) - 1072 LEP(experiment)

) X . o Kamenik, Faj fer'12  BaBar'12, LHCV15  Belle’15
o T + )" = \ 5" . X 2 / ]
BE(B = Drv) + BE(B = D"1v) { 2.01(7) - 102 2.78(25) - 102 2.39(32) - 102

looks like two modes experimentally saturate inclusive rate ...
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Schacht et al & Robinson et al to appear @LHC-workshop - anomaly persists

Rp- = 0.258(10) [preliminary] compare Rp*= 0.252(3), Fajfer, Kamenik, Nisandiz¢’13

« However : t difficult particle ...

| [ 2.42(06) -107* Ligeti, Tackman(theory)
BF(B — X.tv) = { 2.41(23) - 1072 LEP(experiment)

) X . o Kamenik, Faj fer'12  BaBar'12, LHCV15  Belle’15
o T + )" = \ 5" . X 2 / ]
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Refined analysis using Belle’17 angular data with more reliable error Rp:
Schacht et al & Robinson et al to appear @LHC-workshop - anomaly persists

Rp- = 0.258(10) [preliminary] compare Rp*= 0.252(3), Fajfer, Kamenik, Nisandiz¢’13

« However : t difficult particle ...

2.42(06) - 10-% Ligeti, Tackman(theory)

BF(B — X.1v) = { 2.41 (23.) 1072 LEP(experiment)

) X . o Kamenik, Faj fer'12  BaBar'12, LHCV15  Belle’15
o T + )" = \ 5" . X 2 / ]
BE(B = Drv) + BE(B = D"1v) { 2.01(7) - 102 2.78(25) - 102 2.39(32) - 102

looks like two modes experimentally saturate inclusive rate ...

- Good 1: Bellell@50/ab competitive with theory error
LHCb Run2 4% on Rp-

Pirsa: 17060013 Page 39/80



Refined analysis using Belle’17 angular data with more reliable error Rp:
Schacht et al & Robinson et al to appear @LHC-workshop - anomaly persists

Rp- = 0.258(10) [preliminary] compare Rp*= 0.252(3), Fajfer, Kamenik, Nisandiz¢’13

« However : t difficult particle ...

| [ 2.42(06) -107* Ligeti, Tackman(theory)
BF(B — X.tv) = { 2.41(23) - 1072 LEP(experiment)

) X . o Kamenik, Faj fer'12  BaBar'12, LHCV15  Belle’15
o T + )" = \ 5" . X 2 / ]
BE(B = Drv) + BE(B = D"1v) { 2.01(7) - 102 2.78(25) - 102 2.39(32) - 102

looks like two modes experimentally saturate inclusive rate ...

- Good 1: Bellell@50/ab competitive with theory error
LHCb Run2 4% on Rp-

- Good 2: CLN-expansion can be partly improved O(as? as/mc,1/mc2)

v¢ Experimental prospects to settle; it theory improvement possible
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2.B.FCNC-level tensions

long distance contamination
except LFU
(i) quick theory overview
(ii) experimental results
(iif) summery of fits
(iv) theoretical reappraisal of charm
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B—K()Il under microscope

SM Wilson-coeff: Cs=Cp =C1=0, Cy=Csq + 8Cs°f(q2), Ca=C1o
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B—K()Il under microscope

SM Wilson-coeff: Cs=Cp=Cr=0, Cv=Co + 8Cs°(q?), C ,  *

v ¢
$
& 9
7 ]
& 2,
N -y
0 0
_(,,f- ~J
electroweak penguin (also O7..) 4-quark operators (also O3 .¢)
J/w W (25)
K fast: 1 ' K slow:
light-cone methods dB(B—K{f) - high-g2 “OPE”
LCSR, QCDF/SCET | dqg? ] -endpoint relations

diagnostic shape

/ for charm

W (4040)
F(3770)

1(4160) 4
W (4415)

D D-thesholc

V] L s s 'S L . 4 s 1 1 L b 'l 1 +. i+ 1 ,
5 10 15 20  ¢*[GeV7]
0% y-dominates HAITOW Iesonances ()G—{I()Illil]él,“‘.“-
Ou-O7 g-interference  (Oy)%-eflect ), ) interference
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Short distance described Form Factors local

- tensor & vector form factors

£ ¢

(K*(p,n)|5ig, 0" (1 £ v5)b|B(pp)) = PI'Ti(¢°) £ PiT,(¢°%) ng‘n(éﬁ)
(K*(p,n)|57"(1 F v5)b|B(pn)) = RS (gl RaY b (gC) -t REY (o) & PEV o (g2

+ low g2 (large recoil) Light-cone sum rules algebraically:

K*-DA: Bharucha, Straub, RZ "15 (use of elms - backup) T1(0) = T5(0)

- high q2 (low recoil) lattice Horgan, Meinel, Wingate, Liu'13 « Ao(0) = A3(0)

Y, /'« ForGiletal (%):
// | connects smoothly via z-expansion

0

iLCSR ,/f Tattice
o s o

p—

| pms

0.0/
0 5 10 15
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long-distance brief overview status

QCDF LCSR
1) depends B-meson DA 1) depend on spurious
SR 2) at 1/mk_? brgakdown fac mome:jtum.and analytic
endpoint divergences continuation thereof
2) includes photon DA
b D - .
] Q: - 1/mp suppressed O(as) photon DA sizeable
- ‘ accidental?
. :
A A the 1/mp endpoint
VAN IRV divergent
. idem not done (some work)

q, various bits done
non-factorisable
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Flavour Universality II: uvs e

dF(B—)»Hp, I )dq

Ry =

f dI‘(B—)»HeJFe )dq
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Flavour Universality II: uvs e

dl'(B—Hp* p™) dq2

Ry = i
= dI'(B—Hete~
[ EE=EFe] g2

3

-@-LHCb m- BaBar  —a—Belle 2014
LA S S H A S S S L S S

LHCb 1
L.Sf _ v -
I + — dominated by photon pole!?!
F—4—— .../..[..,(non-universality
0.51 [ 1. .
[ impossible unless
ol {light-resonance)
0
1]
® Lic, ]
BiP
0.4 ¥ CDHMV 7
0.2 o fravio
20 1 7 - LHCh S i
(1) SR R - TR R
0 1 2 3 ) 4]
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Theory Crosschecks

] VQQ_'CS
. . ome &y
- hadronic effects are universal, ought to cancel \;C\, Qe

- non-universal - phase space controlled
- QED: O(few%) - unknown at time (m“)

~ «In”
my,
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Theory Crosschecks

B &Ve'ok S

. - oM<
- hadronic effects are universal, ought to cancel \;C\, Qe

- non-universal - phase space controlled
- QED: O(few%) - unknown at time (m“)

~ «In”

QED no factorisation — all partial waves!
estimate QED effect from D,F,..-waves
Gratrex. Hopfer, RZ'15 [ongoing LHCb analysis]

my,
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effa:c&s:
non-factorisable QED corrections @ - without axial interaction

{-'I
0+ (6) (- (4) ‘

phOton q=4£ + ‘*
L )
B(m)Q Q BQ ory @

K )
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effa:c&s:
non-factorisable QED corrections @ - without axial interaction

{-'I
£+() 0 (£)

=414 o
LS
| -
B(])H)O ()V..J\ O!{(’)(p) B () ()1‘2 ()h,(w)

Becomes a proper 1—3 process and by crossing a 2—2 with Mandelstam variables

{.‘

photon

B(pp)+{ (—£1) > K(p)+ (" (£2),

1

slu] = (p £ €2[01]))? = 5 {(-m.f; +m% +2m? — ¢%) + BevV \cos Oy
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Experimental Crosschecks

- Available for K*-mode (K not public - awaited in update)

[1]

B(B°— K*Jh)(— ptp))

" = B KO ety = 1:04320.00640.045

also compatible with W(2S)
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Experimental Crosschecks

- Available for K*-mode (K not public - awaited in update)

[1]

- B(B°— K*Jpp (= ptp))
. B(B°— K*Jh)(— ete))

= 1.0431+0.006 £0.045

also compatible with W(2S)

2]

low-q? central-q?

]

- e e - v v -

0.5 LHCb 0.045<’<1.1 [GeV/e']
B'—K "ty 7 Data — Simulation
04k B'" 5K ere Data Simulation —:

_ —r— et
= o3sf LHCb 11<g?<6.0 [GeVet)

: 3 B'=K" utu 7 Data — Simulation
0.3k Bk ete Data Simulation

0.2sE 3

02F -

b
-

0157 3

VA

_U:I /.'.' s @ iy
O-1F ﬂ%‘W%/ #/‘;Zq:/{ }/’ g /’ T

-

G
s

Fraction of candidates [%)
o
\' 2
N A
|
Fraction of candidates [%

PO
FEYE Esyys ANETY IVETY FRRTE IV

(]';.44.;1;44.;.1;;;41;;.¢4.].4.4;.4.

2 3 4 5 6
¢’ 1GeVe) ¢’ 1GeV/e)
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—

dB/dg? [¢!/GeV’

B:— ¢ vs B—K* tension

at g2=0 (i.e. to photon)

BR(B® — K*0y)

BR(B‘, — (‘/)-’}.-‘)

(v) —
YK+

B— VIl look at g2-spectrum

-6
015712 . . '
B — K*up LHCb ]
().1+ .
0.05f- 4+ =+ ]
P e —+—]
(}' PR ST SR U [ S S S TH N T S T S N T
0 5 10 15
¢ [GeV¥ 4]

reasonable agreement
(LHCb’16 corrected ...)

VOI

0.78(18)

., R/

dg? [x 107 GeV 2¢]

%os

13 LHCb 12 1202.6267

1.23(32)

—r—r—r—Trr—rr

L | B—=oup

T
ey

—rT T

CDF

LHCb

%q

20
q‘ [GeV ¥/cf]

the sign of something?
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“On the wrong side of one!” o-wise not compelling ...

Decays differ by spectator

lifetimes (effect small)
- form factors
normalisation experimental decay constants...
(yet another chapter, this is why [Vublov was important )

- weak annihilation LCSR or QCDF

Qs b e
B . (@) ¢ u:ve, toko"
o . - wo 0 =
" q(s) qa(s)

- sensitive to  bsss — operators
very little constraints elsewhere (mixing, non-leptonic)
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An
- - 1‘
QL ps
0.6

0.4

02

0

-0.2

-0.4
-0.6

4=

l!ll

gular Observables e.g. P’s

-DJ[
%
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2013

LI T — e, ey T e, P, s - | —

e LHCbdata o ATLAS data

= Belledata © CMS dam
B SM from DHMV
SM from ASZB

] Illllllll'

q* [GeV3/ )
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Summary of global fits b—sll

« Assume it's new physics: may perform fit to Heflsp (charm later ..)

Several fit-groups:  Altmanshofer, et al, Descotes et al

Bobeth et al, Hurth et al, Ciuchini et a

* An example-fit:

—05{ =~ |— Rxend Ry
s b — spup global fit
]
=1.0% flavio wo204 ===~ all, fivefold non-FF hadr. uncert.
Ll LI LI Ll Ll Ll
-20 =16 -=1.0 -=0.5 0.0 0.5 1.0 1.5
Re C}
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(iv) On the importance charm contribution

* Recall:
J/ W(25)
K fast: K slow:
- light-cone methods dB(B— K (¢) - high-g® “OPE”
LCSR, QCDF/SCET dq? -endpoint relations

diagnostic shape
for charm

U(4040)
I (3770,

(4160) _
W(4415)

D D-theshold

0 L " " i " L i L i L i _=| " .
5 10 15 20 ¢ GeV*
O ~dominates  DAITOW resonances ();‘f—{'lullli]]ill-{‘.H
() (.37‘” interference f_()‘,?)l'! effect ()‘?—(.)i]—ill'-('-l'f(?]'(‘.“('.(?

* low-q2-OPE Expected to work below charmonium

* hlgh-q2-OPE Grinstein, Pirjol'04, Pirjol, Buchalla,Feldmann’i1
Idea: form factors, LD-suppressed parametrically except charm
assuming charm is moderate e.g. naive factorisation ok
this induces errors of the type 2% when averaged over high-g?
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Yet charm is virulent Lyon RZ'14

» Does (naive) factorisation describe B—KIl data? Answer: not really
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Yet charm is virulent Lyon RZ'14

- Does (naive) factorisation describe B—KIl data? Answer no ly

o O

L]
{ \ Oz / A
") ]~ vac. pol. h(g?) (for B->KIl) from e+e-~hadrons as for (g-
N

Disc ~ Im[h]; BESII-data’PLB08

——— Re[h] dispersion relation ¥a28)
W (29) 3 - m—
4.6 Factorisntion ————
A (4040) ) W(3770) \|v[-{|‘(,|)'] LHCH ]
3 ! 1 2.5 ‘
- c H
W(A160)  g(4415) = ; W (4040)
U(A770) a d e o
it I geo T ‘ I
.-_? t L5 P ’,fﬁ ‘ N ‘ W(4415)
iz 0 L '
2 0 .
J&/GeV 1.6 38 4 . 4.2 1.4 4.6
Vg? [GeV

our x2/dof = 1.015
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Yet charm is virulent Lyon RZ'14

- Does (naive) factorisation describe B—KIl data? Answer no ly

o O

L]
{ \ Oz / A
") ]~ vac. pol. h(g?) (for B->KIl) from e+e-~hadrons as for (g-
N

Disc ~ Im[h]; BESII-data’PLB08

——— Re[h] dispersion relation ¥a28)
W (29) 3 - m—
4.6 Factorisntion ————
A (4040) ) W(3770) \|v[-{|‘(,|)'] LHCH ]
3 ! 1 2.5 ‘
- c H
W(A160)  g(4415) = ; W (4040)
U(A770) a d e o
it I geo T ‘ I
.-_? t L5 P ’,fﬁ ‘ N ‘ W(4415)
iz 0 L '
2 0 .
J&/GeV 1.6 38 4 . 4.2 1.4 4.6
Vg? [GeV

our x2/dof = 1.015
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Beyond naive factorisation

- Can were understand data? Answer: yes
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Beyond naive factorisation

- Can were understand data? Answer: yes
- first principles: Breit-Wigner residues related to amplitudes

B 5 YK)A* (Y — ¥/
AB = Ki0)| 2., — S |
! v q* —mg +imygly

Lvon, RZ 14 fit to LHCb data broad charmonium resonances

W(25)
T I . c) ;Jj eulﬂ —_—
Iﬁ 3 ] d) p, € C 4
3 1\ sy MG —— results:
= 95 : I } 4
= 3 T( : : L
I 2 A { - fit for residues large and opposite in
1 8]
s o N to what people used to use for
A estimates (pQCD or e*e -> hadrons)
= 1
= 0.5
0

3.6 3.8 4 4.2
\/‘q"’/ GeV
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What are the implications?

- factorisation badly broken (some history in b->css sector)*
duality violation in the 10% range (not just 2%)

* There is no duality in exclusive processes for branching fraction since
not related to n-point function
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What are the implications?

- factorisation badly broken (some history in b->css sector)*
duality violation in the 10% range (not just 2%)

* in order to give reliable predictions one needs to reconcile hadronic
picture with partonic picture in charm.

* There is no duality in exclusive processes for branching fraction since
not related to n-point function
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What are the implications?
- factorisation badly broken (some history in b->css sector)*
duality violation in the 10% range (not just 2%)

* in order to give reliable predictions one needs to reconcile hadronic
picture with partonic picture in charm.

« the question may be raised as to whether there are more
bscc-operators than we think ...

* There is no duality in exclusive processes for branching fraction since
not related to n-point function
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What are the implications?
- factorisation badly broken (some history in b->css sector)*
duality violation in the 10% range (not just 2%)

* in order to give reliable predictions one needs to reconcile hadronic
picture with partonic picture in charm.

« the question may be raised as to whether there are more
bscc-operators than we think ...

* What is missing?

(1) interference phases dswk, duw(2s) (absolute value of residue known)

LHCB"16 measured them with 4-fold degeneracy wote
sL3
Suwk==TT dyw(2s)==TT (Narrow resonances harder than broader) ‘*Mbjuow
o %O

(2) a consistent & complete treatment of charm beyond heavy quark limit
sizeable important: (i) tree-level WC,
(ii) m-element O(as) colour enhanced (Nc.-enhanced)
Only partial results available

* There is no duality in exclusive processes for branching fraction since
not related to n-point function
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Non-factorisable charm

« Do with LCSR either K*-DA (RZ et al) or B-DA (Khodjamirian et al)
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Non-factorisable charm

« Do with LCSR either K*-DA (Rz et al) or B-DA (Khodjamirian et al)

.‘\.— .

“known” (and in progress..)
important for RH-currents search

depends on normalisation
of m-elements (lattice cross-check!)

(K*[5G 37" q|0)
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3. Model building

+ Alot of activity .....
Crivellin, d’Ambrosio, Jung, Gauld, Haisch, Cellis, Martin, Hofer, Straub, Gori,
Altmanshofer, Hiller, Kamenik, Becirevic, Fajifer, Buras, Neubert, Bauer, Isidori,
Buttazzo, Greillo, Guadagnoli, Glashow, Lane, ...
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3. Model building

A lot of activity .....
Crivellin, d’Ambrosio, Jung, Gauld, Haisch, Cellis, Martin, Hofer, Straub, Gori,

Altmanshofer, Hiller, Kamenik, Becirevic, Fajifer, Buras, Neubert, Bauer, Isidori,

Buttazzo, Greillo, Guadagnoli, Glashow, Lane, ...

Severe constraints LFV, LFUV from 1st & 2nd generation
= single out 34 generation

Artificial? Yes but no since top is special. E.g. top mass generation
in composite Higgs model (partial compositeness)
Georgi,Kaplan 90° Pomaorol. Wulzer, ..."00+, Ferretti’'14
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3. Model building

A lot of activity .....

Crivellin, d’Ambrosio, Jung, Gauld, Haisch, Cellis, Martin, Hofer, Straub, Gori,
Altmanshofer, Hiller, Kamenik, Becirevic, Fajifer, Buras, Neubert, Bauer, Isidori,
Buttazzo, Greillo, Guadagnoli, Glashow, Lane, ...

Severe constraints LFV, LFUV from 1st & 2nd generation
= single out 34 generation

Artificial? Yes but no since top is special. E.g. top mass generation
in composite Higgs model (partial compositeness)
Georgi,Kaplan 90° Pomaorol. Wulzer, ..."00+, Ferretti’'14

People speculating on a light-resonance in connection
with Rk- deviating from SM in photon pole bin!

okt zﬂ"'\”‘“ﬁ;\«
One may distinguish 3 levels @"‘VLT;_ p-7V
1) flavour effective theory (and RG-running) p-7et oLies ¥
2) mediator particles (not UV complete) oo™ nodet

owne

3) UV-complete models (e.g. anomaly free, renormalisable)
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e.g. leptoquarks, Z’, charged Higgs

SU(Z)LQ

su@),

3 R e n e e _

s .- | ¢ V: Barbieri, Isidori,
r ‘ . Pattori, Senia

L |

H  8: Becirevic, Faffer,
" Kosnic, Sumensari : '

: :“S&V: Barbieri, Isidori,

V: Fajfer-Kosnic‘

« Most models (2,3) have a mediator coupling to leptons & quarks

:"V: Greljo, Isidori, %  Se

Marzocca 116

Pattori, Senia

N

Guadagnoli@Higgs-Maxwell’1 7
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off O

LEFUV — LEFV?2 o’

- Consider 31d generation Glashow, Guadaognoli, Lane’14
coupling before EWSB HM ~ by b 7y (6C8 4 5C ys)T
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off O

LEFUV — LEFV?2 o’

- Consider 34 generation Glashow, Guadaognoli, Lane’14
coupling before EWSB HM ~ by b 7y (6C8 4 5C ys)T

- rotation to mass basis induces LFV*

2l
&

B(B — Kep) " 16C0l* [ (V])s
B(B = Kuu)  ~[Ci0dCiol? | (V)32
A

< 3.72 “weak bound”

+ Make it SU(2)L-invariant = relation to charged Bhattacharaya et al "15
currents & b—clv

+ RG-running severe constraints from LFUV t-lvv
Ferruglio, Paradisi, Pattori'1€

*bypassed if flavour symmetry broken to U(1)ex U(1)ux U(1)«
by aligning with mass Yukawa'’s Alonso, Grinstein, Camalich 15
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Z -model first Gauld et al"13 as 3-3-1 model

o o e
here Altmanshofer,Gori, PospelovYavin'14 D% Qmo“w
SV'CQ\'"j

oW«

+ U(1)’ “higgsed" by ¢ (UV complete)
Q heavy vector fermions (anomaly free)
gauged L-L (attractive neutrino model building)

01,

Sy,
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g

| (59 1 at 3’1 .
z,_model first Gauld et al’13 as 3-3-1 model

.~ e Lwet
here Altmanshofer,Gori, PospelovYavin'14 % ,}mot\’“
. o
stgjf‘j

owé

+ U(1)’ “higgsed" by ¢ (UV complete)
Q heavy vector fermions (anomaly free)
gauged L-L (attractive neutrino model building)

01,

Sy,

their model predicted LFUV just
before Rk-anomaly!

+ subjected their model to Trident
contestants

0.3

0.1 Ve
K\NZZ' p
2, — "

B, mixing

3 10 30 102 3x102 103
m, (GeV) v

Ad
Yy
-
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Conclusions & Summary

interesting anomalies 2-40 anomalies
good news: will know more in the foreseeable future
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« Angular anomalies b->slI:
1) more g2-bins also in fast recoil
2) need to know residues of charmonium resonances
3) desirable to connect charm partonic to hadronic picture
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Angular anomalies b->sll:

1) more g2-bins also in fast recoil

2) need to know residues of charmonium resonances

3) desirable to connect charm partonic to hadronic picture

« Work out observables which isolate WCs with def. g-numbers
- Cey0 non-QCD/QED LFU-sensitive coupling?
- E.g. bscc and bjss-operators directly?

Ax ~ —0.98(50)20) A =~ 0.047(28)
LHCDb '16 theory

B; — ¢y time-dependent CP-asymmetry

- Are there observables where the charm can be eliminated?
- My impression: possibilities have not been fully exploited.
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