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Effective Theory of
|AB| = |AS| = 1 decays
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Flavour changes in SM — only via W* exchange
Ui = {u,c,t}: U,
_ _ Vg Vus Vip d !
Q=428 fe= %(u,a t)( Vea Vos Vo )WPL( s )W,r
D; = {d,s, b}: Ve Vis Vi b

+
Qp=-1/3 ~ Cabibbo-Kobayashi-Maskawa (CKM) matrix v
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Flavour changes in SM — only via W* exchange

Ui ={u,c,t}:
Qu = +2/3 ECCZ;‘];(L—I&?)(
D; = {d, s, b}: C
Qp=-1/3

Vud
Vcd

~ Cabibbo-Kobayashi-Maskawa (CKM) matrix

Vis Vi d Ui =
Ves Voo |v*PL| s |WrF
Vie Vs Vi b

W+

Tree: only U; — D; & D; — U

Q; # Q = charged current (CC)
Uf ! Ui Dk
>WWW< >m<
D; v D U,
H — tv, Hy — HaHs

Hy — Hy + vy

C. Bobeth

Edinburgh

Loop: D; — D; (& Ui — U))
Q= Q = neutral current (FCNC)

e Shn

Hi — Ho +{v, Z, g}
{’Yv 27 g} - {77£é7 HS}

H1 i ZZ
Hy — Hy + {20, v}
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Flavour changes in SM — only via W* exchange

Ui = {u,c,t}:
V, V, V,
QU _ +2/3 ud us ub

J U;
Lec = %(M?)( Voo Ves Ve )7"&( s )W:
Dj = {d, s, b}: Vie Vis Vi b

+
Qp = —1/3 ~ Cabibbo-Kobayashi-Maskawa (CKM) matrix 4
Tree: only U; — D; & D; — U Loop: D; — D; (& U; — U))
Q; # Q = charged current (CC) Q= Q = neutral current (FCNC)
U; !
>’\A‘X/\< >Ava< 5 i 3 ,
D; Vi |
H — tv, Hi — HaHs Hi — Hz +{v, Z, g} Hy — et
Hy — Hy + vy {, Z, g} — {’Y,ZZ, Hz} Hy — Hy + {ZE, v}
A~ GrVj ~ GV, Vi ~ Gpgz Vi VEf(ma)  ~ Grg? 2 ViV f(Map)
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Flavour changes in SM — only via W* exchange

Ui = {u,c,t}:

) D
Q) — +2/3 9o — _ - Vid Vs Vb d UZ J
U= Lcc = NG @, | Vog Ves Vo |7"PL| s |WF
D; = {d,s, b}: Vie Vis Vi b

+
Qp = —1/3 ~ Cabibbo-Kobayashi-Maskawa (CKM) matrix W
In the SM: FCNC-decays w.r.t. tree-decays are ...
quantum fluctuations = loop-suppressed SM BSM
X

= no suppression of contributions
beyond SM (BSM) wrt SM itself

= indirect search for BSM signals

BUT requires high precision,
experimentally and theoretically !!!
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B-Hadron decays are a Multi-scale problem . ..

... with hierarchical interaction scales

electroweak |A >»  ext. mom’ain Brestframe > QCD-bound state effects
My ~ 80 GeV Mg ~ 5 GeV Agcp ~ 0.5 GeV
Mz ~ 91 GeV 5 cp
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B-Hadron decays are a Multi-scale problem . ..

... with hierarchical interaction scales

electroweak |A > ext. mom’a in B restframe
My, ~ 80 GeV Mg ~ 5 GeV
Mz ~ 91 GeV

electroweak scale is “short-distance = local” compared to external momenta

= Effective theory of |AB| = |AS| = 1 decays = separation of scales

renormalization group (RG) resums large QCD log’s due to gluons
with virtuality > Mg to all orders in as
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B-Hadron decays are a Multi-scale problem . ..

... with hierarchical interaction scales

electroweak IA >  ext. mom’ain B restframe
My, ~ 80 GeV Mg ~ 5 GeV
Mz ~ 91 GeV

Letr ~ GF Vexm < [Z C,{[Of[-&- Z Ci0;+CC+(QCD & QED—peng)]
9,10 74,89

‘ semi-leptonic ‘ ’ electro- & chromo-mgn ‘ ‘ charged current ‘ ‘ QCD & QED -penguin ‘

uc s
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B-Hadron decays are a Multi-scale problem . ..

... with hierarchical interaction scales

electroweak |A > ext. mom’a in B restframe
My, ~ 80 GeV Mg ~ 5 GeV
Mz ~ 91 GeV

Leit ~ G Vexu % [2 clfof+ 3 €;0;+CC+(QCD & QED-peng)]

9,10 7,89
‘ semi-leptonic ‘ ‘ electro- & chromo-mgn ‘ ‘ charged current ‘ ‘ QCD & QED -penguin ‘
b - S b s b s \b\-/u'c/ b S
/\\ § v %g /l\\ /\
I I q q
u,c s
C; = Wilson coefficients: contains short-dist. pmr’'s (heavy masses M;, ... — CKM factored out)

and leading logarithmic QCD-corrections to all orders in as
= in SM known up to next-to-next-to-leading order
O; = higher-dim. operators: flavour-changing coupling of light quarks
C. Bobeth Edinburgh February 20, 2013 5/39



EFT (Effective Field Theory) in the SM (Standard Model) for ...

b—-s+vy and b—s+Lt0

b u.ct <
b S
w w — C77 .
Y
b s
173
Gt AN
| |
e — 7 Qe — -
07’7 = (47{')2 mb[sg“ PH b]FMVa 05?10 = T;[S’VMPL b][E’Yl—L(-'a 75)z]
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EFT (Effective Field Theory) in the SM (Standard Model) for ..

b—s+y

12
09,10 =

and b—s+ /(10
b S
—_ C7'y X
Y
b s
_ ——n——
¥4
— 09’10 X //\\
| |
Qe

[8+"PLbI[E7u(1, 75) €]

4

and
@ current-currentop’s b — s + QQ, (Q = u,¢)
@ QCD penguinop's b— s+ qq, (9 =u,d,s,c,b)
@ chromo-magnetic dipole b — s + gluon

C. Bobeth Edinburgh

= induce backgrounds
b—s+(qq) —> s+ L6
vetoed in exp’s for g = ¢: J/¢ and ¢’
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More b — s + (v, £7¢~) operators beyond the SM ...

.. frequently considered in model-(in)dependent searches
SM’ = x-flipped SM analogues

o7 MolS o PLOIFYY,  OF 1o = 2[87"Pa bl (1", 7"35) ]

"=

new Dirac-structures beyond SM:

@ SM’:right-handed currents
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More b — s + (v, £7¢~) operators beyond the SM ...

.. frequently considered in model-(in)dependent searches
SM’ = x-flipped SM analogues

o7 MolS o PLOIFYY,  OF 1o = 2[87"Pa bl (1", 7"35) ]

"=

S + P = scalar + pseudoscalar

172 Qe - 7 07 Qe — —
OS,S/ = E[s PR,L b][fﬁ], OP’PI = E[S PR‘[_ b][é'y5 é]

new Dirac-structures beyond SM:

@ SM’:right-handed currents
@ S + P : higgs-exchange & box-type diagrams
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More b — s + (v, £7¢~) operators beyond the SM ...

.. frequently considered in model-(in)dependent searches
SM’ = x-flipped SM analogues

o mo[Sou PLOIF!,  OF 1o = 32 (87 PabliZ (7#,7/*35) ]

"=

S + P = scalar + pseudoscalar
0l = S2[8Pa L b][Z0] Ol p = 22[5Pp b][I75 (]
88 T an , ) PP = 5

T + T5 = tensor
_ Qe E,uuoz['?

7 Qe 2 — o
of = o =[50, bl[Zo" 4], 075 = 5 I —5—[50uv bl[foas 4]

new Dirac-structures beyond SM:

@ SM’:right-handed currents
@ S + P : higgs-exchange & box-type diagrams
@ T + T5: box-type diagrams, Fierzed scalar tree exchange
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Extension of EFT beyond the SM . ..

Letr (/Lb) = »CQEDXQCD (U, d, S, C, b, e, u,T, ???)

AGr

+ —=Vexm Y (Ci + AC)O; + > C0;(777)
\/é SM NP

= AQG; ... NP contributions to SM C;
= > GO) ... NP operators (e.g. C g 10, Cgf,,, oY)
= 77?7 ... additional light degrees of freedom (< not pursued in the following)
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Extension of EFT beyond the SM . ..

ﬁeff (/Lb) = 'CQEDXQCD (U, d, S, C, b, e, u,T, ???)

AGr

+ —=Vekm ) (G + AC)O; + Y GOj(?77)
\/é SM NP

= AQG; ... NP contributions to SM C;
= > GO) ... NP operators (e.g. C g 10, Cg"),,, oY)
= 77?7 ... additional light degrees of freedom (< not pursued in the following)

model-dep. 1) decoupling of new heavy particles @ NP scale: pinp = My
2) RG-running to lower scale p, ~ my, (potentially tower of EFT’s)
C; are correlated, depend on fundamental parameters
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Extension of EFT beyond the SM . ..

ﬁeff (/Lb) = 'CQEDXQCD (U, d, S, C, b, e, u,T, ???)

AGr

+ —=Vekm ) (G + AC)O; + Y GOj(?77)
\/é SM NP

= AQG; ... NP contributions to SM C;
= > GO) ... NP operators (e.g. C g 10, Cg"),,, oY)
= 77?7 ... additional light degrees of freedom (< not pursued in the following)

model-dep. 1) decoupling of new heavy particles @ NP scale: pinp = My
2) RG-running to lower scale p, ~ my, (potentially tower of EFT’s)
C; are correlated, depend on fundamental parameters

model-indep. extending SM EFT-Lagrangian — new C;
C; are UN-correlated free parameters
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Experimental results
B— K*(t(~
B Kt~
Bs — ptp”

C. Bobeth

Edinburgh February 20, 2013
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AB =1 FCNC’s: Rich phenomenology ...

b—s+y
B— K*y  (Bs — ¢7)

- Br
—time-dep. CP asy’s: S, C, H
— iso-spin asymmetry Ag_

Bs — (T4~ :Br

B — K/t~ : dBr/dg?,

B — K*(— Km) ¢t~

b—s+ete

Ars(a?).  Fu(d®)

(Bs — ¢(— KK) £t¢7)

B> Xsy ~dBr/dq?,  Aes(@). FLT(@).. .-
SEhCEEy — d*Br/dq? dcosd, dcosfk dé — 12 angular obsv's J1($v0) .
—Acpin B — Xsyand B — Xy gy EangUArensTe A, .,
— optimized obsv's A§.2’3’4*'°’““), Py, 6 H7(.1""’5)
Bs =y
~Br(Ace) B — Xs T4 @ dBr/d?, Am(q), Hr(¢®)
v
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AB =1 FCNC’s: Rich phenomenology ...

b—s+y
B— K*y  (Bs — ¢7)
- Br
—time-dep. CP asy’s: S, C, H
— iso-spin asymmetry Ag_
B — Xsvy
— Br,dBr/dE
—AcpinB — Xsyand B — X gqv

Bs — vy
- Br (Acp)

v

b—s+ete

Bs — (T4~ :Br
B — K/t~ : dBr/dg?,

B — K*(— Km) £t~
-dBr/d¢?, Ars(q?),

—> optimized obsv’s A§_2,3,4,re,im)’ P,

B — Xs T4~ : dBr/dq?,

Ars(a?).  Fu(d®)

(Bs — ¢(— KK) £te7)

Fr(d), ...
- d“Br/dq2 dcos6, dcosf d¢p — 12 angular obsv's J1(

s,0)

A (G2),

... to test short-distance flavor couplings C;:

i=7,7 )

i=70,90 10", 8O, PO T(5), ...

BUT need non-perturbative hadronic input:

Form factors: (B — K) — fi 7pand (B — K*, Bs » ¢) > V, Ay 12, T123
Decay constants and LCDA’s : By s, K, K*, ¢, ...

Heavy quark expansion parameters : \q o, .

.., Shape-functions . . .

C. Bobeth

Edinburgh

February 20, 2013 10/39




Experimental data: b — s/ ¢~ — number of events

# of evts BaBar Belle CDF LHCb @ cp d |
2012 2009 2011 2011/12 -averaged results
471 M BB 605 b 9.61" 1o~ @ vetoed g region
!
0 %0 7 t t around J/+ and v
B+ —- K +M_ 137 + 44 247 + 54 288 + 20 900 + 34 resonances
*
BT =K fﬁ 2416 76+ 16 @ T unknown mixture of
Bt — Kt et 153 + 417 | 162+ 38" | 319+ 23 | 1232+ 40 B and B+
0 047
B — Ks_a 32£8 6019 o oo anivi1204.3933
Bs — ¢t 62+ 9 77 10  Belle arXiv:0904.0770
= i CDF arXiv:1107.3753 + 1108.0695
Bs — pin emerging + ICHEP 2012
Ay — NET 51+7 LHCb LHCb-CONF-2012-008
- (-003, -006),
I i mr VUL
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Experimental data: b — s/ ¢~ — number of events

# of evts BaBar Belle CDF LHCb
2012 2009 2011 201112
471 M BB 605 fo—! 9.6f" 1fo—!
BY — K*0y7 | 137 + 44" | 247 + 547 | 288 + 20 900 + 34
Bt — K** o7 24+6 76+ 16
Bt - Ktel | 153+417 | 162+ 38" | 319+23 | 1232 + 40
B0 —>K§€Z 32+8 60 + 19
Bs — ¢l 6249 77 +£10
Bs — up emerging
Ny — N 51+7
BT >t ol limit 25+7
Outlook / Prospects

Belle reprocessed all data 711 fb—! — final analysis ?
LHCb end of 2012 additional > 2 fb—" and (5 — 7) fb—" by the end of 2017
ATLAS / CMS pursue also analysis of B — K*uji and B — Kuji
Belle Il expects about (10-15) K events B — K*¢Z (2 2020)

@ CP-averaged results

@ vetoed g2 region
around J/+ and v’
resonances

@ T unknown mixture of
BY and B+

Babar arXiv:1204.3933
Belle arXiv:0904.0770

CDF arXiv:1107.3753 + 1108.0695
+ ICHEP 2012
LHCb LHCb-CONF-2012-008
(-003, -006),
arXiv:1205.3422 + 1209.4284
+1210.4492 + 1211.2674

[A.J.Bevan arXiv:1110.3901]

C. Bobeth

Edinburgh
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Experimental data: b — s/ ¢~ — number of events

# of evts BaBar LHCb
2012 2011/12 @ CP-averaged results
471 M BB 1o~ @ vetoed g? region

around J/+ and v’
resonances

@ T unknown mixture of
BY and B+

Babar arXiv:1204.3933
Belle arXiv:0904.0770
CDF arXiv:1107.3753 + 1108.0695

+ICHEP 2012

Ay — NOT LHCb LHCb-CONF-2012-008
(-003, -006),

B+ st 07 limit ‘ ‘ o5 1+ 7 arXivi1205.3422 + 1209.4284

+1210.4492 + 1211.2674

Outlook / Prospects

Belle reprocessed all data 711 fo—! — final analysis ?
LHCb end of 2012 additional > 2 fb—" and (5 — 7) fb—" by the end of 2017
ATLAS / CMS pursue also analysis of B — K*uji and B — Kuji
Belle Il expects about (10-15) K events B — K*¢Z (= 2020) [A.J.Bevan arXiv:1110.3901]
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Angular analysis of B — K~ [— K]

4-body decay with on-shell K* (vector)

1) ¢* = m; = (pe + pp)® = (Pp — Pr=)*

2) cost, with 6,Z(Bg, Be) in (¢2) — c.m. system

3) cosbk with 6x £ (Bg, Pr) in (K) —c.m. system
)i

4) ¢ Z(Pg x Py, P X B,) in B-RF

+ 0T

C. Bobeth Edinburgh

February 20, 2013
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Angular analysis of B — K~ [— Kr] + £+¢~

4-body decay with on-shell K* (vector)
1) 6% = m2; = (pe + Pp)? = (Pg — P )?

2) cost, with 6,Z(Bg, Be) in (¢2) — c.m. system

3) costy with 0x Z(Pg, Bg) in (Km) — c.m. system
)i

4) ¢ Z(Pg x Py, P X B,) in B-RF

Ji(g?) = “Angular Observables”

327 d*r
"9 dg? dcos 0, dcos Ok do
+Js Sin0k sin%0, oS 2¢ + Js Sin 20k Sin 20, cosé + Js sin 20k sind, cose

= J;58iN%0K + J15C0S20k + (s SIN?Ox + Jog COS20) COS 26,

+(Jgs SIN%0x + Jgo OS20k) 0SB, + J7 sin 26 sinb, sing

+Jg sin 20 sin 20, sing + Jg sin?0 sin?6, sin 2¢
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Angular analysis of B — K~ [— Kr] + £+¢~

4-body decay with on-shell K* (vector)
1) 6% = m2; = (pe + Pp)? = (Pg — P )?

2) cost, with 6,Z(Bg, Be) in (¢2) — c.m. system

3) costy with 0x Z(Pg, Bg) in (Km) — c.m. system
)i

4) ¢ Z(Pg x Py, P X B,) in B-RF

Ji(g?) = “Angular Observables”

327 d*r
"9 dg? dcos 0, dcos Ok do
+Js Sin0k sin%0, oS 2¢ + Js Sin 20k Sin 20, cosé + Js sin 20k sind, cose

= J;58iN%0K + J15C0S20k + (s SIN?Ox + Jog COS20) COS 26,

+(Jgs SIN%0x + Jgo OS20k) 0SB, + J7 sin 26 sinb, sing

+Jg sin 20 sin 20, sing + Jg sin?0 sin?6, sin 2¢

= “2 x (12 + 12) = 48” if measured separately: A) decay + CP-conjand B) for ¢ = e, p

C. Bobeth Edinburgh February 20, 2013 12/39



Angular analysis of B — K~ [— Kr] + £+¢~

4-body decay with on-shell K* (vector)
1) 6% = m2; = (pe + Pp)? = (Pg — P )?

2) cost, with 6,Z(Bg, Be) in (¢2) — c.m. system

3) costy with 0x Z(Pg, Bg) in (Km) — c.m. system
)i

4) ¢ Z(Pg x Py, P X B,) in B-RF

o’

CP-conj. decay B® — K*0(— K+ =)+~ : d*T from d*I" by replacing
CP-even @ Jip347 — + J12347[0w — —ow]
CP-odd :  Jses9 — — Js6,89[0w — —dw]

with weak phases d,y conjugated
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Angular analysis of B — K~ [— K]

4-body decay with on-shell K* (vector)

1) ¢* = m; = (pe + pp)® = (Pp — Pr=)*

2) cost, with 6,Z(Bg, Be) in (¢2) — c.m. system

3) cosbk with 6x £ (Bg, Pr) in (K) —c.m. system
)i

4) ¢ Z(Pg x Py, P X B,) in B-RF

+ 0T

o’

CP-conj. decay B® — K*0(— K+ =)+~ : d*T from d*I" by replacing

CP-even . J17273’477 —
CP-odd : J5’57879 —>

with weak phases éyy conjugated

+ Ji2,3,4,7[0w — —ow]

— Jsg,89[0w — —Sw]

1) CP-0dd : Acp ~ (Jj — Ji) ~ d*(I + T) = flavour-untagged B samples

2) (naive) T-odd J7 g 9: Acp ~ COS ds sin oy — not suppressed by small strong phases ds

C. Bobeth Edinburgh

February 20, 2013
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Which operators contribute to which J; ?

’J,- H SMO), sMxSM" | S P SM(O)x(S,P)

1s 1 - = - 1 my -
1c 1 11 me/my 1 me (SM() xT5) -
2s 1 - - - 1 - -
2c 1 - - - 1 - -
3 1 - - - 1 - -
4 1 - - - 1 - -
5 1 - - my - my SxT5, PxT
6s 1 - - - - me -
6c - - - me - me (100 xT)  SxT5,PxT
7 1 - — my - my PxT5, SxT
8 1 - - - TxT5 - -
9 1 - - - TxT5 - -

[Kriger/Matias hep-ph/0502060], [Altmannshofer et al. arXiv:0811.1214v5],

- = no contribution Naive factorization &
order one contribution narrow width approximation
kinematic suppression by lepton mass: m,/~/q? of K¥ - Kr

3 =
o

C. Bobeth Edinburgh February 20, 2013 13/39



Datafor B — K* + ¢T¢—: Br, Ass,

angular analysis in each g2-bin in 6,, 8«

1odr F| cos?0y + 3(1 Fy)sin%
— = cos - — sin
I dcos Ok 2’k K 4 t K

1o in% +3(1 FL)(1 + cos?0,) + A 0
- = — sin - — CcOos - COS
Fdeoso, 4 - *‘Tg L ¢ B RIRTe

= fitted FL and AFB

C. Bobeth Edinburgh

FL

February 20, 2013
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Datafor B — K* + ¢T¢—: Br, Am, F

angular analysis in each g2-bin in 6, 6k

FB

1 dr
I dcos Ok

3 > 3 2
= EFLcos Ok + 1(1 — FL)sinOx

1 dr 3 2 3 2
— = 7 1 sin9, + §(1 — F1)(1 + cos0y) + App cosby
e

= fitted FL and AFB

SM-predictions: CB/Hiller/van Dyk arXiv:1105.0376
form factors Ball/Zwicky hep-ph/0412079

I Theory B Binned theory
—&-LHCb —+CDF —#-BELLE —¥BaBar
T

LHCb
Preliminary

=
n

.

—
—
—t

o
o

s

dBF/dg? [107 x c4/GeV?]

0 1 1 1
0 5 10 15 20

g2 [GeVZ/cY]

C. Bobeth Edinburgh

I Theory M Binned theory
—+—CDF

—&-LHCb
T

0.5

: —#-BELLE I—"—BaBar
—— E
—— ]
]
]
LHCb .
Preliminary 1
I I I ]

o
(%]

10

I Theory M Binned theory

—-|HCb —+CDF
T

15
g2 [GeV?/cY

—#-BELLE —¥-BaBar

n
o

T

LHCb ]
08 Preliminary 1
0.6 .
0.4 —A— .
02 —a— —a—i ]
1 1 1 ]

5 10 15 20
q? [GeV#cY)
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Datafor B — K* + ¢T¢—:

measurement of A<T2), Aim from CDF and S;, Sy from LHCb

d(r+r)
(r+r) do¢
with
J3 + 33 1 (2)
Ss = ~(A-F)A®?,  Am=
3 r.+ r 2( L) T im
N Theory HEBinned theory
ol SSTLHCD  —-CODE :
o LHCb ]
Preliminary
0.5 —p— ]
oH - :I:
+ o TEE
-051 =
o 5 10 15 20
g2 [GeVZcY]
C. Bobeth Edinburgh

g =

=1+ S3c052¢ + (Aimor Sy) sin2¢

T Preliminary ]

-

1

Jg — Ug Jo + jg
= A = - 9 = -
r+r r+r
~#-LHCb —-CDF :
LHCb

lu

1

=

!

.J'-
0

5 10

February 20, 2013

15 20
q? [GeVZcY]
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Data for B — K* + ¢*¢~:
Zero-crossing of Agg in low-g? region:

finer g°-bins than before: Ag® = 1 GeV?

1 I Theol ® Counting Experiment _--Unbinned
© E
'S
< LHCb
Preliminary

0.5

NN
NN

2

6
o2 (GeVZich
Measurement: [LHCb Collab. LHCb-CONF-2012-008]

g = (4.9773) GeV?

Theory (SM): G2 = (4.0...4.3 + 0.3) GeV?

[Beneke/Feldmann/Seidel hep-ph/0412400]
[Ali/Kramer/Zhu hep-ph/0601034]
[CB/Hiller/van Dyk/Wacker arXiv:1111.2558]
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Data for B — K* + ¢*¢~:
Zero-crossing of Agg in low-g? region:
finer g°-bins than before: Ag® = 1 GeV?

BN Theory @ Counting Experiment__--Unbinned
T

@ 1 T rmrerr,rr s’
< I R
[ LHCb
I Preliminar
o5l y
0
0.5 -

2

6
o2 (GeVZich
Measurement: [LHCb Collab. LHCb-CONF-2012-008]

g = (4.9773) GeV?

Theory (SM): G2 = (4.0...4.3 + 0.3) GeV?

[Beneke/Feldmann/Seidel hep-ph/0412400]
[Ali/Kramer/Zhu hep-ph/0601034]
[CB/Hiller/van Dyk/Wacker arXiv:1111.2558]

C. Bobeth

Edinburgh

Rate CP asymmetry Acp

[LHCb Collaboration arXiv:1210.4492]
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B —» K*(— Km) + (¢~ and S-wave:
Theorists assume P-wave K*0 (+ narrow-width approx.) decaying in (K~)-final state . ..

... BUT in reality: resonant and non-resonant production of (K7) in S-wave config for (K)-inv.
mass /p? around Mys ~ 892 MeV (D-wave contr. from K*9(1430) negligible for \/,pi2 < 1.2GeV)
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B —» K*(— Km) + (¢~ and S-wave:
Theorists assume P-wave K*0 (+ narrow-width approx.) decaying in (K~)-final state . ..

... BUT in reality: resonant and non-resonant production of (K7) in S-wave config for (K)-inv.
mass /p? around Mys ~ 892 MeV (D-wave contr. from K*9(1430) negligible for \/,pi2 < 1.2GeV)

Modification of angular observables J; due to S-wave
i=3,6,9 not affected
i=4,57,8 Jisin20x —  Jjsin20k + JjsinOk
i=1s,1¢,25,2¢  Jissin®0x + Jicc0s20x  —  (Jis + Jis) Sin?0x + (Jic + Jic) COS20x
+Jisc COS Ok

[Lu/Wang arXiv:1111.1513, Becirevic/Tayduganov 1207.4004, Blake/Egede/Shires 1210.5279, Matias 1209.1525]
v

= J4,5,7,8,1sc,2sc - interference of S- and P-wave, can be separated by angular analysis

= Jis,1¢,2s,2¢c - pure S-wave, must be measured in 4/p? sidebands around My

S-wave contribution in B® — J/wKtm— ~ 7% for 0.8 GeV < 1/p? < 1.0 GeV [BaBar hep-ex:0411016]
= no information yet on B — K+x—¢+¢—
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B —» K*(— Km) + (¢~ and S-wave:

Theorists assume P-wave K*0 (+ narrow-width approx.) decaying in (K~)-final state . ..

... BUT in reality: resonant and non-resonant production of (K7) in S-wave config for (K)-inv.
mass /p? around Mys ~ 892 MeV (D-wave contr. from K*9(1430) negligible for \/,pi2 < 1.2GeV)

Inclusion of S-wave in angular analysis

[Blake/Egede/Shires arXiv:1210.5279]

= based on toy samples, modeling S-wave

v/ p2-dep. using LASS-parametrisation
[LASS Collab. NPB296 (1987) 493]

= Pull mean after refitting observable from

toy sample depending on sample size (in
given g?-bin) when

a) ignoring S-wave

b) for different treatment of

v/ p?-dependence
= “Inclusion of S-wave component will be
mandatory in future experiments”

C. Bobeth Edinburgh

Pull mean

-l:\ll-oswave oOnep?bin = Narrowp? 0 Widep®
T T T T

0.5F B
® o o
Ld L] hd ° -
0 E TE e v = Ars
-0.5F B
_]0 200 400 600 800 1000
Sample size (events)
olil_o Swave oOnep’bin mNarrowp? 0 Widep?
0.5F E
0 8 = » 8 . — FL
L]
® o
-0.5F LI .« . . .
_]O 200 400 600 800 1000
Sample size (events)
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B — K + ¢T¢7: 3-body decay — 2 kinematic variables: g2, 6,

1 d’r
(dr/dg?) dg? dcos 6,

=%p_ﬁBWw+%ﬁ+*W“W
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B> K + (0

1 dr 3

(dr/dq?) dg?dcos 6, 4

3-body decay — 2 kinematic variables: g2, 6,

U—ﬁbﬁ@+%ﬁ+&w%w

Theory HEEBinned theory - HCb
—e-LHCb @ T T T T
& T T T T < 0.2F
b LHCb
S LH 1
L2 os Cb 0.1F I
o
Ny 0 ] T T
S os FT—=7T
T _ -0.1F
8 —
@ o g N S N
oS 0.2 —— . -0.2F
= 1 1 1 1
- 0 5 10 15 20
0 L L L L Theory ™M@ Binned theory
0 5 10 15 20 -*-LHCb
qz [GeVZ/c"] LLI T T T T
LHCD arxiv:1200.4284 :  (Br), {(Arg), {(Fp) o4r LHCb
and previous results for (Br) from Belle arxiv:0904.0770
CDF arxiv:1107.3753 02
BaBar arxiv:1204.3933 T
SM predicition: CB/Hiller/van Dyk/Wacker arXiv:1111.2558 O} ——1
form factors from Khodjamirian et al. arXiv:1006.4945 L L L L
0 5 10 15 20

C. Bobeth
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Bs — pn*p~
SM prediction:  Br[Bs — utp~] ~ 3.5 x 1079 [De Bruyn et al. arXiv:1204.1737]

time-integrated accounting for Bs-mixing
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Bs — pn*p~
SM prediction:  Br[Bs — utp~] ~ 3.5 x 1079 [De Bruyn et al. arXiv:1204.1737]

time-integrated accounting for Bs-mixing

2my 2

Beyond SM: Br~|Cs— C5P + (Cp — Cp) + ~~(Cig — Clo)
Bs
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Bs — pn*p~
SM prediction:

Beyond SM:

@ since ~ 10 years CDF and D@ lowered
upper bound from:

0(1078) - 0(10-8)

@ nowadays measurements from:
CDF, D@, LHCb, ATLAS and CMS

= LHCb finds signal with 3.5¢

Br = (3.2%]3) x 107°

based on 2.1 fo—!
[LHCb Collaboration arXiv:1211.2674]

C. Bobeth

Br[Bs — putp~]~35x107°

Br~ |Cs— Csf +|(Cp —

[De Bruyn et al. arXiv:1204.1737]

time-integrated accounting for Bs-mixing

2my 2

Cp) + —(Cyp — Clp)
P) T g, 10T 10

June 2012

—
E]

DO

PLB 693 (2010) 530

DF 7 fb!

PRL 107 (2011) 191801

CDF 10 fb"

120209.bmumu0fb/

ATLAS 2.4 fb™

arXiv:1204.0735

www-cdf.fnal.

-1

CMS 4.
JHEP 04 (2012) 033

LHCb 1 fb™

arXiv:1203.4493

LHC Combination

CMS-PAS-BPH-12-009

=

—

SM Prediction

I(65%{ qL regi?n) |

Edinburgh

20 40
BF(B,—~w'w)x 10° @ 95% CL
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Exclusive decays
— B — K*(— Kr) (¢ —

C. Bobeth Edinburgh February 20, 2013 18/39



Exclusive B — K*(— Kr) (T ¢~

Hadronic amplitude B — K*(— Kr) £t¢~ neglecting 4-quark operators

M = {(Kr| C; * ’ §VS + Cg,1ox/'\s\ |B)
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Exclusive B — K*(— Kr) (T ¢~

Hadronic amplitude B — K*(— K7T) ot neglecting 4-quark operators
= (Kr| C; ~ § + 0910X/\\‘B>

M may expressed in terms of transversity amplitudes of K* (m, = 0)

.. using narrow width approximation & intermediate K* on-shell

= “just” requires B — K* form factors V, A 5, Tq 2 3:

2m,
AT~ Ve [(Cg F Cio) + 7q2b G 7'1} ;

v
MB + MK*

A 2m,
ALR V2 (ME — M2y ) | (Co F Cro) o + 2 G T
I V2 ( M) | (Co T 1O)MB—MK>X< + 2 2|

ALR _1{(091010)[._,A1 +...A2:| +2mbC7[...T2+...T3]}

° 2 My \/ G2
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Exclusive B — K*(— Kr) (T ¢~

Hadronic amplitude B — K*(— Kn) {70~ including 4-quark operators

M = {(Kr| C; * b§5 —l—Cg,mX/'\s\
b

+Zicix *e T |B>

... but 4-Quark operators and Ogg4 have to be included

@ current-current b — s + (Uu, cc)

@ QCD-penguin operators b— s+ gq (g = u, d, s, c, b)

= large peaking background around certain g2 = (M), (My/)?:

B — K&#)(gq) — Kt

C. Bobeth Edinburgh February 20, 2013
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q2 - regions in b — Sﬁ"'f_ K(*) _energy in B-rest frame: E (%) = (M‘Z3 + Mf{(*) —?)/(2Mp)

= Two regions in g° where theory can give reliable predictions beyond naive factorization

G?-region low-¢?: g% « M2 high-g2: g ~ M2
K ) -recoil large recoil: Ey(s) ~ Mg/2 low recoil: Ey(se) ~ My(s) + Aacp
theory method || QCDF, nl OPE: ¢° € [1,6] GeV? | OPE + HQET: ¢° > (14...15) GeV?

[QCDF: Beneke/Feldmann/Seidel hep-ph/0106067, hep-ph/0412400]
[non-local OPE: Khodjamirian/Mannel/Pivovarov/Wang arXiv:1006.4945 & 1211.0234]
[local OPE: Grinstein/Pirjol hep-ph/0404250; Beylich/Buchalla/Feldmann arXiv:1101.5118]

= cc vetoed in experiment

dBr[B — K*(+¢~]/dg? .

0.8

= light resonances
g° < 1 GeV? not vetoed

0.6

dB/dg? [107/GeV?]
<
<
<,

s 0.4
small for CP-aver. obs’s

relevant for CP-asy’s 02
[Jager/Martin-Camalich 1212.2263] 0 r T

[Khodjamirian/Mannel/Wang 1211.0234] 0 2 4 6 8 10 12 14 16 18
o [GeV?]
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Low-g? = Large Recoil

QCD Factorisation (QCDF) [Beneke/Feldmann/Seidel hep-ph/0106067, hep-ph/0412400]

= (large recoil + heavy quark) limit [also Soft Collinear ET (SCET)]

(Beky|HY | B) ~ . >
, . P %
CY x &+ ¢8® T ® daks + O(Agen/mp)
G g I & &7 q
¢, T\V - perturbative kernels in as (a =L, ||, i = u, ) © &
®B: ¢q k% B—and K —distribution amplitudes b s b s

cc-contributions [Khodjamirian/Mannel/Pivovarov/Wang arXiv:1006.4945]

OPE near light-cone incl. soft-gluon emission
(non-local operator) for g° < 4 GeV? « 4m2

hadronic dispersion relation using measured
B — K(*)(gc) amplitudes at g2 > 4 GeV?

B — K(*) form factors from LCSR
up to (15-20) % in rate for 1 < g% < 6 GeV?

JR—
Bo—K ptu7)
»
S

N(P) (¢
=
@

[
=)
T

o
o

(Gev?)

C. Bobeth Edinburgh February 20, 2013 21/39



High-q® = Low Recoil

Hard momentum transfer (g2 ~ M2) through (gq) — ¢¢ allows local OPE

b s b S b s
OPE .
_ ey g —>
| | i
q | AQCD < q2
| g2

_ _ _ 8r2 9 . . _
M[B — K* + 0] ~ ?/jd“x eIX(K* | T{LT(0), (X))} B) [ev*e]

= (Z CaaQhy + Y Cop Qb + D, Coc 2, + O(dim > 6)) [2v,.4]
a b c

Buchalla/Isidori hep-ph/9801456, Grinstein/Pirjol hep-ph/0404250, Beylich/Buchalla/Feldmann arXiv:1101.5118

Leading dim = 3 operators: <R*\Q37a\B> ~ usual B — K* form factors V, Ay 12, T123

LV quV - e
= (Q‘ - 7) [Sv (1 —s) b] - Cqg — G, (V,A2)
imb _ .
Qo= @ ¥ [Sovu(1 + 7s) b] - C; — C&, (Th.2.3)
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High—q2 = Low Recoil [Beylich/Buchalla/Feldmann arXiv:1101.5118]

dim = 3 «as matching corrections are also known

ms # 0 2 additional dim = 3 operators, suppressed with asms/mp ~ 0.5 %,
NO new form factors

dim = 4 absent

dim = 5 suppressed by (Aqcp/Mp)2 ~ 2 %,
explicite estimate @ ¢° = 15 GeV?: < 1%

dim = 6 suppressed by (Aqcp/mp)® ~ 0.2 % and small QCD-penguin’s: C3 456
spectator quark effects: from weak annihilation

beyond OPE duality violating effects
@ based on Shifman model for c-quark correlator + fit to recent BES data
@ +2 % for integrated rate g% > 15 GeV?

= OPE of exclusive B — K*)¢*¢~ predicts small sub-leading contributions !!!

BUT, still missing B — K form factors @ high-g?
for predictions of angular observables J;
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Main theory uncertainty: form factors (FF)
Currently, FF only known from LCSR @ low ¢

— @ high g only extrapolations based on some g?-dependence

@ pole approximations [BalliZwicky hep-ph/0406232 + 0412079]

@ series expansion (z-expansion) [Bharucha/Feldmann/Wick arXiv:1004.3249]

[Khodjamirian/Mannel/Pivovavrov/Wang arXiv:1006.4945]
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Main theory uncertainty: form factors (FF)
Currently, FF only known from LCSR @ low ¢

— @ high g only extrapolations based on some g?-dependence

@ pole approximations [BalliZwicky hep-ph/0406232 + 0412079]

@ series expansion (z-expansion) [Bharucha/Feldmann/Wick arXiv:1004.3249]

[Khodjamirian/Mannel/Pivovavrov/Wang arXiv:1006.4945]
@ high ¢°: Lattice QCD required to use observables
like Br, Ags, Fi, Fy, ...
= work in progress
o B - K [Zhou et al. arXiv:1111.0981, Bouchard et al. arXiv:1210.6992]
e B— K* [Liu et al. arXiv:1101.2726]

(B — K technically easier on lattice,
B — K* systematically limited — need to solve problem of unstable K* on lattice)

C. Bobeth Edinburgh February 20, 2013 24/39



Optimised observables in
B - K'(— Km)(*(~
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Angular observables

L,R : f _
Ji(q?) ~ {Re, Im} [A#Fi (AE,R>*] Ay ... K*-transversity amplitudes m =1, ||, 0
C,. .. short-distance coefficients
~ Y(CaFa) Y (CoFp)*
5 5 F, ... form factors
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Angular observables

K*-transversity amplitudes m =1, ||,0

Ji(@°) ~ {Re, Im} [Aﬁq”* (A,L,’R>*] AR
C,. .. short-distance coefficients
~ ) (CaF, ChFp)*®
g( a a)z":( . F,...form factors

simplify when using form factor relations:

[Isgur/Wise PLB232 (1989) 113, PLB237 (1990) 527]
2

low K* recoil limit: Exsx ~ Mg ~ Agcp
T3 x A2 quB

T1%V, Tg%Ah

[Charles et al. hep-ph/9812358, Beneke/Feldmann hep-ph/0008255]

large K* recoil limit: Exx ~ Mg
Mg

M Mg+ M
SLEM 5 o KE A~ Ty & T>
B + My 2E % 2Eyx
Mg + M Mg — M, M
5” = B K* A1 = B K* A2 &’ B Tg = T3
2Ey % My 2Ey %
Edinburgh February 20, 2013 26 /39
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Sub-leading corrections to TransAmp’s A = Nocp/mp ~ 0.15

Low hadronic recoil

ALR OLR o £ cL.A -c 2mg c
o~ x f; =(Co ¥ 10)+ﬁ? 7,
1 SD-coefficient C&-F and 3 FF’s f; (i =L, ||, 0)

A R 1-5— M2 )1 + Mx)2A, — XA
- fi = V21 + Mygx) Ay, fO:( i) (1 + Mycx ) ! 2
1+ Myes 2 Myese (1 + My )V/3

(“helicity FF’s” [Bharucha/Feldmann/Wick arXiv:1004.3249])
w

fi
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Sub-leading corrections to TransAmp’s A = Nocp/mp ~ 0.15

Low hadronic recoil
FF symmetry breaking

2m?
AR CLR £ 4 Cr x O (A, as) CHF = (G ¥ Cro) + 5= 5" Cr,
1 SD-coefficient C&-F and 3 FF’s f; (i =L, ||, 0) CM~ —0.3, CiM ~ 4.2, Ci)1 ~ —4.2
23 (1= 8= M2 )(1 + Myx)2A1 — A Ao

fil V, B =v2(1+ Mx) Ay, o=

S+ My 2 My (1 + Mg )V/3

(“helicity FF’s” [Bharucha/Feldmann/Wick arXiv:1004.3249])
v
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Sub-leading corrections to TransAmp’s

Low hadronic recoil
FF symmetry breaking OPE

ALRLCLR x4 Cr x O (N as) + O ()\2) :

1 SD-coefficient C&-F and 3 FF’s f; (i =L, ||, 0)

2\

sziA
1+MK*

A\ = /\QCD/mb ~ 0.15

2m?
CHA = (Co F Cro) + ﬁiqzb Cr,
CM~ —0.3, CgM ~ 4.2, C?OM ~ —4.2

(1= 8= M2 )(1 + Myx)2A1 — A Ao

V, B =v2(1+ Mx) Ay, o=

2 Myexe (1 + My )V/3

(“helicity FF’s” [Bharucha/Feldmann/Wick arXiv:1004.3249])

v

C. Bobeth Edinburgh
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Sub-leading corrections to TransAmp’s A = Nocp/mp ~ 0.15

Low hadronic recoil = small, apart from possible duality violations
FF symmetry breaking OPE
LR _ ~LR 2 LR 2my
AP~ CER X fi+Crx O Ovas) O (M), CH1 = (G Cio) + 1752 Cr,
1 SD-coefficient C&-F and 3 FF’s f; (i =L, ||, 0) CM~ —0.3, CiM ~ 4.2, Ci)1 ~ —4.2
23 (1= 8= M2 )(1 + Myx)2A1 — A Ao

f Vo f=VEQ+ ) A fo=

S+ My 2 My (1 + Mg )V/3

(“helicity FF’s” [Bharucha/Feldmann/Wick arXiv:1004.3249])
w

Large hadronic recoil

AT~ £CTT x €1 4+ O (as, ), AT~ CPx gy + O (as, A)
2 SD-coefficients Ci"TI and2FF's &,
2mpM, 2m,
CHR = (Co F Cyo) + ;2 8¢, Cﬁ’R= (09$C1O)+V;C7,
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Sub-leading corrections to TransAmp’s A = Nocp/mp ~ 0.15

Low hadronic recoil = small, apart from possible duality violations
FF symmetry breaking OPE
LR _ ALR 2 LR 2my
AP~ CER X fi+Crx O Ovas) O (M), CH1 = (G Cio) + 1752 Cr,
1 SD-coefficient C&-F and 3 FF’s f; (i =L, ||, 0) CM~ —0.3, CiM ~ 4.2, Ci)1 ~ —4.2
B . 1—8— M) + Mex)2A1 — XA
=2y fi = V2 + Mex) A, fO:( e )1+ Micx) ! 2
1+ Myes 2 Mse (1 + Mys )V3
(“helicity FF’s” [Bharucha/Feldmann/Wick arXiv:1004.3249])
v
Large hadronic recoil = limited, end-point-divergences at O (\)
AT~ £CTT x 61+ O (as, ), AT~ CPx g + O (as, A)
2 SD-coefficients Ci’R“ and2FF's &,
2myM, 2m
CP = (Co F Cro) + ;2 ¢, Cﬁ’R= (09$C1O)+V;C7,
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“Optimized observables” in B — K* ¢+~ Not yet measured (except A%) 1!

Idea: reduce form factor (FF) sensitivity by combination (usually ratios) of angular obs’s J;
= guided by large energy limit @ low-g® and Isgur-Wise @ high-g? FF-relations
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“Optimized observables” in B — K* ¢+~ Not yet measured (except A%) 1!

Idea: reduce form factor (FF) sensitivity by combination (usually ratios) of angular obs’s J;
= guided by large energy limit @ low-g® and Isgur-Wise @ high-g? FF-relations

@ low-q? = large recoil

A(Tz):P1:—J3 . 2P, = JBS, = 2Py = Jo ,
2J25 4-]25 2J2s
4 p V2, H® _p Js/V/2

4= 5= —F/—/—
! V—d2c(2dos — J3) ! V—d2c(2dos + J3)

Py = —J7/V2 OB NG Jy)? + J7 A9 _ JZ + (2J,)2
N —=dac(2dos — J3)’ T —2Up; (2ps + J3)’ T (24,2 + J?

[Kriger/Matias hep-ph/0502060, Egede/Hurth/Matias/Ramon/Reece arXiv:0807.2589 + 1005.0571]
[CB/Hiller/van Dyk arXiv:1006.5013]

[Matias/Mescia/Ramon/Virto arXiv:1202.4266]
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“Optimized observables” in B — K* ¢+~ Not yet measured (except A%) 1!

Idea: reduce form factor (FF) sensitivity by combination (usually ratios) of angular obs’s J;
= guided by large energy limit @ low-g® and Isgur-Wise @ high-g? FF-relations

@ high-g? = low recoil

HO = P, = V2, ,
vV *J20(2J2s —J )
H® _ p, = Js/V/2 H® _ Jps/2

T V/—doc(2dos + Ja)’ ! (2J26)2 — (J5)2°

Y _qo V2Jg 4 _ —dJg

! V/—doc(2dos + Ja)’ ! (2J26)2 — (J5)2°

[CB/Hiller/van Dyk arXiv:1006.5013]
Aim Jo d Jg [Matias/Mescia/Ramon/Virto arXiv:1202.4266 + 1207.2753]
= — an -
’ r'va a : .
Arg JGS J5 [CB/Hiller/van Dyk arXiv:1212.2321]

(Ajm already measured by CDF, but large uncertainty)
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Optimized observables B — K* (* ¢~ @ low ¢ . ..

... experiments provide only Arg, F;, Sz, however optimized observables related as:

28 4 A
A(72>=P1= 3 A(T’e)=2P2=—— FB
1-F 3(1—Fp)
convert Apg, Fi, S3 — Py, Po [Descotes-Genon/Matias/Ramon/Virto arXiv:1207.2753]

in g2-bins: [2, 4.3] and [4.3, 8.68] GeV? (naive theorist conversion due to lacking correlations)
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Optimized observables B — K* (* ¢~ @ low ¢ . ..

... experiments provide only Arg, F;, Sz, however optimized observables related as:

28 4 A
A2 —p = S8 AY®) —op, = Z_TFB
T TTICR T 2T T30 -F)
convert Apg, Fi, S3 — Py, Po [Descotes-Genon/Matias/Ramon/Virto arXiv:1207.2753]

in g2-bins: [2, 4.3] and [4.3, 8.68] GeV? (naive theorist conversion due to lacking correlations)

in 6C7 — 6Cy/ plane Arp and FL
2

‘'orm Factors: 0811.1214! Form Factors: 0811.1214

ack
(=)
e

(Arp)[243] (F)paa

{ArB)[435.68) L[438.68]

-10 -05 00 05 10 -10 -05 00 05 10
6Cr oCr
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Optimized observables B — K* (* ¢~ @ low ¢ . ..

... experiments provide only Arg, F;, Sz, however optimized observables related as:

28 4 A
A2 —p = S8 AY®) —op, = Z_TFB
T TTICR T 2T T30 -F)
convert Apg, Fi, S3 — Py, Po [Descotes-Genon/Matias/Ramon/Virto arXiv:1207.2753]

in g2-bins: [2, 4.3] and [4.3, 8.68] GeV? (naive theorist conversion due to lacking correlations)

in §C7 — §Cy plane ArB and F
‘orm Factors: 10064945 Form Factors: 1006.4945

-]

NS

-
FB)243] (Fr)2.43)

(ArBYja3.68) (Fr)4338.8)
-10 -05 00 05 10 -10 -05 00 05 1.
5Cr 5y

o
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Optimized observables B — K* (¢~ @ low ¢° ...

... experiments provide only Arg, F;, Sz, however optimized observables related as:

28 4 A
A2 —p = S8 AY®) —op, = Z_TFB
T TTICR T 2T T30 -F)
convert Apg, Fi, S3 — Py, Po [Descotes-Genon/Matias/Ramon/Virto arXiv:1207.2753]

in g2-bins: [2, 4.3] and [4.3, 8.68] GeV? (naive theorist conversion due to lacking correlations)

in 6C7 — 6Cy/ plane P; and Ps

2 2|

i
[=)
act
[=]

—1 -1
(Pa)pas
(P23 681

_2l -2
-10 -05 00 05 1.0 -10 -0.5 0.0 05 10
d6Cr 8Cy

Ars and F; are sensitive to form factors, P; and P, not!
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OPE predictions @ high-g° beyond SM

[CB/Hiller/van Dyk arXiv:1212.2321]

Scenario | |H{)| =1  HP =H®  H® = P Joc =0 k=0 Jgo =0
SM v v v v v v
SM + (S+P) v UGN v LI YPSYN ST SN v
Q Q Q
M2 m, M m, m,
K% T 4 f<a 4 4
SM 4 (T4T5) | —KEp]  HRCCrs) o 90} G RCuCE G SCoCH 9
SM + SM’ v v v v v Spa
Mgs 1 ik o (T) )
all Qz M mCT(TS)At(S) Spp %CT(TS)A:(S) SCT(T5>A§<F’) Spz

Low recaoil relations predicted by OPE

@ SM-like models (first row) and the leading terms that break them in SM extensions

@ = at most corrections of order s A/mp, and C7/Cq A/,

@ Q=0(mp,+/¢?)and Asp = (Csp — Cs pr)

= if too large violations were measured this would imply contributions beyond OPE

with current data, tensor operators are constraint such that

C. Bobeth Edinburgh
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Fits and implications

— Model-independent —
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“Global Fit” = combination of b — s + (v, £/~ ) observables

Parameters of interest
0=(C) J
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“Global Fit” = combination of b — s + (v, £/~ ) observables

Parameters of interest
0=(C) J

Nuisance parameters
1) process-specific
FF’s, decay const’s,
LCDA pmr’s,
7 sub-leading A/mp,
renorm. scales: pp o
2) general

quark masses, CKM, ...
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“Global Fit” = combination of b — s + (v, £/~ ) observables

Observables

Parameters of interest
0=(C) J

1) observables B
0(0,7)
Nuisance parameters
1) process-specific
FF’s, decay const’s,

depend usually on sub-set of g and i7

2) experimental data for each observable

LCDA pmr’s, pdf(O = o)
7 sub-leading A/mp, L
renorm. scales: yip,0 = probability distribution of values o )
2) general

quark masses, CKM, ...

y
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“Global Fit” = combination of b — s + (v, £/~ ) observables

Parameters of interest
0= (C) Observables

1) observables

0(0,7)
Nuisance parameters
1) process-specific
FF’s, decay const’s,

depend usually on sub-set of g and i7

2) experimental data for each observable

LCDA pmr’s, pdf(O = o)
5 sub-leading A/mp, e
renorm. scales: jip,0 = probability distribution of values o )
2) general

quark masses, CKM, ...

y

Fit strategies: 1) Put theory uncertainties in likelihood:

(Oex — On)?
ng + olzh

@ theory uncertainties of O; at each (5),-: vary o within some ranges = th(O[(g)i])

@ sample A-space (grid, Markov Chain, importance sampling...) X2 = Z

@ use Frequentist or Bayesian method = 68 & 95 % (CL or probability) regions of 6
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“Global Fit” = combination of b — s + (v, £/~ ) observables

Parameters of interest
0= (C) Observables

1) observables

0(0,7)
Nuisance parameters
1) process-specific
FF’s, decay const’s,

depend usually on sub-set of g and i7

2) experimental data for each observable

LCDA pmr’s, pdf(O = o)
7 sub-leading A/my, e
renorm. scales: jip,0 = probability distribution of values o )
2) general

quark masses, CKM, ...

y

Fit strategies: 2) Fit also nuisance parameters:
@ sample (f x #)-space (grid, Markov Chain, importance sampling...)
@ accounts for theory uncertainties by fitting also (7);

@ use Frequentist or Bayesian method = 68 & 95 % (CL or probability) regions of § and &
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SM basis + real C7 g 19(4.2GeV)

2D marginalised posterior
[Beaujean/CB/van Dyk/Wacker arXiv:1205.1838]

— individual constraints at 95 % CR from
B — K*y and
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SM basis + real C7 g 19(4.2GeV)
10
2D marginalised posterior
[Beaujean/CB/van Dyk/Wacker arXiv:1205.1838] 5 .
— individual constraints at 95 % CR from
_ S 0
B — K*~ and lo+hi-g% B — K/?
-5
-10
-15
15 15
10 10
5 5
S o S 0
- . -
5 -5
—10 ~10
—15 —15
—15 —10 -5 0 5 10 15 —-1.0 —0.5 0.0 0.5 1.0
Cy Cr
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SM basis + real C7 g 19(4.2GeV)

2D marginalised posterior

10

[Beaujean/CB/van Dyk/Wacker arXiv:1205.1838] 5
— individual constraints at 95 % CR from
S 0
B — K*y  and lo+hi-g® B — K¢l
lo-g2 B — K*¢l -5
-10
-15
15 15
10 10
5 5
S 0 S 0
N . ®

—-10 —-10
-15 —15

—15 —10 -5 0 5 10 15 -1.0 —0.5 0.0 0.5 1.0

Cy Cr
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SM basis + real C7 g 19(4.2GeV)

2D marginalised posterior
[Beaujean/CB/van Dyk/Wacker arXiv:1205.1838]

— individual constraints at 95 % CR from
B — K*y  and lo+hi-g® B — K¢l
lo-g2 B — K*¢l
hi-g? B — K*¢Z

=15
—15 =10 =5

=)
ot
=3
-
=

C. Bobeth Edinburgh
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—10

o

|
o
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SM basis + real C7 g 19(4.2GeV)

2D marginalised posterior
[Beaujean/CB/van Dyk/Wacker arXiv:1205.1838] 5

10

— individual constraints at 95 % CR from

B — K*y  and lo+hi-g® B — K¢l
lo-g2 B — K*¢l -5
hi-q? B — K*(7 .

all constraints (+Bs — pfi): 68 % CR
-15
15 15
10 10

Cy
=]

|
o

—15 —15
—-15 =10 -5 0 . . 0.0 0.5 1.0
Cy Cr
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SM basis + real C7 g 19(4.2GeV)

2D marginalised posterior
[Beaujean/CB/van Dyk/Wacker arXiv:1205.1838] 5

10

— individual constraints at 95 % CR from

B — K*y  and lo+hi-g® B — K¢l
lo-g2 B — K*¢l -5

o, ~
hi-q? B — K*(7 .

all constraints (+Bs — pfi): 68 % CR

=15

Cy
=]

15 15
Did notlinclude B — K¢*¢— measurement fram LHCb arXiv:1209.4284
10 10
S 0 S 0 .

—10 —10

—15 —15
—15 —10 -5 0 5 10 15 —-1.0 —0.5 0.0 0.5 1.0

Cy Cr
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Nuisance parameter — example B — K form factor f, (g?)

££(0 1
fr(q?) = % [1 +bf (z(qZ) —2(0) + 5 [2(¢?)? - z(0)2m :
Z(S):\/Z%z:—g’ To:\/ﬁ(\/ﬁ—\/ﬂr—T—)’ Ty = (Mg + My)?

0.30 0.35 0.40 045 -6
f+(0)

= Prior [dotted] from LCSR calculation Khodjamirian/Mannel/Pivovarov/Wang arXiv:1006.4945
= Posterior of f, (0) [left] and b, [right] using
1) B — K¢ ¢~ data only [dashed] Vs 2) all data [solid, red]
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Altmannshofer/Paradisi/Straub
arXiv:1111.1257 = based on MCMC + Bayesian inference
and update in Altmannshofer/Straub

arXivi1206.0273 = included data from

@ B— Xsv:Br,Acp,
B— K*y:8
@ B— X/l : Br,
B — K ¢l : Br,
B — K*éf_: Br, Ags, FL, 83, A,'m,
Bs — pji: Br

C. Bobeth Edinburgh
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Altmannshofer/Paradisi/Straub

arXiv:1111.1257 = based on MCMC + Bayesian inference

and update in Altmannshofer/Straub
arXiv:1206.0273 => included data from

@ B Xs"/ 1 Br, Acp,
B— K¥*y:8S

@ B— X/l : Br,
B — K ¢l : Br,
B — K*éf: Br, Ags, FL, 83, A,'m,
Bs — pji: Br

= model-indep. NP (real or complex)

@ C; 7. 99 10,10 (in varying stages)
@ Z-penguin + C; 7/

= relates b — s¢Zand b — svi
@ (Cs—Cg),(Cp—Cp)
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Altmannshofer/Paradisi/Straub SM operators:
arXiv:1111.1257 . R o

@ 7 = f B s
and update in Altmannshofer/Straub / 7 "‘J X i \\ ! /\
arXiv:1206.0273 [ & \ 4~ \ _ [ M@
N SN @ N B /i/\
| | L E | \
J \

here in 2 parameter scenarios sl AN d i ; EN
from arXiv:1206.0273 = o ) -

o5 00 05 e 2 T e e p—— T i e
Re(C)'”) Re(Cy?) Re(ClYf)

Im(Cy)
Im(Cg)

= individual constraints at 95 % o
chirality-flipped operators:

of 6f

Pl

S[B — K*~] )

Acp[B — Xs7]

Im(C;)

Im(Cq)

Br(B — Xst* 0]

B — Kete—
B — K*¢+/
Bs — utp s 3
& &
comb. constraints: 68 % ( ) o9 X
N & 5
-05 00 05 - 6 74 2 2 4 6 6 4 2 - 2 4 6
Re(C)'") Re(C)P) Re(C)D)
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Altmannshofer/Paradisi/Straub
arXiv:1111.1257

and update in Altmannshofer/Straub
arXiv:1206.0273

= predictions of unmeasured
observables
@ still large T-odd

CP-asymmetries

at low-g?:
[KA7[.61 <35%
I<Ag)r1,61l <21 %
I<Ag)p1 .61l < 13%
at high-g2:
[{As (14,161 < 12%
\<A9>[14,16]| <20%

C. Bobeth

SM operators:

/ X /// RS
/ -
\ 2 )
E |l E J |
A h / £ \u
-osf \ / AT
\\\\ // - \\~ Pimeee o
BT 05 Fa— B R R 3
Re(C)'") Re(C))
e(Cro )
chirality-flipped operators:
. § o
/ T -
§ ) \ 4 4 p 2N N
o : 4
_ ® N L1 \ :
g 79(? g ( | @
E P 3 E E )
o o ) g
- % A
~ ! |
-05 00 05 o 2 6
Re(Cy) Re(Cy)
/ g = | i RN & £ <
osf / % 4 N 4 X
/ \ 2 / @
sl g 3 I B NP
5 & T | 3 2%\
['4 \\ o ['4 . //K /é
o5t \ y \\
A & )% D g
-05 00 05 6 2 2 4 6 - 6 -4 -2 2 ©
Re(C)'”) Re(C)'®) Re(C")
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Altmannshofer/Paradisi/Straub
arXiv:1111.1257

Altmannshofer/Straub
arXiv:1206.0273

and update in

= predictions of unmeasured
observables

@ still large T-odd

CP-asymmetries

at low-g2:
[<A7)[1,61] < 35%
[<Ag)1,611 <21 %
I<Ag)p1 .61l < 13%
at high-g2:
[{As (14,161 < 12%
[<Ag)14,1611 < 20 %

C. Bobeth

Lower bounds (at 95% C.L.) on the NP scale A of dim-6 op’s,
assuming tree-FCNC ¢; = (+1, —1, +i, —i) & single operator

Ci

Heft = /T'QOI'
Operator A [TeV] for |ci| =1 .
+ +i =i
O7= "2(30,,Prb)FHv | 69 270 43 38
Oy = (3o, Pb)Fr | 46 70 78 47
Og = (3yuPLb)(Ey*0) 29 64 21 22
Of = (8yuPab)(fy"L) 51 22 21 23
O10= (3yuPLb)(ty#yst) | 43 33 23 23
Oy = (37uPab)(fy#~st) | 25 89 24 23
oY) = T (SPRub)(T) | 93 93 98 98
Op = mm—s"s(éPRb)(Z%é) 173 58 93 93
Op = m’"—B"S(EPLb)(Z%Z) 58 173 93 93
Edinburgh February 20, 2013 35/39



Relation Bs — " p~ and B — K ¢/~ interesting because . ..

= complementary dependence of
Bs — utu~ — (C,— C))

B— Kt~ — (C +C))

fori =10, S, P

fori=7,9,10, S, P

= to constrain scalar and pseudo-scalar operators

Only complex Cg s with relative phase A¢g

0.7m

0.6f
0.5f
0.4¢
0.3F
0.2}
0.1f
0.0L .

ax

£

{

ICs

00 05 10 15 20 25
Ads

C. Bobeth

Edinburgh

Only complex Cp ps with relative phase A¢p
and phase ¢p of Cp

0.0 05 10 15 20 25 30
Adp

[Becirevic/Kosnik/Mescia/Schneider arXiv:1205.5811]
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Relation Bs — p*tp~ and B — K ¢* /¢~ interesting because . ..
= complementary dependence of

Bs — ptu~ —(C,—C;) fori=10,8, P

B KUt~ —(C+C) fori=7,910,8, P
= to constrain scalar and pseudo-scalar operators

= B — K{T¢~ (Ars, Fy) constrainalso T, T5

LHCb measurement of Fy arXiv:1209.4284
@ high-¢? : ¢° € [14.2, 16.0], [16.0, 18.0], [18.0, 22.0] GeV? implies bound

ICr[2+ |Crs2 <05

assuming single operator dominance

M/ x SM + (ICr[2 + [Crsf?)

Fr
SM + (ICr[2 +|Crs[?)

Il form factor ;. cancels [CB/Hiller/van Dyk arXiv:1212.2321]
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Summary
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Implications Summary
@ measurements (efore mis-2012) of Belle, CDF, Babar, LHCb, CMS, ATLAS
onrare B — (K,K*)¢{*t¢~ and B — ptu~ consistent with SM:
= two solutions for C7 g 10: SM-like sign and sign-flipped

— B — Xsv or other obs. sensitive to eff. part of C§fg might resolve this

= Br(B — Ku*u~) @ low-g? lower than SM

@ beyond SM:
= Bs — up~ puts stronger constraints on cg}m
= B — Ku*u~ constrains (CQAO’S’P + Cy 10,5.p/) @and Cr 75
Il Currently measured only obs’s with rather large theory uncertainties

EOS = Flavour tool @ TU Dortmund by Danny van Dyk et al.
Download @ http://project.het.physik.tu-dortmund.de/eos/
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Outlook

@ new b — s+ (v,¢"¢7) data from LHCb, CMS, ATLAS

= LHCb additional 2.2 fb~" to analyze by the end of 2012
= CMS and ATLAS add. > 15 fb~' in 2012 to search for Bs — u*u~

and from 2nd generation Flavor-factory Belle Il > 2020

However, high exp. statistics — need to account for S-wave (Kr)-pairs
in B — K*{*{~ [Becirevic/Tayduganov arXiv:1207.4004, Blake/Egede/Shires arXiv:1210.5279]

@ first measurements of optimized observables
in exclusive B — K*(— Kr)¢* ¢~ @ low- and high-g®

= combinations with small hadronic uncertainties

@ first lattice results of form factors B — K and B — K*

@ high-g? should become available
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— Backup Slides —
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Remark on Br[Bs — " pu~|

So far theorists neglected mixing of Bs = predict Br at t = 0: Br[Bs(t = 0) — jiu]
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Remark on Br[Bs — " pu~|

So far theorists neglected mixing of Bs = predict Br at t = 0: Br[Bs(t = 0) — jiu]

But with new measurements of Arl's (incl. sign) from LHCb and CDF, DY
= experiments actually measure time-integrated Br: [De Bruyn et al. arXiv:1204.1737]

Br[Bs — pu] = %LOO dt (F[Bs(t) — apl + F[Es(t) — ﬁp,])

1+ys-A
= Y5 AT BByt = 0) — i)
1—ys
with (LHCb '11) and
Ys = ?rs =0.088 + 0.014 =inSM  Aar|sm = +1
s -

= beyond Aar € [—1, +1] — depends on NP !!!
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Remark on Br[Bs — " pu~|

So far theorists neglected mixing of Bs = predict Br at t = 0: Br[Bs(t = 0) — jiu]

But with new measurements of Arl's (incl. sign) from LHCb and CDF, DY
= experiments actually measure time-integrated Br: [De Bruyn et al. arXiv:1204.1737]

BI’[BS — ﬁ'u,] = % _[OOO dt <F[Bs(t) — ﬁ,u] aF F[ES(I) — ﬁp,])

1+ys- A -
= ,VsizAr Br[Bs(t = 0) — fip]
1—yg
with (LHCb '11) and
Vs = ?ﬁs = 0.088 + 0.014 =inSM  Aar|sm = +1
s = beyond Aar € [—1, +1] — depends on NP !!!
In SM for example largest uncertainties from

Br(Bs — fiuJsm = (3.53 £ 0.38) x 107 fo, = (234 £ 10)MeV — 9%

Vis > 5%

[Mahmoudi/Neshatpour/Orloff arXiv:1205.1845] Bs lifetime — 2%
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Remark on Br[Bs — " pu~|

So far theorists neglected mixing of Bs = predict Br at t = 0: Br[Bs(t = 0) — jiu]

But with new measurements of Arl's (incl. sign) from LHCb and CDF, DY
= experiments actually measure time-integrated Br: [De Bruyn et al. arXiv:1204.1737]

BI’[BS — ﬁ'u,] = % fow dt <F[Bs(t) — ﬁ,u] aF F[ES(I) — ﬁp,])

1+ys-A
= Y5 AT BByt = 0) — i)
1—ys
with (LHCb '11) and
Ys = ?rs =0.088 + 0.014 =inSM  Aar|sm = +1
s -

= beyond Aar € [—1, +1] — depends on NP !!!

... or using precise AMs measurement to substitute fg, (and assuming SM)  [Buras hep-ph/0303060]

(31+0.2) x 10~°

=(34+02)x107°
0.91 + 0.01 (3:4£0.2) x10

Br[Bs — fipu]sm =

[Buras/Girrbach arXiv:1204.5064]
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Goodness of fit & Bayes factor [Beaujean/CB/van Dyk/Wacker arXiv:1205.1838]

sgn(Cz, Co, Cro) best-fit-point log(MAP) goodness-of-fit log(Z)
Tiike Phike Toull  Ppull

(= 4, ) (—0.295,3.73,—4.14) | 42431 | 40240 59% | 48.8 74% | 385.1

(+ = +) (0.418,—4.64,3.99) | 42420 | 402.32 58% | 48.9 74% | 385.0

(= = +) (—0.392,-3.09,3.19) | 40372 | 387.70 0.8% | 768 3% | 363.8

(+, +, -) (0.557,2.25,—3.24) | 399.70 | 384.66 02% | 829 1% | 360.1

SM: (=, +, —) | (—0.327,4.28,—4.15) | 430.56" | 402.30 69% | 49.0 82% | 392.4

MAP = maximum a posteriori

Z = local evidence = Sd@dﬁP(D\H, v) - P(6,v) = “likelihood x prior”

= 2 methods to derive p-values from 2 statistics Tiixe and Tpun:

indicate good fit: p ~ (60 — 75)%
= model comparison: SM = fixed values of Wilson coefficients < SM-like solution

Bayes factor: B = exp(392.4 — 385.1) ~ 1500 in favor of the simpler model
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Pull values of experimental observables

[Beaujean/CB/van Dyk/Wacker arXiv:1205.1838]

22 observables with 59 measurements: B — K*~, B — K{T¢(~, B — K*{t/~

@ CLEO B BaBar HE Belle

=

B
S+C r
-3 -2 -1 0 1 2
k)
Bl BaBar HE Belle B CDF
BIL6

B[14,16] I

510 q_

-3 -2 -1

pull definition

0

0 1 2
8

—

_ Xpred (0, V) — X

(o

C. Bobeth

I BaBar I CDF
H Bclle [ LHCbH

BlL.6) i:-i

s ﬁ

519 —D-_

Fr[1,6] %

Filua. 16 :h

Fy[> 16] ;‘

-2 -1 0 1
g

2

Arp[L.6]
App(14, 16]
Arp[> 16]
AP.6]
AP[14,16)
AP[> 16]
Sy[1,6]
Sy[14,16]

Sy[> 16]

theory prediction at best fit point

X central value of experimental distribution

o experimental uncertainty

Edinburgh
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Prior dependence

7.5

—=0.70

-8

0.00

0.35

Cr

0.70

—1.0

—0.35

0.00

1.0

0.00

0.35
Cr

0.70

SM

(¢),

—1.0

best fit point = (x)

ot

95 % (dashed) and 68 % (solid) credibility regions using 3x larger prior ranges

C. Bobeth

= fit still converges

Edinburgh
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Prediction of yet unmeasured optimized observables @ low-g?

3.0 05
- = =
25

1.2 0.4
1.0 2.0
208 s Ze

o | 1
05 0.1

0.0

1.0 1.0
h_ 04 h
0.8

0.2
05 - 0.6 [ |
0.0
_ o4 A ]
e 00 e 2702
I - = 02 . T
)

05 = o —0.6 .

—0.2
-0.8
—0.4
~1.0 ~1.0
1 3456 12 3 6 5

4 3 4
7*[GeV?] ¢*[GeV?| ¢*[GeV?|
= Measurements outside these predictions would put simple scenario C7 g 19 in trouble

o
—
N
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High-g°: OPE + HQET
Framework developed by Grinstein/Pirjol hep-ph/0404250
1) OPE in Aqcp/Q with Q = {my, v/g2} + matching on HQET + expansion in mc

Q(k) power O(as)
M([B — K* 4 1] ~ i () T (P, ) [Py ] o 1 a3(Q)
= Q( &) Aocn/Q  al(Q)
T4 () = 1 [ d*x 7 RHT(0,(0), 1 (0)1B) 95‘2 Mm@ ad(Q)
-y 3 (k><Qj’2> 21((22))3 Ai(:/z‘taz Zgigi

=2 incluided, ¢ °

unc. estimate by naive pwr cont.
2) HQET FF-relations at sub-leading order + as corrections in leading order

M2
Ti(q%) = K V(dP), T2(9%) = K A1(GP), T3(9%) = ki Aa(GP )?
K= <1 + 420(5?/:) (M)) Mp (1)
() Ms

can express everything in terms of QCD FF’s V, A » @ O(asAqep/Q) !
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