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— Introduction —

Motivation
Effective theory
Exclusive 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}:
V, Vi V,
QU _ +2/3 ud us ub

’ U,
Lcc = % (L_I, @, ?) ( Veg Ves Veb )'YMPL ( S ) W;j—
Dj = {d, s, b}: Ve Vis Vi b

+
Qp =—1/3 ~ Cabibbo-Kobayashi-Maskawa (CKM) matrix 4
Tree: only U; — D; & D; — U Loop: D; — D; (& U; — U))
= charged current: Q; # Q; = neutral current (FCNC): Q; = Q;
D, Dj
U I s D
| W U’ W k Ua --Y(' WW
Di%Dj v v
v
Dj v, D/. Ul W A | — § (b § |
H— tv, Hi — HaHs Hi — Hz +{v, Z, g} Hy — et
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Q) = +2/3 g _ Vie Vus Vu d UZ D]
u=+23 o= B@e | Ve Voo Voo || s |Wr
Dj = {d, s, b}: Ve Vis Vi b
Q=-1/3 , we
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Tree: only U; — D; & D; — U Loop: D; — D; (& U; — U))
= charged current: Q; # Q; = neutral current (FCNC): Q; = Q;
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b; v b Y A l !
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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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Experimental data: b — s/*¢~ — number of events

# of evts BaBar Belle CDF LHCb
2012 2009 2011 2011 @ CP-averaged results
471 M BB 605 fb" 6.81 1o~ @ vetoed g? region
BY — K*0¢7 | 137 + 44" | 247 + 547 | 164+ 15 | 900 + 34 around J/4 and ¢’
_ resonances
Bt — K*+t g0 20+ 6 76 + 16 .
_ @ T unknown mixture of
Bt — K+ | 153+411 | 1624381 | 234 +19 | 1250 + 42 B9 and B+
BY — KQet 28+9 | 60+19
_ Babar arXiv:1204.3933
Bs — ¢ ll 4917 77210 g arivi0904.0770
I 2445 CDF arXiv:1107.3753 + 1108.0695
LHCb LHCb-CONF-2012-008
BT — xt ol limit 25+ 7 (-003, -006), arXiv:1205.3422
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Experimental data: b — s/*¢~ — number of events

# of evts BaBar Belle CDF LHCb
2012 2009 2011 2011 @ CP-averaged results
471M BB 605 fo~! 6.8 11~ @ vetoed g2 region
B — K*047 | 137 + 441 | 247 + 541 | 164+ 15 | 900 + 34 around J/+ and ¢/
_ resonances
Bt — K*t 20+ 6 76 + 16 .
_ @ T unknown mixture of
Bt - Ktw 153 + 41T 162 + 38f 234 +19 | 1250 +42 BY and Bt
B — K20l 28+9 | 60+19
_ Babar arXiv:1204.3933
Bs — plt 49+7 77210 g arivi0904.0770
Ny > AT 24 +5 CDF arXiv:1107.3753 + 1108.0695
LHCb LHCb-CONF-2012-008
Bt — nt 07 Jimit 25 47 (-003, -006), arXiv:1205.3422

Outlook / Prospects

Belle
CDF
LHCb

ATLAS / CMS
Belle Il / SuperB

reprocessed all data 711 fb—! — final analysis ?

recorded about 9.6 fo—! — final analysis presented at ICHEP 2012

not yet analysed BT — K+ pji + about 1.2 fo~" by end of 2012

— by the end of 2017 about 5 — 7 b~

pursue also analysis of B — K*uji and B — Kuji

expects about (10-15) K events B — K*¢7 (2 2020) [A.J.Bevan arXiv:111O.3901]J
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Experimental data: b — s/*¢~ — number of events

BaBar
2012
471 M BB

# of evts

— K tt
Bs — ¢l 49+7 77 + 10
Ny — N 24 +
Bt -t ol limit 25+7

Outlook / Prospects

Belle reprocessed all data 711 fo—! — final analysis ?

CDF recorded about 9.6 fb—! — final analysis presented at ICHEP 2012
LHCb not yet analysed B+ — K+ uji + about 1.2 fo— by end of 2012

— by the end of 2017 about 5 — 7 b~
ATLAS / CMS pursue also analysis of B — K*uji and B — Kuji
Belle Il / SuperB expects about (10-15) K events B — K* ¢ (2 2020)

@ CP-averaged results

@ vetoed g? region
around J/+ and v’
resonances

@ T unknown mixture of
B® and B+

Babar arXiv:1204.3933

Belle arXiv:0904.0770

CDF arXiv:1107.3753 + 1108.0695

LHCb LHCb-CONF-2012-008
(-003, -006), arXiv:1205.3422

[A.J.Bevan arXiv:1110.3901]
v

C. Bobeth

BEACH 2012

July 26, 2012 5/1



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

BaBar
2012
471 M BB

# of evts

2011 @ CP-averaged results

@ vetoed g? region
around J/+ and v’
resonances

@ T unknown mixture of

B and B+
— K3l
_ Babar arXiv:1204.3933
Bs —ott 4917 7710 5o arxiv:0804.0770
Ny — ACT 2445 CDF arXiv:1107.3753 + 1108.0695
LHCb LHCb-CONF-2012-008
Bt >t o limit 25+ 7 (-003, -006), arXiv:1205.3422
Outlook / Prospects
Belle reprocessed all data 711 fb—! — final analysis ?
CDF recor More details on data from HEP 2012
LHCb not ye BaBar Justin Albert on Tuesday \f 2012
by CDF Robert F. Harr on Tuesday
ATLAS / CMS pursu. LHCb David Hutchcroft on Thursday
Belle Il / SuperB expects about (10-15) K events B — K*¢Z (2 2020) [A.J.Bevan arXiv:1110.3901]
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B-Hadron decays are a Multi-scale problem . ..

... Typical interaction (IA) scales

electroweak |A > hadron in restframe, > QCD-bound state
external momenta effects

My ~ 80 GeV

MZ ~ 91 GeV Pext ~ MB ~ 5 GeV AQCD ~ 0.5 GeV

m; ~ 172 GeV

electroweak IA is “short-distance = local” compared to QCD IA
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B-Hadron decays are a Multi-scale problem . ..

... Typical interaction (IA) scales

electroweak |A > hadron in restframe, > QCD-bound state
external momenta effects

My ~ 80 GeV

MZ ~ 91 GeV Pext ~ MB ~ 5 GeV AQCD ~ 0.5 GeV

m; ~ 172 GeV

electroweak IA is “short-distance = local” compared to QCD IA

= Effective theory (EFT) of electroweak IA = separation of scales
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AB =1EFTinthe SMforb — s
b—-s+~y and b—s+Lti

0F = mp[80" PablFu O = [87*PLb][T~,(1, 75) ]

C. Bobeth BEACH 2012 July 26, 2012 7/1



AB=1EFTinthe SMforb — s
b—s+vy and b—s+T0

O = mp[So"” Prb]F,. 0910 [8+*PLb][£7.(1, 75) £]

b—s+gluon and b— s+ qq

Of = mpy[So" PrT?b]|GE, O34 = [87*(1, T)PLB] X[ (1, T?) q]
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Extension of EFT beyond the SM . ..

Eeff (/J/b) = EQEDXQCD (U7 d7 S, C, b7 e u,T, ???)

4G
V2

+ Viekm Z(C, + AGC)O; + Z CjOj(???)
SM NP

= AG; ... NP contributions to SM C;
= > GO) ... NP operators (e.g. C7 g 10, Cg},, o)
= 777 ... additional light degrees of freedom (< not pursued in the following)
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Extension of EFT beyond the SM . ..

Lefr (1) = Loepxqep (U, d, s, ¢, b, €, u, 1, 777)

4G
V2

+ Viekm Z(C, + AGC)O; + Z CjOj(???)
SM NP

= AGC; ... NP contributions to SM C;
= > GO) ... NP operators (e.g. C7 g 10, Cg?)F,, .
= 777 ... 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 . ..

Lefr (1) = Loepxqep (U, d, s, ¢, b, €, u, 1, 777)

4G
V2

+ Viekm Z(C, + AGC)O; + Z CjOj(???)
SM NP

= AGC; ... NP contributions to SM C;
= > GO) ... NP operators (e.g. C7 g 10, Cg?)F,, .
= 777 ... 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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Towards Observables

= EFT universal starting point for calculation of observables

11l Non-perturbative input required for hadronic matrix elements
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Towards Observables

= EFT universal starting point for calculation of observables

11l Non-perturbative input required for hadronic matrix elements

Inclusive decays: B — Xsqv, B— Xsqtl, B— Xsqui, B— Xy

— Heavy Quark Expansion: only few universal non-perturbative parameters from
B — Xu,c¢p, and B — Xsv photon spectrum

— only @ et e~ — B-factories
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Towards Observables

= EFT universal starting point for calculation of observables

11l Non-perturbative input required for hadronic matrix elements

Inclusive decays: B — Xsqv, B— Xsqtl, B— Xsqui, B— Xy

— Heavy Quark Expansion: only few universal non-perturbative parameters from
B — Xu,c¢p, and B — Xsv photon spectrum

— only @ et e~ — B-factories

Exclusive decays
- Bsg — £0: decay constants fg, 4 from QCD-Lattice calculation

- B — {K, K*} + ¢Z: (¢ = dilepton invariant mass)
@ low-g?: QCD factorisation (QCDF)
@ high-g: local OPE of 4-quark contributions

- B> {K, K¥} +vi
= B — {K, K*} form factors from: Light-Cone Sum Rules LCSR (@ low-g?)
or QCD-Lattice (@ high-g?)

... other decays, AF =2, ...

C. Bobeth BEACH 2012 July 26, 2012
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Exclusive B — {K, K*} +(1(~

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, K*} +(1(~

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

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

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

= “just” requires B — K* form factors V, A 5, Ty » 3 in K*-transversity amp’s:

2m,
AT~ V2 [(Cg F Cio) + 7q2b G 7'1} ;

%4
Mg + Mycx

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 /@2
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Exclusive B — {K, K*} +(1(~

Hadronic amplitude B — K*(— Kr) 2t including 4-quark operators

M = {(Kn| C; ~ bgys + 09,10X//\S\
b

+3.C « % . |B)

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

@ current-current b — s + (uu, cc)

@ QCD-penguin operators b — s+ qgq (9 = u,d, s, ¢)

= large peaking background around g2 = (M,;,,)2, (My/)?:
B — K®)(qg) — K pte—
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Exclusive B — {K, K*} +(1(~

Hadronic amplitude B — K*(— Kr) 2t including 4-quark operators

b S

M = <K7T‘ C7 X . %VS =+ Cg’10></\
b

S|

+3.C « % . |B)

G® - regions in b — s¢t¢~ KU®)-energy in Berest frame: E, () = (M3 + M2 ) — ¢P)/(2 Mg)
g°-region low-g2: g2 « M2 high-g?: g® ~ M3
K ) -recoil large recoil: Ey(s) ~ Mg/2 low recoil: Ey(s) ~ My(s) + Aocp
theory method || QCDF, nl OPE: ¢? € [1,6] GeV? | OPE + HQET: ¢® > (14...15) GeV?

4

[QCDF: Beneke/Feldmann/Seidel hep-ph/0106067, hep-ph/0412400]
[non-local OPE: Khodjamirian/Mannel/Pivovarov/Wang arXiv:1006.4945]
[local OPE: Grinstein/Pirjol hep-ph/0404250; Beylich/Buchalla/Feldmann arXiv:1101.5118]
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Exclusive B — {K, K*} +(T(~

Hadronic amplitude B — K*(— Kr) 2t

M= (Kr| 6« =5+ oo A
b

including 4-quark operators

+2.,Ci * i, 1B
I

1.2
— 11
3
& o8- |

— vetoed in experiment 2 o6 " Iy v
“:g g
dBr[B — K*If]/dq? 8 o4+ M
0.2
0 T T
0 2 4 8 10 12 14 16 18
o [GeV?]
BEACH 2012 July 26,2012 10/1
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Open Issues

@ B — K and B — K* form factors at high-g® (from Lattice)
preliminary results without final uncertainty estimate:
[Liu/Meinel/Hart/Horgan/Miiller/Wingate arXiv:0911.2370, 1101.2726]

@ better understanding of sub-leading contributions

1) QCD factorization at low-g?
2) OPE at high-g? - known up to sub-leading form factors (Lattice?)

[Grinstein/Pirjol hep-ph/0404250; Beylich/Buchalla/Feldmann arXiv:1101.5118]

@ inclusion of cc-tails at low-g? in numerical evaluation
[Khodjamirian/Mannel/Pivovarov/Wang arXiv:1006.4945]

@ non-P wave K= background to K pairs from K* at high experimental
statistics 7?7

= Last point addressed recently: [Becirevio/Tayduganov arXiv:1207.4004]
S-wave K pairs from B — K¢+ 4~ negligible @ high-q2,
error below 10% for g2 < 1 GeVZ2 and 4 GeV? < Mfw,

upto 25% around g° ~ 2 GeV? (depending on observable)
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— Optimised Observables —

in B— K*(— Km)(t(~
@ Large Recoil = low-g?
@ Low Recoil = high-g?

C. Bobeth BEACH 2012 July 26, 2012 12/1




B— K* [—> Kﬂ'] + 4T

4-body decay with intermediate on-shell K* (vector)
1) q% = m2; = (pe + pp)? = (P8 — Py )?

2) cosf, with 6,2(Bg, Be) in (£0) — c.m. system

3) cosbk with Oy Z(Bg, Pk) in (K7) —c.m. system

4) & £(Px * By By x By) in BRF

C. Bobeth BEACH 2012

July 26, 2012

13/1



B— K* [—> Kﬂ'] + 4T

4-body decay with intermediate on-shell K* (vector)
1) q% = m2; = (pe + pp)? = (P8 — Py )?

2) cosf, with 6,2(Bg, Be) in (£0) — c.m. system

3) cosbk with Oy Z(Bg, Pk) in (K7) —c.m. system

4) & £(Px * By By x By) in BRF

Ji(g?) = “Angular Observables”
dr dr
9 dg?dcos 6, dcos b d¢

+Js Sin0x sin%0;, oS 2¢ + Js Sin 20k Sin 20, cosé + Js sin 20 sind, cose

= Ji58iN%0K + J15C0S20k + (s SIN?Ok + Jog COS20) COS 26,

+(Jgs SIN%0 + Jse OS20k) OSH, + J7 sin 20 sinb, sing

+Jg sin 20y sin 20, sing + Jy sin®0x sin?6, sin 2¢
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B - K* [—> Kﬂ'] + 00

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

2) cosf, with 6,2(Bg, Be) in (£0) — c.m. system

3) cosbk with Oy Z(Bg, Pk) in (K7) —c.m. system

4) & Z(Br x By, By % B,) in B-RF

Ji(g?) = “Angular Observables”
dr dr
9 dg?dcos 6, dcos b d¢

+Js Sin0x sin%0;, oS 2¢ + Js Sin 20k Sin 20, cosé + Js sin 20 sind, cose

= Ji58iN%0K + J15C0S20k + (s SIN?Ok + Jog COS20) COS 26,

+(Jgs SIN%0 + Jse OS20k) OSH, + J7 sin 20 sinb, sing

+Jg sin 20y sin 20, sing + Jy sin®0x sin?6, sin 2¢

= “2 x (12 + 12) = 48” if measured separately: A) decay + CP-conjand B) for ¢ = e, p
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B —- K* [—> Kﬂ'] + (T
4-body decay with intermediate on-shell K* (vector)

1) 6% = m?; = (pe + Pp)? = (P — Py )
2) cosf, with 6,2(Bg, Be) in (£0) — c.m. system

3) cosbk with Oy Z(Bg, Pk) in (K7) —c.m. system

4) & Z(Br x By, By % B,) in B-RF

CP-conj. decay B® — K*9(— K+x—)e+te—: d*T from d*I" by replacing
CP-even @ Ji2347 — + J123.4706w — —ow]
CP-odd :  Js689 — — Js 6890w — —ow]

with weak phases §,y conjugated
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B - K* [—> Kﬂ'] + 00

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

2) cosf, with 6,2(Bg, Be) in (£0) — c.m. system

3) cosbk with Oy Z(Bg, Pk) in (K7) —c.m. system

4) & Z(Br x By, By % B,) in B-RF

CP-conj. decay B® — K*9(— K+x—)e+te—: d*T from d*I" by replacing
CP-even : Jipgaz —  + J1234706w — —Sw]
CP-odd :  Jsps9 — — Js 6890w — —ow]
with weak phases §,y conjugated
1) CP-0dd : Acp ~ (Jj — Ji) ~ d*(I + T) = flavour-untagged B samples

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

[CB/Hiller/Piranishvili arXiv:0805.2525, Altmannshofer et al. arXiv:0811.1214]
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Angular observables

Ji(q?) ~ {Re, Im} [A#R <A,L,’R>*] ALR . K*-transversity amplitudes m =1, I,0
. C, ... short-distance coefficients
~ Z(CaFa) Z(Cbe)
z 5 F,... form factors
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Angular observables

Ji(¢%) ~ {Re, Im} [A#R <A,L;R>*] ALA
Cy...

~ Y (CaFa) Y (CpFp)* a
a & Fa PN

simplify when using form factor relations:

mp — oo limit:

v 7’2%/417

)

T

Q

large K* recoil limit: Exsx ~ Mp

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

short-distance coefficients
form factors

[Isgur/Wise PLB232 (1989) 113, PLB237 (1990) 527]
M2
T3 x A2 725
q

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

M, Mg+ M M
gle E ry 2 K*A1RT1% BT2
B+ MK* 2EK* 2EK*
MB aF MK* MB = MK* MB
= Al — As ~ T, — T
& 2Er 1 My 2 2Eor 2— 13
BEACH 2012 July 26, 2012 14/1
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Sub-leading corrections to TransAmp’s A = Nocp/mp ~ 0.15

Low hadronic recoil

LR ALR LR - 2mg
APt~ CET X co :(CQ+C10)+’{?C77
1 SD-coefficient C&-F and 3 FF’s f; (i =L, ||, 0)

A R 15— M2 )1 + Mx)2A, — XA
_ V2, fi = V2(1 + M) As, fO:( e ) (1 + Mycx ) ! 2
1+ Mycs 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?
AP~ CHR X fi 4+ Cr x O (V) CHf = (Co ¥ Cro) + 1~ 52Cr,
1 SD-coefficient C&-F and 3 FF’s f; (i =L, ||, 0) CM~ —0.3, CiM ~ 4.2, Ci)l ~ —4.2
23 (1—8— M2 )(1 + Myx)2A1 — A Ao

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

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

(“helicity FF’s” [Bharucha/Feldmann/Wick arXiv:1004.3249])
v
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Sub-leading corrections to TransAmp’s A = Nocp/mp ~ 0.15

Low hadronic recoil
FF symmetry breaking OPE

2m?
APFin CHR X i+ G x O (V) +0 (X)), CHf = (G ¥ Cro) + w5 Cr,
1 SD-coefficient C-F and 3 FF’s f; (i =L, ||, 0) CM~ —0.3, CiM ~ 4.2, Ci)l ~ —4.2
23 (1—8— M2 )(1 + Myx)2Ar — 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 A = Nocp/mp ~ 0.15

Low hadronic recoil = small, apart from possible duality violations
FF symmetry breaking OPE
LR _ ALR 2 LR - 2my
APFin CHR X i+ G x O (V) +0 (X)), CHF = (G F Ci0) + 5=z Cr
1 SD-coefficient C&-F and 3 FF’s f; (i =L, ||, 0) CM~ —0.3, CiM ~ 4.2, Ci)l ~ —4.2
23 (1—8— M2 )(1 + Myx)2Ar — 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
ALR_ gL ><f,-+C7><O()\)+O()\>, ch Z(Cg+C1o)+n?C7,
1 SD-coefficient C&-F and 3 FF’s f; (i =L, ||, 0) CM~ —0.3, CiM ~ 4.2, Ci)l ~ —4.2
B . 1—8— M) + My )2A — XA
=2y fi =vV2 (1 + Mex) Ar, fO:( e )1+ Micx) ! 2
1+ Myes 2 Mise (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 €1 4+ O (as, ), AT~ CPx gy + O (as, A)
2 SD-coefficients Ci’R“ and2FF's &,
2myM, 2m
CP = (Co F Cro) + ;2 £¢r, Cﬁ’R= (09$C1O)+V;C7,
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“Transversity” Observables @ Large Recaoill ...

. “designed” from transversity amplitudes

AT~ 2CT T xeL +0(as,n),  Ap~ O x g+ O(as,N) |

. in order to have reduced form factor £, juncertainty

L AL R%x AR
A(2) |A |2 |A |2 |A |2 ‘ARZ A(S) 3 |AA +A A“
K T -
T T IALR + AT + AP + AP ¢(\AL|2+|AH\2>(\A 2+ |AT2)
@ _ |ALAL* AH*AT| A(5) |AﬁAR* + AL AF\’*|
T \AL*AL+ARAR*| AL 2 1 AR |2+|A |2+\A 2’
2Re [AfALF — AfATH] 21m [AL ALY 1 AR AR
A(rc) I [ 7 A0 _ [ [
|AT[2 + |AT 2 + A2 + A2 T |AL 2+ |AT 2 + | AL 2 + | AfT]2

[Krliger/Matias hep-ph/0502060, Egede/Hurth/Matias/Ramon/Reece 0807.2589 + 1005.0571, Becirevic/Schneider 1106.3283]
.. and extended operator basis in [Matias/Mescia/Ramon/Virto arXiv:1202.4266]
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“Transversity” Observables @ Large Recaoill ...
.. “designed” from transversity amplitudes
AL R

Ai’] ~+CTA x €1 + O (as, V), g ~ Cﬁ’” x & + O (as, \) J

.. in order to have reduced form factor £, |juncertainty

22 _ B 7 @ (2J,)2 + J?
T 2J25 AT - ’
—2oc (25 + J3)
J2 4 (2J,)2 2 2 2 2
4 — —
A® — (ZJ)zﬁ,z» O _ \/168J2 — 92 — 36 (4] +J9)’
4 7 T 8Jss
Ji i Je
A(re) _ _Y6s , A(lm) _ 9
T 4y T 7 20

[Krliger/Matias hep-ph/0502060, Egede/Hurth/Matias/Ramon/Reece 0807.2589 + 1005.0571, Becirevic/Schneider 1106.3283]
... and extended operator basis in [Matias/Mescia/Ramon/Virto arXiv:1202.4266]
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Observables @ Low Recaoil ... [CB/Hiller/van Dyk arXiv:1006.5013, 1105.0376]

AR~ Gy L with  CLR = (Co F Cro) + n b 7 b et J
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Observables @ Low Recaoil ... [CB/Hiller/van Dyk arXiv:1006.5013, 1105.0376]

AR~ Gy L with  CLR = (Co F Cro) + n b 7 b et J

o NI test OPE framework —
Hy" = = sgn(f) duality violating contributions

~ag (2os = o)
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Observables @ Low Recaoil ... [CB/Hiller/van Dyk arXiv:1006.5013, 1105.0376]

AR~ Gy L with  CLR = (Co F Cro) + n b 7 b ot J

o NI test OPE framework —
Hy" = = sgn(f) duality violating contributions

*ch (2J25 - Js)

“long-distance free”

Js HO — Jps/2

H® —
2y (2dpg + ;) (2J54)% — (J5)?

. and “long-distance free” CP-asymmetries a(1 2,3)
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Observables @ Low Recaoil ... [CB/Hiller/van Dyk arXiv:1006.5013, 1105.0376]

AR~ Gy L with  CLR = (Co F Cro) + n b 7 b et J

™ V24 test OPE framework —
Hy’ = ————= =son(f) duality violating contributions
~dac (2J2s B Js)

“long-distance free” SD coeff's: p; = (|CR|2 +|CL2)/2, po = (|CRJ2 — |CL2)/4
@ _ Js _ @ _ Jgs/2 - p2
e A ~ya ey

—2J,y, (2dpg + Jy) (2d,4)2 = () 1

. and “long-distance free” CP-asymmetries a(1 2,3)
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Observables @ Low Recaoil ... [CB/Hiller/van Dyk arXiv:1006.5013, 1105.0376]

AR~ Gy L with  CLR = (Co F Cro) + n b 7 b ot J

™ V24 test OPE framework —
Hy " = = sgn(fy) duality violating contributions
~dac (2J25 - Js)

“long-distance free” SD coeff's: p; = (|CR|2 +|CL2)/2, po = (|CRJ2 — |CL2)/4
@ _ Js _ @ _ Jgs/2 - p2
e - Mt T e—ur G

—2J,, (2J25 + J3) (2d,4)2 = () 1

. and “long-distance free” CP-asymmetries a(1 2,3)

“short-distance free” — measure form factors f, | . (SM-operator basis only)

fo V2Js _ —dae V2, _ —Jc V2
I dbs Vods 20y —dy N2dp—dy  —dy

L (2 tds —dog (2 + J3) fo —dyg
fi 2dys = Jy V2, 7 fL 25 + U
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(2,3)

Sensitivity of Hy"™" — example: real Cq
HP[14.18,19.2]
14 HP[14.18, 19.2]
1.2
2
z 1
a S
@ varying Cy around
08 SM value C§M
Trax
® X[Q,Zmnﬂ%rax] = ng; X(q2)dq2
0.6 @ observables Xyp normalised to
/ SM-prediction Xsm
02 04 06 08 1 12 14 16 18 @ bands = theory uncertainties
NP, ~SM
Cy /Cy
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(2,3)

Sensitivity of Hy"™" — example: real Cq
: ] HP[14.18,19.2]
14 HP[14.18, 19.2]
E ——— Agpll14.18,19.2]
i .......... Agpll, 6]
1.2 / .......... A&{e)[l, 6]
z
x |
A ;
@ varying Cy around
0.8 AT R SM value C$M
rar
/ @ X2, Bl = S X(a%)dq®
0.6 @ observables Xyp normalised to
// i i SM-prediction Xsm

02 04 06 08 1 12 14 16 18 @ bands = theory uncertainties
NP, ~SM
Cy /Cq

At high-g® H(TZ' %) are the “better” Arg !!! Sensitive to Cg/C1g
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Sensitivity of H(TZ’S) —example: real Cy

HP[14.18,19.2]
HP[14.18, 19.2]
— Aggll4.18,19.2]
.......... Agpll, 6]

AYr1, 6]
Appl2,43]
A2, 4.3]

8 T
‘ T PETT
o B

]

st r"”"“

Xnp/ Xsm

0.8

@ varying Cy around
SM value C§M

[/

° X[Q/zninaQanax] = Sq§1ax X(q2)dq2
0.6

Amin

/

0.6

@ observables Xyp normalised to

SM-prediction Xsm
02 04

1.8 @ bands = theory uncertainties
Cy

At high-g® H(TZ' %) are the “better” Arg !!! Sensitive to Cg/C1g
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Towards a global analysis
of rare AB = 1 decays

— Model-independent —

C. Bobeth BEACH 2012 July 26, 2012 19/1




“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
0(6,7)
Nuisance parameters
1) process-specific
FF’s, decay const’s,
LCDA pmr’s, pdf(O = o)
7 sub-leading A/mp,
renorm. scales: pp o

depend usually on sub-set of g and i7

2) experimental data for each observable

= 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(4, )
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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Strategy 1)

= Model-independent analysis with different sets of operators

= Using inclusive and exclusive b — s + (v, £t¢7) data

@ Descotes-Genon/Ghosh/Matias/Ramon arXiv:1104.3342
@ CB/Hiller/van Dyk arXiv:1105.0376
@ Altmannshofer/Paradisi/Straub arXiv:1111.1257
@ CB/Hiller/van Dyk/Wacker arXiv:1111.2558
@ Becirevic/Kosnik/Mescia/Schneider arXiv:1205.5811
@ Altmannshofer/Straub arXiv:1206.0273
@ Becirevic/Kou/Le Yaounac/Tayduganov arXiv:1206.1502
@ Hurth/Mahmoudi arXiv:1207.0688
@ Descotes-Genon/Matias/Ramon/Virto arXiv:1207.2753
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Strategy 2) Beaujean/CB/van Dyk/Wacker arXiv:1205.1838

@ theory uncertainties = nuisance parameters = include them in the fit and
profit from “short-distance” free observables @ low recoil = *fitting form factors”

@ use Bayes theorem = Bayesian inference

@ based on Population MC (PMC) [Cappé et al. arXiv:0710.4242; Kilbinger et al. arXiv:0912.1614, 1101.0950]
1) to avoid problems of Markov chains in presence of multi-modal posterior
2) allows for parallelized evaluation of likelihood

@ Flavour tool “EOS”: observables for http://project.het.physik.tu-dortmund.de/eos/
B— K*y, B—K¢ti—, B—K*ti~, Bs—putu~
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Strategy 2) Beaujean/CB/van Dyk/Wacker arXiv:1205.1838

@ theory uncertainties = nuisance parameters = include them in the fit and
profit from “short-distance” free observables @ low recoil = *fitting form factors”

@ use Bayes theorem = Bayesian inference

@ based on Population MC (PMC) [Cappé et al. arXiv:0710.4242; Kilbinger et al. arXiv:0912.1614, 1101.0950]
1) to avoid problems of Markov chains in presence of multi-modal posterior
2) allows for parallelized evaluation of likelihood

@ Flavour tool “EOS”: observables for http://project.het.physik.tu-dortmund.de/eos/
B— K*y, B—K¢ti—, B—K*ti~, Bs—putu~

er (M |4, ,7) - probability of pmr's (4, 7) in
Bayes Theorem — update knowledge given model M (prior = the “subjective” part)

some data D and a model M or (D, M|d, 17): likelihood of the data D in

model M given the pmr’s (6, 7)

P (97 Mo, 17) P (M |0, 17) @ Normalisation factor: Z = evidence
Z

Z= JdgdﬁP(D,M\§,ﬁ) P(M|67,17>
= allows model comparison among My, M, ...
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Strategy 2) Beaujean/CB/van Dyk/Wacker arXiv:1205.1838

@ theory uncertainties = nuisance parameters = include them in the fit and
profit from “short-distance” free observables @ low recoil = *fitting form factors”

@ use Bayes theorem = Bayesian inference

@ based on Population MC (PMC) [Cappé et al. arXiv:0710.4242; Kilbinger et al. arXiv:0912.1614, 1101.0950]
1) to avoid problems of Markov chains in presence of multi-modal posterior
2) allows for parallelized evaluation of likelihood

@ Flavour tool “EOS”: observables for http://project.het.physik.tu-dortmund.de/eos/

B— K*y, B—K¢ti—, B—K*ti~, Bs—putu~
Priors

1) flat priors for Wilson coefficients
2) gaussian (symmetric) / LogGamma (asymmetric) priors for

@ CKM and quark-mass input

@ form factor results from LCSR at low-g?2, only extrapolation to high-g2
[Ball/Zwicky hep-ph/0412079, Khodjamirian et al. arXiv:1006.4945]

@ parametrization of lacking sub-leading contributions @ low- and high-g®
= about O(30) nuisance parameters
= test prior dependence
C. Bobeth BEACH 2012 July 26,2012 22/1



Parameters of interest C;(4.2GeV) -
2D marginalised posterior

—s individual constraints at 95 % CR from
B — K*~ and
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Parameters of interest C;j(4.2GeV) -
. . . 10
2D marginalised posterior
— individual constraints at 95 % CR from b 3
B — K¥*x~ and lo+hi-g2 B — K¢ S 0
—10
15
15 15
10 10
S 0 5 0
-5 ¢ -5 *
—10 —10
—15 —15
—15 —10 -5 0 5 10 15 —-1.0 —0.5 0.0 0.5
Cy C
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Parameters of interest C;j(4.2 GeV) -
2D marginalised posterior
— individual constraints at 95 % CR from
B— K*y  and lo+hi-g2 B— Kt & o
lo-g? B — K* 0t

10

=10

—15

5

S 0 S 0
B - '
—10 —10
—15 —15
-15  -10 -5 0 5 10 15 —10 —0.5 0.0 0.5
Cy Cr
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Parameters of interest C;(4.2GeV) -
2D marginalised posterior

—s individual constraints at 95 % CR from

10

B— K*’y and |O+hi-q2 B — Kot S 0
lo-g? B — K* 0t
hi-g2 B — K* ¢

~10

~15

15 15

10 10

o P

|
<

S 0 S 0
=5
—10 —10
—15 —15
-15  -10 -5 0 5 10 15 —10 =05 0.0 0.5 1.0

Cy Cr
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Parameters of interest C;(4.2GeV) -
2D marginalised posterior

—s individual constraints at 95 % CR from

B — K*vy and lo+hi-g® B — Kot
lo-g? B — K* 0t
hi-g2 B — K* ¢

all constraints (+Bs — jiu): 68 % CR

SM = ()

—15
-15  -10 -5 0 5 10 15

C. Bobeth BEACH 2012

Cio

|
<

10

=10

—15

10

«OH @O

—10

—15
—10 =05 0.0 0.5 1.0
Cr
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Prior dependence

7.5

—=0.70

-8

0.00

0.35

Cr

0.70

—1.0

Clﬂ

—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

BEACH 2012

July 26, 2012

24 /1



Pull values of experimental observables

22 observables with 59 measurements

@ CLEO HE BaBar HE Belle
B ﬁ
sac r
-3 -2 -1 0 1 2
)
Il BaBar HE Bele HE CDF
BI1,6] i
B[14,16] I
ERY q_

pull definition

0

_ Xpea(87) — X
g

C. Bobeth

B BaBar N CDF ) [
. Bl 1 LHCH Arol1. )
sis % App[14, 16] ﬁ
Apg[> 16] %
B4, 16] ﬁl
AP,6] |
g —D-_ AP —
FilL6) i AP[> 16] m
Sil1, 6] —
Fr[14,16) -Dh
Sy(14,16] —
Ful> 10 ;‘ Sf> 10 —
-3 -2 -1 (! 1 2 3 -3 -2 -1 l! 1 2
i a§
Xpred (0, V) theory prediction at best fit point
X central value of experimental distribution
o experimental uncertainty
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Prediction of yet unmeasured optimized observables @ low-g?

3.0 05
- = =
25

12 0.4
1.0 20
208 =515 Ee

04 ' _—
05 0.1

0.0

1.0 1.0
i 04 h
0.8

0.2
05 - 0.6 [ |
0.0
R o B -
2o 00 s 8,02
< O - = 02 - E)
o

05 - 00 ~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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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’ Tozﬁ(\/ﬁ_\/T‘F_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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Summary

@ rare b — s+ (v, £7£7) are suppressed in the SM — indirect search of New Physics

— provide strong constraints on generic extensions of flavour sector

@ new b — s+ (v, £ ¢~) data from 2nd generation exp’s: LHCb, Belle Il and SuperB
with high statistics through next decade

@ angular observables J; in exclusive B — K*(— K)é¢ provide
@ low- and high-g? combinations with small hadronic uncertainties

@ SM test and BSM search require extension of CKM-fit strategy:

global analysis: “combine all data and constrain scenarios”

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

Upcoming Workshop in September 10 — 11, 2012 @ University of Sussex, Brighton, UK
https://indico.cern.ch/conferenceDisplay.py ?ovw=True&confld=198173
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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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Strategy 1) Altmannshofer/Paradisi/Straub
arXiv:1111.1257

update in Altmannshofer/Straub
arXiv:1206.0273

= based on MCMC + Bayesian inference
= included data from
@ B— Xsv:Br,Acp,
B— K*vy:8
@ B X0 : Br,
B— K0 : Br,

B — K*EZ : Br, Ags, FL, S3, Aim;
Bs — i : Br
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Strategy 1) Altmannshofer/Paradisi/Straub
arXiv:1111.1257

update in Altmannshofer/Straub
arXiv:1206.0273

= based on MCMC + Bayesian inference
= included data from
@ B— Xsv:Br,Acp,
B— K*vy:8
@ B X0 : Br,
B— K0 : Br,

B — K*f_l : Br, Ags, FL, S3, Aim;
Bs — i : Br

= model-indep. NP (real or complex)

@ C;7.99, 10,10 (in varying stages)
@ Z-penguin + C; 7/

= relates b — s and b — siv
@ (Cs—Cg), (Cp—Cpr)
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Strategy 1) Altmannshofer/Paradisi/Straub
arXiv:1111.1257

Altmannshofer/Straub
arXiv:1206.0273

update in
= individual constraints at 95 %

S[B — K*~]

Br[B — Xsv]
lo+hi-g? Br[B — Xs/]
lo-g? B — K* ¢

hi-q2 B — K* [t

combined constraints: 68 % ( )

here in 2 parameter scenarios
from arXiv:1111.1257 =

C. Bobeth

Im(Cy)

Im(Cy)

Re(C)P)

Re(C)

1m(Ca)

IM(Ci0)
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Strategy 1) Altmannshofer/Paradisi/Straub
arXiv:1111.1257

Altmannshofer/Straub
arXiv:1206.0273

update in

= predictions of unmeasured observables

@ still large T-odd CP-asymmetries

at low-g2:
I<A7)11,6)] < 35%
I{As)1,6)] <21 %
I<Ag>(1,61] < 13%

at high-g2:
[{Ag)[14,16]] < 12%
[<Ag) 14,1611 < 20 %

C. Bobeth

Im(Cy)

o5} / R _ 7= 2N
S o g4 S )=
E E \ \ E \ /
—os) - / S /
g s o Sl
1d
14 " "
B O T T e O
Re(Cy) Re(Cy) Re(Cyg)
10] 10}
P 9 ////“
& 3 A 2 /
g g1L g+
@ x o ( { -4 /
- \ / o >
\ // )
o et p
% R
Re(C)") Re(C))
P p
10} 10} //r\
< % % & //Q\
v - ¢ S |
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Strategy 1) Altmannshofer/Paradisi/Straub

update in

arXiv:1111.1257

Altmannshofer/Straub
arXiv:1206.0273

Similar analysis

Descotes-Genon/Ghosh/Matias/Ramon
arXiv:1104.3342

CB/Hiller/van Dyk

arXiv:1105.0376

CB/Hiller/van Dyk/Wacker
arXiv:1111.2558

Becirevic/Kosnik/Mescia/Schneider
arXiv:1205.5811

Becirevic/Kou/Le Yaounac/Tayduganov
arXiv:1206.1502
Hurth/Mahmoudi
arXiv:1207.0688

Descotes-Genon/Matias/Ramon/Virto
arXiv:1207.2753

C. Bobeth

BEACH 2012
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Data for B — K* + (/™ : datain 6 g>-binsfor ~ (Br),
angular analysis in each g2-bin in 6,, 8k

1_od 2k + (1 — F,)sin®o

choseK T2 Lcos K+Z( —fuos K

1 F '29 +-(1—=F)( + 29)+A 0
sin’ cos B COS!
r P L 14 8 L 2 FB 4

= fitted F; and Arp

C. Bobeth BEACH 2012

(Ars), (FL)

July 26, 2012
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Data for B — K* + ¢/~ datain 6 g2-bins for

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

o 1r )

< I ]

1 dr 3 £ 2 4 3 (1 —F)s 2, L ]

- = —Fj cos -(1 - sin I ]

I dcos Oy 2’k KT 3% t K 0.5 —— ]

: = S ]

1 dr 3 in2 _*_3(1 F)( + cos?y) + A o ok ]
- = —F, sin -(1- cos’ B COS

[deos6, 4 - tTs L ¢ B £ . ]

= fitted F, and Arp 051 LHCb 7

r Preliminary 1

e . - AL 1 1 I ]

[SM-predictions: CB/Hiller/van Dyk arXiv:1105.0376] 5 5 = o

I Theory B Binned theory

<BI’>, <AFB>7 <FL>

N Theory HEBinned theory

—®-|HCb —*CDF ~B-BELLE —¥-BaBar
T T T

I Theory M Binned theory

—-|HCb —+CDF —#-BELLE —¥-BaBar
T ]

15
g2 [GeV?/cY)

LHCb
Preliminary

—
—

Il

— 15 +LHCbI —+—CDF _—®-BELLE I—"’— BaBar 1
o L Ao oy
> LHCb . w
Q Preliminary ] 08
o ]
X 1] -
% 1 0.6
9 —a— 1
~ ]
T == ] 04
T 05 -—l—- N
o ]
° 1 0.2
0 1 1 1 ]
0 5 10 15 20
q2 [GeV?cY]
C. Bobeth BEACH 2012

July 26, 2012

15 20
q2 [GeV?/cY

33/1



Data for B — K* + ¢1t¢~

. data in 6 g2-bins for

<

additional measurement of S; (or A(f)) and A, from CDF and LHCb

(r+mn
with

J3+33
r+r

S =

d(r +1)

do

1

= 5(1 = F) AP,

=1+ S3¢c082¢ + AinSin2¢

Jg 739

Aim = J
T 4T

83 >> <A/m>

(since Jy CP-0dd, the CP-asymmetry ~ (Jy — Jg) from untagged B-sample)

I Theory B Binned theory
—— LHCb —+—CDF

+LHCb —+—CDF

s L

LHCb

Preliminary 1

] 05

-0.5

—h— ]

{_

LHCh
Preliminary ]

o

10

o T
o

C. Bobeth
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Datafor B— K* +¢T0~:

Zero-crossing of Agg in low-g? region:

finer g?-binning than previously: bin-width = 1 GeV?

unting Experiment

--l_ani_nneg

£
< [ LHCb
[ Preliminary

0.5

Il Theory @ Co
——

AR

NN
nmiitnmig
AR RS
NN -
Nk
RRRRRRRRRRRS -
SRR
NHTH_.S E
AN
AR —
R
AN -1
AR
B i
- AN
AR
- Nl
1 N 1 IR RNNNNINNNN N N N
C. Bobeth BEACH 2012

[LHCb Collaboration LHCb-CONF-2012-008]

Measurement:

% = (4.977;) GeV?

Theory (SM):

g = (4.0..43+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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B — K + (*{~: 3-body decay — 2 kinematic variables

1 or
(dr/dg?) dg? dcos 6,

3 observables x CP-conj: dBr/dq?, Ars(q?), Fu(q?)

=%U—ﬁhﬁ%+%ﬁ+&w%w
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B — K + (*{~: 3-body decay — 2 kinematic variables

1 d2r 3 1 Flsin? 1F A .
(dr/dg?) dg?dcos 6, 2 [1 = Fulsin®0c + 5 Fy + Ars cos 0

3 observables x CP-conj: dBr/dq?, Ars(q?), Fu(q?)

data in 6 g®-bins for:  (Br) from [Belle] [CDF]

0.6 1 1

0.5

0.4

03 4 T T/ v

0.2 ' j 1

=i

dB/dq? [1077/GeV?]

0.1

A

o+ :
0 2 4 6 § 10 12 14 16 18 20 22

2 2
q* [GeV?] [SM predicition: CB/Hiller/van Dyk/Wacker 1111.2558]
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B — K + (*{~: 3-body decay — 2 kinematic variables

1 d2r 3 1 Flsin? 1F A .
(dr/dg?) dg?dcos 6, 2 [1 = Fulsin®0c + 5 Fy + Ars cos 0

3 observables x CP-conj: dBr/dq?, Ars(q?), Fu(q?)

also measured:
@ 6 g?-bins lepton forward-backward asymmetry: (Agz)
@ 6 g>-bins isospin asymmetry:

Ay _ (82 /T80)(Br[B° — K°U) — (Br[B* — K
A= (752 /750 )(Br[B® — KOUL]) — (Br[B* — K*I(])
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B — K + (*{~: 3-body decay — 2 kinematic variables

1 d2r 3 1 Flsin? 1F A .
(dr/dg?) dg?dcos 6, 2 [1 = Fulsin®0c + 5 Fy + Ars cos 0

3 observables x CP-conj: dBr/dq?, Ars(q?), Fu(q?)

also measured:
@ 6 g?-bins lepton forward-backward asymmetry: (Agz)
@ 6 g>-bins isospin asymmetry:

py T2/ 70 ) BrIB — KOIf]) — (Br(B* — K*If])
A = e o) BIB® > KOT)) — (Br[BE > K

... and improved measurements of

@ exclusive b — s~v: B — K*~, Bs — ¢~ (LHCDb)
@ leptonic Bs — p*p~ and related (LHCb, CMS, ATLAS)
@ inclusive b — s~ and b — s¢* ¢~ (Belle I, SuperB)
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g°-Integrated Observables

Experimental measurements of observables P always imply binning in kinematical
variables x, i.e.

Xmax

<P>[Xminﬁxmax] = J dx P(X)
Xmin
Assume, that angular observables J;(g?) are measured in experiment for certain g
binning (omitting g?-interval boundaries)

rrax
= [ da? d(eP)
min

and “transversity observables” are then determined as follows (for example)

@)\ _ 4, 2+ ()2
CAT >_\/—2<J2i><2J25+J3>

— This has to accounted for in theoretical predictions !!!
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Measuring Angular Observables

likely that exp. results only in some g*-integrated bins: ¢...) = Sqmax dg?.
then use some (quasi-) single-diff. distributions in 0,, Oxx, ¢ o

%q? - 217 {(T) + {(J3)cos2¢ + (Jo)sin2¢}

@ 2 bins in cos Oy«

d A 1 1 0 3
M ;J dcos b, U *J ]dcosGK* dxry
—1 0 —1

do dcos O« dcos b, dp

% {(Js)cos ¢ + (J7)sin ¢}
@ (2 binsin cosfOxx) + (2 bins in cos ;)
d<A9 01 U f ] dcos 0, Slo) 1 {(Js) c08 ¢ + (Js) sin 6}

dcos6,d¢p 2m
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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?)
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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), Jit(X)}B) [evte]

= (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

M AV _ ‘

Q54 = (g“” - %) [Svv(1—s5) b] - Cqg — G, (V, Ay 2)
im _ -

9, = q—; G [Bovu(1 +75) b] S G (Th.2.0)
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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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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 4] ~ i () TS (@7, ) [Py 4] o 1 a3(Q)
= Q( &) Aocn/Q  al(Q)
T4 () = 1 [ d*x 7 RHT(0,(0), 1 (0)1B) 95‘?% Mm@ ad(Q)
-y 3 (k><Qj’2> 21((22))3 Ai(:/z‘taz ZEEZ?

=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(%;) (M)) Mp (1)
() Ms

can express everything in terms of QCD FF’s V, A » @ O(asAqep/Q) !
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High-g°: OPE + HQET - Transversity Amplitudes

AR = +[cF 4] h, AR = —[CHR 4+ 1]y,

(1—=8— M2, )1 + Myx )27,A1 — N Ap
ZMK* (1 + /\A/IK*)\/E

ALR = —CLRfy — NMg

= Universal short-distance coefficients: CL-R = C&T + x2MMs Ceff - ¢y
(SM: Cg ~ +4, Ci9 ~ —4, C7 ~ —0.3)

known structure of [Grinstein/Pirjol hep-ph/0404250]

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

A R 15— M2 )(1 + Mex)2A; — XA
fL:ivy fH:\/émJ"MK*)AM f(): ( AK*)( AK*) A1 2
1+ My 2 Myese (1 + My )V/3
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B — K* Form factors at high-g° . ..

... only known from extrapolation of LCSR at low-g? = Lattice results desirable

3 T 1

25 rLiu °

0.8

T2
o
&

05 _ . . L . . . 02 L L L
10 1 12 13 qu[Gsvz‘]S 16 17 18 19 10 1 12 13 |4q2[GeV21]5 16 17 18 19
LCSR extrapolation (Ball/Zwicky new unquenched Lattice results to come —
hep-ph/0412079) of T;(g?) and T»(g?) to Liu/Meinel/Hart/Horgan/Miiller/Wingate

high-g? versus quenched Lattice (3 data sets arXiv:0911.2370, arXiv:1101.2726
from Becirevic/Lubicz/Mescia hep-ph/0611295)  no final uncertainty estimate yet
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Angular observables (m; = 0) — in terms of transversity amplitudes

4dos = |AL)? + |ATP + (L — R),

243 = |ALP — |ATF + (L— R),
Js L L *

E:RC AoAJ_ 7(L*>R),
S L AL*

Jo = Im[AjAﬁ*

C. Bobeth

BEACH 2012

—dec = A5 + A%,

V2Js = Re| ASAF + (L — R)],

S =Re AFALT — (L R)],

\/EJs =Im

AMT+@~R%

+(L—>H)]
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Angular observables (m; = 0) — in terms of transversity amplitudes

4 = |ALP + AP + (L R), —doo = | A" + AT,
2J; = |ALP — AP + (L — R),

V2Js = Re| ASALY 4+ (L— R)],
ol :Re[AéALL*f(LﬁR)], Jos :ReiAﬁAi* f(LHR)],
V2 2 I
% = Im[AéAﬁ* —(L— F{)], V2 = Im|ASALF + (L — R)],

Jo = Im[AjAﬁ* +(L— H)]

Within SM-basis and m; = 0 — out of 12 J; only 8 independent
J1s = 3J257 J1c = _JZCa

JGC = 07
and a 4th (not so trivial) relation

[Egede/Hurth/Matias/Ramon/Reece arXiv:1005.0571]
C. Bobeth BEACH 2012
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Angular observables (m; = 0) — in terms of transversity amplitudes

4 = |ALP + AP + (L R), —doo = | A" + AT,
2J; = |ALP — AP + (L — R),

V2Js = Re AéAﬁ*+(L—>R)],
J LaLl* ﬁi [ A L*
\—@—RG[AOAL (Lﬁﬁ)], 5 _Re_AHAl (L H)],
%:Im[AéAﬁ*f(LﬁR)], V2Js = Im AéAi*+(LHR)],

Jo = Im[AjAﬁ* +(L— H)]

@ _ 3
AB —

For example at Large Recoil: Jog, J3, Jgs, Jog ~ &1 => ratios have reduced hadronic uncertainty

J
A(re) 6s
2 J25 ’

A _ Y
4 J2S ’ T 2 J2S
[Kriiger/Matias hep-ph/0502060, Becirevic/Schneider, arXiv:1106.3283]
C. Bobeth

BEACH 2012
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Angular observables @ Low Recoil using FF relations

[CB/Hiller/van Dyk arXiv:1006.5013]

4 4 2v/2
32 + ) =2p1 12, —3ke =21 15, TJs =4ppfofy,
4 4~/2 2
325 — ) =2p1 1, TJ4—2P1 foff 3 =42 ffL,
J7 =Jdg =Jdy =0, f1|,0 = form factors
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Angular observables @ Low Recoil using FF relations  [CB/Hiller/van Dyk arXiv:1006.5013]

4 4 2v/2
32 + ) =2p1 12, —3ke =21 15, TJs = 4pa fofL,
4 4~/2 2
5(2‘123 Js) =2p1 1f, 3 =201l gdes =42 M1,
J7 =Jdg =Jdy =0, f1|,0 = form factors
p1 and po are largely up-scale independent 0475 ‘
2
2m2 048
P(q") = |G+ k=22 1|+ [Col”
0485
=
2m g
pz(q2) — Cett 4 b b Cett 01*0 N: -0.49
q? )
&'
-0.495
k(up) radiative QCD-correction to matching of os
FF relations between QCD and HQET -
= accounts for u,-dependence of tensor form -0.505
factors Ty o 3 14 15 16 17 18 19

a* [Gev?]
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Angular observables @ Low Recoil using FF relations

[CB/Hiller/van Dyk arXiv:1006.5013]

4 4 2v/2
3@s + o) =2p1 12, —3he =2, 1, =3 =4pehofi,
4 4.2 2
=(2dos — J3) =2p1 7, —— Ja =2p1 fofy, Sdes = 4p2 ffL,
3 I 3 3
J7=Jg =Jg =0, f1|,0 = form factors
dr p2 fLf
— =2 242 412, App =35 x ——
agz = 2o o+ L T T # R R
2 _ g2
f__ @ _ i @ _fI AD _oP2 T
B+ TR L T p1
at low recoil: F, A<T2), A(TS) are short-distance independent, contrary to large recoil
= could be used to fit form factor shape
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Angular observables @ Low Recoil using FF relations

[CB/Hiller/van Dyk arXiv:1006.5013]

4 4 2v/2
3@s + o) =2p1 12, —3ke =21 15, TJ5—4p2fofl,
4 442 2
~(2dos — Jg) =2p1 fE i —— Ja = 2p1 fofy, Jdos = 4p2 fjfL,
3 3 8
J7 =Jdg =Jdy =0, f1|,0 = form factors

dr p2 fLf

— =2 242 412, Apg =322

age 20 (b i) P B R

2 2

F-__ @ _ L A9 _ NI 4@ e o

f2 T f2 + f2’ T f2 T f2’ fL’ T o1 f”

at low recoil: Fj,

= could be used to fit form factor shape

A(TZ), A(TS) are short-distance independent, contrary to large recoil

All relations valid up to sub-leading corrections in C7/Cg x Agcp/mp, due to FF relations.
(Later: OPE of 4-quark contributions yield also additional (Aqcp/mp)?)
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FF-free CP-asymmetries @ low recoil [CB/Hiller/van Dyk arXiv:1105.0376]

_ P2 _ P2 _
(1) _ P1—P1 (@ _ P B (3) pa = P2
acp = — = acp = 55, ap =2——
CP o1 +p1? CP %+%12’ CP 1+ Py

@ NLO QCD corrections large = decrease CP-asymmetries

@ still, theoretical uncertainties large: dominated by renorm. scale pp
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FF-free CP-asymmetries @ low recoil [CB/Hiller/van Dyk arXiv:1105.0376]

— P2

(1) P1— P (2) P1
a = — a = LAl
RS <2y

3) P2 — P2
ap =2——
’ P P11+ P1

|
= ‘l\) = ‘N

@ NLO QCD corrections large = decrease CP-asymmetries
@ still, theoretical uncertainties large: dominated by renorm. scale pp
Bs — ¢(— KTK™) + £Te~
@ time-integrated g7 in Bs — ¢(— KTK™) + £ is CP-odd = untagged
o a’CnliX depends only on (Als/I's)? = no sensitivity to sign of Al's

@ since (Als/Ts)? < 1 no significant sensitivity to Bs mixing parameters

= comparable to ag,) [B— K*¢te—]
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FF-free CP-asymmetries @ low recoil [CB/Hiller/van Dyk arXiv:1105.0376]

— P2

(1) P1—P1 (2) P1
a = — a = LAl
RS <2y

3) P2 — P2
ap =2——
’ P P11+ P1

|
= ‘l\) = ‘N

@ NLO QCD corrections large = decrease CP-asymmetries
@ still, theoretical uncertainties large: dominated by renorm. scale pp
Bs — ¢(— KTK™) + £Te~
@ time-integrated g7 in Bs — ¢(— KTK™) + £ is CP-odd = untagged
o a’CnliX depends only on (Als/I's)? = no sensitivity to sign of Al's

@ since (Als/Ts)? < 1 no significant sensitivity to Bs mixing parameters
= comparable to ag‘,) [B— K*¢te—]

B— Kite~
@ @ high-g?: Acp[B — Ktt0—] = agf [B — K*¢+¢~] in SM operator basis
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