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B — K"~
Theory Point of View 2009

1. The Standard Model and its high energy frontier

2. Calculating the B — K*u* i~ decay amplitude
3. All the fun we could have with enough data (angular observables)

Gudrun Hiller, Dortmund University of Technology




The Standard Model of Particle Physics

renormalizable quantum field theory + local symmetry
SUB)e x SU2), xU(l)y — SU3)c X U(1)em
L=—1F?+ iy + 2(DP)? — pY YD + p2D? — AP

put 3 generations for the fermions v — ; and + = 1, 2, 3.
quarkS: QL(S, 2, 1/6)1, DR(g, 1, —1/3)“ UR(g, 1, 2/3)z
leptons: L;(1,2,—-1/2);, Er(1,1,—1),

)G () (e ()

ok up to O(100) GeV (~ 10~ *®m)
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Exploring Physics at Highest Energies
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The Flavor of the Quarks u.d, s, c, b, t

Quarks mix and change flavor.

Vorm =

/ Vud Vus Vub \
Vea Ves Ve

\ Via Vie Vi )

2

(1 X A3

—A 1 \?

\ -3 1)

oA~ 0.22

3 generations = 10 parameters in flavor & CP sector: 6 masses, 3
ang|eS and 1 phase |n CKM'mat”X unitary, complex, hierarchical, known

Vis| = 0.2257(21), |V =41.6 £0.6-1073, |V, =4.314+£0.3-107°

B(measured) = (21.231595)°

-The third generation is decoupled from the first two.
-The CP violating phase is order one.

PS: enormous progress from B-factories over past decade. PPS: still improving precision

Gudrun Hiller
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FCNC in SM

generic SM b — s amplitude

-
e~ S

b u,c,t s
quantum loop effect A(b — s) = Vi, V.. Ay + Vo Vi Ao+ Vi Vit Ay
N—— N—— N——
O(A\4) O(A2) O(A\2)
with unitarity VVT = 1:
A(b — s) = Vip Vi (A — Ac) + Vi Vi (Au — Ae) = Vi Vis (A — Ao) + O(X)

GIM inactive ™5™ ~ O(1) b-FCNC sensitivity to EWK scale

My,

FCNC predictions for SM ... imply smoking guns for NP:
— ¢ — u, top FCNCs: GIM and CKM suppressed
— direct CP violation b — s small: |A(b — s)| = | A(b — 3)[(1 + O()\?))
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SM tests with indirect processes/FCNC

indirect loop processes: A Z my, scale of New Physics

20"
Lepr = ZCE i CE ) f(znj;gz, : -J-;?CKMa SOm,CS@)

An g o

colliders flavorphysics

1

no competition from large SM tree contributions

FCNC: sensitivity to SM, NP phases ¢, flavor-breaking couplings ¢

¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢ ’¢’_-"s~
/ ~0 N\ in MFV
1

b u,ct s b uct s b oaét s b od§b S

BSM-FCNC: offset rates, distort spectra, induce CP-asymmetries,
V+A currents, ..
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Penguins and effective theory

-— -—
~~~~~~~~

b' u,c,t ls b' X ls
add A =+,g, 7,1, ... BSM neutral ="A"-penguin

construction of weak low energy effective theory valid 1 < puyw = A

O;(p p*
Lo = Y el P 4 o)
O;: dim 6 operators out of light degrees of freedom originate from
penguins and boxes

c;. Wilson coefficients: contain info on high scales 2 iy eq. hep-phiososars
c;(mw ). matching of effective onto full theory. RG-running
¢;- known up to NNLO in SM for QCD, and NLO for EWK corr.
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b— sv,b— sft{~ decays

diagrams in SM

’ |
| - h I : 0 |
=, viobv T G
3.2 P 3
"__,..-"'E“‘-..,H ; ,-"""A““'--. f f
. . . * .
Heg = —471;‘/;519‘/,53 Z C’L’(N)O'L(N)
dipole operators O7 o 5.0,,brF*” Os x 51,0,,bRG*

4-Fermi Operators 09 X (EL’)/MZ?L)(E’}/L%) OlO X (EL”)/M[?L)(Z”)/'LL’}%g)
NP in Wilson coefficients C; = C?" + CN* or new operators

model-independent analysis: Br's, Acp, App = f(CZ) — fit! nep-phioaos21s
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Brief penguin summary & prospects

o PengUin bOU ndS: (at u ~ my, assuming no BSM operators)

bsZ :|Cro| £ (1—2)|Crolsm, bsy :Cr =~ Crsm, bsg :|Cs| < 5|Cslsm -
e Todays best bound on MSSM Higgs-penguins from Tevatron
B(Bs — )

e Tools in penguin-physics:
multi-observable analyses and fits and SM-null tests.

e b — d beginning to be probed, MFV-link with b — s
to come: CP-phases and helicity.

Gudrun Hiller Neckarzimmern, February 2009 Slide 9



How to calculate A(B — K*uu)

1. choose model, such as SM, MSSM etc. This is your "full” theory.

2. Calculate the low energy effects "Wilson coefficitents” of this full
theory within a "generalized Fermi-theory”, the effective theory, H. ;.

3. Take the matrix element A(B — K*up) = (K*up|Her¢|B). This
needs input from non-pertubative QCD: form factors etc.

In full QCD, there are 7 form factors in B — K*:
A07 A17 AQ, V, Tl; sz T3. see, e.g., ABHH,hep-ph/9910221
This simplifies for low dilepton mass to just 2: £, , &|. eq. BFs nep-pnioa12400

4. Work out your observables/distributions.

5. Employ cuts: Remove huge BGD from B — V. .K* — ppuK*;
V.. =J/U U . by cuts in dilepton invariant mass.
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Observables in B — K*lI

d’T /dg*d cos ©;  note: cos O(BIT) = —cos O(BI™)
Arp: # forward - # backward ¢+ in dilepton CMS w.r.t. B (CP-odd)
App(8) = [ dcosOsign(cos ©) -~ ~ —Re [CT(CST + 3(5)CsT)]

1 T T T T

dAg(B —> K* u* u7)/ds

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 5 10 15 20

Gudrun Hiller Neckarzimmern, February 2009 Slide 11



Exclusive b — (s, d)ll and New Physics Searches

There is no unique rigorous framework available to describe
exclusive b — sll decays in the whole kinematically accessible range.
Theoretically preferred region: low dilepton mass below J/W¥
(QCDF); low recoil region also calculable. CUTS are important!

Whole ¢*-region tests the SM; different regions are sensitive to
d|fferent NeW PhyS|CS blue: SM; green: no zero at lo g2 — signCr; red/pink: sign A g5 at hi g2 — signCig
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Exclusive b — (s, d)ll and New Physics Searches

early data can help a lot — already sign determination useful

Intersection

. 2
BaBar : A?’%hq — 0.76j8:§§ + 0.07 arxiv: 0804.4412 hep-ex
Belle measurement of similar quality os10006, 0s0s01s; |C1 | — @19 plot from
. 2 . . .
osos 2525 USES sign A1 is SM-like (blue: Appconstraint; black allowed)
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Full Angular Analysisin B — V(— PP)uu

full angular analysis nep-pnogo7ass
Al ~ Jdg?d cos ©yd cos O-d®; J =3 Ji(¢*) f(Or, Ok, D)

[' ~ J; — J2/3 ,Arp ~ Jg Ag?) ~ J3 hep-ph/0502060

B — K™]l CP observables in angular analysis sobstn,cH piranishvii 0sos.2525
CP-asymmetries A; o J; — J;: SM: all doubly Cabbibo-suppressed

Az, Ag vanish in SM by helicity conservation: sens. to RH currents
Az, Ag, (Ag) can be extracted from single-diff distribution in ¢(6;)

Az, Ag, Ag: T-odd: no strong phase suppression; O(1) with NP

A5, Ag, Ag, Ag: CP-0dd: can be extracted without tagging from I' + T’
Difference between B; — K* and B, — & probes predom. B, mixing
(AL's; and phase); A; .59 Without flavor-taging and time-integrated !
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Angular distribution

For B = (bq) decays:
J(q%. 61, 8k-,0) = Ji sin® O~ + JF cos® O~ 4 (J3 sin? B~ + JS cos® B+ ) cos 26,
- Ja sin” O~ sin® 6 cos 20 + Jysin 20~ sin 26; cos ¢ + J5 sin 20+ sin6; cos ¢
+ Jg sin? B~ cos 8, + Jysin 20~ sin 6, sin ¢

t Jg sin 205. sin 26, sin ¢ + Jy sin® @ sin? 6, sin 20, (2.3)

J; = Ji(¢*), ¢ = pi+ + pi—; J; are functions of transversity amplitudes.

©,: angle between [~ and B in dilepton CMS (warning: different

conventions in literature)
Ox-: angle between K and B in K*-cms
$: angle between normals of the K and ("]~ plane

For CP-conjugate B decays: Ji 2347 — Ji234.7 J5689 — —J56809
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T-odd versus T-even CP asymmetries

Here, what is meant by T is the naive T transformation, not
T-reversal | Under naive T, the momenta and spins of all particles
are flipped, but initial and final state are not interchanged.

ow; weak, CP-violating phase; ¢g: strong, CP-conserving phase

T-even CP asymmetries: « sin ¢y sin pg: small if QCD gives us only
small strong phases despite a possible O(1) NP phase.

PS: this is exaclty what happens at low dilepton mass in B — K (*){i decays where QCDF predicts

small g

T-odd CP asymmetries: « sin ¢y cos g maximal for vanishing strong
phase
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T-odd versus T-even CP asymmetries

Both A; and Ag are sensitive to Z-penguins (~ C'g) Fig. from 0805 2525

0.15 : .k‘-: k2
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T-odd versus T-even CP asymmetries

A7, Ag, Ag are T-odd and can be order one with NP . from 0gos.2525

generic NP CHY only CNF only C3'" only
(Acp) —0.12,0.10]  [3,8]-10* SM-like [~0.02,0.02]
(A3) —0.08, 0.08] SM-like SM-like SM-like
(AP) —-0.04,0.04] [-4,-1]-10°% [-3,-1]-10"% [-0.01,0.01]
(AD) —-0.07,0.07]  [-0.04,0.04]  [-0.02,0.04] [5,9]-10"
(Ag) —0.13,0.11]  [-0.05,0.05] [-9,-3]-10°%  SM-like
(AP) —0.76,0.76]  [~0.48,0.48] —0.38, 0.38] SM-like
(AZ) —0.48,0.48]  [2,7]-10° —0.28,0.28]  [-0.17,0.17]
(Ag) —0.62,0.60 SM-like —0.20, 0.20] SM-like

B(By — ju) | <1.4-10%  <6.3-10°7 < 1.3-10°8 SM
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CP asymmetries

A-. Ag, Ag are T-odd and can be order one with NP Fig. rom 0805.2525
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Angular Analysis in B — Kpuu

B — KlII, [ = e,y angular analysis sobetn,cH.piranishvili 0709.4174

Erls = 3(1— Fip)(1 — cos® ;) + F; /2 4 Al cos ©,

information in FX, and A%, beyond dI''/dq? (in general: lepton flavor
dependence)

F}; CAN be correlated with Rx = B(B — Kuu)/B(B — Kee)

In SM: Rx — 1, F}, and AL, (and B(B — [l)) are suppressed by
lepton mass.

Probe of Higgs-exchanges, lepto-quarks, R-parity violation etc.

Model-independently w. scalar/tensor couplings (for low ¢*):
|AS 5| < 13%, |A%sg| < 15%, Rk — 1 = O(1), Fi' < O(0.5)
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summary

e (Quark)flavor physics = investigations on generational structure
of quarks and quark partners. Studies can be done directly and
indirectly. Indirectly, rare, FCNC b — sll decays are useful.

e While the Br is observed, and first data on Arp etc are
available, B — K[ has great potential to test the SM, search
for NP and if dicovered, classify it (CP, right-handed currents,
Higgs effects,..).

e Theorists would like to have everything measured: the full
angular distributions, and final states [ = e, u, 7 and v
(Z-penguins).

Br(B — KWuu)/Br(B — K®ee) tests lepton non-universality.
Also b — d.
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