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EFT (ffective Field Theory) iN the SM (standard Modely fOT . . .

b—-s+vy and b—s+ Lt

- C;/ X
Y
N — Cglyo //\\
2 | |

1

080 = [87*PLBI[E7.(1, 75) £]

and

@ current-current op’s b — s + QQ, (Q = u, ¢)
@ QCD penguinop’s b— s+ qq, (9 =u,d,s,c,b)
@ chromo-magnetic dipole b — s + gluon
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More b — s + (v, ¢ ¢~) operators beyond the SM . ..

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

€ = v 1 Qe s 7
0y, = me[sa;wPL b]FH, Oy 1o = 7 [87*PrbIE (v, 7%75) €]

new Dirac-structures beyond SM:

@ SM’ :right-handed currents

C. Bobeth Brighton September 11, 2012 3/15



More b — s + (v, ¢ ¢~) operators beyond the SM . ..

.. frequently considered in model-(in)dependent searches
SM’ = x-flipped SM analogues
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S + P = scalar + pseudoscalar
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= ——5Mp[S 0, PLOIFH, L g = 4 = [87*PrbI[Z (v*,¥*75) €]

new Dirac-structures beyond SM:

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

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

e =
0% = o MlSom PLOIFEY,  Of 1 = 2254 PabIT (0¥, 776

S + P = scalar + pseudoscalar

(0% _ -
Oy = 4[5 PaLbI[Y], OF pr = 22[5Pa bl[Z7s 4
T + T5 = tensor ;
o v (6% ,6/“/0‘ — —
Of@_ 48[SUMVb][ ot E] OTS_ﬁIT[SUHVb][ZUQﬁZ]

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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B — K*[— Kr] + (+~

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

1) g% = m3; = (pe + pp)® = (P — Px)?
2) cost, with 6,2 (Bg, Be) in (£€) — c.m. system

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

4) & Z(Bx % By, By x B,) in B-RF
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B — K*[— Kr] + (+~

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

1) 6% = m2; = (pe + p;)? = (P — Pxx)?

2) cost, with 6,2 (Bg, Be) in (£€) — c.m. system

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

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

Twelve Ji(g?) = “Angular Observables”
32 otr
9 dg2dcos 6, dcos Ok do

= Jis8iN%0K + Jio C0S20k + (s SIN2Ok + Joe COS2O) COS 26,
+J5 sin?0 sin®6, cos 2¢ + Js Sin 20k Sin 20, cosé + Js sin 20k sinf, coseg
+(Jss SIN%0 + Jse cOS20k) 0SB, + J7 sin 20 sinb, sing

+Jg sin 20 sin 20, sing + Jg sin®0x sin®, sin 2¢
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Which operators contribute to which J; ?

[CB/Hiller/van Dyk in progress]

’ J; H SM(),SMxSM" | S P SMOIx(SP) | TT5  SMO)x(TT5)  (S,P)x(T.T5)
1s 1 - = - 1 my -
1c 1 11 me/my 1 mg (SMO) 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], [Alok et al. arXiv:1008.2367, CB/Hiller/van Dyk]

1
my

no contribution

order one contribution

Naive factorization &
narrow width approximation

kinematic suppression by lepton mass: m,/~/q? of K¥ - Kr

C. Bobeth

Brighton September 11, 2012 5/15




At high-g® ?

1) Naive factorization is leading dim 3 term in local OPE a la
a) Grinstein/Pirjol hep-ph/0404250
and/or
b) Beylich/Buchalla/Feldmann arXiv:1101.5118

NLO QCD corrections are known, included via C; g — C5f

Seidel hep-ph/0403185
Greub/Pilipp/Schupbach arXiv:0810.4077

2) at high-g> B — K*¢* ¢~ not much affected by scalar K;
Becirevic/Tayduganov arXiv:1207.4004
right choice of distributions avoids mixing of S and P-waves
Matias arXiv:1209.1525
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Optimized observables in B — K*(— Kr){*/~ @ high-g®
Hadronic amplitude B — K*(— Kr) £t ¢~ neglecting 4-quark operators

b S

M = (K| C; ~ § + Cotox AL [B)
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Optimized observables in B — K*(— Kr){*/~ @ high-g®
Hadronic amplitude B — K*(— Kr) £t ¢~ neglecting 4-quark operators

M = (Kr| C; ~ b§5 + Co,10 x |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 2 3 in K*-transversity amp’s:

%4 2m,
AL’H~\/2)\[C*C 7+—bcr},
T (Co ¥ 10)MB+MK* Z o

A 2m,
LR - _ 2 a2 — 1 b
A V2 (Mg — M2,) [(C9 T 010)7MB et e Cy Tg} :

LR

o~ —W{(CQ¢C10)[---A1 +---A2] +2mbc7[---T2+---T3]}
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Optimized observables in B — K*(— Kr){*/~ @ high-g®
Hadronic amplitude B — K*(— Kr) £t ¢~ neglecting 4-quark operators

b S

M = (Kr| C; ~ b§5 + Co,10 x 1B)

Form factor relations upto A = Agep/Mp ~ 0.15:  [Isgur/Wise PLB232 (1989) 113, PLB237 (1990) 527]

M2
Ti=V+0(\), To=A+0(N), T3=A2q—5+0(x>
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Optimized observables in B — K*(— Kr){*/~ @ high-g®
Hadronic amplitude B — K*(— Kr) £t ¢~ neglecting 4-quark operators

b S

M = (Kr| C; ~ b§5 + Co,10 x 1B)

Form factor relations upto A = Aqep/mp ~ 0.15:  [Isgur/Wise PLB232 (1989) 113, PLB237 (1990) 527]

M2
Ti=V+0(\), To=A+0(N), T3=A2q—5+0<x)

Trans amp’s factorize — 1 short-distance coeff C-# (for A+ and one for AF)

FF symmetry breaking OPE M~ —03, CM ~ 4.2, O} ~ —4.2
ALRUCLR x £ 4+ Crx O()) + O ()\2) : CHR = (Co F Cro) + nquj’cﬂ
and 3 form factors (FF) f; (i =L, ||, 0) “helicity FF’s” [Bharucha/Feldmann/Wick arXiv:1004.3249]
23 (1—8— M2, )(1 + Myx)2A1 — X A

V, fi=v2(1+ M)A, fo=

fL

T +MK* 2/\7’;(*(1 + MK*)\/§
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Observables in SM basis . .. [CB/Hiller/van Dyk arXiv:1006.5013, 1105.0376]
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Observables in SM basis . .. [CB/Hiller/van Dyk arXiv:1006.5013, 1105.0376]

™) V2, test OPE framework —
Hy " = = sgn(fy) duality violating contributions

7‘]20 (2J25 - J3)
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Observables in SM basis . ..

2
H(T” = V2 = sgn(fy)
7‘]20 (2J25 - J3)
“long-distance free”
@ Js 3
H®) = H®) =

2y, (2455 + )

C. Bobeth Brighton

[CB/Hiller/van Dyk arXiv:1006.5013, 1105.0376]

test OPE framework —
duality violating contributions

J65/2

(2d55)% — (Jy)?
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Observables in SM basis . .. [CB/Hiller/van Dyk arXiv:1006.5013, 1105.0376]

™ V2dy test OPE framework —
H' = ————= = sgn(f) duality violating contributions
7‘]20 (2J25 - J3)

“long-distance free” ‘ SD coeff's: py = (|CR12 + |CL2)/2, po = (|CRI2 —|CL[2)/4
@ _ Js _ @ _ Jos/2 - o
e = T e—ur G

_2J20 (2‘/25 + JS) (2‘/25) - (J3) 1

..and J7ygyg =0
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Observables in SM basis . .. [CB/Hiller/van Dyk arXiv:1006.5013, 1105.0376]

) V2dy test OPE framework -
Hr ' = ——=————==s0n(h) duality violating contributions
7‘]20 (2J25 - J3)

“long-distance free” | SD coeff's: pr = (ICA2 + |CHR)/2,  pa = (ICF2 — |CH2)/4
@ _ Js _ @ _ Jos/2 - o
= - Mt T e

_2J20 (2J25 + JS) (2‘/25) - (Js) 1

...and J7ygyg =0

“short-distance free” — measure form factors f, | 1 (SM-operator basis only)

fi - des  V2dp 2 —dy 20 —dy e

fL_ 2ty —dog (25 + J3) fh g
fH 2J25 — J3 \@J4 ’ fi 2J23 + J3
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(2,3)

Sensitivity of Hy ™™ — example: real Cy
HP[14.18, 19.2]
1.4 HP[14.18, 19.2]
1.2
2
0
o X

0.8 / @ varying Cy around

SM value C$M

@ g2-integrated observables Xxp

0.6 normalised to SM-prediction
/ Xsm
02 04 06 08 1 1.2 14 1.6 1.8 @ bands = theory uncertainties

cyPieM

C. Bobeth Brighton September 11, 2012 9/15



Sensitivity of H(Tz,s) —example: real Cqy

] 4 HP[14.18,19.2]
14 HP[14.18, 19.2]
i ——— Apgll4.18,19.2]
3 Apgll, 6]
1.2 A1 6]
~
< 1 ;
& : H =
Z tH H
0.8 ] @ varying Cy around
/ T SM value C$M
@ @?-integrated observables Xyp
0.6 normalised to SM-prediction
// R Xsm
02 04 06 08 1 1.2 14 1.6 1.8 @ bands = theory uncertainties

cyPieM

At high-2 H{*%) are the “better” Arp !I!
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Sensitivity of H#¥

7 —example: real Cy
&Y T HP[14.18, 19.2]
1.4 % % HY[14.18, 19.2]
‘ié Appl14.18,19.2]
E'; .......... Apgll, 6]
y E (re)
]2 (‘ .......... AT [l’ 6]
‘\“-,_‘ ~ | - Apgpl2, 4.3]
3 ) ~ - AP, 43)
Z 1 1
5 I
N ) \\
08 @ varying Cy around
BN SM value C3M
@ @?-integrated observables Xyp
0.6 normalised to SM-prediction
Xsm
0.2 1.6 18 @ bands =theory uncertainties
. 2 14(2,3) « ”
At high-g= H; " are the “better” Agp !!!
C. Bobeth
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Sensitivity of H(TZ’S) —example: real Cq

/ HP[14.18, 19.2]
HP[14.18,19.2]
Appl14.18,19.2]
--------- Aggl2, 4.3]
A2, 4.3]
.......... Br[l, 6]
Br[14.18, 19.2]

AV

Xnp ! Xsm

@ varying Cg around
SM value C§M

@ @?-integrated observables Xyp
normalised to SM-prediction
Xsm

14 16 1.8 @ bands = theory uncertainties

At high-g® H<T2‘3) are the “better” Apg !!!
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What will remain of

° \H(T”\ =1 as test of OPE

o H? are “long-distance free” and H¥) = H\¥) as test of OPE

o J7,8,9 =0
@ “short-distance free” ratios

h/f, h/f, fu/f, F, o AFY

when including BSM operators ?7?

C. Bobeth Brighton
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SM’ = 07/’9/’101 @ IOW reCOiI [work in progress CB/Hiller/van Dyk]
transversity amplitudes : A(L):ﬁ =-c-frny, AR = bRy
with short-distance coefficients CL7 — Ci’ﬁ
L,R off off 2my o offy | —
C-" = [(Cq —Cgl)+f£7(c7 - C3) | ¥ (Cio — Cyor),

2m?
¢ = [(cgff +C5) + KT;(c;ff + G ] T (Cro + Cio)
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SM’ = 07/’9/’101 @ IOW reCOiI [work in progress CB/Hiller/van Dyk]

transversity amplitudes : A(L) ﬁ —chbA fo,11s Ai’F' = +Ci’R fi

with short-distance coefficients CL7 — Ci”
CLR _ | (gt _ et 2mg ce _ e | = (cin— ¢
-7 =|(Cg 9/)"‘“72 (& 71) | F (Cio — Cior)s
ChR _ | (ceft 4 et 2mg ot e | £ (¢ c
L= [(Cg" + 9/)+H7q2( F (Cio + Cyor)

Now the angular observables J; (m, = 0) read

42

g(2J25+J3) =2p 12, —J4 = 2p; fofy, Jr =0,
g(szs — ) =20 ff, %FJS = 4Re(p2)hofL, ?Js = 41Im(pz)fofL,
—ngc =2p, &, gJes = 4Re(p2)fjfL, —%Jg = 4Im(p2)fy fL
where py and p, have to be generalised
p%:%(\c@%\c;\?), P2 Z<CRCR* ctctr)
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SM’

= 07 9,10 @ low recoil
extension to py — pi
still have:  H{") = sgn(fy)
Jr =0, but Jg g # 0
2R
generalisation: H®) = H® — 2Re(pp)
-+
Py " Py

2 new FF-free ratios

o _ V2Js 21m(pa)

{
\/_ch (2 + J3)

(1,+
acp

1)

2,+
aly — (2,1)

) and aé — acp~

generalisation of a(cel',) and additional

FON 2Re(pz - p2)
CP — )
Vot =55 -y = 57)

N

[work in progress CB/Hiller/van Dyk]

= deviations test OPE

L) _ —Jo _ 2Im(p2)
V@h)? =B o7 et

2@ _ 21m(p — p2)

CP —

Vi =50 (o7 - 57)

less “short-distance free” ratios: only fy/f; remains

C. Bobeth Brighton
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Scalar (S + P) operators @ low recoil ... and no tensor ops

@ New form factor Ay needed !!!

@ No contribution to J1s, 2s,2c, 3,4, 6s,8,9

= still H =1, s =8dps, H® = HP
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Scalar (S + P) operators @ low recoil ... and no tensor ops

@ New form factor Ay needed !!!

@ No contribution to J1s, 2s,2c, 3,4, 6s,8,9

= still IH| =1, s =3dos, HP = HP

@ unsuppressed contributions to Ji¢

m? 2
Jic = —doc + O <q§> = Jic = —doc + ... (CS,P CS P)AO +0 <q§>

since F; = (Jic — Joc/3)/T, relation does not hold:

1 dr 3 o 3 5
- —F; sin“0 —Fr(1 + cos“6 App COS 0
Fdcose, ~ 4 LM%ty -+ ¢) + Arp COS 0,
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Scalar (S + P) operators @ low recoil ... and no tensor ops

@ New form factor Ay needed !!!

@ No contribution to J137 2s,2c, 3,4, 6s,8,9

= still IH| =1, s =Bdos, H =

HE

@ unsuppressed contributions to Ji¢

m? 2
Jic = —doc + O <q§> = Jic = —doc + ... (CS,P CS P)AO +0 <q§>

since F; = (Jic — Joc/3)/T, relation does not hold:

1 dr 3 o 3 5
— —F; sin“0 —Fr(1 + cos“6 App COS 0
rdC050g¢4 t E+8 r(1+ ¢) + Ars ¢

@ (SM + SM’) x Sto Js gc,7 suppressed by ~ my/~/q?

= H® modified, only ~ H? + O(m//q?) ~ HE)
= Jgc # 0 modified
= J7 # 0if CPV beyond SM, since J7 ~ Im[... (Cg — C%)]

C. Bobeth Brighton September 11, 2012
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Tensor (T + T5) operators @ low recoil

@ 2 new short-distance coefficients
M2 M2
ol =16r2=2 (IC712 +[CrsP?) , pl =16x2—2 C;CH
q q
@ not my/~/q? suppressed contributions to

= Jis,1¢, 25,2¢,3,4,8,9
= (SxT5)and (P x T)inds.gc  and (S x Tyand (P x T)in

@ ~ my/+/q?-suppressed interference (SM + SM’) x (T + T5) in Jis, 1¢, 5, 65, 6¢, 7

@ now [H")| =1+ O(M2, /MB)

M2 M
1 * - K*
H;)%1+A223><F(p1,p1r)+(9( Mé)

In BSM scenarios without tensor operators, deviations \H(T1)| # 1 can signal large
long-distance effects

C. Bobeth Brighton September 11, 2012 14 /15



Summary

New Physics scenarios and which observables remain free of hadronic input

Scenario H<T1) H<T2) H(TS) H<T4) H(T5>
SM v v v —_ —
SM x S xP v Ay v - =
SMx T v v v — —

SM x SM’ v v v
SMxSM xS xPxT v Ay v v v

v/ at most corrections of order as x A and C7/Cq x A

Ao breaking through terms involving the corresponding B — K* form factor

— vanish in the considered scenario

C. Bobeth

Brighton

September 11, 2012
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Summary

SM + SM'
@ |HPV| =1, HP =H®, H® =H® 4=0

@ however, only fo/fy as “short-distance free” ratio

SM + SM' + (S,P)
@ [HV =1, H® 1 0o(m//@) =HE, HD =H®, & ~m//

@ Bs — ptp~ constrains directly (Cs p — Cgr pr), Which enter also B — K*£+4~
combination (Cs p + Cgs p) is constraint by B — K¢t 4~

SM + SM’ + (S,P) + (T, T5)

1 —
@ |HY| =1+ OMZ,/MB) x py p]

0 HP 2 H®  H® » HE

C. Bobeth Brighton September 11, 2012
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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), (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)
C. Bobeth Brighton September 11, 2012 17 /15



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;

C. Bobeth Brighton September 11, 2012 18/15



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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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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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 =4 fof L,
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

02 [GeVZ]
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Angular observables @ Low Recoil using FF relations

[CB/Hiller/van Dyk arXiv:1006.5013]

4 4 2/2
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
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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
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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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