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Flavor changing neutral currents (FCNC) in the SM

Ui e {LI, c, t}’ qu = +2/3 D; {d7 S, b}7 ap = 71/3
@ _ Vud Vs Vb d
Lec. = —=(1,5, 1) Ved Vs Vb Y P s W;r + h.c.
v2 Vie Vs Vi b

@ Chiral structure of c.c.: Only the left-handed components of the fields interact

@ Complex and Unitary matrix= 3 angles and 1 phase

- i 1-X2/2 A AX3(p — in)
"E ) %\\ Amy & VCKM: - 1—/\2/2 A)\2
= wol f > AN(1—p—in) —AN 1

‘ ; A =0.2253(7), A= 0.808(22),
" ; i | p=0.132(22), 7 = 0.341(13)

o The structure of the CKM matrix is extremely hierarchical!
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Flavor changing neutral currents (FCNC) in the SM

Ui € {u,c, t}, qu=+2/3 D; € {d,s, b}, gp = —1/3
- Vud Vius Vub d
Lec = 7(1], c, E) Ve Vs Vb 'y“PL s W;r + h.c.
2v2 Vie Vs Va b

o Chiral structure of c.c.: Only the left-handed components of the fields interact

o CC U; — Dj: Tree level ° FCNC D — Dj: Loop
U; D; D; w b;
1,D,
v Uy Uy
v, U, Zv,9
o Hy — HyH3 o Hi - H,G° - H, {H3,’Y,ZZ}
M~ Gg V; V5, M~ Grg 32 Vi Vi f (M),
VjjV} can be O(1) Vi Vi (M) is O(Xg ) X Loop

@ In the SM, FCNCs are suppressed w.r.t. CC interactions: “Rare” decays!
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Flavor changing neutral currents (FCNC) in the SM

U, € {u,c, t}, qu=+2/3 D; € {d,s, b}, gp = —1/3

P Vie Vus Vi d
— Voo Vs Vg Y Py s W;r + h.c.
b

Ec.c. = _7 E7 E)
2v2 Vie Vs Va

o Chiral structure of c.c.: Only the left-handed components of the fields interact

o FCNC D; — Dj: SM+new particles in the Loop

D, w D, D, w D,
+
Uy Uy X x
Z .9 Z V.9
o Hi — HG® — H, {H3,’y,l7f}

M~ Grg (Zk Vk,'V;jf(Mk) + \7)(,\7;])‘(/\4)())

o FCNCs are sensitive to the effects of virtual new particules!
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Overview on status of “exclusive” rare B decays decays

o “Exclusive decays”: All the final products detected and identified
B — K*¢T¢~ (“exclusive”) in opposition to B — Xs¢T¢~ (“inclusive”)

J. Martin Camalich (RAL) NPs searches in b — s exclusive decays March 20, 2013 3/20



Overview on status of “exclusive” rare B decays decays

o “Exclusive decays”: All the final products detected and identified
B — K*¢T¢~ (“exclusive”) in opposition to B — Xs¢T¢~ (“inclusive”)
o Why b — s, d¢T ¢~ transitions?
> Leptonic and semi-leptonic transitions are theoretically accessible (“clean)
» b — d transitions are suppressed by an extra AZCKM factor: More suppressed in the SM!
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Overview on status of “exclusive” rare B decays decays

o “Exclusive decays”: All the final products detected and identified
B — K*¢T¢~ (“exclusive”) in opposition to B — Xs¢T¢~ (“inclusive”)
o Why b — s, d¢T £~ transitions?
> Leptonic and semi-leptonic transitions are theoretically accessible (“clean)
> b — d transitions are suppressed by an extra /\ZCKM factor: More suppressed in the SM!

@ Branching fractions of ~ 1076 to ~ 109 and relatively small number of events so far

# Events BY - putu~ B = K%~ BY 5 KTt BT s atetes
BaBar (433 fb—!) U.L. 137444 153+41
Belle (605 fb~!) U.L. 247454 162438 U.L.
CDF (~10 fb~ 1) U.L. 164+15 234+19
LHCb (1.1-2.1 fb~ 1) 3.5-0 900+34 1232+40 25+7
10" x B 0.0327900 12.9757 5.0+£0.4 0.2340.06

n. b. ATLAS and CMS have also reported U. L.'s on BJ , — pu*p~
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Overview on status of “exclusive” rare B decays decays

@ “Exclusive decays”: All the final products detected and identified
B — K*¢t¢~ (“exclusive”) in opposition to B — Xs¢T¢~ (“inclusive”)
o Why b — s, d¢T ¢~ transitions?
> Leptonic and semi-leptonic transitions are theoretically accessible (“clean”)
> b — d transitions are suppressed by an extra /\ZCKM factor: More suppressed in the SM!

e Branching fractions of ~ 1076 to ~ 109 and relatively small number of events so far

# Events BY - putu~ B = K%Te—  BY 5 KTeteT BT s atetem
BaBar (433 fb— 1) U.L. 137144 153+41 U.L.
Belle (605 fb~!) U.L. 247+54 162438 U.L.
CDF (~10 fb~ 1) U.L. 164415 234+19
LHCb (1.1-2.1 fb~ 1) 3.5-0 900+34 1232440 2547
107 x B 0.0327991 12,9727 5.0+0.4 0.2340.06

n. b. ATLAS and CMS have also reported U. L.'s on By , — p*pu~

Model-independent analysis of semileptonic and exclusive b — s decay data

Search for BSM scenarios at the precision frontier!
o Careful study of the theoretical uncertainties

o High-precision of experimental data needed

J. Martin Camalich (RAL) NPs searches in b — s exclusive decays March 20, 2013 3/20



The theory of the exclusive decays |I: The weak Hamiltonian

@ A theoretical treatment of the B meson decay starts with a separation of the different scales

Weak scale B-meson mass, “Long-distance”
external momenta hadronic effects
myy, mg, mx ~ 0(100) GeV mpg ~ 0(5) GeV AQCD ~ 0(05) GeV

Jy

C. Bobeth

o At the hadronic scales interactions involving O(myy) are approximately local (short-range)

The weak Hamiltonian H,,
Integrate out O(my/) DOF and construct a low-energy EFT J
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b—s+it4

_>C;/ 1%

07 = mb[EUHVP,q b]F}w

b—s+gluon AND b — s+ qq

b w s
b s

uct

u,ct
— ng X

E4

Og = mp[$0"PRTODIGL,  Osa = [89"(1, T)PLB] 3,[q7. (1, T%) q]

C. Bobeth
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The weak Hamiltonian for b — s transitions
@ In the SM we have

Gr

Hw = —= > X |GOF+ GO+ 3 GOy,
\/i p=u,c i=3,10
Of = (pb)v—a(3P)v-a, OF = (Bibj)v—a(3ipi)v-a,
O3 =(3b)v-n ) q(a@)v_a, O4 = (5ib)v—n D _q(@a)v-a,
Os = (3b)v-aD q(a9)v-a, O6 = (3ib)v—n D> _q(@a)via,
€ . - v & A= v
O7zmmbsou,,PRF”‘ b, OB:ﬁmbsa’puPRG# b,
Qem ,_ - Qlem ,_ -
Oy = Gb)v—allhv, Op = Eb)v_a(lNa.
2w 2w

o Information on interactions/DOFs at A ~ O(myy) stored in the Wilson coeffs. C;(1)’s

Table: Wilson coefficients of the SM at . = 4.8 GeV.

C G C3 Cy Cs Ce C;ﬁ Cgﬁ Cy Cio
-0.144 1.060 0.011 -0.034 0.010 -0.040 -0.305 -0.168 4.24 -4.312
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The weak Hamiltonian for b — s transitions
@ In the SM we have

= Cr Z Ao |COF+ GOS+ > GO,

V2 S i=3,10

O = (pb)v—a(3P)v-a, 05 = (pibj)v—-a(Eipi)v-a,

O3 =(5b)v—a > q(Gq)v-n, Oa = (3ib)v—n Y _q(@ai)v-a,
Os = (3b)v_a Zq (G9)v+a, O = (5ibj)v_a Zq (Gjgi)v+a,
07 = 4—;2 b 50, PRV b, Op = 4g2 b 50, PRGH b,

0y = 2o 2 (36)v-a(ll)v . Or0 = a;‘“ (3b)y_a(il)a-

o Information on interactions/DOFs at A ~ O(m\y) stored in the Wilson coeffs. C;(u)’s

@ Physics BSM manifest at the operator level through. ..

» Different values of the Wilson coefficients C,.exm' = C,»SM + 458G
> New operators absent or very suppressed in the SM

O = 25 iy 50, PLFMb

Chirally—ﬂipped operators J
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The weak Hamiltonian for b — s transitions
@ In the SM we have

G
- °F Z Ao | GO+ GOE+ > GOy,

V2 S 123,10
0! = (Bb)v-a(3pP)v-4. OF = (pibj)v—aGiPi)v—a,

O3 =(3b)v_n > q(aq)v-a, Oa=(3ibj)v—n Y _q(ia)v-a,
Os = (3b)v—a D> _q(a9)v+a, O6 = (3ib)v—n > _q(ia)via,
0, = ﬁ #1500 PRF* b, O = 4%5 b 50, PRG* b,

0y = T (Sb)v allhv, O = a;m (sb)v—a(ll)a.

o Information on interactions/DOFs at A ~ O(my ) stored in the Wilson coeffs. C;(u)’s

@ Physics BSM manifest at the operator level through. ..

> Different values of the Wilson coefficients Cieth‘ = C,-SM +6C;
> New operators absent or very suppressed in the SM

Scalar and pseudoscalar operators

Os = Sep M (3ppb) (1)

Op = 29 L (sPRb) (Tvs 1)
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The B_gd — ptp~ decay
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B_?,d — ptp~: Scalar and pseudoscalar BSM contributions

° Bg,d — uTp~ is helicity-suppressed in the SM!

o It becomes extremely sensitive to BSMs with sizable scalar and pseudoscalar contributions
e.g. In the MSSM this decay can be easily enhanced at large tan 3
Isiodori and Retico'01, Buras it et al.’02, ...

+ W+, H*

It 8 A\ »
W= H

o For the B? decay
CE_

~
B~ 6473

fo g, Vi Vet x {ICs = CLI2 4 1Co — G + 2 (Cuo — C)
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B_?,d — ptp~: Scalar and pseudoscalar BSM contributions

° Bg,d — uTp~ is helicity-suppressed in the SM!

o It becomes extremely sensitive to BSMs with sizable scalar and pseudoscalar contributions
e.g. In the MSSM this decay can be easily enhanced at large tan 3
Isiodori and Retico'01, Buras it et al.’02, ...

+ W H* "

Iz s ZAVAS "
W= H

o For the B? decay

&
64r3
@ The only hadronic input can be determined from the lattice QCD, fg, = 234(10) MeV

B s fo,ma,mi, Ve Vis| x {ICs — G2+ 1o — G + 27 (Cuo — Cp)
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Bod — ptp~: Scalar and pseudoscalar BSM contributions

° Bg,d — uTp~ is helicity-suppressed in the SM!
o It becomes extremely sensitive to BSMs with sizable scalar and pseudoscalar contributions
e.g. In the MSSM this decay can be easily enhanced at large tan 3
Isiodori and Retico'01, Buras it et al.’02, ...
b w el " b IR wt
1@% ;4=.Z< .
o Uyt i s A I3
o For the B? decay
B~ o fy o i Vi Vi x {15 — CAP 4 1Gr — G 4225 (Coo — )PP}
@ The only hadronic input can be determined from the lattice QCD, fg, = 234(10) MeV
o In the SM one finds (C{, = Cf, = 0 and Cio = C{3)

B(B? — ptp—)%M =3.23(27) x 10—°
B(BY — ptp~)M = 1.07(10) x 10710

Buras et al. '12
De Bruyn et al. '12
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B, — pTu~: Experimental results

e First evidence (3.2-0) found at LHCb!
PRL,110 (2013) 021801

o Global effort
Sabato Leo's talk at Moriond 2013

January 2013
T uf LHCh ATLAS 241"
% 12: 1.0 fb7(7TeV) +1.1 fb(8Tev) E
s g BDT>07 7 D010fb"
8 ¢ E
= 8L E CMS 4910
83 P b
8 6F E 1
A 1 CDE 10t
§ 2 . A LHch21f
5000 S Prediction
CL pagic
m,. [Mev/c] RN it e RO
10! 1 10 10?
A 400
> Full pdf; Bg _ N+N7; BE = BF(BS—)'J*H)X 10 at95°/oC|.
March 20, 2013
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B2, — utp: Experimental results

o First evidence (3.2-0) found at LHCb! o Global effort
PRL,110 (2013) 021801 Sabato Leo's talk at Moriond 2013
January 2013
T uf LHCh ATLAS 241"
> o _ - ] !
D 12 1.0fb (7Tev) +1.1fb '(8Tev)
s g BDT>07 7 DO 10 '
8 1 E
= 8L = CMS 491"
8} E 7
_fg 6 E i
._g A E — 1 cEnm
O Lf 1 L Lo
0 b . SM Prediction
5000 5500 6000
- [Mev/c] RN Mt e BRI
10! 1 10 1?
A 400
> Full pdf; Bg _ N+/’L7; BE = utu BF(BS—)um )X 107 at 95% CL
B(BSO — #+# )LHCb —= 3. 2+1 5 x 10— 9
B(BY — ptu— )M < 9.4 x 1o 0@95% C. L.

o Experimental results strikingly close to SM predictions!

J. Martin Camalich (RAL) NPs searches in b — s exclusive decays March 20, 2013 9 /20



B, — pTu~: Consequences

2.0 T T T T T

15 - MSSM-LL

10 x BR(By — ptp™)

0 RSc 10 20 30 40 50
10° x BR(By — ptu™)

D. Straub Moriond '12 and '13

o Models giving large scalar and pseudoscalar contributions ruled out
> Large tan 3 scenario in the MSSM
7

@ BSM contributions to semileptonic operators (e.g. Ogo) are still possible

> Much more accuracy required to constrain these models
> Just 2 experimental branching fractions won't be enough: Other processes are needed!
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The B — K*¢*¢~ decay
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B — K*°(— K~7n)¢+4~ decay rate

-
@ 4-body decay

o There are 3 angles 0, 6, and ¢ ”\\

@ The invariant mass of the dilepton pair is a variable & 5 TQ

For the muonic mode: \
et '\

0.0441 GeV? < g2 <19.25 GeV? :

d®r 9 S a2 c 2 S cin?2 c 2
de? d(cos 0,)d(cos 00)dd = 32—7T(I1 sin® 0y + If cos® Oy + (15 sin” 6y + I5 cos” O ) cos 26,
I k

+ I3sin? 2% sin? 0) cos 2¢p + 14 sin 20y sin 26; cos ¢ + I5 sin 20y sin 6, cos ¢ + Is sin? 6 cos b,
+  I7sin 20y sin 0; sin ¢ + lg sin 260, sin 20, sin ¢ + Iy sin? 0y sin® 0 sin 2¢)

B — K*°(— K—7)¢*¢~ decay has a very rich phenomenology

e Up to /;(g?) 12 g°-dependent observables
o The CP-partner adds other 12 independent observables

o A total of 24 observables per lepton mode!!
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Experimental status

The best data is collected for the muonic mode

s Theory s Binned theory
~-LHCb —+CDF

-#-BELLE - BaBar W Theory WM Binned theory

= Theory -emneu theory
-

N% 15 Tico e ®-LHCb_ —4-CDF -!-EEtL; ;—EaBav p i SCCOR Sele tessy
0 &
% Preliminary Preliminary ]
x 1 0.5p —
-
o 0 —
5, —
3 o5 LHCb 1
Preliminary
0 5 10 s m 5 20
q2 (GeV?/ c.] @ [GeV¥/ct)
- = Theory -Elnned theory
S o02F j ! E - “$-LHCh —4-CDF . & LHCb
< LHCb @ LHCb < " ' )
0.1F 4 Preliminary
I 05F gy 0.5 e
0 T
o — 1 be 4
0.1 T = %— # —— - 4
0.2 E 05k 05F LHCb 1
03k E Preliminary
0 5 10 15 20 0 s 0 s o s 20
¢ [GeV¥et] ' Gl @ [GeVZ/ci]

N. Serra 3rd Workshop on flavor in the LHC era 2013 (Valencia)

o Towards a full angular analysis of the decay!

@ Experimental results are “roughly” consistent with the SM!
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The theory of the B — K*/*/~ decay

@ The presence of a hadron in the final state complicates the theory

Careful and realistic theoretical analysis needed! J

One has to know how far does he understand the hadronic effects

o In the B — K*¢*¢* we have the following contributions
M G (K*(K)|(37"PLb) B(p)) x (€707 |77,1£10)
M ox 2 Gr (K" () (50", Pb) B(p)) (£ € 10
Hadronic matrix elements parameterized by 4+3 g2 dependent functions: form factors

> At large g% ~ (mg — myx )2 the form factors can be calculated in LQCD
> At low g? the form factors can be calculated in LCSRs and models

@ The FFs are the major source of uncertainty in the treatment of exclusive B decays
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The theory of the B — K*/*/~ decay

@ The presence of a hadron in the final state complicates the theory

Careful and realistic theoretical analysis needed! J

One has to know how far does he understand the hadronic effects

@ Non-local contribution from the contraction of 4-quark operators Ogc_)ﬁ with the EM current

A(had) o /d4yefq-y<k*|jem,had,p(y)7_[had(0)|é>

o This object is untractable in a model-independent manner in certain regions of g2

o At \/q2 ~ my,y it describes the decay through the charmonium resonances
This is the reason why these regions of g2 are cut-off from analyses
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The theory of the B — K*/*/~ decay

@ The presence of a hadron in the final state complicates the theory

Careful and realistic theoretical analysis needed! J

One has to know how far does he understand the hadronic effects

Two g2 regions considered clean
o Low ¢, large recoil of the K*: ¢% < 6 GeV?
Treated in QCD factorization and/or SCET=> Expansion in A/Ex=

e High g2, low recoil of the K*: g% > 15 GeV?
Treated using OPE4+HQET

@ Much work has already been done on this decay
Kruger, Sinha and Sinha '98, Beneke, Feldmann and Seidel’01'05, Kruger and Matias'05, Bobeth et al.’08,
Altmannshofer et al.’08, Beylich et al.'11, Becirevic et al.’11, Matias and Virto'12, S. Jiger and JMC, ...
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SM predictions at low g (u-mode)

6.x10

4.x10°)

h

2,610}

4.x10°)

= a2xi10®

4.x10"

2.x10°

1 wa!
-2.x10°" |7
4 e o
e & ‘ —
,.._H —ax10%
~6.x10° L
T 2 T 1 z
5.x10° 2.x10°
\ B
1 2 5.x10 1 1 2
1.x10°
2.x10% | x
/—l—'t,_\ 5.x10°° | M/
\!\N‘ - ] =S N -
[ = = AR
—2.x10° 510
1 2 x 1 5.x10°

—2.x10®

S. Jager and JMC, arXiv:1212.2263

@ Theoretical uncertainties are large!
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Finding a “clean” set of observables

@ The zero-crosssing qg of Arg

Arg

0.5]

-0.5]

LHCb-CONF-2012-008

W Theol

[ LHCb
[ Preliminary

® Counting Experiment__--Unbinned
T T

e S
—

6
@ (GeV2ict

> The FF uncertainties cancel in the HQ limit at q2 = qg
Ali et al '00

> In this limit, qg depends exclusively on C7(/) and Cg(/)
Clean access to the short-distance FCNC of the decay!!

971 Gev?

q5.on = 4-39(39) GeV?
qg,LHCb =4

Th: Beneke et al. '00
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Finding a “clean” set of observables

@ The zero-crosssing qg of Arg
LHCb-CONF-2012-008

e —=Theory @ Counting Experiment _-*Unbinned > The FF uncertainties cancel in the HQ limit at ¢ = qg
< E LHCb Ali et al '00
0.5:— Preliminary > In this limit, qg depends exclusively on C7(/) and Cg(/)
X Clean access to the short-distance FCNC of the decay!!
ok ‘;_,.«vr«‘\\:“—.
N 93 o, = 4.39(39) GeV?
05 5 _ ekl 2
[ 9, Luch, = 49773 GeV
Bl

6
@ (GeV2ict Th: Beneke et al. '00

@ One can use ratios of li’s to cancel FF uncertainties in the HQ limit
Kruger et al '05
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Finding a “clean” set of observables

@ The zero-crosssing qg of Arg

Arg

E LHew

o5k Preliminary

-0.5]

LHCb-CONF-2012-008

W Theol

® Counting Experiment__--Unbinned
T T

> The FF uncertainties cancel in the HQ limit at q2 = qg
Ali et al '00

> In this limit, qg depends exclusively on C7(/) and Cg(/)
Clean access to the short-distance FCNC of the decay!!

2 — Gkl 2
9, Luch, = 49773 GeV

q5.on = 4-39(39) GeV? J

6
@ (GeV2ict Th: Beneke et al. '00

@ One can use ratios of li’s to cancel FF uncertainties in the HQ limit

K

ruger et al '05

@ The P-basis is composed by the combinations
Matias et al '12

Pl —

I I I
==, Py = -, Py=——,
2hs 8 4l
. Pl — 175 Pl — _177
V_I25I2c’ > 2V_l2sl2c’ o 2y —=hshc
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Two “superclean” observables

Sensitivity to “wrong-helicity” photons at g° ~ 0

O} = 1% M50, PLF* b
VS.
O7 = 325 M50, PR b

In the SM decays into “wrong -helicity” photons are suppressed
> C; ~ ms/mp ~ 0.02
> Hadronic long-distance effects suppressed by by at least A/mg =~ 10%
S. Jager and JMC'12

@ The contribution of Og') is accompanied by 1/q?

Sensitivity enhanced at very low ¢!

@ The observables I3 and Iy are proportional to
I3 < Re (C7 C7"")7 ly o< Im (C7 C7'*),
so they vanish unless C; # 0!!
@ To study the sensitivity take the “clean” versions P; and P3CP respectively
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Two “superclean” observables

04r 0.02}
0.3}
0.2f ..demed 0.01  gowidtmeenens,
‘ cP A T
P o1t Ps TN D
L 0 S ST
. — e
_oql ~0.01}
02, 1 2 3 4 5 6 0 1 2 3 4 5 6
2 2
q q

S. Jager and JMC, arXiv:1212.2263
o BSM 1: Take C; = 0.1C5M (left panel)
o BSM 2: Take C; = 0.01 x i x C5M (right panel)

These observables are very clean null-tests of the SM (C; ~ 0) at very low g2
Study the elctronic mode which is more sensitive to the photon pole!!
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B'—K"et*e" BF at low dilepton mass

= Results
s T T g T T
3 LHCb preliminary 1 3 " LHCb preliminary 7
; 10H] LOFfectron E ; 10 LoTIS E
= gH signal events: s i signal events:
i. 1507 4§
2 2
8 4 8
2F
4500 5000 5500 6000 4500 5000 5500 6000
m,.. . [MeVic’] m_ .~ [MeViE’]
0 ~x0 -+ ,—)30-1000 MeV/c? _ +0.9 +0.2 =7 .
B(B"— K*e"e™) = (3,1_(;8 _(;3 +0.2) x 10 Preliminary
stat. syst. BF(KJ/yp(e*e?))
® Inagreement with SM expectation (arXiv:1212.2263 [hep-ph])
® Signal significance of 4.6¢ including systematics
@ Itis planned to perform a full angular analysis with all the available LHCb data
Fli Ren-Haim Mhoriond OCTY and Hich Enerov Tnteractione March12th 2013 6

J. Martin Camalich (RAL) NPs searches in b — s exclusive decays March 20, 2013 19 /20



Conclusions

o Rare B decays provides and empirical ground to test the SM and to explore NPs effects
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Conclusions

o Rare B decays provides and empirical ground to test the SM and to explore NPs effects
@ One has access to powerful tools dealing with the different scales in the problem

> Weak hamiltonians integrate out A ~ my, vs.my
> QCD factorization integrate out mp vs. Agcp
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Conclusions

o Rare B decays provides and empirical ground to test the SM and to explore NPs effects
@ One has access to powerful tools dealing with the different scales in the problem

> Weak hamiltonians integrate out A ~ my, vs.my
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> QCD factorization integrate out mp vs. Agcp
e The B — K*(— Km)£*t¢~ is phenomenologically very rich
Total of 24 observables per leptonic mode

@ Sound conclusions can be derived from the phenomenology only when the hadronic
uncertainties are carefully tackled

o Everything quite SMish

Too early: More data needed and further theoretical work to reduce hadronic uncertainties
o Exciting times ahead!

In 2013 one can expect

LHCb results on Bs — ¢4~ with the full 2012 data set!

LHCb results on B — K*(— Km)¢T¢~ with the full 201142012 data sets!
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