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Flavor Puzzles in B Physics and
LHCb Capabilities

e New Physics CP phase in B, mixing
e sin2f from tree vs. penguins
e CP violation in B—niK decays
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New physics in B, mixing ?

e Main information from flavor-tagged analysis of
mixing-induced CP violation in B.—J/vy ¢ decay

e Combined probablllty regions for ¢.=2, and AT,

— 0.6 - sm predmtlon A E - (a) D, 2.8 fb
[ —68%CL L Zhal
E‘: 0.4F-—05%CL ./ /1 r_mu'ag "B Uy o
< 0.2oF “o.2 AM, = 17.77 ps”
N +| i — : E
0.0—7 Jx_d,7* A 0.1
041 0.4 — SN 23,°4=0.04
0.6F . | B ,alr ,ﬁrsmxlcols(q) ) | |
—0 2 4 0% 45 4 05 0 05 115
2B_(rad) ¢, (radian)
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New physics in B, mixing ?
 Combined analysis (UTfit collab., March 2008):
Ams ® ASLS D ASLMM @ T(Bs) ® {(I)S)AFS}

(CDF) (DO) (CDF, DO)  (ALEPH, DELPHI,  (CDF, DO)
OPAL, CDF, DO)

@
some bayesian magic ...
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New physics in B, mixing ?

FIRST EVIDENCE OF NEW PHYSICS IN b < s TRANSITIONS
(UTfit Collaboration)

M. Bona,! M. Ciuchini,? E. Franco,® V. Lubicz,®>* G. Martinelli,>® F. Parodi,® M. Pierini,!
P. Roudeau,” C. Schiavi,® L. Silvestrini,* V. Sordini,” A. Stocchi,” and V. Vagnoni®

YCERN, CH-1211 Geneva 23, Switzerland
“INFN, Sezione di Roma Tre, I-00146 Roma, Italy
JINFN, Sezione di Roma, I-00185 Roma, Italy
¢ Dipartimento di Fisica, Universita di Roma Tre, 1-00146 Roma, Italy
® Dipartimento di Fisica, Universita di Roma “La Sapienza”, I-00185 Roma, Italy
° Dipartimento di Fisica, Universita di Genova and INFN, 1-16146 Genova, Italy
"Laboratoire de I’Accélérateur Linéaire, IN2P3-CNRS et Université de Paris-Sud, BP 34, F-91898 Orsay Cedex, France

|INFN, Sezione di Bologna, 1-40126 Bologna, Italy

We combine all the available experimental information on B. mixing, including the very recent
tagged analyses of B, — J/WU¢ by the CDF and DO collaborations. We find that the phase of
the B, mixing amplitude deviates more than 3¢ from the Standard Model prediction. While no
single measurement has a 3o significance yet, all the constraints show a remarkable agreement with
the combined result. This is a first evidence of physics beyond the Standard Model. This result
disfavours New Physics models with Minimal Flavour Violation with the same significance.

3.70 evidence for a non-standard CP phase!
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New physics in B, mixing ?
e Model-independent parameterization:

SM ,,—2i /3, NP 2i(¢NF — 3,
C\' 62?:*;{)55 _ AS € : +AS e ((P | )
B, ASM—2i5,

e F o UTie
_em 05— § 3L
10— | < | : :
20 251 If confirmed with more
o 2 data, this would be
-50F 7 clear evidence for NP!
-60— = :
70 ' -
E 05—
-80F- : -
_g:|||||||||||||||||||||||||I|-|T|’f!d:| ST N T A T W S U A B A R
b o5 1 15 2 25 o’ 880-160-140-120-100 -80 -60 -40 -20 = see also:
8, A Lenz, Nierste (2006)
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New physics in B, mixing ?
e Capabilities of LHCb:

Luminosit 0.5 fb-! 2 fbT 10 fb-"
y (~2009) (~2010) (~2013)
o(28,) 0.046 0.009
o Precision: %" @ b7, 28%7| | 24 SM=(.04
50.3:— L] Bg S J o
“o2f AM, = 17.77 ps”
0.1F ..,
- -
-ni _ am 5 times better than this bar!
0.1
B AT = Algy, x Icos(¢ )

_0 2_ I | 'R B R L
2 15 -1 -05 0 0.5 1 1.5
¢_ (radian)
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New physics in rare B decays (l) ?

e CP violation in interference of mixing and decays
in neutral B decays into CP eigenstates

e Time-dependent CP asymmetry
provides direct access to angles
of the unitarity triangle:

I(B(t) — f) = T(B"(t) —
T(BY

) :[sin 2(8 — ¢a )] sin(Amt)

Acp(t) = (t) — f)+ T(BYt) — f)

» Consider modes with ¢,= 0 and compare results

for sin2f from tree- and loop-dominated processes
Grossman, Worah (1996)
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(S] HZB )tree Vs. (S]HZB )penguin
sin(2B") EIEYe

PRELIMINARY .

b—>¢CS WorEd Averagé | | "“ | 068+603
9 ¢> K0 - ;A;/e;age = —

ne ?rla.g? ............... =1 > theor. corrections

Ks Ks Kg Ave(age * increase deviations
D K, Avelage == Beneke, MN (2003)

°Ks  Aveiage  ———— .

0Ks  Avejage e —
> | Avege

KKK Avelage e o7zba0
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(S]nzﬁ)tree . (Sinzﬁ)penguin

sin(2B°™) = sin(2¢fﬂ) v§ Cp=-An LA

Ceop=-Acp PRELIMINARY
T I T I T T
0.8

e Present accuracy:
o(sin2B,,) = 0.17

e LHCb capability
with 10 fb-1:

o(sin2B,y;) = 0.10

=> Super-B factory! I

0.6
0.4 ——
02 [$X5
o IR
02 e

0.4 f

-0.6 o2

-0.8

-04 -02 O 0.2 04 06 O. 8” 1 &
sin(2p") = sin(207")
Contours give -2A(In L) = Ax® = 1, corresponding to 60.7% CL for 2 dof
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(Sinzﬁs)penguin

e But LHCbh can do analogous test using B, decays
o Compare sin2f, values extracted from B.—J/y ¢

vs. B.—¢d
b > J/
B, s B,
S ¢
Luminosity (%22?-01) 2~02(])c1b 3;
o(2p) 0.11

Matthias Neubert

CPT@ICTP, Trieste, July 2008




IOHANNES

e Alfw\fﬂsnm

New physics in rare B decays (Il) ?

Belle and Babar observe large difference in direct
CP asymmetries between B=—K=n® and BO—K=x*
decays (Belle paper in Nature, March 2008):

“this large deviation in direct CP violation between charged and neutral
B meson decays could be an indication of new sources of CP violation”

World-average experimental data:

Acp(B—Kn0) = + 0.050 = 0.025
ACP(BO%K-TC-F) = - 0.097 + 0.012

LHCb capability: o(Ap(B°—=Kt*)) = 0.0014 with 10 fb-"
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New physics in rare B decays (Il) ?

e Interference of tree and penguin amplitudes:

Matthias Neubert CPT@ICTP, Trieste, July 2008 13
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A “zK puzzle” ?

o Amplitude interference:

V2 AB—Kn0) =P - (T +C) e +

A(BO—K*) =P - T e
e QCD predictions (model independent):

-Spi d Fierz relations
P = f m./m T+C U-spin symmetry an
EW real( ¢ W) ( ) Fleischer (1996); MN, Rosner (1998)
arg(C/T) = O[as(mb)’ AQCD/mb] QCD factorization, SCET

Beneke, Buchalla, MN, Sachrajda (1999-2001)
Bauer, Rothstein, Stewart (2005)

CP asymmetries predicted to have same sign !
(and similar magnitude)

— test of theoretical assumptions requires Super-B factory
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If any of these effects are real ...

e Hints at O(1) new physics effects in mixing
amplitudes and rare decay amplitude

e Requires large, O(1) new CP-violating phases

Check at ATLAS/CMS!

Not a Minimal Flavor Violation scenario ! l
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Flavor physics in the
Randall-Sundrum Model

with:
Uli Haisch and Martin Bauer, Sandro Casagrande,
Florian Goertz, Leonard Grunder, Torsten Pfoh
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Warped extra dimensions (RS)

[Randall, Sundrum 1999]
e Appealing solution to hierarchy problem:

- huge separation between weak and Planck scale
generated by exponential warp factor in AdS;

- generic in flux compactifications of string theory

Island Universes in Warped Space-Time

According to string theory,

our universe might consist of Fifth dimension

a three-dimensional “brane,” Space is warped by energy throughout a2

embedded in higher five-dimensional space-time. As a result, The ends of
dimensions. In the model gravity is much weaker on our brane N m‘;':esmngs'

developed by Lisa

oscillations are
particles and

Randall and Raman
Sundrum, gravity is much

weaker on our brane 0p O forces other
than on another brane, oL o than 9’3}‘("(5’-
separated from us by a ‘%30 5 gLer Zt{k;Cneto
fifth dimension. (Time is “&%8 o 0% i
the unseen fourth By ) —
dimension.) T
— )
H BRANE
% P 5 5 (our universe)
GFLAVITY BRANE B8 o © i i i
(Wczﬁf‘_-g:,;ﬁ,;) Q%% 06 , Gravlt_lons. Warped space-_time
which transmit gravity, are Because space-time is warped,
05 Q closed strings, which are not  things are exponentially bigger and
confined to either brane lighter closer to our brane
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Warped extra dimensions (RS)

e Placing matter and gauge fields in the bulk
provides new perspective on flavor problem:

- localization of fermionic zero 2
modes near UV brane leads to
exponentially small Yukawas _

- explains huge hierarchies in “3
fermion spectrum: best theory
of flavor to date!

) . . . .
- nontrivial overlap with gauge g e
bosons gives rise to rich structure [Grossman, MN 1999; (Higgs)
of flavor-violating effects Gherghetta, Pomarol 2000;

Huber, Shafi 2000]
[Burdman 2003; Agashe, Perez, Soni 2004]

Matthias Neubert CPT@ICTP, Trieste, July 2008
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Flavor in RS

. . . (A'zf) (3) (3)
e Already many studies in literature, "% com 1op
in particular:
- Huber, Shafi 1999; Huber 2003
- Burdman 2003 |
- Agashe, Perez, Soni 2004 (3) (3)  (3)
- Agashe, Papucci, Perez, Pirjol 2005 dovigy strange  bottom
- Davidson, Isidori, Uhlig 2007
- Csaki, Falkowski, Weiler 2008

e Here: S
- first complete study of all tree-level processes

- some important effects neglected so far (not captured
by zero-mode approximation)

Matthias Neubert CPT@ICTP, Trieste, July 2008
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Notations and parameters

e Warp factor:

e = ek =101 |L=

e Variable along extra dimension:

t = ¢ ekrl¢l

o KK scale:
MKK = kg = O(TeV) Mg»] ~ 2.45 MKK

« Fermion ¢, parameters: t=e

CQ_i = mQ_]/k, qu = 'mqi/k

Matthias Neubert CPT@ICTP, Trieste, July 2008 20
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Bulk fermions

e KK decomposmon (up-quark sector)

ur (v, 0) = W) a (@), w ()
L e20(9) N, £20(0) ) o
i (7.0) = —= sw(?‘a;)u&,’(z) i, 0) = —= C(¢) ' uly ()
expansion coefficients [ exact mass eisenstates }
(3-comp. vectors for each n) g
- normalization: o |
ag'l[h a'&[’} + a".lgzujT a"glujl =1
- C.(¢) and S, (¢) are even/odd solutions to the bulk
equations of motion Grossman, MN (1999)

Gherghetta, Pomarol (2000)

Matthias Neubert CPT@ICTP, Trieste, July 2008 21



IOHANNES

e Al.‘WRSlTAT

Bulk fermions

e Exact field equations with Yukawa couplings are
incompatible with orthonormality relations for

fermion profiles
e Generalized relations:

/ dp 7P CIV () CV () = b + AC)

m
—

/ do fip({j}) *S‘;-(:rjj (O) Sﬁﬁ)(@) — 5:-?1?1 + Asw(nqn)
—T

- extra terms are O(v/Myy) for KK modes, but O(1) for
light SM particles! Moo= ke = O(TeV) | 2= e 106

Matthias Neubert CPT@ICTP, Trieste, July 2008 22
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Zero-mode approximation (ZMA)

e Used in all previous work on flavor in RS

« Amounts to keeping leading terms in x,=m_ /My in
profiles for light SM fermions:

g=ekm =101 || L="-ln(e) =37

4 ith:
o 9 Le with:
C(0) = |\ = Flea)t 1+ 2¢
t = ¢ ekrlol F(C) — 2(1 _ El+2c)
S(¢) — \0 (ZMAU exponentially small if ¢ < -1/2

Grossman, MN (1999)

o Important finding: S.(¢) profiles cannot always be
neglected, but give rise to some leading effects

Matthias Neubert CPT@ICTP, Trieste, July 2008 23
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Scaling relations

o Effective Yukawa matrices (in ZMA):

Y =F(cg) Y F(cg) =U AW/
'\.diagonal .
- natural to assume that Yq are anarchical matrices

- flavor hierarchies explained by fact that F(cq ) profiles

are exponentially small and hierarchical Froggatt, Nielsen (1979)

(— Froggatt-Nielsen mechanism) Huber, Shafi (2000)
e Relations for quark masses and CKM parameters:
( my, = O(1) x —= F(co,) F(c A
mq, = O(1) X E (cq,) F(cq,)
Flco _ “*(co., o
A= 0(1) FE(-QI; A=0(1) Fz(f: ()(%()( ; p, n=0(1)
k Q2 Q1 Q3 /

Matthias Neubert CPT@ICTP, Trieste, July 2008 24
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Gauge interactions with SM fermions

e Couplings of light weak gauge bosons

- flavor violation from modification of 70 W=
gauge-boson profiles due to EWSB on

IR brane
L =-In(e) = 37
. L[ om0,
xwzlp) =—11 l ——=+t(1—2L—2Int
xw.z(9) \/%[ +44"""’f];2<1;< 7 ( nt) | +
T Csaki, Ehrlich, Terning (2002)

t = ¢ eXrlel | nontrivial ¢ dependence

- flavor violation from non-orthonormality of fermion
profiles (mixing between SU(2), doublets and singlets)

Matthias Neubert CPT@ICTP, Trieste, July 2008
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Gauge interactions with SM fermions

e Couplings of KK gauge bosons: g(0) (1) 7(0) Wi
- flavor violation from nontrivial profiles

- dominant contributions from KK gluons
Burdman (2003); Agashe, Perez, Soni (2004)

e Both cases:
Fact that flavor-violating effects live near IR brane
implies suppression ~ F(c;) F(c;)

RS-GIM mechanism ! l

Agashe, Perez, Soni (2004); Agashe, Papucci, Perez, Pirjol (2005)

Matthias Neubert CPT@ICTP, Trieste, July 2008
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Summing over KK modes

e Sum over KK gluons and photons:

- \H \n ) l 2 2 l 9 l / l
Ltc —1 ——Int) —1¢ — —Int —
Z m2 4?1‘ﬂ-i%K [ < (2 H 2 H + 2L

n=1

o« Sum over Z, W and KK excitations:

- \n( ) X n( ) 1 1 2 2 ,'2 1 'T??.-g
Ll‘ —( “ t 1l——+0 ;
Z i 21& T??U + —Ll 11}2\I\ + 2L + JII%K

n=0

L = - ln(e) = 37

AF=2 processes AF=1 processes
(dominated by KK gluons) (dominated by Z boson)

Matthias Neubert CPT@ICTP, Trieste, July 2008
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Overlap integrals

o Flavor-violating effects described by matrices

R/ mn LE n

n T

T 1 o o . _
(AQ) = i dt t2 (2 lnz‘) [ TC9 () C(¢) a!? + alDt §9 () 8 () a,(q)]
€

(6g), = al®t ( mn + ASEH) <— omitted by previous authors!

and corresponding matrices A’,, Ay, 6, in right-
handed sector

Matthias Neubert CPT@ICTP, Trieste, July 2008
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Overlap integrals

e Hermitian matrices in flavor space

CP violation possible with N=2 generations! l

e Scaling relations:

but effects

(1) | / | enhanced b
(AQ )?j ™~ F(CQz) F(CQ;}) ’ (A((}))U ~ F(CQ'E) F(ng') / MKKZ/mZZ !y
- 'Z,-’Q - 'Z,-’Q
(OQ)i ~ A2 F(CQi) F(CQJ) ? (OQ)E“ ~ N2 F(qu) F(Cq_.j)
J 41[}{}{ J :'L{KK

— parametrically of same order!

Matthias Neubert CPT@ICTP, Trieste, July 2008 29
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Tree-level FCNCs

e Generic diagrams:

>m< >M< >

dominant for dominant for
AF 2 processes AF 1 processes

always small

- likely to give largest flavor-violating effects

- consider b—s+qq for example

- analogous results hold for b—d and s—d FCNCs, and for
decays of the type b—s+l*l', b—=s+vv

- no tree-level contribution to b—sy dipole operator!

Matthias Neubert CPT@ICTP, Trieste, July 2008 31
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b—s+QqQ
o Effective weak Hamiltonian:

G _
Hesr = 7; > Vi (01 QR+ CrQ5+ > CiQi+ Cry Qry + Cg ng)
i=3,....1(

p=w,c >~ =3, )

n Z (QRS O, + CRS Qz) _

i—3,...,10

- list RS contributions to Wilson coefficients of QCD and
electroweak penguin operators Q; 4o

- analogous expressions for coefficients of opposite-
chirality operators

Matthias Neubert CPT@ICTP, Trieste, July 2008
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b—s+QqQ

e Wilson coefficients:

4 ;
Ty g AD)Qg e’ 1 Sinz 91.1;’ J[IQ{K -
ORS — 1(_:]:L ( i - ; _—— A" 0y + O [
P M2 2N, | (6sin? Oy cos? Oy M S 2 3 ) (Bp)at T 00)

T

(?TG’S (AD)QSN

” '51]27 ks 2 'I\;r
KK i

4 ) y
2Ty 2T 1 sin’fy Mz, -
RS / KK
o = — (Ap)og — _ L|-=-— A — (0p):
" \Qﬂ-ﬁK( D)zj [3 cos? Oy M2, [ (2 3 >( p)as + m2 (O)2s

Crs =l =0
2T 27T x 1 sin?éy Mz, -

CR =|=—— (Ap)s L(=— A BE (5p)a:

! [9}1-{];%}{( D)% {3 sin? Oy, uﬁhl (2 3 )( p)as + m2 (Op)2s
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b—s+qq phenomenology

o Electroweak penguin effects in rare hadronic
decays such as B—nK or B—¢K are naturally O(=1)

compared with SM and can introduce new, large
CP-violating phases L s v o= LI
« Potentially relevant for Y
“B—nK puzzle” and sin2f
extractions from penguin .
modes Jeiseeg
« Similarly, potentially large **'= i«
effects in B—=X.*l- and =
B—Kuru decay

0.8 ¥

0.6 -

1 L 1 1 1 1 1
-04 -02 O 0.2 04 06 0.8ff 1 &
sin(2B™") = sin(207")
Contours give -2A(In L) = Ax® = 1, corresponding to 60.7% CL for 2 dof
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Neutral meson mixing

e Effective weak Hamiltonian:
Hy'™ =) G+ ) Q)

i=1 i=1

e Coefficients in RS (examples):

Adrw L~ ~ Vg 1 ; T — sin? 6w O.)2 v
o8 = 222 (Rp),, @ (Bp),, [_ (1 - _) b Oty 50w Q0

M 2 2 N. sin® By cos? Oy
dn L~ ~ gluon contribution agrees with:
RS _ |
Gy = U]ih (AD)M @ (Ad—)m —2ay] [Csaki, Falkowski, Weiler 2008]

- for CP violation in K mixing (gy), KK gluon contribution
to C, is by far dominant

Matthias Neubert CPT@ICTP, Trieste, July 2008
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Neutral meson mixing
Presence of tree-level FCNCs mediated by vector
bosons potentially disastrous [Bona et al. (UTfit) 2007]

Recent analysis finds typical bound M, ,>10 TeV
(KK gluon mass >21 TeV) [Csaki, Falkowski, Weiler 2008]

Reason is enhancement of <Q,> matrix element
from RG evolution and chiral factor ~(m,/m,)?

n RS model:

[Burdman 2003; Agashe, Perez, Soni 2004]

[Ack]ps ~{—3.8 10"

\_

3] Im [(Ap)12(Ag); Im [(Ap)3, + (Ag)is] }

2] i
» i ¢ —|- 't' '2 y 10 7 2
10-12 M2, [TeV?] ’ 10=12 My [TeV?]

- only second term included in early papers

Matthias Neubert

CPT@ICTP, Trieste, July 2008



IOHANNES

Y AL‘WRS:TAT

Neutral meson mixing
o “Generic” results for g:

1000 E e iaanansas
10+
s 0.1}
0.001} 2
1077k :

0 5 10 15 20 25 30
Mxx [TeV]
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Neutral meson mixing

e Possible ways out:

- accidental smallness of relevant Yukawa couplings,
requires ~1-5% fine-tuning (not so bad ...)

- make L significantly smaller (little RS models);
e.g., UV scale at 1000 TeV lowers bound
to MKK>4 TeV  [Davoudiasl, Perez, Soni 2008]

- impose bulk flavor symmetry to get
hierarchical Yukawas (Y4~1)

[Cacciapaglia et al. 2007; Fitzpatrick, Perez, Randall 2007]

Matthias Neubert CPT@ICTP, Trieste, July 2008
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Neutral meson mixing

e More alternatives:

i) increase Yukawa couplings to O(10) while
keeping effective Yukawas unchanged (quark

masses and CKM matrix unaffected), thus lowering
KK scale to O(1 TeV):

4 ! )
Y,— ? Y, F(¢;)) — nF(g)
_ A€k |ps — "74 [Aek|ps )

ii) impose equality of c; parameters in right-
handed down sector (“principle of minimal flavor
protection”): c4,=C4,=Cq3 [Santiago 2008]

Matthias Neubert CPT@ICTP, Trieste, July 2008 39
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Neutral meson mixing

e Either solution leaves large, irremovable effects in
AF=1 processes and B, ; mixing

e Preliminary scan: %
60+ . . ,
W0l - .;.2: ST o
similar effects in = .
B. mixin \ < EEIEAT Cere L
- S C N IR
6oL ¢ h . )
90 . . Lo
0 0.5 1 1.5 2 25
Cp
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Summary ()

e Existing puzzles in flavor physics point to new
physics that is not of MFV type!

« LHCb experiment offers significant reach to
explore this physics
o Capability to definitively settle question of new

CP phases in B, mixing, and shed light on possible
new physics effects in rare B, and B, decays

Matthias Neubert CPT@ICTP, Trieste, July 2008
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Summary (Il)

e Randall-Sundrum models offer viable solution to
the gauge and fermion hierarchy problems
(attractive alternative to supersymmetry)

e Rich structure of flavor-violating interactions in
gauge couplings to fermions (generically not MFV)
- AF=1 FCNC processes dominated by Z exchange
- AF=2 FCNC processes dominated by KK gluon exchange

o Effects naturally of O(1) in modes where
deviations from SM are allowed/indicated by the
data, while small in other modes (e.g., B—Xy)

e More results to come soon ... !
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