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Flavor in the LHC era

LHC will give a first look at the TeV scale physics.

The mass of the Higgs boson alone is an important hint for
possible new physics scenarios.

Flavor structure of the TeV scale physics is largely
unknown.

Patterns of the deviations from the SM predictions are a key to
distinguish new physics models.

New flavor experiments are coming. LHCb, B
physics at ATLAS and CMS, MEG, Super B, etc.



SM has a characteristic feature among various flavor and CP signals.
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Relationship may be quite different for new physics contributions.



'CKM looks perfect

Even if CKM looks perfect, there are still room for
new physics contributions of at least a few 10’s %.
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Minimal Flavor Violation

D.G'Ambrosio, G.F.Giudice, G.Isidori, A.Strumia, 2002

New physics contributions to flavor changing amplitudes are
essentially governed by the CKM matrix.

MZJ(NQUJ) ~ (V§<ZV3J)X(mfnew)

LHC, new patrticle
Flavor physics amplitudes

There are definite relations among different flavor transitions,
for instance, Bd, Bs, K flavor signals.



New physics studies for Super B factory.

There are series of studies to clarify the
physics potential of a super B factory,
iIncluding B, D and tau physics.

Super KEKB study (2001-)

SLAC Super B WS (2003)
CERN WS on Flavour in the era of the LHC (2005-2007)

SuperB CDR (2007)

Various new physics models are taken to
compare patterns of new physics signals.



\Super B, experimental prospects

CKM parameters — *
b-s transition —
B-> (D) tv ,
EW penguin —

tau LFV ,

0(10%) physics (Now)
=> 0(1%) physics (Future)

50-75 ab!

Observable Super Flavour Factory sensttivity
sin(28) (J/v K% 0.005-0.012
7 (B — DW K] 1-g°
o (B — wm, pp, pm) 1-2°
|Vup| (exclustve) 3-5%
V| (inclusive) 2-6%
I 1.7-3.4%
il 0.7-1.7%
S(aK") 0.02-0.03
S K™) 0.01-0.02
S(KSK2K?) 0.02-0.04
dn 1-3°
B(B — Tv) 3-4%
B(B — pv) 5-6%
B(B — Drv) 2-2.5%
B(B — py)/B(B — K*v) 3-1%
Acp(b— &) 0.004-0.005
Acp(b— (s +d)7) 0.01
S(K37%y) 0.02-0.03
S(6"y) 0.08-0.12
A¥B(B — X 167 59 4-6%
B(B — Kvi) 16-20%

B(T — py) 2-8 x 10-°

B(T — pup) 0.2-1 x 10~°

B(T — un) 0.4-4 x 107°

CERN Flavour WS report: arXiv:0801.1833



Marcel Merk, May 26 2008, at CERN

Conclusions

LHCb is a heavy flavour precision experiment searching
for New Physics in CP Violation and Rare Decays

A program to do this has been developed and the methods,
including calibrations and systematic studies, are being worked out..

CP Violation: 2 fb™ (1 year)* Rare Decays: 2 fb! (1 vear)*
*: oyftom Lrees; 5%~ 10° ¢ Bs>K*up s, : 0.5 Gel?

* v from penguins: =10° e BDsy A, ,A . :0.11

* B_ mixing phase: 0.023 Ay +0.22

* [ from penguins: 0.11 + B.>uu BR.:6x10°at50

We appreciate the collaboration with the theory community
to continue developing new strategies.

We are excitingly looking forward to the data from the LHC.

* Expect uncertainty to scale statistically to 10 fb!. Beyond: see Jim Libby’s talk on Upgrade



Examples of New Physics Models and flavor signals
2003 SLAC WS Proceedings, hep-ph/0503261

Model

B4 Unitarity

Time-dep. CPV

Rare B decay

Other signals

mSUGRA (moderate tan [3)

MFV

MFV

mSUGRA(large tan (3) B, mixing - B — (D)tv B, — pp
S U SY b— sfti B, mixing
SUSY GUT with v - B — ¢Kg - B, mixing
B — K"y 7 LFV, n EDM
Effective SUSY B, mixing B — ¢Kg A E—pq b— séti— B, mixing
KK graviton exchange - - b— s€TE~ -
Split fermions B, mixing - b— s€TE~ K°K" mixing
Extra | - o ..
. . in large extra dimensions DD mixing
Dimension _ — : \ —
Bulk fermions B, mixing B — ¢Kg b— s € B, mixing
models =0
in warped extra dimensions DD mixing
Universal extra dimensioins - - b— s€TE~ K — mvv
b— sy

MFV

Different pattern of the deviations from the SM prediction.



New physics examples

SUSY GUT with right-handed neutrinos

(Recent update, T.Goto,Y.O., T.Shindou,M.Tanaka, arXiv:0711.2935)
Little Higgs Model with T-parity
Models with extra-dimensions.
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[1] SUSY GUT with right-handed neutrinos

Yukawa interactions at the GUT scales induce quark and lepton flavor signals.
In the SU(5) setup, the right-handed sdown sector can receive flavor mixing
due to the neutrino Yukawa couplings.

Neutrino Yukawa coupling

Quark Yukawa coupling

o 2 GUT | |
/ (mf)z - Interactions

J ~_ (MSUGRA @ Planck)

Quark flavor signals Lepton flavor violation in
Time-dep CP asymmetries in u->ey
B->pKs >y
B -> K*y T->ey
Bs->J/y¢

L.J.Hall,V.Kostelecky,S.Raby,1986;A.Masiero, F.Borzumati, 1986, R.Barbieri,L.Hall,1994,
R.Barbieri,L.Hall.A.Strumia, 1995, S.Baek,T.Goto,Y.O, K.Okumura, 2001;T.Moroi,2000;
A.Masiero, M.Piai,A Romanino, L.Silvestrini,2001 D.Chang, A.Masiero, H.Murayama,2003
J.Hisano,and Y.Shimizu, 2003, M.Ciuchini, et.al, 2004, 2007...
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Effects of the neutrino Yukawa coupling
W onmssmv, = Wwssm + (yw)N:L;H, + %(MN}HP?;'EJ:

Neutrino mass matrix (in the basis where y,is diagonal).
(mv)ij = (Yharcyn)ij < Ha >2
Mv)ig — \UNMNIN/ij 2

LFV mass terms for slepton (and sdown).

A 2
(m2)ij ~ —(yhyn) iy 2220y (Mo

LFV mass terms and V;,,siS directly related when

(MN>7jj X 52'3' and yan: real. (Minimal LFV)
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In the case of Degenerate My and “Normal hierarchy” for light neutrinos :

Branching Ratio

Mol Hierarehy

B(u—>ey) can be close to the
present bound even if the
slepton mass is 3 TeV.

u—>ey, T—>uy, T—>ey branching ratios
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T.Goto,Y.O., T.Shiridou,M.Tanaka, 2007

u—>ey bound /
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If (y]T\,yN)lg is somewhat suppressed, the B(u->ey) constraint
becomes weaker, and a variety of flavor signals are possible.

» Non-degenerate M
ya 0 0

Yn o~ 0 yu ¥ (MN)ZJ q( 5ij

0 ¥y ¥y

J.Casas, A.lbarra2001; J.Ellis,J.Hisano,M.Raidal,Y.Shimizu, 2002

» Degenerate M,, but inverse hierarchy or degenerate light neutrino with 6,,~0.

A . .
1 _ MN s my, — My,
(?Nyw}ﬂ'_' 7 CodoCam

{hz} My, + My,

Coll3 SoC13
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Sadatm — CoCamYy13 —Coiam — Yelamd13

Ay 13
SatmC13
CamC13
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Lepton Flavor Violation  t—>uy, t—>ey vs. uy—>ey

T—>py
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Time-dependent CP asymmetry Time-dependent CP asymmetry
in Bd->K*y in Bs->J/yé
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These asymmetries can be sizable if the squarks are within the LHC reach.

T.Goto,Y.O., T.Shindou,M.Tanaka, 2007 16



Summary table of flavor signals for mSUGRA, SUSY seesaw, SUSY GUT,

MSSA with U(2) flavor symmetry / large deviation LEV
e possible deviation
Model Acp (8 YIS cpl K™ ¥)A cpldy ) Sop (py) ASp (@K ) S op(B, — J/bdb)Amy [Amg Vs /by — eyT— pyT— ey
mSUGRA
MSSM + RN

Degenerate rp, NH
Degenerate rg, IH
Degenerate vy, D
Mondegenerate vy (1), NH
Mondegenerate py (11), NH
SU(5) + RN

L

Degenerate rp, NH . . . u."
Degenerate vz, 1H J W J . J
Degenerate rg, D . . . . J
Nondegenerate v, (I), NH ) o ) . J
Nondegenerate #g (1), NH " ™ )
L2)Fs ) J " W J *

Large LFV signals=> possible slepton mixing signals at LHC

X3 = x;H I+

K.Aagshe, M.Graesser, 2000; I.Hinchliffe,F.E.Paige, 2001,
J.Hisano,R.Kitano,M.M.Nojiri,2002,

D.F.Carvallo, J.Ellis,M.E.Gomez,S.Lola, J.C.Romao,2005
J.Feng,C.G.Lester, Y.Nir, Y.Shadmi, 2007 ...
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[2] Little Higgs model with T parity

An effective theory describing the electroweak symmetry
breaking where the Higgs boson is a pseudo Nambu-
Goldstone boson below the cutoff scale (~4=f ~10TeV).

The quadratic divergence of the Higgs boson mass
renormalization is absent at one loop by “collective

Symmetry breaking”' N.Arkani-Hamed,A.G.Cohen, E.Katz,and A.E.Nelson,2002

New gauge bosons, top-partners, extra scalar fields are
Introduced (masses ~ O(f)) .

In order to satisfy the electroweak precision constraints,
new particle mass should be multi-TeV, reintroducing
the little hierarchy problem.

The new particle can be below 1 TeV, if the little Higgs
model is extended to have T-parity. C.H.Cheng and I.Low,2003

) >v~l/:w«<f
e+

f
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The littlest Higgs model with T parity

)

SU(5)/S0(5) non-linear sigma model
[SU(2) x U(1)]?2 — SU(2); xU(1)y at f

~

/At ~10 TeV, UV completion th%

At f~0O(1) TeV

T-odd bosons: W, Z,, ¢
T-odd fermions: uy, d,,,
Top partners T,, T.

i

Less than ~200 GeV
T-odd heavy photon A,

\\SM particles /

Particle Mass Dependency on Energy Scale |
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V.Barger,Y.Gao, W.-Y.Keung 2007
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o(pb)

New particle production at LHC

New particles (except for T+) are pair-produced.
T-parity is likely to be violated by anomaly. (C.Hill and R.Hill,2007)
T-odd particles decay to A, and A, decays to WW or ZZ through the WZW term.
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A.Belyaev,C-R.Chen,K.Tobe,C.P.Yuan2006 ¢ 20

V.Barger,Y.Gao, W.-Y.Keung 2007



Flavor Physics in the Little Higgs model with T-parity
J.Hubisz,S.J.Lee,G.Paz, 2005
New flavor mixing from T-odd quark and lepton sectors.

Un

u g
VCKM VHd VHu ;
d d u
7JV,DDL WH’ZH’AI—% WH1ZH’A:%

Out of three mixing matrixes, two are independent.

T __
Vi Vad = Voxm
Similarly, in the lepton sector,

f — /1
ViVl = Veyns

These matrixes can induce a large contributions to FCNC and LFV processes.
(Non-MFV in general)
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Bk} —=nTri)

Examples of flavor signals in Little Higgs model with T -parity

<0 o~
KL->nOvv vs. K¥->nttvy Bs->up vs. S (J/yo)
y 1.43—
l:_ 13F
|
e L
= 12}
= 1.13—
o
T L0f .
ﬂ.gi—. . .I b 1 1
04 02 0.0 02 0.4
Sw

M.Blanke,A.Buras.S.Recksiegel,C.Tarantino, 2008
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Lepton flavor violation

R(uTiseTi)

1.x1941I

1.x10 ™. w10 . w107 ™. w101 x 10

ratio LHT MSSM (dipole) | MSSM (Higgs)
Br(p——e~ete) -3 3
e 0.4...25 ~ 6 - 10 ~ 610
HnfiEne e 0.4...2.3 ~ 11072 ~1-10"2
Br{t—evy) s S
Br(r——p~ptp") _3
o 0.4...2.3 ~2-10 0.06...0.1
Br(r——e—ptp~) _3
o e 0.3...1.6 ~2-10 0.02...0.04
L e T 0.3...1.6 ~ 1102 ~1-1072
Br(r—py) e
Brit——e ete™) :
e 1.3...1.7 ~ 5 0.3...0.5
Br{r”—p"p*p7)
Bl o 1.2...1.6 ~ 0.2 5...10
R(uTi—eTi) 10-2...102 ~5.10"3 0.08...0.15
Br{p—ey)

Br (u—ey)

Clear distinction from the
MSSM case.

M.Blanke, A.Buras, B.Duling. A.Poschenreider, C.Yarantino, 2007
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Possible flavor connection to LHC physics
Heavy T-odd quark decays with and without b and t provide information
on the new mixing matrix, which determine FCNC processes.

b d,s
o * (d.)

(U)' (d) (VEa)i3 (U (dy) (Vua)i1: Va2
A (->WW/ZZ)
Z, ->A h ALZ W,
W, >A, W u,c
t

©Y @ (Vi) W) @) 7 (Vi) (V)i

AZ W,
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|3] Models with extra dim.

Models with extra dimensions were proposed as an
alternative scenario for a solution to the hierarchy

problem.

Various types of models:

Flat extra dim vs. Curved extra dim.

Various particles are allowed to propagate in the bulk.
Geometrical construction of the fermion mass hierarchy
=> non-universality of KK graviton/gauge boson
couplings

Split fermions in the flat extra dim.
Fermion mass hierarchy in the warped extra dim.
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Ms reach, TeV

LHC reach on extra-dim models

J G

Flat extra dim,
KK graviton exchange to uu

Warped extra dim,
1w Gy up

105 — e —————rr———— i
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ADD Discovery Limit

0.0
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Randall-Sundrum Graviton © = ¥

CMS TDR 2006

R
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KK graviton exchange sz siacwseroc

KK graviton exchange can induce tree-level FCNC coupling.
— X
Ograv = 7z Ty TH”

Differential branching ratio of b->sll processes

M ;=600 GeV

Lepton FB asymmetry: Agg(s) M,,=700 GeV
Flat Extra Dim Warped extra dim /

01

0.0

=01

2 2
'il/mb
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0.00 0.07 0.10 0.15 n.ad\ 0.25 .30 a.00 0.05 .10 .15 .20 0.35 .30
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Fa

3'Y Legendre polynomial moment [ °C p (.Y ds

< Pa(s) >= ——dedz__
=> pick up (cosb )3 terms due to ds
spin2 graviton exchange
Flat Extra Dim Warped extra dim
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SM particle propagations in warped extra dim.

In the warped extra dimension with N
bulk fermion/gauge boson propagation “-,H AdSs
\

In order for the fermion mass hierarchy, we put \

Planck TeV

Light fermion -> localized toward Planck brane

Top and left-handed bottom -> localized toward T
the TeV brane. / /

—=Generate tree level FCNC in KK gluon and Z L
boson exchange.

Various interesting signals.
B-B mixing, b-> sll, K->nvv, t->cZ, LFV processes

Flavor changing processes are closely related to physics of fermion mass generation

=> A.Soni’s talk
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summary

There are many possibilities in the TeV scale
physics, and it may contain new sources of flavor.
Role of flavor physics depends on a correct physics
scenario.

Flavor structure of new physics is unknown. We
need to combine information from quark and lepton
flavor experiments and flavor-dependent decay
signals of high-Q2 physics. There are examples in
Sung Little Higgs models as well as extra-dim
models
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