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...to be stress-tested by the LHC.
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B physics

Strategies to explore the TeV scale:

e N\

High energy: High precision:

direct production of new par-  quantum effects from new
ticles particles

Tevatron, LHC high statistics

With precision measurements one studies the couplings and
mixing patterns of the new particles which the LHC will

discover.
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Yukawa coupling of the Higgs field:

yififi(v +H)

= quark mass matrix: m;; = y;v
diagonalisation = fermion masses and CKM matrix Vcgy -
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Yukawa sector

Yukawa coupling of the Higgs field:

yififi(v +H)  peee

= quark mass matrix: mj = y;jv
diagonalisation = fermion masses and CKM matrix Vcgy -

Ve #1 = couplings of the W-Bosons to quarks
of different generations,
flavor physics
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Yukawa sector

Yukawa coupling of the Higgs field:

yififi(v +H)  peee

= quark mass matrix: mj = y;jv
diagonalisation = fermion masses and CKM matrix Vcgy -

Ve #1 = couplings of the W-Bosons to quarks
of different generations,
flavor physics

Yii» Vekm complex =- CP violation

10 parameters in the quark sektor,
10 or 12 parameters in the lepton sector.
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Expand the CKM matrix V in Vs ~ A\ = 0.2246:

_x 3 2\ (= i
Vua Vus Vuw 2 A AX (l +53 ) (p—in)
Vea Ves Veo| = | —X\—iA2)\5q P AN2
Ve Vis Vi s .
AN (1 —p—im) —AN —iANYT 1

with the Wolfenstein parameters A\, A, 5,7
CP violation &7 # 0
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Expand the CKM matrix V in Vs ~ A\ = 0.2246:

_X 3 2\ (= i
Vua Vus Vuw 2 A AX (1 +53 ) (p—in)
Vea Ves Veo| = | —X\—iA2)\5q _x AN2
Ve Vis Vi s .
AN (1 —p—im) —AN —iANYT 1

with the Wolfenstein parameters A\, A, 5,7
CP violation &7 # 0

Unitarity triangle:
Exact definition:
VibVud
VepVed
_ ‘VJqud
V& Ve

p+im = —

el
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If new physics is associated with the scale A, effects on weak
processes (such as weak B decays) are generically suppressed
by a factor of order M3, /A? compared to the Standard Model.
= study processes which are suppressed in the
Standard Model.
Especially sensitive to new physics are processes, in which
(only) the Standard Model contribution is suppressed.

= flavour-changing neutral current (FCNCs) processes
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Examples for FCNC processes:

b u,c,t s \\/\/W\/\/L

=

S u,c,t b
Bs—Bs mixing penguin diagrams



consistent with the Standard Model
CKM mechanism confirmed at ~ 2¢.



s — Ds

CLEO [9.1 7] (3.29+0.53)x10™*
PRL87,251807(2001)

BaBar o5 167 (3.35 **)x10*
PRD72,052004(2005] -0.51
BaBar [81.5 6] (3.92+0.57)x10™*
PRL98,022002(2007)

BaBar 21067 (3.911.11)x10*
new

Belle 587 (3.69+0.95)x10™
PLB511,151(2001)

[140 b7 (3.50+0.44)x10™*
PRL93,061803(2004) .
rl:!l;i\ﬂ(éﬁ%ggs i (3.55+0.26)x1 04
{* simple minded average) —— (3.62+0.25)x10

NNLO

Becher Neubert [PRL98,022003(2D07)]
{Misiak et al [PRL98,022002(200f)]
| pF

Andersen Gardi [JHEFD701,029(2007)]
2 3 3 5
BF(B—X.7) (1 0% scaled for EY > 1.6 GeV

consistent with the Standard Model prediction within ~ 1.5¢:

B(B — Xs7) vy = (3.15+0.23)-107* Misiak et al. 2006

E,>1.6Ge
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Experimental status of CP asymmetries in b — s transitions

sin(2p%" = sin(2¢}

) !ndolYear 2009

PRELIMINARY
b_ccs World Average H 0.67 £0.02
o BaBar :026+0.26+0.03
X Belle 0.67 7022
& Average 0.44 311
018
° BaBar ! § 057+0.08%0.02
X Belle I Y ! 0.64+0.10+0.04
< Average — 0.59 £ 0.07
' BaBar - 0.90 038 0%
< Belle : 0.300.32+0.08
 Average 0.74+0.17
o BaBar :0.55%0.20 £ 0.03
x Belle i 0.67+0.31008
* Average 0.57+0.17
» BaBar 0.35 052 £0.06 + 0.03
X Belle 0.64 1932 +0.09+0.10
< Average o 54 7038
” BaBar e 0 0551035+0.02
x Belk : 0.11+0.46 +0.07
3 Average : 0.45+0.24
,, BaBar 0.60 018
><O Belle 0.60 7015
*~ Average ¢ : 0.60 1915
U BaBar ik~ ! 0.86 +0.08 + 0.03
v Belle 0.68+0.15 +0.03 03}
e Average e 0.82+0.07
08 06 04 02 0 02 04 06 08 1 12 14 16

Naive average:
sin(2f3«f) = 0.6240.04.
agrees with SM expec-
tation 0.673 + 0.023 at
1.30.

Better criterion: abso-
lute deviation from the
Standard Model.
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Bs—Bs mixing and new physics

b u,c,t S
Standard Model:
M3, from dispersive part of box,
only internal t relevant.
S u,c,t b

M3, is very sensitive to virtual effects of new heavy particles.

= Amg ~ 2|M3,| and the phase arg M3, can change.
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Generic new physics:

Define the complex parameter A through
M]S_Z = Mfy’s ° AS .

In the Standard Model Ag = 1.
Alex Lenz, U.N. 2006
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Generic new physics:

Define the complex parameter A through
My, = MIS.A.

In the Standard Model Ag = 1.
Alex Lenz, U.N. 2006

Measurements constraining As:
mass difference Amsg,
width difference Alg,
CP asymmetry in flavour-specific (e.g semi-leptonic)
decays ass,
CP asymmetry in Bs — J /6.
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excluded area has CL > 0.68

Before May

14, 2010:
i consistent
£ with SM at

CL< 95%.

AN

CKM o _
New Physics in B_ - B, mixing
s
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Physics probed:
Unitarity Triangle: b—d,s—d,b—u
B — Xs7: br — s
£€P inb — s transitions: b — s

= Yukawa sector seems to be the dominant source of
flavour violation.

The CKM picture works too well:
Flavour problem of TeV scale physics
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associated parameters in the squark mass matrices.
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Physics probed:
Unitarity Triangle: b—d,s—d,b—u
B — Xs7: br — sL
£€P inb — s transitions: b — s

= Yukawa sector seems to be the dominant source of
flavour violation.

The CKM picture works too well:
Flavour problem of TeV scale physics

In the Minimal Supersymmetric Standard Model (MSSM) all
potential new sources of flavour violation come from the SUSY
breaking sector. The success of the flavour physics programs
at the B factories and the Tevatron severely constrains the
associated parameters in the squark mass matrices.
TeV—scale new physics is dominantly minimally
flavour—violating (MFV).



Do we need new physics at the TeV scale?



Basics Experiment BSM Bs— Bs mixing SUSsY GUTs Conclusions

Do we need new physics at the TeV scale?
Maybe flavour physics just tells us that there is none?



e Gravity. It is associated with the Planck scale
Mp = Gy"/? ~ 102 GeV.



e Gravity. It is associated with the Planck scale
Mp = Gy"/? ~ 102 GeV.
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Physics beyond the Standard Model: phenomena

e Gravity. It is associated with the Planck scale

Mp = G /% ~ 1020 GeV.

Pioneers of physics beyond the Standard Model:




e Gravity. Itis associated with the Planck scale

Mp = Gy /% ~ 100 GeV.
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Physics beyond the Standard Model: phenomena

Conclusions

e Gravity. Itis associated with the Planck scale
Mp = G /% ~ 10%° GeV.

e Dark Matter. .. not to speak of Dark Energy:
We don’t understand 95% of the universe’s energy budget.
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e Dark Matter. .. not to speak of Dark Energy.

e Matter-antimatter asymmetry of the universe (too little CP
violation, too heavy Higgs).
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Physics beyond the Standard Model: phenomena

e Gravity. Itis associated with the Planck scale
Mp = G'/? ~ 1010 GeV.
e Dark Matter. .. not to speak of Dark Energy.

e Matter-antimatter asymmetry of the universe (too little CP
violation, too heavy Higgs).
= We don’t understand the remaining 5% either!



e Gravity. Itis associated with the Planck scale
Mp = G /% ~ 100 GeV.



e Gravity. Itis associated with the Planck scale
Mp = G /% ~ 100 GeV.

e Dark Matter. ..not to speak of Dark Energy.
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Physics beyond the Standard Model: phenomena

Gravity. It is associated with the Planck scale

Mp = G /% ~ 10%° GeV.

Dark Matter. .. not to speak of Dark Energy.
Matter-antimatter asymmetry of the universe (too little CP
violation, too heavy Higgs).

Flavour oscillations of neutrinos unless one adds a
dimension-5 term, which brings in (the inverse of) a new
mass scale M ~ 1015 GeV.
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Physics beyond the Standard Model: phenomena

Gravity. It is associated with the Planck scale

Mp = G /% ~ 10%° GeV.

Dark Matter. .. not to speak of Dark Energy.
Matter-antimatter asymmetry of the universe (too little CP
violation, too heavy Higgs).

Flavour oscillations of neutrinos unless one adds a
dimension-5 term, which brings in (the inverse of) a new
mass scale M ~ 10%° GeV.

Charge quantisation: Q(») = 0 and Q(e) = 3Q(d) to all
digits behind the decimal point.
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The fermions magically fit into SU(5) multiplets:

d¢ 0 u¢  —u® u. d_

d¢ —-u® 0 u®  u. dg

5 = d¢ 10 = u¢ —u® o0 u  d.
eL —u. —-u. —-u 0 e°

—leL —d, —d. —d_ —-e¢ 0

Here the superscript ¢ denotes antiparticle fields of
right-handed fermions.
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The fermions magically fit into SU(5) multiplets:

d¢ 0 u¢  —u® u. d_

d¢ —-u® 0 u®  u. dg

5 = d¢ 10 = u¢ —u® o0 u  d.
eL —-u. —-u. —-u 0 e°

—leL —d, —-d. —d_ —-e¢ 0

Here the superscript ¢ denotes antiparticle fields of
right-handed fermions.

Even better: The 15 fermion fields of each generation and an
extra right-handed neutrino field fit into a 16 of

SO(10) > su(5)

Inan SO(10) GUT U(1)g_, is gauged and broken at the
SO(10)-breaking scale Mg, a see-saw mechanism for small
neutrino masses is easily implemented.
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Supersymmetry

tames the quantum corrections to the Higgs mass,

provides a dark-matter candidate, the lightest
supersymmetric particle (LSP),

improves the unification of gauge couplings required by
GUTs,

can link gravity to the other gauge interactions.



Schrédinger equation:

d [ [Bs(t) T [ [Bs(t)
'a(|§s(t)>) N (M_'§)<I§s(t)>>

where B; ~ bs and Bs ~ bs.
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Schrédinger equation:

d [ [Bs(t)) T Bs(t))
'a(\ﬁs(t») = (v-13) (\ﬁs(t»)
where B; ~ bs and Bs ~ bs.

3 physical quantities in Bs—Bs mixing:

M
IM12],  |T12], ¢szarg(—|_—12>
12



Basics Experiment BSM Bs—Bs mixing SuUsY GUTs Conclusions

Two mass eigenstates:

Lighter eigenstate: |B.) = p|Bs) + q|Bs).
Heavier eigenstate: |By) p|Bs) — q|Bs)

with masses M| 1 and widths ' .
Further [p|* + |q|* = 1.
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Two mass eigenstates:

Lighter eigenstate: |B.) = p|Bs) +q|Bs).
Heavier eigenstate: |By) p|Bs) — q|Bs)

with masses M| 1 and widths ' .
Further [p|* + |q|* = 1.

Relation of Am and ATl to [M12|, |I'12| and ¢:

Am = My —M_| =~ 2“\/'12‘, Al =T —Th ~ 2“_12’COS¢
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M1, stems from the dispersive (real)

part of the box diagram, internal b aa >
(t,1).

1o stems from the absorpive (imag-

inary) part of the box diagram, inter-

nal (c,c).

(u’s are negligible). s u,c,t b

Theoretical uncertainty of M, dominated by matrix element:
b s

ey L 2
(BefsubLsiy"bi|Bs) = Zm B
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Optical theorem:

1 ) S
M, = o Abs (Bs|i /d4XT%eh‘(X)Heh‘(O)BS>

from final states common to Bs and Bs.

Crosses: Effective |AB| = 1 operators from W -mediated
b-decay.

1, is a CKM-favored tree-level effect associated with final
states containing a (C, ¢) pair.
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CP asymmetry in flavour-specific decays (semileptonic CP

asymmetry):

as - M(Bs(t) —f) — [(Bs(t) —
° F(Bs(t) — f) + I(Bs(t) —
with e.g. f = X/ v,. Untagged rate:
. Je2 dt [r(ﬁs) S utX) - (Bl = M—X)} as
Afs,unt = o —) —)
Je2 dt [r(%s S utX) +1(Bl = /rX)}
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Dilepton events:

Compare the number N, , of decays (Bs(t). Bs(t)) — (f,f) with
the number N__ of decays to (f,f).

N —N__

Then ag, = N TN
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May 15, 2010: D@ presents measurements of

N. N Jotdt[F(B S ptX) — (B pX)|

Ay = = — —
No+ N ooy [r(ﬁz L)+ (B L M)}
and
Ny — N__
Ab ++
s Nyt +N__

for a mixture of By and Bs mesons with
A = (0.506 + 0.043)ad + (0.494 + 0.043)aS

Choosing a linear combination which minimises the error D&
finds: A} = (—9.57+25141.46) 1073

which is 3.20 away from A" — (—0.23f8:82) 1073,

A. Lenz, UN, 2006
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Bs—Bs mixing and new physics

Standard Model: b ot S
M3, from dispersive part of box,
only internal t relevant;
7, from absorptive part of box,
only internal u, c contribute.
S u,c,t b

New physics can barely affect I'5,, which stems from tree-level
decays.

M3, is very sensitive to virtual effects of new heavy particles.
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Bs—Bs mixing and new physics

Standard Model: b ot S
M3, from dispersive part of box,
only internal t relevant;
7, from absorptive part of box,
only internal u, c contribute.
S u,c,t b

New physics can barely affect I'5,, which stems from tree-level
decays.
M3, is very sensitive to virtual effects of new heavy particles.
= Ams ~ 2|M3,| can change.
and in ¢s ~ arg(—M3,/I'$,) the GIM suppression of ¢s can
be lifted.
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Bs—Bs mixing and new physics

Standard Model: b ot S
M3, from dispersive part of box,
only internal t relevant;
7, from absorptive part of box,
only internal u, c contribute.
S u,c,t b

New physics can barely affect I'5,, which stems from tree-level
decays.
M3, is very sensitive to virtual effects of new heavy particles.

= Ams ~ 2|M3,| can change.

and in ¢s ~ arg(—M3,/I'$,) the GIM suppression of ¢s can
be lifted.

= |Als| = Als su | cos ¢s| is depleted and

|a,| is enhanced, by up to a factor of 200.



Basics

Experiment BSM Bs—Bs mixing SUSY GUTs Conclusions

To identify or constrain new physics one wants to measure both
the magnitude and phase of M7,

— Amg = 2|M3,
Three untagged measurements are sensitive to arg M3,:

1. [ATs] = 2\ 12/[ cos ¢s|

2. a5, = sSin ¢s

MS
12

3. the angular distribution of ES) — VV’, where V, V' are vector
bosons.
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To identify or constrain new physics one wants to measure both
the magnitude and phase of M7,

— Amg = 2|M3,

Three untagged measurements are sensitive to arg M3,:
1. |ATs| = 2\ 12| | cOS ¢s|

2. a5, = sSin ¢s

Mfz

3. the angular distribution of §S) — VV’, where V, V' are vector
bosons.

Gold-plated tagged measurement of arg M3,

Mixing-induced CP asymmetry in aﬁ%‘,’X(BS — J/9¢)

(with angular analysis)
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The phase ¢s = arg(—Mi2/I'12) is negligibly small in the
Standard Model:

oM = 0.2°.
Define the complex parameter Ag through
M, = MIS.Ag, A = |Aglel®.

In the Standard Model Ag = 1.
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Generic new physics

The phase ¢s = arg(—M12/I'12) is negligibly small in the
Standard Model:

pM = 0.2°.
Define the complex parameter A through

VN
M = MY Ag,  As = [Agle!s.

In the Standard Model Ag = 1.
Frequently used alternative notation:

2. al20
As = r15-e "

Conclusions
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Generic new physics

The phase ¢s = arg(—M12/I'12) is negligibly small in the
Standard Model:
M =0.2°.
Define the complex parameter A through
M, = M As, As = |Asle'.
In the Standard Model Ag = 1.
Frequently used alternative notation:

2. al20
As = r15-e "

The CDF measurement

Amg = (17.77+0.10+0.07) ps*
and . VB = 214415 MeV HPQCD 2009

imply |As| = 0.96 £ 0.144h) £ 0.01(exp)

Conclusions
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Status of December 2006: CDF or DJ data available for
e mass difference Amg,
e the semileptonic CP asymmetry az,,
e the angular distribution in (I§S) — J/¢¢ and
o Alg
to constrain As.
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The complex Ag plane in 2006:

) -1 0 1 2
We black area shown corresponds to a deviation from the
Standard Model by 20. The area delimited by the dashed lines
has mirror solutions in the other three quadrants. Alex Lenz, UN
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The complex A plane before May 14, 2010:

excluded area has CL > 0.68

Im Ag

New Physics in B_- B; mixing
s
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TS, sings _3 Sings
as = - — (4.97+0.94)-10°3.
CTVEE RV ) A

Since there is not much room for new physics in af, the D@

measurement of A = (~9.57 +2.51 + 1.46) - 102 implies
as, = (—19 £ 6)- 103,

Conclusions
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Sin ¢g
|As|

s _ M, sings

Asg =
ToM 1A

=(4.97+0.94)-103.

Since there is not much room for new physics in af, the D@

measurement of A = (~9.57 +2.51 + 1.46) - 102 implies
al,=(—-19+6) 1073,
To maximise |az,| choose the minimal value |Ag|min = 0.82 to
find

as, > —7.2-1073sin ¢s.

The D@ result therefore corresponds to

Sings < —-2.6+0.8

The D@ result is therefore at least 1.90 away from any model of
new physics.



The MSSM has many new new sources of flavour violation, all
in the supersymmetry-breaking sector.

No problem to get big effects in Bs—Bs mixing, but rather to
suppress the big effects elsewhere.



Diagonalise the Yukawa matrices Y;; and Yjﬂ
= quark mass matrices are diagonal, super-CKM basis
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Diagonalise the Yukawa matrices YJ-‘Ij and Yjﬁ
= quark mass matrices are diagonal, super-CKM basis
E.g. Down-squark mass matrix:
~\ 2 - - . . .
d dLL dLL dLR dLR dLR
<M1L) A12 A13 A11 A12 A13
~ ~ N2 - . - .
daLL* d dLL dRL dLR dLR
A12 <M2L) A23 A12 AZZ A23
. . ~ N\ 2 . - .
daLL* dLL® d drL* dRL dLR
A13 A23 (M3L) A13 A23 ) ASS
. - . . 2 . ~
dLrR* dRL dRrRL d d RR d RR
A11 A12 A13 (MlR) A12 A13
- -~ ~ ~ * 2 -~
dLrR™* d LR+ dRL dRR d d RR
A12 AZZ A23 A12 (MZR) A23

. ; , - . SN2
dLR™ dLR™ dLR™ dRR™ dRR™ d
TAVE) Ay Ags JAVH Ay M3

<
[«XTN
I
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Squark mass matrix

Diagonalise the Yukawa matrices Y and Yjﬁ'
= quark mass matrices are diagonal, super-CKM basis
E.g. Down-squark mass matrix:

daLL*
Af;
daLL*
M2 o A13
d AdLR”
11
dLR™
Al
dLR™
TAVE

Not diagonal!

(i)

S N X
~ N\ 2 ~ Jr—_— ~ -
(M&)" af Al aft o aF
A (M) af adre ag
aft A (W) afm ad
- - - « . N2 -
AR g AT (M) Ag

dLR” dLR dRR” dRR™ d
Ay Az Als Ay <M3R)

= new FCNC transitions.
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Flavour and SUSY GUTSs

Conclusions

Linking quarks to neutrinos: Flavour mixing:
quarks: Cabibbo-Kobayashi-Maskawa (CKM) matrix
leptons: Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix

Consider SU(5) multiplets:

" °F
_ R _ SRk _ bg
5, = df;\:, , 5, = S% s 55 = bg
eL AL L
—le _Uﬂ —Vr

If the observed large atmospheric neutrino mixing angle stems
from a rotation of 5, and 53, it will induce a large
br — Sg-mixing (Moroi).

= new br—sg transitions from gluino—squark loops possible.



Symmetry breaking chain:
SO(10)— SU(5) — SU(3)xSU(2). xU(1)y.

1. The SUSY-breaking terms are universal at the Planck
scale.
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Chang-Masiero-Murayama model

Symmetry breaking chain:
SO(10)— SU(5) — SU(3)xSU(2). xU(1)y.

1. The SUSY-breaking terms are universal at the Planck
scale.

2. Renormalization effects from the top-Yukawa coupling
destroy the universality at MgyT.

3. Rotating 5, and 53 into mass eigenstates generates a
br — Sg element in the mass matrix of right-handed
squarks.
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Phenomenological effect: leads to MSSM with

1. new loop-induced by — sg and b, — sr transitions, while
all other FCNC transitions are CKM-like,

2. all MSSM masses and couplings fixed in terms of a few
GUT parameters.

= well-motivated falsifiable version of the MSSM without
minimal flavour violation (MFV),
puts largest effects into by — sr, where Standard
Model leaves the most room for new physics.
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SO(10) superpotential:

1 i 1 i 45, 10;
Wy = >16,Y) 16,104 + = 16, Y) 16) ——H

2 2 PI
1 i . 1616y
~ 16, Yy, 16

+2 N~ Mpy

with the Planck mass Mp; and
16;: one matter superfield per generation, i = 1,2, 3,

10y: Higgs superfield containing MSSM Higgs superfield H,,
104;: Higgs superfield containing MSSM superfield H,,

45, Higgs superfield in adjoint representation,

164: Higgs superfield in spinor representation.
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“Most minimal flavor violation”

The Yukawa matrices Y, and Yy are always symmetric. In the
CMM model they are assumed to be simultaneously
diagonalisable at the scale Q = Mp;, where the soft
SUSY-breaking terms are universal.

All flavour violation stems from Yy:

yo 0 O
Ya=Vékm | O ys O | Upuns
0 0 Yb
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For flavour physics relevant: large top-Yukawa coupling in Yy,.
In a basis with diagonal Y, the low-energy mass matrix for the
right-handed down squarks reads:

m% (Mz) = diag (mg, mZ, mé — Aa> .

with a calculable real parameter A ;.
Rotating Y4 to diagonal form puts the large atmospheric
neutrino mixing angle into mg:

mg 0 0
2 2 1 1 -
UIIJMNsma Upnns= | 0 mEZ—34A5 —34;e*

1 —i 2 1
0 —EAaelg ma—§Aa

The CP phase ¢ affects Bs—Bs mixing!
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Phenomenology

We have considered Bs—Bs mixing, b — s+, 7 — 7y, vacuum
stability bounds, lower bounds on sparticle masses and the
mass of the lightest Higgs boson.

The analysis involves 7 parameters in addition to those of the
Standard Model.

Generic results:  Largest effect in Bs—Bs mixing
tension with My, > 114 GeV

Collaborators:

Sebastian Jager, Markus Knopf, Waldemar Martens,
Christian Scherrer and Soren Wiesenfeldt



GUTs

Contour plot for Mg = 350GeV, arg u = 0:

3

1 Black: negative soft masses?

“ Green: excluded by 7 — uy
=2
s and b — sy
o\ 1 Blue: excluded by 7 — u~y
< Gray: excluded by Bs — B

mixing
Yellow: allowed

dashed lines: 10* - Br(b — sv); dotted lines: 108 - Br(r — u7).
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Conclusions

e Bs—Bs mixing is very sensitive to new physics. Large
effects are possible in supersymmetry without violating
constraints from other FCNC processes.

e The D@ result for the dimuon asymmetry in Bs decays
supports the hints for ¢s < 0 seen in Bs — J/¢¢ data.
However, the central value is unphysical.

e A study in the CMM model of GUT flavour physics has
revealed a possible large impact of the atmospheric mixing
angle on Bs—Bs mixing without conflicting with b — s~ and
T — K.
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