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Baryogenesis

* There are many photons ... some baryons...
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...and essentially no antibaryons in the universe

np = -2 = (6.340.3) x 10710
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* Can arise dynamically from B=0 if sufficient...
(1) departure from equilibrium and

(2) C and CP violation and
(3) B violation Sakharov 1967



Thermal leptogenesis

temperature

S . Lasymmetry generated
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i.nflation ends, Eradiation-c.lominated scale factor
universe reheated :epoch begins

* CP-violating Vr decay:
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wealk CPV phase inYy  CP-conserving phase from loop

* Resulting net lepton numbers <L> partially
converted to <B> by equilibrium sphalerons



C,Pand T

® |nlocal quantum field theory CPT is a symmetry

“rotation” by T
t[ e e in tx plane et et
X
l t

i.e. simultaneously t->-t (time reversal T)
X =>-X (parity P - up to a rotation)
particles = antiparticles (charge conjugation C)

in particular CPT implies the existence of antiparticles with identical
masses and lifetimes, and opposite conserved charges

(constructive proof at Lagrangian level, or more general proof in
axiomatic field theory)



C and P violation

e (, P, Tindividually need not be symmetries
e chiral fermions violate C & P maximally [no C,P partners]

® gauge-fermion theories (renormalisable, only spins 1 and
1/2) preserve CP save for vacuum 0 angle(s)

e example: SM gauge sector (neglect Bqcp for now)
_ 1 S
»Cgauge — Z %‘W“Duwf — Z ZgiFZL?/FZCLM
f 1,4
f=Qrj,urj,drj,Lrj,er; j=1,2,3 chiral fermions

e conserves CP; large global flavour symmetry
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CP violation

e \acuum 0 angle(s) violate CP

2
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hadronic electric dipole
P and CP odd EEER (EDMs)

e CP violation generic if scalars are present
SM Yukawa interactions: 9 masses 3 mixing angles

Ly = —”L_LRYU(bCTQL — CZRYD¢TD — éRYETE . .
1 CP-violating

¢ \
Yo =1/v diag(mu,mc,mt D S—

\ phase

CP violation of this type requires 3 generations

e flavour symmetry brokento U(l)p x U(1). x U(1), x U(1),

close connection CP - flavour - EW symmetry breaking (Higgs) sector



Observables

e CP-violating, flavour-conserving
neutron, electron, atomic EDM'’s
advantage: ultraclean tests of SM and we
“*know” that BSM CP violation exists
disadvantage: CP violation could be at scales >> TeV
and possibly out of reach

e CP-violating, flavour-violating
CPV in K,D, B, Bs mixing and mixing-decay interference
direct CPV (CPV in decay)
triple-product asymmetries
advantage: various clean tests of SM
disadvantage: TeV scale need not be CPV (see above)

e (CP-conserving, flavour-violating
Rare K, (D,) B, Bs decays: BR's, kinematic distributions
lepton flavour violation
advantage: TeV physics is guaranteed to affect these
disadvantage: fewer/less clean tests of SM



Unitarity Triangle 2011
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The CKM picture of flavour & CP violation is consistent with
observations.

Within the Standard Model, all parameters (except higgs mass)
iIncluding CKM have been determined, with good precision



Flavour of the TeV scale

Solutions to the hierarchy problem must bring in particles
to cut off the top contribution to the weak scale (Higgs
mass parameter).

{
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The new particles’ couplings tend to break flavour (they
do in all the major proposals for TeV physics)
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At least they will have CKM-like flavour violations
(minimal flavour violation), so will always affect rare
decays



Minimal flavour violation

e in this case, CKM parameters can still be extracted
unambiguously beyond the Standard Model

= FiT » Universal unitarity triangle (UUT)
1_— \ Buras, Gambino, Gorbahn, SJ, Silvestrini 2000
- B
051 7 / | independent of details of new physics
: Vio l. N ,.‘ (particle content, masses, couplings)
0 Ve — =\ _—
I , ; 7))
-0.5; \\ﬁ\ /l lll
r 0 J
_1'_ / UTfit collaboration (Bona et al)
:. r 1 P 1 k. P BT S |
-1 -0.5 0 0.5 1

e however, this is a very restrictive scenario; typically does
not apply to dynamical BSM models

® can be generalized (relaxed) dambrosio et al 2002
Kagan et al 2009



SUSY flavour

Supersymmetry associates a scalar with every SM fermion

Squark mass matrices are 6x6 with independent flavour
structure:

3x3 fIavour-onating - and supersymmetry-breaking

(‘ md+DdLL U prmg tan 5 ) B ( (M%)LL (M?ZV)LR )

UlTT Hmq tanﬁ m + md -+ DdRR (M%)RL (M%)RR

similar for up squarks, charged sleptons. 3x3 LL for sneutrinos

(M2 )28 S
B LY 33 flavour-violating parameters

ij )AB — m2 45 CPV (some flavour-conserving)




SUSY flavour -
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K-K, Bg-Bg, Bs-Bs mixing

AF=1 decays

observables
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ur,

B=2>Xsy

B >Xs pyr

B =>K'y, B=>K'py*u-, B =>Km
Bs.a 'y

K =2T1Tvv

B =>Kvv

lepton flavour violation

u=>ey, T=2ey T2y

T=>HUW, ...
U=>€e conversion



SUSY flavour puzzle

(5%%6’”)143 =
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where are their effects?
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[Gabbiani et al 96; Misiak et al 97 ]
these numbers from [S], 0808.2044]

- elusiveness of deviations from SM in flavour physics

seems to make MSSM look unnatural

- pragmatic point of view: flavour physics highly sensitive to MSSM
parameters - and SUSY breaking mechanism in particular



Flavour - warped extra D

f(¢)

uv

SM fermions = zero modes
(~ ground state WF of a
particle in a box) of fields

st KK/ present in the bulk.

also infinitely many
massive KK modes
(~higher states of particle
in box)

Warped 5D

brane

light

[G Perez, talk at CKM 2010]
couplings (Yukawa and other) given by wave function overlaps

Higgs localized on IR brane

light (heavy) fermions localized fhiere_lrchical SM
near UV (IR) brane ermion masses
S d

also, dangerous four-fermion operators on the IR brane, but
fermions localized on the UV brane do not “feel” these much



Flavour - warped ED (2)

e dominant contribution to FCNC generically from tree-level
KK boson exchange (rather than brane contact terms)

zero modes
=SM particles\’

KK mode coupling  Akmn = / de w(e) £ () £ (9) £ ()

— not aligned

SM Yukawa coupling  Yimn o< fU™ (m0) £ (1) —
non-minimal flavour violations !

e where are their effects?

e strongest tension generally in Kaon sector, then EW
precision tests



Soft-wall ED model

e hard brane replaced by extended, “soft” wall
Higgs in bulk, localised toward wall
eases EW precision constraints [Archer, Huber, S

3 JHEP 12(2011)101 [arXiv:1108.1433]]
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flavour still gives strongest constraints on these models

B physics of these models? [Granger, Huber, SJ, w.i.p.]



Other scenarios

e fourth SM generation
CKM matrix becomes 4x4, giving new sources of flavour
and CP violation

o |ittle(st) higgs model with T parity
(higgs light because a pseudo-goldstone boson)
finite, calculable 1-loop contributions due to new heavy
particles with new flavour violating couplings

non-minimal flavour violation !



Unitarity Triangle revisited

07 T T T T [T T T T T TS ey T T ]
0.6 :—f Y Amy Ay & AMs €y m.s Liiter =
. E % : mmmmm :
05 s gin2
e ,[ B = 11, 11p, PP J
0.4 :—§ - —
1= - 5 o -
0.3 & —
0.2 R
BO e D+ -IT- ! B \ E
B* - DOK: ) SR “—"

5\ | B> J/w Ks

Y
Of all constraints on the unitarity triangle, only the
vy and [Vu| determinations are robust\against new physics as they
do not involve loops.

It is possible that the TRUE (p, 1) lies here (for example)



“Tree” determinations
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Only “robust” measurements of y and |Vuw| . Note: the y(a) constraint
shown depends on assumptions (absence of BSM AlI=3/2 contributions
in B->1r17); a truly robust y determination should not include B->1rrT.
Such determinations will be greatly improved by LHCb.

Certainly there is room for O(10%) NP in b->d transitions

Moreover, b->s transitions are almost unrelated to (p,n). They
are the domain of LHCDb



Another view
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LHCDb observables

mixing P —
éo‘::: T : / 1
theory well understood e N
data consistent with SM and m
errors still large P
but O(1) mixing phase ruled out a—
hadronic CPV
amplitudes
time-dependent CP violation
triple products
AAcp in D decays
semileptonic B decays

constraints on Wilson coefficients

(This is a narrow subset of what | find interesting.)




Exclusive decays at LHCD

final state strong dynamics #obs NP enters through

Leptonic
decay constant o) 5 S}:)“”‘
41 Z

semileptonic,

form factors S S
radiative T — O(10) § DWZ
B> K'|* - K*Y Tflj | = (q ) b b .
S

charmless hadronic  matrix element

B>1rm, 1K, ¢, ...  (1rmT|Qi|B) 0(100)’[) D s}\:g
Z

b 3: )

Non-radiative modes also NP-sensitive via 4-fermion operators
Decay constants and form factors accessible by QCD sum rules
and, increasingly, by lattice QCD.

QCD a big challenge particularly for nonleptonic modes



Hadronic decay amplitudes

e Any SM amplitude can be written
A(B — MlMQ) p— e_”TMlMQ —I— PM1M2

Tarats = Vi Vaol [CL@QY) + C2(Q8) + Y CilQu) “tree”
1=3
Py, = CDIVcb\[CMQ({) + O Qg +ZO Qi } “penguin’
CKM factor

(D=d or s)
E frove g
tree W exchang>i penguins (QCD,
magnetic, EW)

Qi: operators in weak hamiltonian
Ci: QCD corrections from short distances (< hc/mp) & new physics

(Qi>=(M1 M2 | Qi| B): QCD at distances > hc/ms, strong phases

bl

required for direct (decay rate) CP asymmetry



[ Ayl

dl’

6, sin” 0
d cos 01d cos O2d¢ sin® ) sin® 0, cos” ¢

= N <|Ao!2 cos” 0, cos® Oy +
e n .
Re(4oA?) (for Bs>dd coefficients

sin? 0, sin? 0y sin® O+ Ve sin 264 sin 265 cos ¢ are time-dependent due

to oscillations)
AL A}
ALA sin 264 sin 260, sin ¢ — ( = ) fgin? 6, sin” f5 sin 2gb>
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® presence of polarization trebles number of amplitudes
e angular analysis allows extraction of all 6 amplitudes

e already relative weak phases imply CP-violating “triple
products”, ie no strong phase knowledge required



Theory approaches |

1/Nc: hierarchies

[Buras et al 86, Bauer et al 87]

T/aj Claz P E/b) A/b|
/N | /N /N /N | [7]
N/mg | | | N/mg N/mg

- “naive factorization” for N¢ -> infinity
- strong phases: T, P: O(1/N?), colour-suppressed tree O(1)
- main drawback: can’t compute

[from Khodjamirian et al,

QCD light-cone sum rules ) hep-ph/0509049]

evaluate correlation function off shell;
OPE & lightcone expansion
- express hadronic matrix elements i~
in terms of simpler objects (form factors etc.) and
a perturbatively evaluated dispersion integral.
- works also for form factors themselves (and other objects)
- main drawback: uncertainty due to “continuum threshold”
Is difficult to quantify



Theory approaches I

[Beneke, Buchalla, Neubert, Sachrajda (BBNS); Bauer et al]

e heavy-quark expansion in Aacpo/mes [QCDF / SCET;
pQCD approach]

/ / [Keum, Li, Sanda, ...]

=T! QC + THD \?P\ + O(Aaco/mp)

T'!, T" computable in perturbation theory in strong coupling

- “naive factorization” for mg -> infinity

- strong phases [imaginary parts] are O(as) or O(Aacp/mb)

- annihilation power suppressed altogether

- hierarchies of penguin amplitudes between final states
containing pseudoscalars and vectors

- main drawback: O(Aacp/ms) power corrections don'’t
factorize, in general, and hard to estimate

e flavour SU(3) - relate b-=>s and b—=>d; eliminate amplitudes
from data. Good if redundant observables (y in SM), less

powerful for NP search; SU(3) breaking not controlled
[Zeppenfeld 81; Gronau et al 94; Fleischer, ...]



(M, M;|Q;|B) =

perturbative, includes strong phases

— \ non-perturbative QCD
fMl (O)fM%/du TZI(U’)QbM2 (u’) +foM1 szfdu dv dw Tiﬂ(u7 v, w) ¢B+(w)¢M1(v)¢M2(u) + O(/\QCD/mb)
soft overlap (form factor) hard spectator scattering

TiI ~1 4+ t,a, + O(Oz?)

“naive BBNS 99-01 Bell 07, 09 (trees),
factorization” Beneke et al 09 (trees)
TH ~ HyxJ
2 - (0 (1) 2 3
~ (1+hias+0(2) (1 Was + Va2 + 0(a?))
BBNS 99-01 t BBNS 99-01 T

Hill, Becher, Lee, Neubert 2004; Beneke, Yang 2005; Kirilin 2005

Beneke, SJ 2005 (trees), 2006 (penguins); Kivel 2006; Pilipp 2007 (trees);
Jain, Rothstein, Stewart 2007 (penguins)



Power corrections

some power-suppressed contributions factorize (later slide);
most do not

varying relevance [size of Wilson/CKM factor multiplying them]

BBNS proposed & used a (crude) “cut-off-plus-fudge-factor”
model to estimate power corrections, including O(1)
undetermined soft strong phases on them.

1
/ @exffl Xa=(1+04e®)In"2
0¥ soft A
divergent expression phase IR cutoff

Some authors have attempted to fit power corrections to data
:at expense of pred|Ct|V|ty] Feldmann & Hurth; Ciuchini et al

n the ‘pQCD’ approach power corrections are (mostly)
deemed calculable, but the “perturbative” expressions do not
appear [to me] to be dominated by perturbative scales



phenomenological summary

e Corrections to naive factorization ~ ®™7 " [Beneke, SJ 05, 06]
small for T and Pew, stable a C T
perturbation series ; small 0051 ~~ .(.5 NLO
uncertainties I I ?F’LO

-005 " at * G

e Corrections O(1) for C (and Pew¢), -o1 MO°| |, o

stable perturbation series TS
0 0.2 0.4 0.6 0.8 1 1.2
large uncertainties (hadronic inputs; parameter set “G” (fit hadronic

large incalculable power correction parameters to B=>1rr BR’s):

for final states with pseudoscalars) IargeCr/nT a;r?ingeJr g;;li ohase

e (physical) penguin amplitudes moderately affected by power-
suppressed incalculable penguin annihilation (&charm penguin)
terms. Spoils precise predictions for direct CP asymmetries

e certain SU(3)-type relations satisfied in good approximation



Penguin anatomy: 1/mp

like quark chiralities opposite quark chiralities

L L L R “ .
(“scalar penguin”)
% %

-

= a,4 + Tiw2 aeg
O(1/mp) but factorizes !
2
However: rT(p) = 2 - Aqep but ~ 1 numerically

() (m+ma) () M “chiral enhancement”

no chiral enhancement present for vector M2 -> much smaller penguin amplitudes

qs

penguin annihilation [in QCDF terminology]:

b - O(1/mp), does not factorize
© (33 modeled by naively factorized expression with IR cutoff by BBNS
o, large and complex in pQCD approach  [Keum, Li, Sanda 2000]

A small in light-cone sum rules [Khodjamirian et al 2005]



Annihilation B3

The colour-leading piece to the annihilation contribution (35
to the QCD penguin amplitude has a naively factorizing
structure

) o . (where Qs has been “Fierzed” to
Qs , colour singlet x singlet form)
This is proportional to the “scalar form factor”. A QCD sum

rule calculation gives a small and approximately real result.
[Khodjamirian Mannel, Melcher, Melic, hep-ph/0509049]

In contrast, the pQCD approach finds a large and complex
value albeit with large uncertainties. [keum, Li, Sanda 2000]

This is also the case for the BBNS annihilation model.



Penguins (QCDF) vs data

Papagy [(Crr + o) ~ G (M M) /(@ () + az (7))
can be fit to BR, Acp (TT"K") and BR(1*11) using one SU(3) relation

Bs (M1 M)

annihilation
(modeled a
la BBNS)

=y ag (M Mo
factorizable
power correctioy

chirally enhanced
for M2 pseudoscalar

0.15 0.15 pattern (hierachies &
K| numbers) agree quite well
with 1/mp, expectations

0.05 Rz \\\/ (also for pK, pK¥)
/
0

0.1} 0.1

0.05 |

J To—— : :
—0.05] 008 . 7 | wrong imaginary part for
o K unless annihilation is
-0.1] -0.1 | )
fairly large (well known
08 o1 005 on oos o1 o1 C'his o1 oos o 005 o1 o1s Problem)

[Beneke, Neubert 2003; Beneke, SJ 2007]
BBNS model

of annihilation
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Comparison to data: Scp

‘ Beauty 2011

PRELIMINARY
[b5ccs___ World Average T 0BBI00Z
o BaBair . { 0.26'£0.26 £0.03

X Bele : : 0.90 8?5

< Average - C 5 0.56 *o)

o BaBar v T TTTTTTTYTTTTT T T T R7E0.08 £ 002"
X Bele ! ' 0.64+0.10+0.04
= » Average: : : , 0.59 + 0.07
........ .x.-.BéBa.r-.-.:-.-._.-.-.-._.-.-.-._E.-._.-._.-. - .E_.-.-._._.O.go '8;3 ’gg-.
& Belle T ; 0.30 +0.32 + 0.08

» Average. : — 0.74 +£0.17
(o X "'BaBar v T CoTT J——} T 0B5F0.20£0.037
. Belle : ' 0.67 +0.31+0.08
B Average ; : : 0.57+£0.17
.......... (.{).-.BéB,a.r-._?-.-._._.-.-.-._.-._.-:.-.-.-. ._..;._ --03518%4'006*'0-03-
< Bele : = 0.64 125+ 0.09 £ 0,10

“a Average' j : 0.54 *0 37
..... .U;._.-.-.BéBé.r-._.i-.-._._.-.-._._.-._.-,._.- -.-..:._.- .-.-.:,.-.-.-055‘_832*_0.02_.
= Bele — ; ' 0.11+0.46 £ 0.07

8 Average : ' : Q . 0.45+0.24
.......... (.D.-.BéBé.r-._.i-.-._._.-.-._._.-.-._._.- . - .-.E_.-._.-._.-.-.OBO ,E.;g_.

X Bele - : 0.63°7

— Average': ; : : 0.62 *B W
""" P BaBar Ty T T T T T T 0P +052+006+010"
fm Average H - 0.48 + 0.53
"'g“"BéBé'r""; """" e 0'2{)"+'t)'52+007+007"
O x Average; : - 0.20 + 0.53
ox"'B . — ] 0.72+0.71£0.08"
B o A - : : -0.72 +0.71
...... .x..-.Ba.Bér-.-;-.-.-.-.-.-.-.-.---.-:.-.---.-..._- --_._.:..-.-.---.-.-.0..97 ’E%h
.2 Tk _Average. . L 0.97 Tyzp_
S = EaBar : — 001 031005 £0.00
S verage : — : 0.01 £0.33
""f' """ Ba'Ba'rg"'g"""' I AR =i 0.86£0.08£0.03
B v Belle : f'068+015+003*8%
.+ Average: H — 0.82 + 0.07

-2 -1 0 1 2

® Beneke 2005 (NLO QCDF)
small corrections (and small
errors) to “naive” expectation

similar conclusion in BPRS
approach [Williamson, Zupan 2006]

pQCD see | mishima 2006



Theory: Scp

Ay = (f|B)
B > f f CP eigenstate
mix”‘N dy )
o—2i8 B Ar=(f|B)

= —5¢ sin(Ampt) + C'y cos(Ampt)

, time-dependent CP asymmetr
SlIl(Qﬂeff) P y y

‘_/_ Ty + P¥
—nce(f) Sy~ sin(25) 4+ 2 cos(20) siny Re

- . ?

need only real part of small amplitude (weak strong-phase dependence)
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= 0.3630328 4 (0.02970169)i 0.691 + 0.165¢ " |
C f _ ono ]
—ee(.19870288 1 (—0.00970145);  0.344 + 0.042i — v = 80 v = T0° |
Thp 0.2¢ 1
Cx . ﬁ \
L 02500878 + (—0.0127035)i 0467 + 0.071i | v = 60°
TP | |
Com () 13470199 + (—0.02475132)i  0.283 + 0.138q 0-11 |
pr : —0.156 0.117)? : : I
Lor +0.275 +0.058 : 0 ¢
m 0.8697035 + (0.01475%2) 0.945 — 0.004i 7
TP |
S parameter gives good y determination_, .| A
small corrections to naive factorisation -°-¢ -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1
C parameter - direct CPV [ |[Vus/Vey = 0.09] in P/T extraction]

zero in naive factorisation



Comparison to data: annihilation

® Annihilation power suppressed, small branching fractions
predicted (but with large uncertainties)

e | HCb has published data on Bs->pi pi and B%->K K

QCDF [Beneke, Neubert 2003 “S4”]
BR(BS — 7T+7T_) = (098t8%g + 011) X 10_6 0.155 x 10-6
BR(B" — KTK™) = (0.13799 + 0.07) x 107 0.07 x 10°
[LHCb-CONF-2011-042]
consistent with CDF

The Bs BF is in excess of estimates, whereas the BY decay
fits nicely. Both decays are SU(3)-related.

However, BF is quadratic in annihilation (other processes
are affected at linear order), need (only) about factor 2-3
enhancement of an annihilation contribution

® more an issue for SU(3) than for factorisation (which implies
SU(3) relations) per se. Could this be NP ?



Polarisation & NP

. . _ " [l _ *
Triple-product asymmetries in B->¢pK Valencia 1989, ]
A(l)chg—avg — [F(S > 0) + F(S > 0)] o [F(S < O) + f(g < O)]
T T DS >0)+T(S>0)]+ (S <0)+T(S <0)] [Datta, Duraisamy, London;
2\@ Im(ALAE‘) B AJ_AS) Gronau, Rosner 2011]
T (AP AP HTAP) + (AP + AR +47)
o _ D26 > 0) + D(sin26 > 0)] — [[(sin26 < 0) + Dfsin 26 < 0)]
T ~ [D(sin2¢ > 0) + T(sin2¢ > 0)] + [I(sin 2¢ < 0) + [(sin 2¢ < 0)]

_é Im(ALAW — AJ_AW)
T ([ Ao + [ALP + [A)?) + (|Aol* + [AL[* + [Ay?)

e HFAG data for the entire set of polarization amplitudes

exists; Triple products at most 5-10% in either case
[Gronau, Rosner 2011]

e A SM calculation in QCD factorization (based on the heavy-

qguark expansion) is consistent with the HFAG data
[Beneke, Rohrer, Yang 2006]

e Also “fake” triple-product asymmetries which require strong
phases - small in QCDF, small in obs.




Polarisation observables

HFAG 2010

46 + 10 CP-averaged phase

difference (mostly

-42 £8  strong phase
difference)
CP-asymmetric
4112

phase difference
67 (mostly weak
phase difference)

[Beneke, Rohrer, Yang 2006]

® “Factorization predicts fL=1, in disagreement with data.” Really?
® comprehensive phenomenological analysis of polarisation
observables in (QCD) factorization exists
Observable Theory Experiment
default constrained X4 &§ from data
fr)% pK*~ 4510138 4510+ 4410+23 50 4+ 7
QKO 44T0+3Y 44710+30 43T9 133 4943
é)/° oK —41tgter a1ty —4015+2 —60 + 16
QKO 4210 +8T — 421 +3 4210+ —44 + 8
¢p  —39T0TES —37+0+21
Agy/° pK*~  07g1) 01o+0 0o +0
pK*0 000 0o *o 0ot
0Fo+y 0F0t]
® {ransverse polarisation fractions can be large, naive factorisation
IS not reliable; f, & f;; depend on incalculable power corrections
so 1-fL not a good probe of new physics.
®

QCDF does give negligible relative weak phases in the SM (this

IS because it preserves dominance of penguin amplitudes)



Polarisation & NP

Triple-product asymmetries in Bs->¢ ¢

- similar pair of TP asymmetries
- time-dependence -> mixing-decay interference
- one can define two combinations Au , Av sensitive to

Im[A (t)AF(t) + AL (t) AL (t)] i=0, |

[Gronau, Rosner 2011]

CDF Ay = —0.007 £ 0.064(stat) + 0.018(syst)
Ay = —0.120 £ 0.064(stat) + 0.016(syst).

[arXiv:1107.4999]

LHCb Ay = —0.064 £ 0.057 (stat.) +0.014 (syst.
Ay = —0.070 & 0.057 (stat.) £0.014 (syst.) ~ [HCOCONT20TI052]

No quantitative theoretical calculation exists at the moment
but qualitatively it is clear that the SM predicts both TP
asymmetries to be small (strong penguin dominance)



Polarisation & NP

2
1/mp expansion predicts a hierarchy Aj: A : A, =1: AiiD : (4%?)
iIn B decay (+/- interchanged in B decays); [Korner, Goldstein 1979]
however, the suppression of the negative-helicity amplitude

IS numerically spoiled by annihilation contributions  [agan 2004

1 1
g -0 N K*OQS
0.5 0.5
90°
O 7 O — 186 /\
A, A,
g = = S 7
= o5 o = o5 o ;%
-90° o0 + 0 o
-1 _1
on=1
—1.5 -1.5
0 05 1 15 2 0 05 1 15 2 [Beneke, Rohrer,Yang 2000]
Re Re

A nonvanishing positive-helicity amplitude could be a sign of
NP and could even be turned into quantitative information
on “right-handed currents” [Kagan 2004]

The (presumable) smallness of the negative-helicity
amplitude suppresses one of the two triple-product
asymmetries, making it a probe of right-handed currents



EWP effect in B->V V

)
K

low-virtuality photon, makes A. formally
leading (but aem suppressed),
important contribution in the SM

[Beneke, Rohrer,Yang 2005]

e |f NP involves a right-handed dipole operator Q7’ this can
give a sizable A+

® would be presentin Bs -> ¢

e full polarisation analysis would be interesting



CPV in D decays

LHCb has measured [essentially] the difference
AAcp = Acp(D? 2K*K") - Acp(DO =>11*1T)

AAcp = [—0.82 -

- O.21(stat.) =

- 0.11(sys.)] % [LHCb-CONF-2011-061]

SU(3) symmetry predicts equal and opposite relative sign
between the two asymmetries, i.e. no cancellation expected

but GIM cancellations suggest, in the SM, strong suppression
of the penguin amplitude (|P/T| ~10-3)

c

x VsV = O(N)

(a) Tree diagram. S

o Vi Vi = O(N\°)

(b) Penguin diagram

to explain in SM would need about an order of magnitude
enhancement of the penguin amplitude. Current theoretical
control much worse than for B decays; recent discussion in

[Brod, Kagan, Zupan 1111.5000]



Semileptonic decay

A(B=> K'I*I) = +

BO K*

e kinematics described by dilepton invariant mass g2 and
three angles

e Systematic theoretical description based on heavy-quark
expansion (/A/mp) for g% << m?(J/p) (SCET) Beneke, Feldmann, Seidel 01
also for g >> m?(J/yp) (OPE) Grinstein et al; Beylich et al 2011
Theoretical uncertainties on form factors, power corrections



Bi=>K'uty-

° Most weII known obsen/able forward-backward asymmetry

Theory B Binned theory

0.3 dAer e [ CoV— ’ . *"LHChb —+~CDF _-= BELLE —* BaBar
02! FB/Q[ eV < [ | i SR Y
" Lo :F E
0 e —:
I S zero crossing to) :
N 0.3 GeV2in SM ]
-0.2 ¢} NLO , 1 LHC_b _ -
_03| | | | | T | : Preliminary _

1 2 3 4 5 6 7 ' I BT T R R R RS
0 5 10 15 2/0421

27 7-%0 0.33 2 27 1% 0.27 2 \')

Go[ K] = 4.3615 37 GeV~, Go[ K] = 4.15T05; GeV Theory M Binned theory T 1Ge ]

Beneke et al Eur Phys J C 41 (2005) 173 “®"LHCb —~CDF ~#"BELLE ~*~BaBar

° Many more observables to ConS|der Krueger, Matias; .

0.25r T
" (),2j \ 0'2f FBMSSMIH 1
020, FBMSS : : ]
0.1F 01" ]
015 E \ SM ]
i E 0.0} ] 0.0} -
0.10; ] f ] o f
Sp MSSMI 1S5 _oa oS - Altmannshofer et al
0.05¢ § A\ ~0Iy 0811.1214v3
0.00] j —0.2 ool
: SM L ol ~02 FBMSSMy;
~0.05F ] S ,
i FBMSSMp f ; 03l
—0.107 —04p POV =] _FBMSSMI
1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6

¢* (GeV?) q* (GeV?) q* (GeV?)

see also Bobeth et al 2008,10, 11; Egede et al 2009,2010; Alok et al 2010, Altmannshofer et al 2011 for recent analyses



|C10|

Constraints on NP

|Cg| vs. |C10]| for all data

o4
95% CL combined

68% CL combined mwwmm |
95% CL
68% CL e _

global fit to semileptonic decay data
Bobeth et al 1111.2558

i _ . == Standard Model

-
-
-
——

allowing for new
¢ CP violation

Cg vs. Cyg for all data with C7 < 0

 05% CL wewmm |
- 68% CL wwwmm |

Cg vs. Cq1g for all data with C7 > 0

95% CL s |
- 68% CL wowmm |

-6 -3 0 3 6 9

not allowing for

<€ new CP violation

see also Descotes-Genon et al 2011,
Altmannshofer, Paradisi, Straub 2011



TOP-DOWN



SUSY (again)

e SUSY virtues

solves naturalness problem - XY Ayy

6O geryrm ey TR T g ey e e T e, e W,j

2
> DELPHI 90
50 |-

gauge coupling unification -

Sgt g g

20 o S
5 = M 3,’_\_‘ S :
P ey S5
10 ) WO S
b 5 - j
17

snd e el
o L,mmwdﬁmﬂbw..m; v watis mtand il el i ol
3 5 7 9 i 13

dark matter, strings, ... SM Hiced

[Amaldi et al 1991]

® many ‘soft’ parameters in absence of a theory of SUSY
breaking violate flavour: flavour puzzle

(M2 Ey 4B 33 flavour-violating parameters
(5%’d’€’”)AB = “mzy < 45 CPV (some flavour-conserving)
f

e flavour probes the SUSY breaking; GUT relations



CMSSM / mSUGRA

standard approach: “CMSSM” ("mSUGRA")
- universal scalar mass, gaugino mass, A-terms (Ai=a Yj)

at the GUT scale, sign(p)

- 3 parameters & 1 sign, RG evolution down to TeV scale

flavour puzzle absent [CMSSM still needs to be justified]

Straightforward interpretation of experimental constraints

MSUGRA/CMSSM tanB 3 A=0, u>o

=35pb™’, \Vs=7 TeV

350 Frvewennn,, TS - O OOPRLNSSIIEV L

300

250

200

150

\ g (800 GeV)
! \1 J ! "’..I ! \ | ! ! !

; | T T T I T T T
8 400 _ATLAS pre[lmmary —— Observed PCL 95% CL ]
e S T T Expected PCL
§ = 0- Iepton and 1- Iepton comblned
e e e ee e T T Observed CLg

Expected CLS

B Pt

!
[ 1D0%.%,
[ ]D0G, 4§, u<0,2.11b"
I CDF §,§, tanp=5, 2 fb"'—

__________________

600 800

1000
m, [GeV]

ATLAS-CONF-2011-064



Grand unification

Uy, UR CJ, CR tr, tR Q:+2/3
dL) dR (SL) SR (bL> bR Q:—1/3
V6L> - (V,LLL> — (V’TL) - Q:

er €R pL IR L TR = —1

SM in highly reducible representations of the gauge group

SM gen = (3,2)16+ (3,1)-23 + (3,1)13 + (1,2)-12 + (1,1)1

however,
SM gen

SM gen + vrC

If either group is gauged, no gauge invariant distinction of

= [10 + 5]su(s)

= 16s0(10)

baryons and leptons - baryon & lepton number violation

what about flavour?




Flavour of SUSY GUTs

small, hierarchical mixing in the quark sector

— ) )) AX3(p — in)
K= )\ 1 — A2 AN
AN3(

1—p—in) —AN 1

large mixings in the lepton sector
Ceioa/? Seiag/Q 13 €—i5
[J = _Seiou/? Ceia2/2/\/§ 1/\/5
Seial/Q _Ceia2/2/\/§ 1/\/5

s=0(1)

SUSY radiative corrections can “transfer” leptonic
mixing angles to the hadronic sector
Barbieri&Hall 1994, Barbieri,Hall,Strumia 1995




CMM Model

[Chang, Masiero, Murayama 03]
e 50(10) gauge theory with superpotential

1 y 45 107, o 16g16g
Wy = 51T6Z- Y7 16,105 + 16;Y5 16, 2 M + 16, Y%@ 16, > M
SO(10) spinor 16; = (Q,u"\d, L,e, v°),, i=1,2,3
Mu, M,Pirac Mp, ML Mvr
® assumptions:
- Y4 and Yn simultaneously diagonalisable
- breaking via SU(5)
(165),(165 ),(450) (455) _
SO(10) » SUB) —— Ggm =SU3) x SU(2); x U(1)y
(105), (10%,)

» SU3) . x U(1),
- MSSM Higgs doublets in different copies of 10 of SO(10)

10y = (5m,%) = ((3m, Hy), *)
Nonrenormalizable Y2 term gives naturally small tan(3)

m

e Kkeep universal (“"CMSSM-like”) SUSY breaking, at Mpianck



Flavour structure

1 2 45 10/ 164165
= -16; Y{ 16, 1 16, YY 16; H | 16,Y% 16
Wy = Y0 0 0 e T YN T,
Yi=L;D L],
Yo = Lo Do R;, L];RN _ 1 (Y1and Yn simultaneously
Y RrvDny Py R diagonalisable)
N = LiNnDnN N Ity
V,=L{ L} i -
q — /1 L9 CKM quark mixing matrix
Up = P]ﬂ\}R;LT PMNS lepton mixing matrix

e Now fix a U-basis where Y1 and Yn are diagonal. Then
Yo =V, D2 Up > Mp M.

contains all flavour violation
In the SM, Up Is unphysical in hadronic physics.




Flavour structure (2)

e work in the (U) basis
Yo = Vq* Do Up

Mp = vq Y2
rotating to mass eigenstates eliminates Up

ML =vq Y2o!
rotating to mass eigenstates eliminates V,

Mu brought out of diagonal form, but only by CKM (V4) angles
no physical effect of Up in the SM, or unbroken SUSY theory

- =10y However, the large top Yukawa coupling
In Y4 fixes the U-basis as the universal
~ v Ui g mass eigenbasis for the sfermions



Observables

There is now a mismatch of the sfermion and fermion mass

bases for the right-handed down-type particles and the left-
handed leptons

m% 0 0
m, = Upm2uh = [ 0 i complex
— 2

phase

Diagonalizing the matrix introduces flavour violation into
neutral current vertices



Soft flavour violation

I~ \\{ o —i (Smgw 2V Pr + y)- 2% PR) Us;
\w” lZJ '<|:\/_C§SQW Zlk—i_\/_anew Z2k]P +yl ZSk PR>UZJ

may be
complex

\\{/ R

large effects in b =s transitions, CP violation
correlations of hadronic & leptonic observables

2 21 and 3 =21 transitions less clearly correlated
but see Trine et al 2009, Girrbach et al 2010



Phenomenology: RG evolution

2-loop RGE for gauge couplings and yt, analytic formulas
for soft terms, matched at SUSY, SU(5) and SO(10)
thresholds

relate Planck-scale inputs to set of low-energy inputs:

at Mz mz (Mz), mle (Mz), ai(Myz) = [ad(MZ)} 11

evolve to Mcurt l

m%l (taur) = mg, (tqur), mff)l (taut) = m?‘gl (taut)
evolve to M1o l

mZ (tsoqo) = i 32 (ts0a0)) +m3 (tsoqn)|

evolve to Mp| l

mé = m%, (tp) similarly for a1

161

evolve all soft terms down to Mz, calculate spectrum &
observables



Example

Mz = 1500 GeV, mg, = 500 GeV, a{(Mz)/M; = 1.5, arg(u) = 0 and tan 3 = 6 upward
evolution
ag = 1273 GeV, mo — 1430 GeV, meg — 184 GeV
SO(10) & SU(5)

) 00 0 ) 0 0 0 RGE
AuMgur)= |0 0 0| GeV, Ag(Mgur)=|[0 0 0 | GeV

0 0 46 0 0.3 —35
) 0 0 0 non-universal at Mgur!
A, (Mgur) = 0 0 0 | Gev,

—0.0013 0.0023 43.4
m{j@(MGUT) = diag (1426, 1426, 1074) GeV,
mg (Mgur) = diag (1444, 1444,1077) GeV, MSSM RGE
mN(MGUT) = diag (1459, 1459, 1078) GeV,

mpm, (MGUT) = 1126 GeV, de(MGUT) = 1446 GGV,
mg(MGUT) = 211 GeV.

mg, — 83 GeV, Mgy, — 165 GeV,

mgo = (640, 632, 159, 81) GeV

m+ = (640, 159) GeV N LSP

le_ = (1427, 1427, 1074, 1462, 1462, 1095) GeV
My, = (1519, 1519, 934, 1501, 1501, 485) GeV
MJ@ (1519, 1519, 908, 1498, 1498, 1164) GeV.



Mass splittings

mg, = 500 GeV, sgn(p) = +1, tan 8 = 3 mg, = 500 GeV, sgn(p) = +1, tan 5 =6
1 ) L L A A A AL A A ) S A A A A A L L
27 2; _
f f 0.5 f
j , 0.3 AT~
1 1 IR0.2 0.4 ]
af o S
M; j Mj i
0 0~ ‘ .
i i Wi —0.4% N
: - W OSW
-1 -1 0.6 ]
. : 0.7
_2 ;\ N T N T _2 ;\ N N T T
500 1000 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000 3500
Mq‘[GeV] Mq[GeV]

Figure 3: Relative mass splitting Agel =1- m?i / m?i among the bilinear soft terms for the right-
3 2
handed squarks of the second and third generations with tan 5 = 3 (left) and 6 (right) in the

Mz(Myz) — a$(My)/Mz(Mz) plane for mgz, = 500 GeV and sgn(u) = +1.



mg, = 500 GeV, sgn(p) = +1, tan 8 =3 mg, = 500 GeV, sgn
3 R L A A SO L O ] e L

()

=41, tan3 =6

1,
ai ai
Mz Mg
0 0
-1 -1
_2;”‘\‘H‘\H"\HH\HH\HH\HHF _2;”‘\‘H‘\H"\HH\HH\HH\HHF
500 1000 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000 3500
Mg[G@V] Mg[GeV]

Figure 4: Correlation of FCNC processes as a function of Mz(Myz) and a$(Myz)/Mz(Mz) for
mg,(Mz) = 500 GeV and sgn u = +1 with tan 3 = 3 (left) and tan 8 = 6 (right). B(b — s7v)[1074]

solid lines with white labels; B(t — u~y)[107®] dashed lines with gray labels. Black region: m?; <0

or unstable |0); dark blue region: excluded due to B, — By; medium blue region: consistent with
B, — B, but excluded due to b — sv; light blue region: consistent with B, — B and b — sv but
inconsistent with 7 — py; green region: compatible with all three FCNC constraints.



Higgs mass & CPV in Bs mixing

500 GeV, sgn(p) = +1, tan 3 =6

&
'\
|

mg, = 500 GeV, sgn(p) = +1, tan 8 = 3 MGy =
S e ————— e ] 3

N\-22.5

| a
: M
Oi 7 _
-1 -1 ]
2!

500 1000 1500 2000 2500 3000 3500

500 1070 1500 2000 2500 3000 \3500
MQ[GGV]

) Mq[GGV]
higgs mass max possible Bs mixing

excludes whole green region phase (degrees) higgs mass bound can be satisfied
attan3 = 3 for tan3 = 6 (or greater)



A very brief history of flavour

1934 Fermi proposes Hamiltonian for beta decay

Hy = —Gp(py"'n)(€vuv)

1956-57 Lee&Yang propose parity violation to explain “0-1
paradox’.
Wu et al show pairity is violated in 3 decay
Goldhaber et al show that the neutrinos produced in
152Ey K-capture always have negative helicity

1957 Gell-Mann & Feynman, Marshak & Sudarshan

HW — —GF(EM’)/MPLILL)(E?’)/MPLVG)—G(ﬁ’}/’UJPLn)(é’)/MPLVG) 4+ ...

V-A current-current structure of weak interactions.
Conservation of vector current proposed
Experiments give G = 0.96 Gr (for the vector parts)



1960-63 To achieve a universal coupling, Gell-Mann&Levy
and Cabibbo propose that a certain superposition of
neutron and A particle enters the weak current.
Flavour physics begins!

1964 Gell-Mann gives hadronic weak current
In the quark model
Hw = —GpJ"J}
J" = uy* Pr(cos0.d + sinf.s) + vey" Pre + v, y" Pru
1964 CP violation discovered in Kaon decays (Cronin&Fitch)

U
1960-1968 J, part of triplet of weak gauge d 72
currents. Neutral current interactions W Gr =1 NGIVE
predicted and, later, observed at CERN. o y v

+
However, the predicted flavour-changing 7 70 -
neutral current (FCNC) processes
such as KL =u*u- are not observed! d L



1970

1971
1972

1974

1974

To explain the absence of KL =2u*u-, Glashow,
lliopoulos & Maiani (GIM) couple a “charmed quark”
to the formerly “sterile” linear combination

—sinf.dy, + cosf.st,

The doublet structure eliminates the Zsd coupling!
Weak interactions are renormalizable ('t Hooft)

Kobayashi & Maskawa show that CP violation requires
extra particles, for example a third doublet. CKM matrix

Gaillard & Lee estimate loop 3 c 7
contributions to the K. -Ks mass

difference

Bound m¢ < 5 GeV d c S
Charm quark discovered



1977 71 lepton and bottom quark discovered
1983 W and Z bosons produced

1987 ARGUS measures Bg - Bq mass difference b
First indication of a heavy top

The diagram depends quadratically on mt d

1995 top quark discovered at CDF & DO

S

<UL> UR (CL> CR <tL> tr || @=+2/3
dr dp ST, SR by, br Q =

() o) ) el
€L ER 753 IR T, TR = —1

2012- 7 SUSY, new strong interactions,
° extra dimensions, ...



Summary: what can we learn?

® The case for flavour is strong (if there is anything at TeV or
not too far above).

e For hadronic decays at LHCDb, strong QCD dynamics is the
main theory obstacle, but less so in some observables than
in others

® observables not depending on strong phases preferred
[calculable phases O(as) ~ incalculable ones O(L/mb)]

e feedback from experiment important (to fit/constrain
some amplitudes, develop theory). Look at sine
coefficients, TP’s, and of course CP-conserving data -
specifically “wrong polarisations™ can probe RH currents

e |llustrated the power to probe fundamental scales within a
SUSY GUT model



BACKUP



“msugra GUTs"

Assume that SUSY breaking is flavour blind and universal (like
msugra) at or near the Planck scale

Lot = —16, m%j 16; —m3y, 105105 — miy, 10510

—mig 16316 —miq, 16316 — mis, 453,45y

1~ i~ ~ o~ 45510  ~ i~ 16yl6py
— | =16; AY 16, 1 16; A 16 16; A% 16, ——— + h.c.
(2 6 1 63 OH + 2 7 ZMPI —|_ N ] 2MP1 ‘|’ C)

2 9 2 92 92 92 9 9
mféi—mo 1, mlOH—mmg{—mmH—mEH—m%H—mo

Al =ag Yy, As =agYa, AN =agYn,
radiative corrections lead to a nonuniversal sfermion mass matrix

at the GUT scale, diagonal in the U-basis
[Hall, Kostelecky, Raby 86; Barbieri, Hall, Strumia 95]

” ~

% M0H m%. =m?— A

, ‘ 163 0
~ ) _
165 ‘o Y,/ 2 a2 — 2
63 s dt, 163 Mg A My mg + 0



Higgs mass constraint

ke in MSUGRA, the weak scale gives one relation between
U and the soft SUSY breaking parameters

100

Ike always in the MSSM, the Higgs
likes’ to be light tree level

80 |

60 |

MH
(very) small values of tan[3 40
disfavoured ol
one & two loops 0 -~ : ;
3 Grv2 m} mp\ 1P

GrV2asmt | o (7 2 Xy X, 0 yt  tanf
-3 3 {111 (@) + lg —2 Mg 1— 12M§ In (ﬁg) Mg _ /—m§3m%3
larger tanf3 reduces y: and size of flavour effects

could be relaxed by allowing the Higgs multiplets to have
different Planck-scale masses from the sfermions (similarly
to the ‘non-universal Higgs model’ (NUHM))



Theoretical description

4 T
7 H _
o AL
Y _ 7 — o
A(B K'I*l) = S s
0 * Bd K*
B K BO K*

“naively” factorize into form factors and
“effective” Wilson coefficients Cgeff, C1o

D, W ,u+
partly short distance W
0

Y

Form factor 1123 X C7

(lattice, QCD sum rules) Wilson coefficient (may receive NP corrections)
g
artly long distance *
Partly 1on3 @ ) q=charm/u/d/s
[Fig C Bobeth] , not calculable in terms of form factors



Long-distance effects

B R no known way to treat charm resonance region to
the necessary precision (would need << 1% to
see short-distance contribution)

“solution”: cut out 6 GeV? < g2 < 14 GeV?

above (high-g?) charm loops calculable in OPE
Grinstein et al; Beylich et al 2011

at low g2, long-distance charm effects also suppressed, but photon can
now be emitted from spectator withouth power suppression

Beneke, Feldmann, Seidel 01
/YE{ small Wilson coefficients

possible photon

attachments 2 < Mmore significant for b =>s transitions
2 1
q 2 % 2 N fB](\fj; A /—(I)B + )/() duCI)K*7a(u) Ta,i(u,w)

/7

light-cone wave functions calculable

long-distance “resonance” effects as in top figure (q=u,d,s) CKM and power suppressed



