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For this talk, a selection is mandatory.

Two routes seem most promising for theory
insights:

e rare && clean decays

e CP violation

The recent progress by LHCb on respectively
: o B, — 'y
e AA_.(D — h*h)

offers two ‘prototype’ examples of how
progress is made (and even more can be made)

= So I'll concentrate on these two topics
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The B, — py decay within the SM: structure . See: Buchalla, Buras 93 Misiak, Urban 99—

BR[B, — py] has the following structure

2 2
GF a‘e.m.

167(35';,

2
S,y Y (M)

+ - 1 *
BR[B,~w'u] = =X v,
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BR[B, — py] has the following structure

2 2
GF a‘e.m.

167[35';,

AP

+ 2
BRIB,—u'w] = 1 X P my e YA IM)

couplings: gauge and CKM
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“ The B, — pu decay within the SM: structure “ : See: Buchalla, Buras '93; Misiak, Urban'99 |

......................................................................................

BR[B, — py] has the following structure

2 2
+o- 1 GrOlgpm, * 2( 2 2 u2( 242
BR[BS—)M M] = T X 3 4 '|thVts 'st mBS'mu'Y (mz/MW)
s 167 Sw
couplings: gauge and CKM o hadronic
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“ The B_ — pp decay within the SM: structure “

BR[B, — py] has the following structure

crucial:
chiral suppression

mB. M)

hadronic :
matnx elem':

BR[B,—u'w] = AN

1
X
1—‘s 16]‘[3 SiV

couplings: gauge and CKM
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BR[B, — py] has the following structure

crucial:
chiral suppression

|||||||||||||||||||||||||||||||||||||||||||||||||||||

2 short-distance function
mB W) . (aka Wilson coefficient) :

v |
BR[B,~»u'w] = X 16R3S4 |V,ths
§ w

hadronic :
matr|x elem':

couplings: gauge and CKM
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‘The B, — py decay within the SM: structure

BR[B, — py] has the following structure

BR[B,—u'u]

Some Comments

couplings
and Y-function:

1

.............

.............

..........................................................................
.

crucial:

chiral suppression

I‘S

X

167[3 S4 |Vl‘b Vts
w

short-distance function
) : (aka Wilson coefficient) :

|||||
|||||||||||||||||||||||
)

couplings: gauge and CKM :  hadronic
matnx elem': :

Example of diagram
The Z°-penguin (contribution: ~ 80%)

® The relevant CKM structure
is V*tb VtS

® top-mass dependence from
the loop
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‘ B, — pp structure: continued ’

+ = 1 G2 ai.m, * 2
BR[B.~u'w] = x| L2 .|r,7, mBSYZ(mf/Miv)
s 16 Sy
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+ = 1 Gzag.m, * 2
BR[B.~u'w] = x| L2 .|r,7, mBSYZ(mf/Miv)
s 16 Sy

Recall: the final state is purely leptonic
hadronic |1> The only non-null matrix elem’ is:
:  matrix element
<O|bYOLYSS|Bs(p)> = _ifBSpa
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+ = 1 G2 ai.m, * 2
BR[B.~u'w] = x| L2 .|r,7, mBSYZ(mf/Miv)
s 16 Sy

Recall: the final state is purely leptonic

e f_ is among the simplest quantities
hadronic The only non-null matrix elem’ is: for lattice QCD
matrix element

e high-precision calculations possible,

(0|by*yss|B.(p)) = —ifBSpa . @ and in part already reality

&
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] 1 | Grlen
BR[BAv_)M u ] = = X 3 .4‘
1—‘s 16 Sy

) ‘V:b Vts

2 2 2 20 2 2

Recall: the final state is purely leptonic J N :

e f_ is among the simplest quantities

hadronic The only non-null matrix elem’ is: for lattice QCD

:  matrix element : . . .

: — . " ° h|ghjpreC|S|on calculatlc_)ns possible,

(0|by“yss|B.(p)) = —if,p [ and in part already reality

z s N\ 4

ghmm———- : What about p¢ in the above matrix element? I — ""—snmn— 9w0emmn ",
® |t contracts with the lepton current, yielding: pa Cr¥YoaTCsYYs/W
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‘ B, — pp structure: continued ’

] 1 | Grlen
BR[BAv_)M u ] = = X 3 .4‘
1—‘s 16 Sy

) ‘V:b st

2 2 2 20 2 2

Recall: the final state is purely leptonic J w :

e f_ is among the simplest quantities

hadronic The only non-null matrix elem' is: for lattice QCD

:  matrix element : . . .

= _ e high-precision calculations possible,

<O|byay55|Bs(p)> = —if,p’ K5 and in part already reality

z s N\ 4

grm—_— —— A" tt: vt © What about p? in the above matrix element? §""" " —n—n——n—n———,—,;,;,
® |t contracts with the lepton current, yielding: W pa (CV YoTC4Yy ys)u
® Since p = p(u*) + p(u-), using the pu-pair e.0.m , one gets: ZmMCA nysu
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- 1 G2 ai.m, * 2
BR[BvHM u ] = T X F3 4 .‘thVts mBS Yz(mf/MiV)
s 167 Sy

Recall: the final state is purely leptonic J \
e f_ is among the simplest quantities
hadronic The only non-null matrix elem’ is: for lattice QCD
:  matrix element _ . _ _
: _— . " ° h|ghjpreC|S|on calculatlpns possible, :
(0|by“yss|B.(p)) = —if,p [ and in part already reality :
: N\ e :
ghm———in ——_— ==y : What about p¢ in the above matrix element? I — ""—snmn— 9w0emmn ",
® |t contracts with the lepton current, yielding: pa (CV Y, TC,y yays)u

~ chiral o Si = () + (- ina th : s —
suﬁpression ince p = p(u*) + p(M), using the pp-pair e.o.m , one gets: 4uysu
Chiral suppression

m 2 dependence

in the branching ratio
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- 1 G2 ai.m, * 2
BR[B§_>M u ] = T X F3 4 .‘thVts mBs Yz(mf/MiV)
s 167 Sy

Recall: the final state is purely leptonic J N

e f_ is among the simplest quantities
hadronic The only non-null matrix elem’ is: for lattice QCD

:  matrix element : . . .

: — . o ° h|ghjpreC|S|on calculatlpns possible,
(0|by“yss|B.(p)) = —if,p . @ and in part already reality

: N\ e
ghmm———- © What about p? in the above matrix element? §""" " —n—n——n—n———,—,;,;,
® |t contracts with the lepton current, yielding: pa (CV YoTC4Yy ys)u
chiral o Si = () + (- ina th : s —
suppression ince p = p(u*) + p(M), using the pp-pair e.o.m , one gets: JUYys0
@ Chiral suppression
o - m 2 dependence
Within the SM, only one operator contributing: in the branching ratio | :
z _ (7 .« — :
O, = (bYLS)(MYaYSM)
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B, — MM structure: continued

_ 1 G> Oti_m' . 2
BR[BS_>M M] = TX 16F3 4 "thVts 'fésmBs'mu'Yz( tleiV)
K T W
Masses' & couplings' . “ysual’ mi

dependence of the BR= ;| FCNC-related ><
. suppression : M,
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B, — MM structure: continued

- 1 Gi"ai.m. x 2 9 2 2 2 a2
BR[BSHMM] = TX 3 4 "Vszts 'stmBs'mu'Y( t/MW)
s 167 W
Additional “chiral”
B suppression:
Masses' & couplings' “usual” 2 relative 107 factor

u

dependence of the BR= ;| FCNC-related >< 5
. suppression : (M,
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B, — MM structure: continued

: - 1 Gi"aim *
BR[BS_>M u ] = Tsx 167(3 ;V "Vszts
Masses' & couplings' . usual’ | mi
dependence of the BR = : FCNC-related :X|—
. suppression : (M,

Chiral suppression && purely leptonic nature of the decay

<

Extremely rare && very clean decay at the same time

Additional “chiral”

relative 106 factor

suppression:

One of the best
available probes

of physics at and (well) above
the LHC reach
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BR[B, — py]: parametric dependence
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Note: I'll skip here the (more technical) issue
of the residual systematic errors. On this, see:
Buras, Girrbach, DG, Isidori, EPJC 12

T,
T

BR[B, — py]: parametric dependence
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BR[B_. — pM]: parametric dependence Z Note: I'll skip here the (more technical) issue
ST s of the residual systematic errors. On this, see:
Buras, Girrbach, DG, Isidori, EPJC 12
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The main sources of error within the BR formula are:

;o Gral .
BR[B,—u u | : 16F e . 'Bs : mfl : YzMiV)
s TS,

> Thus, one can write the following phenomenological expression for the BR

i top “pole” mass here i :

»
-----
o

. ) T, Re(V vV )V fs T M FRREY
BR[B —»u'u] = 3.23-10 - — Bt/ | ; el
B~ ] 1.466ps) 105-10— | 1227Mev | \1733Gev

o, -
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- Lid
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BR[B_. — pM]: parametric dependence Note: I'll skip here the (more technical) issue :
S A e AL E Of the reSiduaI SVStematiC errors. On thiS, see: E'

¢ Buras, Girrbach, DG, Isidori, EPJC 12 i
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;o Gral .
BR[B,—u u | : 16F e . 'Bs : mfl : YzMiV)
s TS,

L @5 : . . : : top “pole” mass here i
Thus, one can write the following phenomenological expression for the BR emesssssessassesanessassansasianant £

»
-----
o

BR[B,—»u'n] = 3.23-10-

Tp = Re(ij Vts) 2_ st 2. Mt i
405-1072 | \227MeV | |173.2GeV

)
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N
0

Thence one can easily work out the main error components as follows

4 N\
pdglLive
Input s~
1.466(31)ps
Contribution to 29,
BR relative error S )
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> Thus, one can write the following phenomenological expression for the BR
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»
-----
o
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Thence one can easily work out the main error components as follows

4 N\ _
Input T, = Re( Vi Vts):
1.466(31) ps 4.05(8)-1072
Contribgtion to 29, 49,
BR relative error S ) L D
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Thence one can easily work out the main error components as follows

4 N 4 N
. LQCD average
pdglLive Col?\l/jf.lrt;i? r (ceng.a:D\;a:/I iueeé ;‘rom
|nput TBs: Re(V:b Vts): st:
1.466(31)ps 4.05(8)-1072 227(8)MeV
I;:lgntrlilotqtion to 29, 49, 79,
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The main sources of error within the BR formula are:

;o Gral .
BR[B,—u u | : 16F e . 'Bs : mi : YzMiV)
s TS,

> Thus, one can write the following phenomenological expression for the BR

i top “pole” mass here i :

s \[Re(WuV )V fo V[ M,
..... =

BR[B —u'n] = 3.23-10". : ey
[B,—~u ] 4.05-10° | |227Mev| |1733G

N
0

Thence one can easily work out the main error components as follows

e N N [ N N
. LQCD average
. CKMfitter Tevat
pdglLive or UTfit (Ce“g_a'D‘g'i“ez; rom on 5.8/fb: 1107 5255
Input g~ Re( V:b Vts): f5= M=
1.466(31)ps 4.05(8)-1072 227(8)MeV 173.2(0.9)GeV
glg"trlibt‘_‘“m to 2% 4% 7% 1.6%
reiative error \ ) \_ ) \_ ) \_ )

I}’ [Total relative error expected for BR[B_ — uu]: about 8.5%]
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BR[B,—~u"u] beyond the SM

Model-independent approach: effective operators SMoperator
0, = [byis|yaysh] 07, = (byks|Eyaysh

Beyond the SM,
a total of 6 operators can contribute:

Os = (Z_?PLS)(FLM) O's (EPRS)(IEM)

Op = (EPLS)(HYSM) O'p = (BPRS)(FLYSM)
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BR[B —p'i] beyond the SM

Model-independent approach: effective operators SMoperator
0, = [byis|yaysh] 07, = (byks|Eyaysh

Beyond the SM,
a total of 6 operators can contribute:

(EPRS)(!J_LM)

(One may write also two tensor operators, O = (bPLS)(ﬁ M) O’
but their matrix elements vanish for this process.)

Op = (bPLS)(ﬁYSM) O'p = (Z_)PRS)(!]ySM)
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BR[B —p'i] beyond the SM

Model-independent approach: effective operators SM operator

0, = [byisllayaysn] 0% = [(ByRs)Ryaysul

Beyond the SM,
a total of 6 operators can contribute:

(One may write also two tensor operators, O = (Z_”DLS)(II M) O's = (E PRS)(!J_L M)
but their matrix elements vanish for this process.) ~
Op = (bPLS)(HYSM) O'p = (bPRS)(!]YSM)
The very “delicate” structure of the SM prediction |
is easily spoiled beyond the SM.

e Via what kind of interactions?
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Model-independent approach: effective operators SM operator
Beyond the SM, | 0, = [bylslliyaysu] 0 O = (byRs|Ey.ysh
a total of 6 operators can contribute: e ee e e e e e e e e e e e emeemeemeemeem e aeeanea
(One may write also two tensor operators, Os = (Z_?PLS)(M M) O's = (bPRS)(M M)
but their matrix elements vanish for this process.)
Op = (bPLS)(MYSM) O'p = (bPRS)(!]ySM)
The Very “delicate” Structure Of the SM prediction IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII‘I-I.I IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 'l,'
is easily spoiled beyond the SM. Tha”kstonolsd """"""
: Idori
i, for making this point
o Viawhatkind of interactions? o e 28 SOt
Observation: the B, — pu amplitude remains a well-defined object in the limit where gauge interactions go to zero.
5 5 M2 M2
Ag < Gp - a,, - Y(M,IM;) with Y(—~) ~ —~ because of GIM
w w
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Model-independent approach: effective operators SM operator
Beyond the SM, | 0, = [bylslliyaysu] 0 O = (byRs|Ey.ysh
a total of 6 operators can contribute: e ee e e e e e e e e e e e emeemeemeemeem e aeeanea
(One may write also two tensor operators, Os = (Z_?PLS)(M M) O's = (bPRS)(M M)
but their matrix elements vanish for this process.)
Op = [bPs|[tysu] 0'p = [bPpgs|liysu)
The Very “delicate” Structure Of the SM prediction IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII-I-I.I IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII l,'
is easily spoiled beyond the SM. Tha”kstonolsd """"""
: Idori
i, for making this point
o Viawhatkind of interactions? o e 28 SOt
Observation: the B, — pu amplitude remains a well-defined object in the limit where gauge interactions go to zero.
5 5 M2 M2
Ag e © Gp - 0, - Y(M;IMy) with Y(—-) ~ —~ because of GIM
A w MW
2
e Hence the relevant D M;
proportionality is: B, —uu e g M2
w
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The Very “delicate” Structure Of the SM prediction IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII‘I-I.I IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 'l,'
is easily spoiled beyond the SM. Tha”kstonolsd """"""
: Idori
:for making this point
o Viawhatkind of interactions? o e 28 SOt
Observation: the B, — pu amplitude remains a well-defined object in the limit where gauge interactions go to zero.
5 5 M2 M2
Ag < Gp - a,, - Y(M,IM;) with Y(—~) ~ —~ because of GIM
w w
2 2
e Hence the relevant y o ‘ Vi
proportionality is: B> up 2 x 2
the g2 dependence
z cancels out
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Model-independent approach: effective operators

Beyond the SM,

a total of 6 operators can contribute:

(One may write also two tensor operators,
but their matrix elements vanish for this process.)

The very “delicate” structure of the SM prediction )

is easily spoiled beyond the SM.

e Via what kind of interactions?
Observation: the B, — pu amplitude remains a well-defined object in the limit where gauge interactions go to zero.

e Hence the relevant
proportionality is:
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the g2 dependence
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Thanks to Gino Isidori

for making this point
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-) ~ —  because of GIM

So this process is a genuine probe

of Yukawa interactions

i.e. of the scalar-fermion sector
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b, w (" Effectively tree-level diagrams: )
Enh t goi :
One famous example: . W', H A anp nhancement going as
the MSSM with large tan3 an”f} ) l an , tan’pB
; BR[B,—u'w Joc 4,
SL M \ MA )
\
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B, — uu is more than ‘just’ a probe of new scalars mediating FCNCs
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Consider the Z-d-d, coupling:
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5 ori,
........ 2PPear (tomor, ow)
B. — pp is more than ‘just a probe of new scalars mediating FCNCs 7
Consider the Z-d-d, coupling:
4 ™
Flavor-diag: i = (= 3) b
d ; Affects LEP-measured 7

Z — b b observables: R,, A,, A’

VA é N J

(on
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BR[B, — py] as an EW precision test i DG, Isjgop e, _

B, — Wi is more than fjust a probe of new scalars mediating FCNCs 7
Consider the Z-d-d, coupling:
4 ™
Flavor-diag: i = (= 3) b
d; Affects LEP-measured 7
Z— b bobservables: R,, A, A°,
b
Z <5 \. J
& 4 N
. Flavor-off-diag: i # j in
i = in-dri s
d Affects Z-penguin-driven FCNCs B
in particular B, — uu s
ll+
\. S
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s orj,
........ 2PPear (tomor, ow)
B, — Wi is more than fjust a probe of new scalars mediating FCNCs 7
Consider the Z-d-d, coupling:
4 N
Flavor-diag: i = (= 3) b
d; Affects LEP-measured 7
Z— b bobservables: R,, A, A°,
b
Z <5 \. J
(& ~ N
. Flavor-off-diag: i # j U
d i Affects Z-penguin-driven FCNCs, B
in particular B, — uu s
ll+
. S
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K o,

The two sets of couplings can be related to one another using an EFT approach
(— model dependence kept to a minimum).

Operators ~ |d, y" X’ a’j)(HTDMH)

>
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B, — Wi is more than fjust a probe of new scalars mediating FCNCs 7
Consider the Z-d-d, coupling:
4 N
Flavor-diag: i = (= 3) b
d; Affects LEP-measured 7
Z— b bobservables: R,, A, A°,
b
Z <5 \. J
(& ~ N
. Flavor-off-diag: i # j U
d i Affects Z-penguin-driven FCNCs, B
in particular B, — uu s
ll+
. S
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The two sets of couplings can be related to one another using an EFT approach
(— model dependence kept to a minimum).

Operators ~ (E,. y“dj)(HTDMH)
——

N

flavor structure V2 Zp

>
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BR[B, — py] as an EW precision test DG, [sjggri -

(6} orj, e,
........ 2PPear (tomor, ow)
B. — pp is more than ‘just a probe of new scalars mediating FCNCs 7
Consider the Z-d-d, coupling:
4 ™
Flavor-diag: i = (= 3) b
d; Affects LEP-measured 7
Z— b bobservables: R,, A, A°,
b
Z <5 \. J
& 4 N
. Flavor-off-diag: i # j U
d i Affects Z-penguin-driven FCNCs, B
in particular B, — uu s
ll+
\. S
The two sets of couplings can be related to one another using an EFT approach
(— model dependence kept to a minimum).
Comments
— u ij T e Three such structures compatible
Operators ~ (di Y dj)(H DMH) with the SM gauge group
N~ e Other operators yield negligible
flavor structure Vi Z, effects in either Z-peak obs or in

B, — WM

>
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BR[B, — pu] as an EWPT: continued

(ft _
In this approach, there is a correlation between Z — b b and B, — pp.

This correlation is fixed, after specifying the X'/ couplings.

/

Within frameworks as general (and motivated) as:

..............................................................

e Minimal Flavor Violation See: D'Ambrosio et al., NPB 02

OF  sessesnsssesssssssssssssssssssssass st OIS
See: 5

e Partial Compositeness : Davidson, Isidori, Uhlig, PLB 08;

................................................................

the X'/ can be fixed up to O(1) factors
\ (that btw weigh equally between Zbb and B_ — pp)
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Zbs coupling:
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D. Guadagnoli, Theory implications of flavor measurements




BR[B, — pu] as an EWPT: continued

(ft _
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BR[B, — pu] as an EWPT: continued

e

In this approach, there is a correlation between Z — b b and B, — pp.

This correlation is fixed, after specifying the X'/ couplings.

/

Within frameworks as general (and motivated) as:

..............................................................

e Minimal Flavor Violation See: D'Ambrosio et al., NPB 02

OF  sessesnsssesssssssssssssssssssssass st OIS
See: 5

e Partial Compositeness : Davidson, Isidori, Uhlig, PLB 08;

................................................................

the X'/ can be fixed up to O(1) factors
\ (that btw weigh equally between Zbb and B_ — pp)

Within MFV, one gets:

32 )
s g1 )~
shift in the Shiftin
Zbs coupling: flavor structure
affects B, — pp (fixed within the framework)
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BR[B, — pu] as an EWPT: continued

One can then compare the limits on dg,  obtained from Z-peak obs with those obtained from B, — pp
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BR[B, — pu] as an EWPT: continued

One can then compare the limits on g,  obtained from Z-peak obs with those obtained from B — up

MFV or PC, LL case

0.004;

0.002}

0.000¢ ¢

-0.002;

0.00 0.01 0.02 0.03
6drp
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BR[B, — pu] as an EWPT: continued

One can then compare the limits on g,  obtained from Z-peak obs with those obtained from B — up

MFV or PC, LL case

0.004|

0.002}
-]
o
=~

0.000} o

-0.002}
0.00 0.01 0.02 0.03
e o)
with present MFV or PC -3
15g,] < 23x10

B, — WM exp error

’ O
||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
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» o,

with ~ 10% MFV or PC 4
B, — py error dg,l < 4.6%10

., 0
g
N RN NN NN RN N RN NN NN R rnnnrrnnnnnnnnnnnss®
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BR[B, — pu] as an EWPT: continued

One can then compare the limits on g,  obtained from Z-peak obs with those obtained from B — up
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® Confirmed by CDF [PRL 12]

® Combining also with earlier B-factories' data, the world average reads

AAY = (—0.68+0.15)% [HFAG, ICHEP 2012]
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‘ Short summary of data news: LHCb and WA '

i )
LHCb (PRL 12) measures:

Araw(DO—)K+K_)—AraW(DO_>T[+T[') _ (_08210211011)% = Acg;(DO_>K+K->_A(2;(DO_>T[+T[_)

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
0
o o,

® Confirmed by CDF [PRL 12]

® Combining also with earlier B-factories' data, the world average reads

»
8 -
N ‘;’

\ llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll )

(&

Note that 3 asymmetries appear in the above discussion:

\- /
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‘ Short summary of data news: LHCb and WA '

i )
LHCb (PRL 12) measures:

A, (D' >K'K)=4,,(D'->n'n) = (-0.82x021£0.11)% ~ AL (D" K'K)—A5(D »n' )

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
0
o o,

® Confirmed by CDF [PRL 12]

® Combining also with earlier B-factories' data, the world average reads

4 =
X <~
N ’;’
\ llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll )

(&

Note that 3 asymmetries appear in the above discussion:

® 4., : itisthe experimental asymmetry.

Generally A = {instrumental CP asymmetry} + {physics CP asymmetry}

\- /
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‘ Short summary of data news: LHCb and WA '

i )
LHCb (PRL 12) measures:

A (D">K'K)-A4, (D'>x'n) = (-0.82+0.21+0.11)% ~ Aep (D' 5K K')=Aep(D" > )

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
0
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® Confirmed by CDF [PRL 12]

® Combining also with earlier B-factories' data, the world average reads

= <~
N ’;’
\ R R R R R E R EES /

(&

Note that 3 asymmetries appear in the above discussion:

....................... : The instrumental asymmetry is
“““““““““““ : due to the detector response
® 4. : itisthe experimental asymmetry. : not being fully CP symmetric.

\ 4 :
Generally A_ = {instrumental CP asymmetry} + {physics CP asymmetry} i Itneeds to be subtracted away
i in order to isolate the physics

: CP asymmetry.

o
e, o
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

\- /
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|| Short summary of data news: LHCb and WA |

( )

LHCb (PRL 12) measures:
A (D°S5K'K)=4_(D'->x'w) = (—0.82+0.21+0.11)% ~ Aep(D' > K K')—Ag(D’>n'n)
® Confirmed by CDF [PRL 12]
® Combining also with earlier B-factories' data, the world average reads
AAY, = (—0.68+0.15)% [HFAG, ICHEP 2012]
\ nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn =,
@ Note that 3 asymmetries appear in the above discussion: L ——T————— \
"""" : Theinstrumental asymmetryis :

: due to the detector response
: not being fully CP symmetric.

-----
_____________
ase
----- -
ws®
.
o
.
X
RS
.
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® 4., : itisthe experimental asymmetry.

\ 4 :
Generally A_ = {instrumental CP asymmetry} + {physics CP asymmetry} i Itneeds to be subtracted away
i in order to isolate the physics

: CP asymmetry.

o
e, o
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

® A = {physics CP asymmetry}
= {asymmetry from indirect CPV} + {asymmetry from direct CPV}

\- /
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|| Short summary of data news: LHCb and WA |

(r ™)
LHCb (PRL 12) measures:
A (D">K'K)-A4, (D'>x'n) = (-0.82+0.21+0.11)% ~ Aep (D' 5K K')=Aep(D" > )
® Confirmed by CDF [PRL 12]
® Combining also with earlier B-factories' data, the world average reads
AA?; = (—0.6810.15)% [HFAG, ICHEP 2012]

\ .................................................................................................................................................. =,
@ Note that 3 asymmetries appear in the above diSCUSSION: g —— \

: [he instrumental asymmetry is

: due to the detector response
: not being fully CP symmetric.

-----
------------
ws
et
s
---
.
o
.
o8
K
-
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® 4., : itisthe experimental asymmetry.

v :
Generally A_ = {instrumental CP asymmetry} + {physics CP asymmetry} i Itneeds to be subtracted away
i in order to isolate the physics
: CP asymmetry.

® A = {physics CP asymmetry} it onesoer e
= {asymmetry from indirect CPV} + {asymmetry from direct CPV}

---------------------------------------
««««

This is the actual

dir = 3
® ACP = {asymmetry from direct CPV} e E. quantity of interest

"""
.......................................
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|| Short summary of data news: LHCb and WA |

( )
LHCb (PRL 12) measures:
= - dir 0 + - dir 0 HilIES
A, (D" >K'K)-A,(D'->n'n) = (—0.82+021%0.11)% ~ Aep(D° =K K')=Aep(D" > 1))
® Confirmed by CDF [PRL 12]
® Combining also with earlier B-factories' data, the world average reads
: AA?; = (—0.68 10.15)% [HFAG, ICHEP 2012] ]
\ .................................................................................................................................................. = =,
@ Note that 3 asymmetries appear in the above discussion: L — I T \
............................... : The instrumental asymmetry is
------------ : due to the detector response
® 4. : itisthe experimental asymmetry. : not being fully CP symmetric.
v
Generally A_ = {instrumental CP asymmetry} + {physics CP asymmetry} : It needs to be subtracted away
i in order to isolate the physics
: CP asymmetry. F
o A =l P e
= {asymmetry from indirect CPV} + {asymmetry from direct CPV}
dir bornt ey e = e PAVAE—= hooincoooooroonoso Do e O O e OO g This iS the aCtuaI
® A, = {asymmetry from direct CPV} < 1 quantity of interest
£
Main point i J|
Hence the LHCb measurement is :
All the asymmetry components other than . . \ : . 3
cancel to high accuracy in the difference the first evidence of direct CPV in charm
k between the K K and the 11 1T channel. : ... and it's larger than expected... /
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Direct CPV and Direct CP Asymmetries

® CP violation in decay occurs when the decay rate M — f differs from the decay rate
involving the CP-conjugate states.
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Direct CPV and Direct CP Asymmetries

® CP violation in decay occurs when the decay rate M — f differs from the decay rate
involving the CP-conjugate states.
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Direct CPV and Direct CP Asymmetries

CP violation in decay occurs when the decay rate M — f differs from the decay rate
involving the CP-conjugate states.

Since decay width o« | amplitude |?, for this to occur, the amplitude needs consist of at least two terms,
with a relative (hence convention-independent) weak (hence CP-odd) phase.

So let's consider the amplitude for D — f, where f= K* K- or m'm.
It can be expanded into a leading + a sub-leading term as follows:

A, = A (1+r, %)
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@ Leading amplitude: its phase is taken to be zero
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Direct CPV and Direct CP Asymmetries

CP violation in decay occurs when the decay rate M — f differs from the decay rate

involving the CP-conjugate states.

Since decay width oc | amplitude |?, for this to occur, the amplitude needs consist of at least two terms,

with a relative (hence convention-independent) weak (hence CP-odd) phase.

So let's consider the amplitude for D — f, where f= K* K- or m'm.
It can be expanded into a leading + a sub-leading term as follows:

Ay : I+ ei(afmf))

@ Leading amplitude: its phase is taken to be zero

Sub-leading amplitude:

it comes with a relative weak (¢,) and strong (3,) phase

-

CPV in the decay D — f can be quantified by the direct CP asymmetry, defined as:

_ 14, -1

A (D> f) = -
|4, +]4;[

where f = f because K* K- or mt*r are
CP eigenstates.

J
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Direct CPV and Direct CP Asymmetries

CP violation in decay occurs when the decay rate M — f differs from the decay rate

involving the CP-conjugate states.

Since decay width oc | amplitude |?, for this to occur, the amplitude needs consist of at least two terms,

with a relative (hence convention-independent) weak (hence CP-odd) phase.

So let's consider the amplitude for D — f, where f=

K*K- or m'm.

It can be expanded into a leading + a sub-leading term as follows:

@ Leading amplitude: its phase is taken to be zero

— i(d,+¢,)
Af _ I+ L : f) Sub-leading amplitude:

it comes with a relative weak (¢,) and strong (3,) phase

-

\_

CPV in the decay D — f can be quantified by the direct CP asymmetry, defined as:

_ 4 f-1a,p
|4, +]4;[

dir
Acp (D— f)
To leading order in r. < 1, one gets:

As (D> f) = =2 r,SInd, sing,

where f = f because K* K- or mt*r are
CP eigenstates.

J
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Direct CPV and Direct CP Asymmetries

® CP violation in decay occurs when the decay rate M — f differs from the decay rate
involving the CP-conjugate states.

® Since decay width oc | amplitude |?, for this to occur, the amplitude needs consist of at least two terms,
with a relative (hence convention-independent) weak (hence CP-odd) phase.

® So let's consider the amplitude for D — f, where f= K* K- or mm.
It can be expanded into a leading + a sub-leading term as follows:

@ Leading amplitude: its phase is taken to be zero

— i(d,+¢,)
Af _ I+ L : f) Sub-leading amplitude:

it comes with a relative weak (¢,) and strong (3,) phase

-

CPV in the decay D — f can be quantified by the direct CP asymmetry, defined as:

2 15 12
Adir(D_>f) . |Af| _|A]f| where f = f because K* K- or m'r~are
cp N |4 |2_|_|1—4_|2 CP eigenstates.
f S

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
o o,
"o,

To leading order inr, < 1, one gets: :
9 f ’ g : For large phases, the asymmetry goes down

: as the magnitude of the sub-leading / leading

Agi;(D_)f) ~ —2 ry Sinaf Sinq)f __________________________________________________________________________________________

- J
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Amplitude ratio: heuristic estimate

@ Let us take the D — K* K~ decay. At the level of dim-6 operators, one can write down a tree (W-emission) amplitude,
as well as a loop (“penguin”) one.
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Amplitude ratio: heuristic estimate

@ Let us take the D — K* K~ decay. At the level of dim-6 operators, one can write down a tree (W-emission) amplitude,
as well as a loop (“penguin”) one.

|||||||||||||||||||||||

a gy - tree
¢ ’
T *
0 aKK ~ Vcs Vus TKK
D
u
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Ay - tree
llllllllllllllllllllll [,D
c
> aT
0 KK
D
u
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Amplitude ratio: heuristic estimate

% Let us take the D — K* K~ decay. At the level of dim-6 operators, one can write down a tree (W-emission) amplitude,
as well as a loop (“penguin”) one.

-

e Using unitarity on the last term of the penguin amplitude, it follows:

AKK

T P
Ay + Qg =

VoV \T i+ Pi— Pixe) + Viop Vi | Prx— Pk

J
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Amplitude ratio: heuristic estimate

% Let us take the D — K* K~ decay. At the level of dim-6 operators, one can write down a tree (W-emission) amplitude,
as well as a loop (“penguin”) one.

-

e Using unitarity on the last term of the penguin amplitude, it follows:

* d * b d
= Vcs Vus TKK+P;(K_PKK + Vcb Vub Pyx—Pxx
" _J |\ J

AKK

T P
g + agx

G Y
AKK AKK

J
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Amplitude ratio: heuristic estimate

% Let us take the D — K* K~ decay. At the level of dim-6 operators, one can write down a tree (W-emission) amplitude,
as well as a loop (“penguin”) one.

-

e Using unitarity on the last term of the penguin amplitude, it follows:

A = agg + abg = VoV |Tixt Pig— Pl + Vip Vo | Phc— Pl
A\ 4 \\§ J

Yo Y,
T P
Ay Ay
& Hence the amplitude ratio estimate: : vy~ Al A ~ e og(m,)/m ~ 107°

k = - )
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-------
.......
.......

AA_, : heuristic estimate i Main pre s

......
e

Ceuy

® So,oneexpects r,~O(10%). e T
Now let us go back to the formula

......
......

Agp(D—> f) =~ =27, sind, sing, (with f=K* K- or mm)
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------
.......
......

AA_, : heuristic estimate i Main pre s

...... r 9§Sma eOry referé;;;"""'
.......................... ; NII', PRD 07
e So, one expects s 0(10-4)_ .............................
Now let us go back to the formula
di . .
Ac11§<D_’ f) =~ —2 S1n 6_;" smo, (with f=K*K- or m'm)

In the U-spin symmetric limit
(s < d quarks),
the only difference between
the KK and the trrt amplitudes

is the sign of the tree-level
contribution.

rn+n. _— _rK+K_

D. Guadagnoli, Theory implications of flavor measurements



-------
.......
.......

AA_, : heuristic estimate i Main pre s

...... r 9§Sma eOry referé;;;"""'
.......................... ; NII', PRD 07
e So, one expects s 0(10-4)_ .............................
Now let us go back to the formula
di . .
Ac11§<D_’ f) =~ —2 S1n 6_f smo, (with f=K*K- or m'm)

In the U-spin symmetric limit Strong phase:
(s « d quarks) expectedly large

the only difference between sin 6 = O(1)
the KK and the trrt amplitudes
is the sign of the tree-level
contribution.

l"n+n. — —I”K+K.
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.......
.......
.......

AA_, : heuristic estimate i Main pre s

.....
e

Ceuy

® So,oneexpects r,~O(10%). e T
Now let us go back to the formula

-----
------

AN (D= ) = =2 (with f= K* K- or 1)

In the U-spin symmetric limit Strong phase: Weak phase:
(s < d quarks) expectedly large equals minus y ~ 67°

the only difference between sin 6 = O(1) siny =0(1)
the KK and the trrt amplitudes

is the sign of the tree-level
contribution.

I”T[+n. — —I"K+K.

D. Guadagnoli, Theory implications of flavor measurements



.......
.......
.......

AA_, : heuristic estimate i Main pre s

.....
e

Ceuy

® So,oneexpects r,~O(10%). e T
Now let us go back to the formula

-----
------

AN (D= ) = =2 (with f= K* K- or 1)

In the U-spin symmetric limit Strong phase: Weak phase:
(s < d quarks) expectedly large equals minus y ~ 67°

the only difference between sin 6 = O(1) siny =0(1)
the KK and the trrt amplitudes

is the sign of the tree-level
contribution.

I”T[+ - = — rK+K-
\_ J
o |AS (D> K K )= Ae(D— 1t 1) This (heuristic) estimate
It follows: 4§ is about one order of magnitude
~ —Z(rK+K.—rn+n.) ~ —4re . ~ 40 (1077) below LHCb's measurement

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
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.......

AA_, : heuristic estimate i Main pre s

......
e

Ceuy

® So,oneexpects r,~O(10%). e T
Now let us go back to the formula

......
......

AN (D= ) = =2 (with f= K* K- or 1)

In the U-spin symmetric limit Strong phase: Weak phase:
(s < d quarks) expectedly large equals minus y ~ 67°

the only difference between sin 6 = O(1) siny =0(1)
the KK and the trrt amplitudes

is the sign of the tree-level
contribution.

I”T[+ - = — rK+K_
. J
o |AS (D> K K )= Ae(D— 1t 1) This (heuristic) estimate
It follows: 4§ is about one order of magnitude
~ —Z(rK+K.—rn+n.) ~ —4re . ~ 40 (1077) below LHCb's measurement

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

' Two main questions arise:

(a) Can this estimate be missing the actual SM order of magnitude? What enhancements are possible?

(b) How plausibly can non-SM physics explain this signal?
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AA_, : suppose it's pure SM dynamics

ENHANCED CP VIOLATIONS IN HADRONIC CHARM DECAYS

Michell GOLDEN and Benjamin GRINSTEIN
Fermi National Accelerator Laboratory, P.O. Box 500, Batavia, 1L 60510, USA

Received 6 March 1989

Observation:

The CKM structure responsible for large CPV in the | AC| = 1 Hamiltonian ( V_* V , ) multiplies certain

operators ( transforming as triplets under SU(3).,. ) whose matrix elements may be enhanced
with respect to naive expectations.

This resembles the “Al = Y5 rule” in K — & &t matrix elements, at work in €/e
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ENHANCED CP VIOLATIONS IN HADRONIC CHARM DECAYS

Michell GOLDEN and Benjamin GRINSTEIN
Fermi National Accelerator Laboratory, P.O. Box 500, Batavia, 1L 60510, USA

Received 6 March 1989

Observation:

The CKM structure responsible for large CPV in the | AC| = 1 Hamiltonian ( V_* V , ) multiplies certain
operators ( transforming as triplets under SU(3).,. ) whose matrix elements may be enhanced
with respect to naive expectations.

This resembles the “Al = Y5 rule” in K — & &t matrix elements, at work in €/e

@ How large a matrix-elem enhancement required?

.......................................................................................

0.000 _,._. ..................................................................................
-0.002 | e,
- g SM
- —0.004 | \
1 [ 1d aver
< _0.006
—0.008 || :
LHCb \
—0.010L AR WL . A
0.2 0.5 1.0 20 5.0 10.0

required matrix elem enhancement
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ENHANCED CP VIOLATIONS IN HADRONIC CHARM DECAYS

Michell GOLDEN and Benjamin GRINSTEIN
Fermi National Accelerator Laboratory, P.O. Box 500, Batavia, IL 60510, USA

Received 6 March 1989

Observation:

The CKM structure responsible for large CPV in the | AC| = 1 Hamiltonian ( V_* V , ) multiplies certain
operators ( transforming as triplets under SU(3).,. ) whose matrix elements may be enhanced
with respect to naive expectations.

This resembles the “Al = Y5 rule” in K — & &t matrix elements, at work in €/e

.........
........

One ...............
L &5 How large a matrix-elem enhancement required? roq’g;;e r ommen&--&..r.é;_& ................
.................. N, Ka Ing:
............ y ga Zu
B e e L L L e L LT L LT EEELELLEN : "---.._-....:__ pan, JHEP H
: From Isidori, Kamenik, Ligeti, Perez, PLB 12 i meeeages 0 e 12 :
0.000 ‘g ................................... - Main messages =000 e

— : ) ® An explanation of AA _, as “another

T s Al = %2 rule” remains a possibility
il g
. ~(0.004 | %
=1 ' 1d aver.
"f:l !
=006 |
~0.008 |
LHCb \
0010l R e L e |
0.2 0.5 1.0 20 5.0 100

required matrix elem enhancement
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ENHANCED CP VIOLATIONS IN HADRONIC CHARM DECAYS

Michell GOLDEN and Benjamin GRINSTEIN
Fermi National Accelerator Laboratory, P.O. Box 500, Batavia, IL 60510, USA

Received 6 March 1989

Observation:

The CKM structure responsible for large CPV in the | AC| = 1 Hamiltonian ( V_* V , ) multiplies certain
operators ( transforming as triplets under SU(3).,. ) whose matrix elements may be enhanced
with respect to naive expectations.

This resembles the “Al = Y5 rule” in K — & &t matrix elements, at work in €/e

.........
........

One ...............
L &5 How large a matrix-elem enhancement required? roq’g;;e r ommen&--&..r.é;_& ................
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............ y ga Zu
B e e L L L e L LT L LT EEELELLEN : "---.._-....:__ pan, JHEP H
: From Isidori, Kamenik, Ligeti, Perez, PLB 12 i meeeages 0 e 12 :
0.000 ‘g ................................... - Main messages =000 e

— : ) ® An explanation of AA _, as “another

T ety Al = 2 rule” remains a possibility
~0.004 | A .
. ' ® But an explanation in terms of new
3 Z Id aver. dynamics is not less plausible.
=0.006 |
008 : ! Given its potential implications,
~. ) - . . R
— LHCb \ pursuing this possibility
02 0.5 1.0 20 5.0 10.0 is of utmost importance

’, O
....................................................................

required matrix elem enhancement
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How to exclude or discover new physics in AA :
make other measurements
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How to exclude or discover new physics in AA_, : i, ,
make other measurements PRL 12

temn

................
.........

One promising direction:D - Vy (V= p, w, ¢)
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How to exclude or discover new physics in AA : i
make other measurements PRL 12

temn

.......

..........

One promising direction:D - Vy (V= p, w, ¢)

Line of argument:

...............................................................

® Suppose AA_ is indeed enhanced because of a new weak phase { E.g.
- - . . Grossman, Kagan, Nir, PRD 07 :
[ 3 :
One very plausible source for this phase is Q8 , the chromomagnetic operator . Giudice, Isidor, Paradisi, JHEP 12

! Isidori et al., PLB 12

...............................................................
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. - . . Grossman, Kagan, Nir, PRD 07 :
[ 3 :
One very plausible source for this phase is Q8 , the chromomagnetic operator Giudice, Isidori, Paradisi, JHEP 12

® Main observation: ; Isdorietal, PLB12

high scale charm scale

QCD
running

electromagnetic-dipole:

A directly affects D - V y
(with a large matrix elem.)
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A directly affects D - V y
(with a large matrix elem.)

® Quantitatively:

Even taking |C8| > [C7| at y=1TeV, one gets [Im(C8)| = |[Im(C7)| = right ballpark aty=m___
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One very plausible source for this phase is Q8 , the chromomagnetic operator . Giudice, Isidor, Paradisi, JHEP 12
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QcCDh
running

electromagnetic-dipole:

A directly affects D - V y
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How to exclude or discover new physics in AA :
make other measurements PRL 12

temn

..........

One promising direction:D - Vy (V= p, w, ¢)

Line of argument:

...............................................................

® Suppose AA_ is indeed enhanced because of a new weak phase { E.g.
. . : . Grossman, Kagan, Nir, PRD 07
[ 3 :
One very plausible source for this phase is Q8 , the chromomagnetic operator . Giudice, Isidor, Paradisi, JHEP 12

® Main observation: ; Isdorietal, PLB12

high scale charm scale

QcCDh
running

electromagnetic-dipole:

A directly affects D - V y
(with a large matrix elem.)

® Quantitatively:

Even taking |C8| > [C7| at y=1TeV, one gets [Im(C8)| = |[Im(C7)| = right ballpark aty=m___
With educated hypotheses on the relevant matrix elements, one gets:

| Acp(D — (p, ®, 9) ¥) I™ = 2+ 10 % Main message

(assuming maximal strong phases) An observation of |A (D — Vy)| ~few x 10° would be
a clear indication of new physics and even of its nature.
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How to exclude or discover new physics in AA  :
make other measurements

cample, Al = 3/2 new physics can be tested via

RIS T T——————

= ([
D_)-ITTI- ST

Dopr

Dﬁpp :: llllllllllllll
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I
idence of B, — up

'he amount of information it provides to theory, it is second only to Higgs discc
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Conclusions

The LHCb program is proceeding even better than we (theoreticians) expected.

Among the already many interesting measurements reported, two stand out (personal opinion):

First evidence of B, — pp
For the amount of information it provides to theory, it is second only to Higgs discovery

Theory (SM) ready to match expected experimental accuracy

One example of B, — uu constraining power:

able to test even tiny deviations in Z-down-quark couplings.
E.g. O(10°) deviations in couplings to RH down-quarks: way more stringent than EWPO
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Conclusions

The LHCb program is proceeding even better than we (theoreticians) expected.

Among the already many interesting measurements reported, two stand out (personal opinion):

First evidence of B, — pp
For the amount of information it provides to theory, it is second only to Higgs discovery

Theory (SM) ready to match expected experimental accuracy

One example of B, — uu constraining power:

able to test even tiny deviations in Z-down-quark couplings.
E.g. O(10°) deviations in couplings to RH down-quarks: way more stringent than EWPO

(Go for the B, channel as well. E.g. it will be a stringent test of MFV)

AA., : direct CPV in charm
Ultimate proof that exciting physics can come from where you didn't expect it

The jury is out on whether AA ., is a signal of new physics or not

For a robust answer, we need more measurements.
A few sensible proposals have been put forward. Go for them!
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