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Necessary to get rid of infrared and ultraviolet

singularities appearing in the intermediate steps,
technically very complex, contribution by Enrico fundamental
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Chromomagnetic operator, Penguin Operators,
What is all this about?



the Standard Mode/ and beyond
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The Effective Hamiltonian
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GENERAL FRAMEWORK:

THE OPE

Ap(21)8* (p-p1)=] d*x d*y Dy, (x, My )< F [T[J,, (y+x/2)J, (y-x/2)] | T >

!

(FIHASTT)= Gp/\2Vy Ve ZCi(w) <F Q)| I»
(Mw)di-6

di= dimension of the operator Q; ()
C; (1) Wilson coefficient: it depends on My, /1 and oy (W)
Q; (1) local operator renormalized at the scale n



New local four-fermion operators are generated

Q= (st v, u®) (u Py, di?) Current-Current
Q= (s.? T u ) (uLBYu d. ")

Q5= (ERA T dLA)Zq ((:lL,RB Yu qL,RB) Gluon.
Qu6= (SR*YudL®)2q (ALr" vy qLr?)  Penguins

Q79=3/ 2(§I_{A Yudi)2q € (ag,LB Yudr,L) Electroweak
Qg.10 =3/ 2(sg™ Tu dLB)Zq Cq (qR,LB Tu qR,LA) Penguins

+ Chromomagnetic end electromagnetic operators

A(K — ) = 3 Cly () (| 0 (1) | K




GENERAL FRAMEWORK

HAS= = G2V, V' (1-1) 212 % (Q;-Q%) +
tZi10(zty) Q]

Where y; and z; are short distance coefficients, which are known 1n
perturbation theory at the NLO (Buras et al.
+ Marco Ciuchini, Enrico Franco, Guido Martinelli, Laura Reina)

1= _Vts*th/ Vus*Vud

We have to compute A™0%= <« (T m)19, | Q ;| K>
with a non perturbative technique (lattice,
QCD sum rules, 1/N expansion etc.)




Ag= 2 G(u) <(mm)| Q;(w) | Kiy (1-€2p)

1 = renormalization scale
u-dependence cancels 1f operator

ISOSPIN
BREAKING

matrix elements are consistently
computed

A=Y G < (rm)1Q; (1) 1 KDy,

Qi = 0.25+ 0.08 (Munich from Buras & Gerard)

0.25+ 0.15 (Rome Group) 0.16% 0.03 (Ecker et al.)
0.10+£ 0.20 Gardner & Valencia, Maltman & Wolf, Cirigliano & al.



A= 2 G(u) <(mm)]

QW | Ky

A= G <(mm)1Q;(w) I K>,

1 = renormalization scale
u-dependence cancels 1f operator
matrix elements are consistently

computed ’ qtrix Elements

: t 1
., Calculations OF 77 - = ¢ ihe physic
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AP0 (n) =< ()1, Q5 (W) | K>
=Zy(na) (M), | Qy(a) [ KD

Where Q ; (a) 1s the bare lattice operator
And a the lattice spacing.

The effective Hamiltonian can then be read as:
(F |HAS=1| 1>=GpN2V ,V, 2. C;(1/a) <F | Q;(a) | I »

In practice the renormalization scale (or 1/a) are the scales
which separate short and long distance dynamics



GENERAL FRAMEWORK

(H1)Y =G/AN2V, V" ... 2. C: (a) < Qia) >

My = 100 GeV

Effective Theory - quark & gluons

al= 2-5 GeV

Hadronic non-perturbative region

AQCD ’ MK — 0.2'0.5 GCV



100 GeV Large mass scale: heavy degrees of
freedom (m;, My, M.) are removed and
their effect included in the Wilson
coefficients

renormalizazion scale n (inverse lattice
spacing 1/a); this is the scale where
the quark theory is matched to the
effective hadronic theory

Scale of the low energy process
A~ MW

THE SCALE PROBLEM: Effective theories prefer low scales,
Perturbation Theory prefers large scales




if the scale u is too low

problems from higher dimensional operators
(Cirigliano, Donoghue, Golowich)

- it is illusory to think that the problem is solved by using dimensional
regularization

on the lattice this problem is called
DISCRETIZATION ERRORS

(reduced by using improved actions and / or scales U > 2-4 GeV




The True Story of NLO
Calculations in Weak Decays

1) G. Altarelli, G. Curci, G. Martinelli and S. Petrarca,
“Weak Nonleptonic Decays Beyond Leading Logarithms In

QOCD,” Phys. Lett. B 99 (1981) 141;
2) G. Altarelli, G. Curci, G. Martinelli and S. Petrarca, “QCD

Nonleading Corrections To Weak Decays As An Application

of Regularization By Dimensional Reduction”
Nucl.Phys. B 187 (1981) 461.

Improvement for neutral meson mixing,
DI=3/2 transitions and charm decays

No penguin diagrams, however,

which were considered fundamental for
DI=1/2 decays




The story according to Andrzej Buras
(with my comments)

During the last supper of the Ringberg workshop Guido Martinelli and
me realized that it would be important to calculate NLO QCD

corrections to the Wilson coefficients of penguin operators relevant for
K — mr decays.




This calculation done in collaboration with Guido Altarelli, Curci and Petrarca has been
unfortunately performed in the dimensional reduction scheme (DRED) that was not familiar to
most phenomenologists (so what?)and its complicated structure discussed in detail by these

authors most probably scared many from checking their results.

Moreover it was known that the treatment of y5 in the DRED scheme, similarly to the

dimensional regularization scheme with anticommunicating y5 (known
presently as the NDR scheme), may lead to mathematically inconsistent results. Consequently

it was not clear in 1988 whether the result of Altarelli et al. was really correct. To us it was

clear that it was correct

Indeed Andrzej and Peter Weisz repeated the calculation for K - KO mixing in NDR and HV
And found perfect agreement with Altarelli et al.

At this last supper of the Ringberg 1988 workshop Guido told me that he will put some
of his PhD students to look into NLO QCD corrections to Wilson coefficients of QCD penguin

operators relevant for K — nrr decays

Laura Reina



Altarelli et al.

M. Ciuchini et al. / AS = 1 effective hamiltonian
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Fig. 10. Current-current diagrams at two loops.

M. Ciuchini et al. / AS = I effective hamiltonian
Franco et al.
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Fig. 11. Penguin diagrams at two loops.



Anomalous
Dimension
Matrix

(only strong
interactions)

TaBLE 3

Elements of the two-loop anomalous dimension matrix (7{"');;. The elements which are not reported

are equal to zero.
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The story according to some gossips

PSSST...!
o O

(

The equations of motions in NOR and HV




Lattice from

K-1

Pioneering LOCD attempts to compute the matrix elements by Gavela,

Maiani, Martinelli, Pene, Petrarca - Bernard and Soni - Gupta, Kilcup,
Sharpe

Non-leptonic B -> rn, K7, etc. No !

but only below the
inelastic threshold

(may be also <s>@
3 body decays) - : E

typel type2

type3 typed




From

S. Bertolini

Lattice from
K-

61l
_ Dubna
| Winchcn Roma Beijing
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Figure 3:  Recent theoretical calculations of £'/z are compared with the
combined 1-o average of the NA31, E731, KTeV and NA48 results ('/s =
17.24+ 1.8 x 1071), depicted by the ¢ Jhorizontal band.



NEW PHYSICS
RBC-UK QCD /-,y

Soni et al.

_110 1074/ DECAYS?
‘ReA,

£/¢=(1.4+£7.0)-10" |=31.0£6.6
\Re A2 )

76) =(16.6+2.3).10¢ [BeAo| _op
(s75),,, = (16.6:+2.) (RAj 224




Four dominant contributions to /¢ in the SM

AJB, Jamin, Lautenbacher (1993); AJB, Gorbahn, Jager, Jamin (2015)

Im(V,,V,,) |
1.4-10°*

Re(e7¢) =

From

ReA,

v
10*[-8.7+21.2-B{"* +1

!

From
ReA,

!

v
1-9.6-B?

8

\

(V-A) ® (V-A) (V-A) ® (V+A)

(04) QCD Penguins | | QCD Penguins

(V-A) ® (V-A)
EW Penguins

(V-A) ® (V+A)
EW Penguins

Assumes that ReA, and ReA, (Al=1/2 Rule) fully described by SM
(includes isospin breaking corrections)

¢’/¢ from RBC-UKQCD

Calculate all contributions directly
(no isospin breaking corrections)

[-(6.5+3.2)+25.3-B{"? +(1.2+0.8) - 10.2- By |

nnnnnnnnnnnnnn




AI=12 K> nrx
(Qi Liu)

 (Code 50 different contractions

* For each of 400 configurations invert with
source at each of 32 times.

« Use Ran Zhou’s deflation code

<> C

typel type2

typed typed

mixd

KEK - July8,2010 (48)



Anatomy of €’ /e — A new flavour anomaly?
AJB, Gorbahn, Jager, Jamin,, 1507 .xxxx

RBC-UKQCD
e/e=(1.4+£7.0)-10"

RI(Bl(/:é)QCD values
(3:20) &fe=(22+38)-10*| B ~=057£0.15
B*? =0.76 + 0.05

large N bounds (AJB, Gérard)

e'fe=(6.3£2.5)-107* B2 = BB — 0.76

large N bounds (AJB, Gérard)

e'/e =(9.1+3.3)- 10—4J B = B2 — 1.0

exp: g fe = (16.6i3.3)-10_4J




B Final result for ¢’

« Combining our new result for Im(A,) and our 2015 result for
Im(A)), and again using expt. for the real parts, we find

g’ jwel(¥279%) TTmAs,  ImAg
Re| — ) = Re —
£ V2¢e ReAs ReAg

= 0.00217(26)(62)(50) "~

\ IB + EM
stat SYyS

Consistent with experimental result:

Re(€'/€)exps = 0.00166(23)

e’/e from RBC (16.7 x1 0'4)
now in Ultfit: e’/ e= 15.2(4.7) x107

Probability density

A second group should do this calculation!!



The pitfall of the equations of motions
Or

Again with Enrico at NLO
+ Marco, Laura and a newcomer




The pitfall of the equations of motions
Or
Again with Enrico

at NLO
+ Marco, Laura

and a newcomer

Luca Silvestrini
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f)C Scheme independence of the effective Hamiltonian
forb — sy and b — sg decays
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Different groups found different (two-loops) O(as) anomalous
dimensions working with different regularisation/renormalisation
schemes. The thesis of Luca was to check these calculation and tell us
which one was correct.

The answer was 1n the scheme dependence of the one-loop O(O}S))
coefficient functions which changed, insome cases, the equation of
motion.



Neutral Meson Mixing ~ B’ —BY

Wt  qg=d,s g=d,s

0 ) V+
B ”/_ u, c, t BO

d,s W=
Hyp  Hyp,

H —
Hy, H,,

Hadronic matrix

CKM element \

2
d.s W A2 )0 Ftt (&t) <>
M?2
W



In general the mixing mass matrix of the SQuarks
(SMM) is not diagonal in flavour space analogously

to the quark case We may either
Diagonalize the SMM

FeNe |27°F

N\

\
N

q'y Qlp
or Rotate by the same
matrices
the SUSY partners of
the u- and d- like quarks

(Qi,)” = Ui, Qi Ui




In the latter case the Squark Mass
Matrix is not diagonal

(mZQ)ij = m? 1+ Am2 0= Am,? / M2 verage

a,vemg € y



TESTING THE NEW PHYSICS SCALE ILF
Effective Theory Analysis AF=2 C, (A) = 2f

Effective Hamiltonian in the mixing amplitudes A

Hy' =2, C,(1) Q,(1)+ 2 C,(u) O, (n)

0,=q5y,bi aby"b} (SM/MFV)

C(A) coefficients are extracted from data

0,=q¢°b%g"b" 0.=¢b" g% b* L is loop factor and should be :
b « —/;b/; _—0( b /; _Bb A L=1 tree/strong int. NP

9, =4z - Os=dxb1 q10% L=a2 or a2 for strong/weak
g qR}’ub qrY b _ perturb. NP
O,=q;by _BbB Q3:‘7(befeq_ﬁbfe

F=Fon=(Vi Vi ¥)?

=1

K| =Fsm

arbitrary phases NMFV

F;| =1

. Flavour generic
arbitrary phases



Next-to-leading order QCD corrections to AF =2
effective hamiltonians

M. Ciuchini?, E. Franco®, V. Lubicz¢, G. Martinelli®, I. Scimemi?®,

L. Silvestrini?4

4 INFN, Sezione Sanita, V.le Regina Elena 299, 1-00161 Rome, [taly
P Dip. di Fisica, Universita degli Studi di Roma “La Sapienza” and INFN, Sezione di Roma, Ple A. Moro 2,
1-00185 Rome, ltaly
¢ Dip. di Fisica, Univ. di Roma Tre and INFN, Sezione di Roma, Via della Vasca Navale 84,
1-00146 Rome, ltaly
d Physik Department, Technische Universitit Miinchen, D-85748 Garching, Germany
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(2) The BB width difference Alp..

At lowest order in 1/my, by using the OPE, the width difference A’z can be written
in terms of two 4B = 2 operators [4]

Q=by, (1 —ys)s by, (1 —vs)s,

Qs=b(1 —ys)s b(1 —ys)s. (3)

(3) Heavy-hadrons lifetimes (15, Tp,, T4,)-

In this case, the 1/m} corrections to the lifetime, due to Pauli interference and W-
exchange, can be written in terms of four operators [5]
Of_a=byu(1 —y5)q qv* (1 —¥s)b,
0f_p=b(1~5)q g(1 +75)b,
Ty_a=br"yu(1 = ¥5)q g'y" (1 - y5)b,
Td_p=bt"(1 —y5)q gt* (1 +ys)b, (4)
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Beyond the SM

results from the Wilson coefficients

Generic: C(A) = a/A?,
F~1, arbitrary phase
o ~ 1 for strongly coupled NP

summer22

wviinwan II.’ 111l lul\.’ upuuu..

NMFV: C(A) = a x |Feul/A?,
Fi~|Fsu|, arbitrary phase

—_
o
<
TITT]

UTyi

summer22

”
L

NP scale A (TeV)

NP scale A (TeV)
3

10°E

107"

c ¢C ¢C ¢C C

7 2 3 4 5
Lower bounds on NP scale
A>4.410° TeV (at 95% prob.) A > 95 TeV
o ~ o, In case of loop coupling o ~ oy, In case of loop coupling
through weak interactions through weak interactions
A>1.310%TeV A>29TeV

for lower bound for loop-mediated contributions, simply multiply by o, (~ 0.1) or by aw (~ 0.03).

Marcella Bona 27




Enrico & Guido (questo lo leggete voi perché
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Caro Enrico il nostro e stato un lungo viaggio insieme

1) Abbiamo collaborato per 35
anni
2) Scritto 71 pubblicazioni
di cui 39 su riviste
internazionali con referee
3) Ottenuto una media di 166,7

citazioni per pubblicazione
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Rome and Ecole Normale Superieure), L. Reina (Brussels U.) (Apr, 1993)

Published in: Nucl.Phys.B 415 (1994) 403-462 - e-Print: hep-ph/9304257 [hep-ph]
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Ma piu che il successo scientifico ci manca e ci manchera:

La tua vivace intelligenza
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problema discutessimo

La tua serena ironia e senso dell umorismo

Il tuo garbo, educazione, gentilezza e umanita nei rviguardi di
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