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The Unitarity Triangle Analysis

@ Flavor-changing processes and CP violation
in the SM ruled by 4 parameters in the 3x3
CKM (unitary) matrix

@A, 4,p and 7

® Small value sin of Cabibbo angle (1) makes
the CKM matrix close to diagonal

@ Unitarity implies relations between elements,
that can be represented as a triangle in a
plane

(0,0) (1,0)

@ By determining the apex, one determines the

y CKM matrix UTfit
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UT constraints
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30 years of UT fit

@ Since early ‘90s, the UT framework has been established to probe CP violation in
the flavor sector

@ sin2b (CPV in BB , mixing) the reference quantity

@ very loose predictions once its value

@ Jump in accuracy ~ ‘95, when the first full statistical analysis was attempted,
strongly benefiting of the first determination of the top mass. The UT analysis
was born, predicting a few still unknown quantities

®sin2p = 0.65%0.12

® In 2000, Rome and Orsay/Genova groups (running similar fits) joined forces. This
was the beginning of the UTfit collaboration

2000 CKM-TRIANGLE ANALYSIS

A Critical Review with Updated Experimental
Inputs and Theoretical Parameters

M. Ciuchini®, G. D’Agostini®, E. Franco®, V. Lubicz®,

y G. Martinelli®, F. Parodi(®, P. Roudeau(® and A. Stocchi®
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https://arxiv.org/pdf/hep-ph/9501265.pdf
https://arxiv.org/pdf/hep-ph/0408079.pdf

The value of redundancy

@ Redundancy is the biggest strength
of the UT analysis

@ Many observables, depending on
a few parameters

@ one can remove a subset of the
inputs and still be able to
determine the CKM parameters

@® In particular, one can fit for the CKM
parameters using only CP conserving
quantities

@ Can exclude 77 = 0, establishing
CP violation without directly

observing it
@)
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What’s new for EPS23

@ Theory updates:
® New V4 extraction from neutron decays, Lattice {2t e
following V. Cirigliano et al. arXiv:2306.03138 superallowed+v o .
Average 1 ‘
@® New lattice values for masses 0.9738  0.9740 0.9742  0.9744

@ New lattice form factors for exclusive
b — qgfv

All masses computed in MS and averaged with

@ Experiment updates: PDG scale factors

@ New sin2p3 by LHCb
@ New y by LHCb

@ New a

y@...

Ni=2+1+1 3.427 + 0.051 i
Ne=2+11 3.381 + 0.040 —
Average 1 3.399 + 0.031 ‘ | |
3.30 3.35 3.40 3.45 3.50
mua(2 GeV)(MeV)
_ | ! UT+»
Ni=2+1+1 93.460 + 0.580 —® fit}
Ne=2+11 92.200 -+ 1.000 ¢ |
Average 1 _93.140 4 0.550 | | . | |
90 91 92 93 94 95
ms(2 GeV)(MeV)

Ne=2+1+1- UTgs
fmer s 0.989 £ 0.010 o : =
Ni=2+1] |
fmer 0.994 -+ 0.004 ®
Average 0.993 + 0.004 | ¢ | |
0.97 0.98 0.99 1.00 1.01
m.(3 GeV)(GeV)
= g UT it
Ni=2+1+1 4.203 + 0.011 ~ A
Ne=2+14 4171 + 0.020 ¢ |
Average | 41964+0.014 | . | |
414 416 418 4.20 4.22

mp(mp) (GeV)

UTg


https://arxiv.org/abs/2306.03138

What’s new for EPS23: sin(2/)

@ Averaged charmonium values

@ New sin2f3 from LHCb

@ Average including correction due to Cabibbo-suppressed
penguin contribution:

@ Most recent estimate A(sin2f/) = — 0.1 £ 0.1 o
@ Theoretical uncertainty comparable to experimental error I
-0.5T s
_ 5 UT;; -
BaBar 0.687 + 0.030 ¢ i — i
’ -1
Belle 0,607 = 0.026 i -
: _l 1 I | | | | I | | | | | | | | I 1 | | | I | 1
LHCD- 0.716 + 0.015 ¢ -1 -0.5 0 0.5 L
- ! P
selle |l 0.720 + 0.064 | ¢
©

y Average - 0.692+0.016 - | | | | UT e
066 067 068 069 070 071 072 073 1T
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https://arxiv.org/abs/hep-ph/0507290
https://arxiv.org/abs/hep-ph/0507290
https://arxiv.org/abs/hep-ph/0507290
https://arxiv.org/abs/1102.0392

What’s new for EPS23

@ Determination combining all DOK® modes

® Simultaneous extraction of y and DD mixing
parameters (which enter the BSM analysis)

@ Detalls are given in dedicated talk by R. Di
Palma on Friday

@ Iree-level determination

@ Baseline determination of CP violation in the
SM, assuming BSM effects enter only at loop

@ With |Vu/Veb|, allows for a robust fit of the
CKM parameters in the SM, even in presence

\/ of new physics

N/~
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https://indico.desy.de/event/34916/contributions/146904/
https://indico.desy.de/event/34916/contributions/146904/

What’s new for EPS23

@ Updated the bound on a with

@ Bounds from it and pp derived from PDG
averages (including PDG rescaling of the
error)

@ Bound from prt derived from same inputs
used by HFLAV

@ As usual, main difference wrt other
combinations is in the treatment of the multiple
solutions

@ Profiling vs marginalization: in our case,
multiple overlapping solutions counts more
than a single solution when integrating out

y the other quantities (T, P, and strong phases)

N/
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What’s new for EPS23

Exclusive 0.003640 j:o.oo&esoé A
@ This is the most delicate set of inputs, due to the long Inclusive 1 0.004130 4 0.000260 °
. . . . . Average - — > &
Standlng tenSIOn between dlﬁerent determlnatlons 000302083032488%22% 0038800400 0042 0.0044 0.0046 0.0048
® For Summ er?23: Exclusive 0.040550i0.00€460 I i
. Inclusive 1 0.042160 + 0.004500 ¢
. . . . Average 0.041320 + 0.000780 _ ¢ | |
@ Inclusive determinations are the same o0 ok, 00 0O
—, 0.006r
@ new Igttlce inputs are used to determine the > "0.00551- UTsit
iInclusive values - summer22
0.005F
@ updated inputon|V . /V | =0.0827 £0.0117 0045 e, V., ‘
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. . EXCL Vo \ NN
attice Inputs 0035 “" : e
— \ NS N
: S \\ Sal SM UTHi
@ The larger error reduces the correlation between 003 \ :
the two quantities to 0.028 when running the 2D S\ > >
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Standard Model Fit result




Standard Model Fit result




Standard Model Fit compatibility

UTsir

1 : UTyit 1 : UTyit i
Measured 93.8.04.5 i ° Measured 65.3+3.3 @ Measured 068940019 ®
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UT generalization Beyond the Standard Model

@ fit simultaneously for the CKM and
the NP parameters (generalized UT
analysis)

@ parameterize BSM effects in
AF = 2 Hamiltonian in model-

: A M :C - (A m )SM
independent ] qu///pr B,/ m qIK
Acp " e=sin2(B+dp )
' : q _ q
@ use all avallable experimental As = |m(F 12/Aq)
information e =C e

As " ~sin2(—B+ by )
ATYAm,=Re[T%/A,)

@ find out NP contributions to AF=2
transitions

@)
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Extended list of experimental inputs

@ All inputs to the SM UT analysis oar:
0.13 68% CL contours
— . (Alog £ =1.15)
@ B.B, mixing 3 _
7 0.11 J— CMS 116.1 fb~ 1!
o SM no penguins
IXI g, CDF 9.6 fb~?
@ DD mixing T |
) oined | LHCb 9 fb~!
141 =, gled by 1.89
@ Additional B, mixing parameters (HFLAV averages)  o.7
ATLAS 99.7 fb~!
: : ; 0.05 - - . .
@ Al effective lifetime, etc. 0.5 0.3 0.1 0.1 0:3

pS[rad]

@ Charge asymmetry in semileptonic B, and B, decays

@ Same-sign dilepton asymmetry in semileptonic B
decays by DO



https://hflav.web.cern.ch
https://arxiv.org/abs/1106.6308
https://arxiv.org/abs/1106.6308

What’s new for EPS23

@ Experiment updates: O‘;‘. UTj;;
75
@ New D mixing fit (see talk by R. Di - QA
Palma on Friday) 0
e (O ...
@ New ¢, by LHCb:
¢. = —0.039 +0.016 rad o0
551
@ Iheory updates: :
50
I N N N R AU T T T T YT T T N N M M NN M M A
@ New lattice values for BSM matrix © 4 = 0 e a0
elements a/p|-1[%]

@) Ulfit
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https://indico.desy.de/event/34916/contributions/146904/
https://indico.desy.de/event/34916/contributions/146904/
https://indico.cern.ch/event/1281612/attachments/2664875/4618672/CERN_seminar_sin2beta_phis.pdf

Results of BSM analysis: CKM parameters

CKM parameters from BSM analysis

IUTﬁtI

summer23

levels @

95% Prob CKM =
parameters

known (even in
presence of NP
only shown effects) with

the constraints similar precision
unaffected of pre-LHC SM




Results of BSM analysis: New Physics parameters

dark: 68%

L. 99

SM: red cross
O'— Ol—l 20
—_ l—lmcl) . UTflt
< 10 summer23 | - CBS VS q)BS summer23
10 NP fit




Results of BSM analysis: New Physics parameters

The ratio of NP/SM amplitudes is: dark: 68%
< 25% @68% prob. (35% @95%) in By mixing light: 95%
< 25% @68% prob. (30% @95%) in B, mixing SM: red cross
° . &0
UTfit o UTfit |
summer23 Z_e_w 50 summer23
NP fit NP fit
40

~20 dark: 68%
[ light: 95% B.
B, k| SM:red cross

0.4 0.6 0 0.2 0.4 0.6

@) AYIAS A U g



Results of BSM analysis: probing New Physics Scale

[ 1 Generic Flavor Structure I NMFV

107 Re(Ck) Re(Cp) Ce, UTg¢
Im(Ck) Im(Cp) Cag,
(IIIQJ — qu'?uqu(j]L /'uqqﬁL ;
10° 5V = @RI RYL
< 5 = G?R(I'QL@R(I?L =
o 03 QY" = TCrULTLYUR -
< q9i495 = 3 03 e
5 — Y4;,r9;L.495L.9ir -
10] @
Ci(A) =
1 ® Generic: C(A) = o/A? F~1, arbitrary phase
10~ ® NMFV: = q X > Fi~|Fsu|, arbitrary ph
0 C. C C- Cu C- C(A) = a x |Feul/A* F~|Fsy|, arbitrary phase

@) Ulfit



Conclusions

@®We updated the UT analysis to Summer 23 inputs

= UT/i¢]

future |

@ New experimental determinations of the UT angles 1

@ New theory inputs (lattice, Vua)
0.5

@ Overall consistency of the fit

llll|llll|ll

@ Reached precision of ~5% (~3%) on p () ]

@ Extended the analysis to include new physics in DF=2 Hamiltonians o e

olation to

@new inputs for D — D mixing 5 ab; Il + 10 fb-1 @LHCb

llllllllllll

@new results

@ probed new physics effects up to

@ 0(1000) PeV for new physics with generic flavor structure

N 6 6(100-1000) GeV in MFV scenarios UTf 11

2% 21






Standard Model Fit compatibility
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testing the TeV scale D
Ci(A)

The dependence of C on A changes
depending on the flavour structure.
We can consider different flavour scenarios:

® Generic: C(A) = a/A? F~1, arbitrary phase
® NMFV: C(A) = a x |[Fsul/A* Fi~|Fsy|, arbitrary phase
® MFV: C(A) = a % |[Feul/A*  Fi~|Fsul|, Fia~0, SM phase

o (L) 1s the coupling among NP and SMf no NP effect is seen

® o ~ 1 for strongly coupled NP lower bound on NP scale A
© o ~ oy (as) In case of loop

coupling through weak

(strong) interactions .
&) Jlfit \



some old plots coming back to fashion:

As NA62 and KOTO are analysing
data:
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