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In this talk: plots and numbers
updated for Summer 2025!

Latest paper: Rendiconti Lincei. Scienze Fisiche e Naturali (2023) 34:37-57 (arXiv:2212.03894)
L. Vittorio (Univ. of Rome Sapienza and INFN, Rome) 1



Basics of the Unitarity Triangle analysis

The Cabibbo-Kobayashi-Maskawa (CKM) matrix described the mixing amon quarks (with different electric charges): it is a unitary 3x3 matrix

Vud Vus Vub
Ve = Vea Ves Ve Vct v Vorkm = 1
Via Vis Vi
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Basics of the Unitarity Triangle analysis

The Cabibbo-Kobayashi-Maskawa (CKM) matrix described the mixing amon quarks (with different electric charges): it is a unitary 3x3 matrix

Vud Vus Vub
Ve = | Vea Ves Ve Vct kv Vorm =1
Via Vis Vi
Wolfenstein parametrization (L. Wolfenstein, PRL 51 (1983) 1945-1947):
1—\%/2 A AN (p — i)
Vokm = —A 1—\2/2 AN? + 0O\
AN (1—p—in) —AN 1
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Basics of the Unitarity Triangle analysis

The Cabibbo-Kobayashi-Maskawa (CKM) matrix described the mixing amon quarks (with different electric charges): it is a unitary 3x3 matrix

Vud Vus Vub
Ve = | Vea Ves Ve Vct kv Vorm =1
Via Vis Vi
Wolfenstein parametrization (L. Wolfenstein, PRL 51 (1983) 1945-1947):
1—\%/2 A AN (p — i)
Vokm = —A 1—\2/2 AN? + 0O\
AN (1—p—in) —AN 1

By exploiting the property of unitarity:

e Triangle in the
ubVud + VepVed + VipVid = ‘ Complex (ﬁ7 ’]7) plane
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Basics of the Unitarity Triangle analysis

By exploiting the property of unitarity:

VEAVia + ViVig + VitV = 0 ‘
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Triangle in the
complex (p, 1) plane



Basics of the Unitarity Triangle analysis

By exploiting the property of unitarity: Trian gle in the

Vf;v’u +Vc*‘/c + ViVia=0 " M
bYud bVed th ¥Vid ‘ Complex (p’ /'7) plane
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Why doing the Unitarity Triangle Analysis (UTA) ?

Several advantages within the Standard Model (SM) ...

1. it provides the best determination of CKM parameters within a global fit
analysis

2. it allows to test the consistency of the SM (i.e. the compatibility of the
experimental results with the theoretical calculations)

3. it gives predictions of the yet unmeasured flavour SM observables

L. Vittorio (Univ. of Rome Sapienza and INFN, Rome)



Why doing the Unitarity Triangle Analysis (UTA) ?

Several advantages within the Standard Model (SM) ...

1. it provides the best determination of CKM parameters within a global fit
analysis

2. it allows to test the consistency of the SM (i.e. the compatibility of the
experimental results with the theoretical calculations)

3. it gives predictions of the yet unmeasured flavour SM observables

... and also beyond the Standard Model (BSM) !

1. itis a model-independent study that provides limits on the allowed
deviations from the SM

2. it allows to obtain bounds on the New Physics (NP) scale
3. itis complementary to the search of new particles at multi-TeV colliders
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New inputs for the Summer 2025 UTA

HFLAV updated numbers for lifetimes and mass differences

Updated kaon bag parameter B i =0.7627(60) (new averages of lattice results is arXiv:2411.19861)

Updated V 4, = 0.97433(21) due to:

- new values of the averages performed by FLAG Collaboration (arXiv:2411.04268)

- updated exptraction of V4, from from nuclear beta transitions (arXiv:2311.00044v3)
e Updated values of quark masses (from FLAG Collaboration or from PDG 2025)

* Updated V,, and V_, (see next slides)

 Updated unitarity triangle angles (see next slides)
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ZoomonV, andV,

Latest inputs for V,:
- Exclusive value: V,, =40.12 (55) x 1073
(average of arXiv:2105.08674, 2204.05925, 2310.03680)

V., = 41.97 (48) x 1073
(arXiv:2310.20324)

Latest inputs for V,:

- Exclusive value: V,, = 3.63 (26) x 103
(update of arXiv:2202.10285)

V,, = 4.13 (26) x 103
(PDG 2025)
Latest inputs for V,, / V,, :

Vy, / Vo, = 0.087 (9) (arxiv:2310.03680)
(A, decays excluded, following FLAG guidelines)

L. Vittorio (Univ. of Rome Sapienza and INFN, Rome)
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ZoomonV, andV,

Latest inputs for V,:
- Exclusive value: V,, =40.12 (55) x 1073
(average of arXiv:2105.08674, 2204.05925, 2310.03680)
V., =41.97 (48) x 103

|vub|[10_3]

(arXiv:2310.20324)

Latest inputs for V,:

- Exclusive value: V, = 3.63 (26) x 103 ~~ lo
(update of arXiv:2202.10285)

V,, = 4.13 (26) x 1073
(PDG 2025)

Latest inputs for V,, / V,, :

Vy, / Vo, = 0.087 (9) (arxiv:2310.03680)
(A, decays excluded, following FLAG guidelines)
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Zoom on V and V,

. T U—Tﬁ_t : = sovt region.
Inputs to the global fit 0 55| l—rr 3 o region
from averages a la D’Agostini: > _| M = oo
VUbr UTfit = 3.82 (34) x 10-3 Inclusive

UTfit full fit: 35
- V b, UTfit - 41.87 (37) X 10-3

C

- Vb, urse = 3.74 (8) x 1073

3.0;

2.5

30 32 34 36 38 40 42 a4 46 48
|Vep|[1073]
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Zoom on ¢,/a angle
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 Updated BRs for i or rtim® g U Tt
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Zoom on ¢,/a angle

S F
* Updated BRs for mt*ic or m*nt® D | UTfit
» Updated BRs (and CPV) for nt°n® S 0,04/ SUMmMer25
* Updated BRs (and CPV) for p*p- g S |
= - ... Combined
fe) | B
(q¥) SXXS
. 8 | o
The bi-modal solution is explained by the fact P
that the value of a preferred by the it Q- 0.021-
channels is statistically incompatible with the 2 1y
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% 80 100

to be investigated!
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Zoom on ¢,/a angle
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Zoom on ¢,/a angle
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o values from single channels separately:
-0, =(81.9 +3.9)°
- oLy, = (94.7 £ 3.8)°

a value after combination:
- acomb,peak #1 = (880 + 36)0
- acomb,peak #2 = (1029 + 50)0

o value after average a la PDG:
- O, or = (88.5 + 6.4)°



Zoom on ¢,/y angle

Novel analysis in arXiv:2409.06449, which develops a Bayesian analysis of charm and
beauty observables, together with neutral D mixing and CP-violating parameters

>, i > F
= | [ ]B; modes = 0.2 B 68% Probability
- 0.15- [C]B* modes S - ] 95% Probability
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See Roberto di Palma’s slides for all the details of this study!
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UTA within the SM: results

Example of relations to understand the coloured bands:

= ;
I="4.2) UTy;;
[ summenr25
1= SM fit Am, Amy
_ Am
B Amd s Am s
0.8
0.6
o/

o
N
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UTA within the SM: results

Example of relations to understand the coloured bands:

Vs N
= =/ P? + 7
= 1.2~ UTfit 4 Ve 1 — % P n
_  summen25 (]) /‘Y K A
LU am | Ama_ mafh B, (AN gy
s Am mp, f3 Bp, \1—7%
Fit results:

O = 0.15910.009
ﬁ — 0.353 £ 0.008

. = 0.2250 + 0.0006
5 A= 0.827 + 0.008
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Past, present and future of the Unitarity Triangle

2 arXiv:hep-ph/0501199
= sin2p AM,

L. Vittorio (Univ. of Rome Sapienza and INFN, Rome) 13



Past, present and future of the Unitarity Triangle

1 1.2

L arXiv:hep-ph/0501199
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1 1.2

0.2 —
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Past, present and future of the Unitarity Triangle

0.8F
0.6
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arXiv:hep-ph/0501199

sin2p

=" 2
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Assumption: 50 ab lum. @ Belle Il
(arXiv:1808.1056%7)

Am, 1< F

0.159 & 0.009 ~ 5.6% T

0.353 £ 0.008 ~ 2.2%
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Past, present and future of the Unitarity Triangle

1 1.2

L arXiv:hep-ph/0501199

0.8 E—
sin2p

. : . . 0.159 £ 0.009 ~ 5.6%
To this end: increasing the 0.353 4 0.008 ~ 2.29%

precision on both the
: theoretical and experimental
sides is fundamental !

L. Vittorio (Univ. of Rome Sapienza and INFN, Rome)

Assumption: 50 ab lum. @ Belle Il
(arXiv:1808.1056%7)
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Summary of results for some observables

sin23
v [°]
o [°]
|V | x 103
|V, | x 103 (excl.)
|V, | x 103 (incl.)
|Vys | x 10°
|V, | x 103 (excl.)
|V, | x 103 (incl.)
By

0.700 + 0.015
65.7+2.5
88.5+3.1

41.18 £ 0.76

40.12 £ 0.55

41.97 £ 0.48

3.821+0.34
3.63 £0.26
4.13+0.26

0.537 £ 0.004

L. Vittorio (Univ. of Rome Sapienza and INFN, Rome)

0.768 + 0.029
65.7+1.3
91.7+1.4

42.07 £ 0.42

3.74 £ 0.08

0.595 + 0.036

~0
0.94
1.02
2.81
0.15
0.22
0.40
1.43
1.60
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Compatibility plots to verify consistency

A way to “measure” the agreement of a single measurement with the indirect
determination from the fit (using the other inputs):

05x10“3

% j [I l/ //1': o ~ 0.00145 \ \ \ [ ' 23 0'452 \\ \\ \\ A’ Ui'fi;zs I:
; vy l ' \ WY fm
) Ny . UMY
L] AR | | ¥
3 [ \ x| ) /.
0 84 o5 06 07 08 09 1 ° 0b36 0.038 0.04\'0.042 !.044 0.046 0.048 \“ {

0.%02 0.0025 0.003 0.0035; 0.004 0.0045 0.005—0

SiHZB |Vcb| IV |
ub

- Colour code: agreement between the predicted values and the measurements at better than 1,2, ..nc | X= e_xclus_ive
- The crosses have the coordinates (x,y)=(central value, error) of the direct measurements * = inclusive
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Compatibility plots to verify consistency

A way to “measure” the agreement of a single measurement with the indirect
determination from the fit (using the other inputs):

% 7 [I // //l ;80:0012; i - ; 0“5 \\ \\ \\ lﬂ’tzsls
s LA . BN S
) Ny . UMY
L AN\ | [/ £
3 [ ., l/ 1,
; 84 05 o6 07 08 09 1 ° \“ {

0.%02 0.0025 0.003 0.0035; 0.004 0.0045 0.005—0

SiHZB IV |
ub

|
Still some tensions in these two cases

- Colour code: agreement between the predicted values and the measurements at better than 1,2, ..nc | X= e_xclus_ive
- The crosses have the coordinates (x,y)=(central value, error) of the direct measurements * = inclusive
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Unitarity triangle beyond the SM

“Model-independent constraints on AFP= 2 operators and the scale of New Physics”’, JHEP ‘08 [0707.0636]

s) 3

Ha =2 = > G Q: + > C; Q7

L. Vittorio (Univ. of Rome Sapienza and INFN, Rome) 15



Unitarity triangle beyond the SM

“Model-independent constraints on AF= 2 operators and the scale of New Physics”, JHEP ‘08 [0707.0636]

HaP = ZC |+ >l

1=1

AF=2
01 = (qLiv"qr;)(@iv"ar;), Q1 = (Triv"ar;)(TriV"ar;s)
Q2 = (Griqr;)(TRIGL;); Q) = (Griar;)(qLiqr;))
Q3 = (q%4r,;)(Tria8;); 03 = (a7:9k;) (TL:9%)
Q4 = (qriqr;)(qLiqR;)
Qs = (@Rdry)(@Liafhy)
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Unitarity triangle beyond the SM

“Model-independent constraints on AF= 2 operators and the scale of New Physics”, JHEP ‘08 [0707.0636]

HaP = ZC |+ >l

1=1

. AF=2

Q0= (qriv"ar;)(@ntary), A = (@riv"ar;) (@rin"ars)
Within the SM, only the | o, — (gpq1,)(griass), Q) = (qLiqr;)(qLidrs)
operator Q, is present | o, — (g3.4° )(@5q5)): Oy = (@:4r,) (@L:9%))

Q4 = (qriqr;)(ALiqR;);

Q5 = (qRar;)(7L:9%)
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Unitarity triangle beyond the SM

“Model-independent constraints on AF= 2 operators and the scale of New Physics”, JHEP ‘08 [0707.0636]

NP couplings
Loop factors

. AF=2

Q= (7" a)@in"ar;), 9 = (@rv"ars) (@rin" ar))
Within the SM’ Only the Q2 = (qRiqrLs)(TRiqL;); le = (qLiqr;)(ALiqR;)
operator Q, is present | o, — (@57, (Tpsa25); O3 = (@714r,) (@L:4%))

Q4 = (qriqr;)(ALiqR;);

Q5 = (qRar;)(7L:9%)
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Unitarity triangle beyond the SM

Generic Flavor Structure

Generic: 107 Re(Ce) Re(Cp) %oy U Tg¢
C(A) — O(/AZ Im(Ck) Im(Cp) Cp,
F~1, arbitrary :
phase 10
a ~ 1 for S
strongly =
coupled NP Z 10

summer25b

(the bound has increased of
a factor of 2 with respect to
the first UTfit NP analysis in
JHEP ¢ 08 [0707.06367) Cy Cs

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

L. Vittorio (Univ. of Rome Sapienza and INFN, Rome)



Unitarity triangle beyond the SM

i NMFV
| Re(Ck) Re(Cp) % UTg¢[ [NMFV:
. Im(C Im(C C — 2
. (Ck) (Cp) 5 S5 | C(A) = a x |Feul/A?
; Fi~|Fsv|, arbitrary
| phase
< 107 a ~ 1 for
© 1 strongly
= ] coupled NP
< 10 - - RN
' A > 1.5 x 102 TeV
109 . (the bound has increased of
] a factor of 2.5 with respect
_ to the first UTfit NP analysis
101 in JHEP ¢ 08
Cq Co Csa Cy Cr [0707.0636])

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

L. Vittorio (Univ. of Rome Sapienza and INFN, Rome) 17



Conclusions
The Summer 2025 update of the Unitarity Triangle within the SM shows that:

* there is an overall consistency of the SM fit
* a precision of 5.6% (2.2%) has been reached on p (1)

L. Vittorio (Univ. of Rome Sapienza and INFN, Rome)
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Conclusions
The Summer 2025 update of the Unitarity Triangle within the SM shows that:

* there is an overall consistency of the SM fit
* a precision of 5.6% (2.2%) has been reached on p (1)

Some incompatibilities within the SM have to be better understood...

- B - mmt vs. B = pp for the determination of a
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Conclusions

The Summer 2025 update of the Unitarity Triangle within the SM shows that:
* there is an overall consistency of the SM fit
* a precision of 5.6% (2.2%) has been reached on p (1)

Some incompatibilities within the SM have to be better understood...

- B - mmt vs. B = pp for the determination of a

Beyond the SM, the Unitarity Triangle is complementary to the search of new
particles at colliders working at multi-TeV energies! By providing a generic
parameterization of New Physics contributions in AF=2 processes, we find the
following lower limits on the scale of New Physics:

* A>4.9x10° TeV for New Physics with a generic flavour structure
 A>1.5x10%TeV for a Next-to-Minimal-Flavour violation scenario

L. Vittorio (Univ. of Rome Sapienza and INFN, Rome)
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More on ¢,/a angle

[ ]B—nr ] B — (pn)°
[ B—pp ] Combination Y P———

0.24,

0.0 Nl Y K%
0 150 175

a [°]

https://hflav-eos.web.cern.ch/hflav-eos/triangle/latest/plots/alpha/alpha_wa_hflav_pub.png




More on ¢,/a angle
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FIG. 3. P-value as a function of the CKM angle ¢, from an
isospin-based combination of all B — 77 results (red dashed)
without and (blue solid) with the inclusion of the results of
this work.

Belle II Coll., arXiv:2412.14260

Lo Belle II B—pp ( WA + Belle II (2024))
9y = [92.6742]° '
0.8 |- l
] 0.6 _— —_
@)
~oaf i
b CL=0.683 i
02 F .
.......... CL=0.954 e
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Fig. 4. Probability (1—Confidence-Level) for the CKM angle
¢2 based on combined inputs from the world averages [12]
and our results of B — pp decays. The black dotted lines
correspond to the 0.683 and 0.954 confidence levels.

Belle II Coll., arXiv:2412.196234



UTfit

Lattice
result
summary
(summer22)

We obtain the predictions for
the lattice parameters in
different configurations in the
fit:
* only lattice parameters ratios
* (Fes/Fs, Bes/Bed Used)
* only B parameters
* (Ble, Bss/Bsd USEd)
* only decay constants f
° (st, fas/fs iﬂClUded)

Observables
Bk
No B lattice
fB '\/BBd
st '\/BBS
§
Ratios only
fas
Bk
B pars only
fas/fd
fes
f pars only
Bss/Bsg
Bes

Measurement
0.756 + 0.016

(0.2142 + 0.0056)
(0.2607 + 0.0061)
(1.217 + 0.014)

0.2301 = 0.0012
1.284 + 0.059

1.208 £ 0.005
0.2301 = 0.0012

1.015 £ 0.021
1.284 + 0.059

Unitarity Triangle update

Prediction
0.840 + 0.053

0.212 £ 0.010
0.259 £ 0.010
1.225 + 0.033

0.227 £ 0.009
1.30 £ 0.10

1.215 £ 0.028
0.228 + 0.008

1.017 = 0.028
1.290 £ 0.065

" MarcellaBona @



UTﬁ- # Unitarity Triangle update

Another update on the ¢./3 angle

0 In July 2024, HFLAV had a Winter2024 value update
Including latest LHCb (arXiv:2309.09728)
» So our average now will go to here:

BaBar  oesroc: . YTfit|  From all charmonium
Belle - e —® § HFLAV Winter2024: 0.708 + 0.011
e - - adding Belle II: 0.724 + 0.038
0.724:£0,014 ; getting average: 0.709 +/- 0.011
Belle Il sommims i Corrected with -0.01 +- 0.01
final number is 0.699 +/- 0.015

Our Average - i ?
0.60 0.65 0.70 0.75 0.80
sin2(3




UT generalization Beyond the Standard Model

@ T'hanks to experimental redundancy, one can -

fit additional degrees of freedom 2idy asM 216 _ (1 Ag 206 e | jsm 216
e "A, e = 1+We g €

@ Use all available experimental information
(including Bs-, D-0) and K- related
observables not used in SM UT analysis)

SM
@ Parameterize BSM effects in AF = 2 A;nq,/,( ;C _ (AMg)
Hamiltonian in model-independent Al o=sin2(B+bs)
A% =Im[T%/A,
@ Simultaneously determine the CKM and the e —C ¢SM
NP parameters (generalized UT analysis) Ko —ek
Al M ~sin2 (=B + )
@ find out NP contributions to AF=2 transitions ATYA mq:Re(r‘l’zlAq)

y (*) I don’t discuss the results in the D sector in this talk, for lack of time

M. Pierini, presentation @ «LHCP 2025», Taipei 2025
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Probability Density
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