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Introduction

* The SM has a very important accidental
symmetry: no tree-level FCNC = FCNC
finite and calculable

* Flavour violation only in charged weak
currents, governed by unitary CKM matrix

* Flavour violation only arises at loop level:
unitarity of CKM implies GIM suppression
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Introduction

* No CPV in weak interactions with two
generations = CPV suppressed by
hierarchical structure of CKM matrix, but
CKM phase large

* CKM unitarity implies triangular relations
among products of CKM elements: unitarity
triangles

* CPV related to angles of unitarity triangles
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The Unitarity Triangle

* From ViaVar + VeaVa, + ViaViy = 0
VidVar  VidVi

- - = Rpe"’ + Rie” P =1~ (5+1i7) + (1 — p — 7))
Vcdvcjg) Vcdvcjg)
Rb — VUdVlfkb ’ Rt — ‘/td‘/ti) .y = arg (_ Vudvifkb) ’ ,8 = arg (_ Vcdvcf)
Vchcb Vcdvcb Vcdvcb V;td‘/tb
ViaVs: ) N
o = arg (—*
Vudvub
_ VisVi
68 = a8 ( VCSVC’E> C=(0.0)

B=(1.0)

* The area of the UT is proportional to J
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b—+d Transitions

° Vubvud* ~ Vcbvcd* ~ V’rbVTd* ~ A3

— All CKM factors comparable: rich structure in
AF=1 b—d

- dispersive AF=2 (Mi2~Amsq) dominated by top
exchange: SD, calculable w. LQCD

- absorptive AF=2 (T'1;~ATgq) calculable in HQET,
dominant contribution has top CKM: arg(I'i2/Mz2)
tiny, negligible CPV in mixing
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b—+s Transitions

* ViVis ~ M << VioVed ~ ViuVid ~ A2

— suppression of up contribution: simple structure
of AF=1 b—s, squashed UT, tiny £

- dispersive AF=2 (Mi2~Amss) dominated by top
exchange: SD, calculable w. LQCD

- absorptive AF=2 (I'1o~ATg) calculable in HQET,
dominant contribution has top CKM: arg(I'i2/Mz2)
tiny, negligible CPV in mixing
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c—u Transitions

* vubvcb* ~ \D << VUSVCS* ~ VUdVCd* ~ A

* very strong suppression of bottom contribution:
simple structure of AF=1 c—u, super-squashed
UT, no penguin operators, CPV down by r_,~6.5 10+

~ GIM mechanism<U-spin (SU(3))

~ both dispersive AF=2 (M:z~Amp) and absorptive AF=2
(I';.~AT'p) dominated by long distance: currently not
calculable (see however ongoing progress in LQCD)

CKM
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AC=2 AMPLITUDES

* Since GIM<U-spin, classify AC=2
amplitudes in terms of U-spin: Ay, = Vg, Vi,
Mz, T1a ~ (Xs = Xa)*(fss + fad — 2fsa) + 2(As — Aa) Mo (fss — faa) + O(NF)
= (As — A)2 (AU = 2) + 2(As — X)) A (AU = 1)
~ (As = Xa)?O(e?) 4+ 2(As — M)A O(e)

» CPV effects expected at O(r,,,/€)~2 103 ~
1/8° for nominal U-spin breaking ~ 30%
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APPROXIMATE UNIVERSALITY

* CPV effects in AC=2 amplitudes enhanced by 1/¢ (factor
of ~3)

* No enhancement expected (confirmed by AA_) for CPV in
AC=1 amplitudes

Work at leading order inr ., /¢c: take all decay amplitudes

real, but allow for CPV in AC=2, with SM~1/8° plus
possible NP in M,

Corrections for DCS decays calculable and tiny

Corrections for SCS decays not calculable but additional ¢
suppression from suitable U-spin combinations
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APPROXIMATE UNIVERSALITY

« Working at linear order inr_, /€, two

CKM
different sources of CPV arise:

- "dispersive CPV", measured by &, = arg (M,,),
sensitive to NP in AC=2;

- "absorptive CPV", measured by &_=arg (I",,),

sensitive to CPV in decay amplitudes thanks to
the U-spin enhancement.
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Global Fit of CPV in

B and D decays

* Interference of b—c and b—u decay

amplitudes measures - = arg (_%)
cd’ cb

* Interference involves D-D mixing

* Perform a global analysis extracting y and D
mixing parameters simultaneously, combining
D decays sensitive to D mixing with By,

decays sensitive to y
see LHCb 2110.02530
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D-Mixing Definitions

[Ds) = p|D°) & ¢|D°)

M M
12),-. 1’»‘12:2| F12| and Y12 = "o

q Li2yi2 .
|z| = %12, ‘p| - 1= 22, + 12 Sin @12, Y| = y12
12 12
f f
f —@ag_«‘lp A :iAﬁ
rpe f D= 7
Al p AL

12
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D-Mixing Data

Observables D° decays Ref. Observables D° decays Ref.
(2 +y?)/2 D - Ky, | [24-28] ' oY o D — Krn® [29]
T,y D— K2XX [30] T,y D — Kinm [31]
T,y D — xtr rn° (32] z, vy, lg/p|, o2 D= Kirm [36]
0 0 g+ —
(Tgﬂ)2a I21 Y, gggﬂ:iéﬁ—w—&-;a
K - KgK‘rr 0 -
cosdp™, D — Kr [33] op , D — KgKm [34]
0
sin 6™ HESK”
Fir D — Ar 39, 41] pxx’ D — XX7r° |39, 40]
If&%i%‘fﬁg) D— KYKx | [42] FEEmw D— KK ntr | [43]
zep, yop, Az, Ay D — K%z | [37, 38] (% + y%)/4 D — K3n [44]
Ry SO S D — K3n |[44, 46-48]| Ap(f*'), Ap(ann®), |D— f*, D — K=n| [49]
rﬁ””, 5‘5’”’0, mgmo D — Knn® 'r’g“ cos 65", ’rg”” sinég" D — XX7°
Jop D— XX 55-64 AYEE _AY™ AY D> XX 6669
Yy ;
(rB™)%, i, Ackl, A DoKr | [54 | 057 @)% ik D—Kr |[51-53]
AGP(KK), (r)EK D— KYK~ | [10-72] | AAGF, ()%, (1) D— XX [72-74]
AYEE Ay D— XX 65]  |ASP(XX), (r)EK (r)F" D— XX [75-78]
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Time-Integrated B Decays

I'(B— [flph) <1+ (?'f;?'gh)z -+ Q&fDﬁgh?'}g?'gh cos(c‘fgh — 5£ — fy) + Toix (2, 1,7, f. h)

Lﬂgh = ?'gh’ Cos(ﬁgh’ - 7)? 'ygh‘ — ?'gh Sin(ﬁgh’ -+ fy)
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Time-Integrated data

ADS & GLW

GLW Observables ADS Observables B — D" decays DY decays ‘Ref.
ASP(xx7° h), ABVSUP(fert B, BT & Dh* D — Knn®, [90]
R (X X7 Knr K, m) Ry (Knr® h) D— XXn°
ASP (XX, hrr), A™ (K, hr), B* = Dh*nr D — K, [85]
R°F(XX,Km, Krn,wrm) Ry (K, hro) D XX
AP (XX K*), R(XX,Kn, K*F) AfVSUP (g g*F) RADS(Kr K%Y | BT - DK D— Km,D— XX, |[95]
AGY (4, K**), R(4w, K3m, K*F) ARV (E3n KOE) RAPS (K 3m, K*F) D — K3, D — 4w
AP (XX K", R(XX, K, K*) A (Knm K*%), Re(Km, K™%) B = DK™ D= Kx, D— XX, |[93]
AGP (4w, K*°), R(4w, K3m, K*°) A™(K3m, K*°), R+ (K3, K*°) BY - DK*0 D — K3m, D — 4n
ASP(XX,h), R°F (XX, Km, K, ) A®™(Km,K), Re(Km, k) B 5 Dnt D— Kr,D— XX |[8]
ASP(X X, by, w°)), A (K, K(y,7°)), B* — [Dn°p-ht D — K, 88]
RCF(XX,Km K (v, 7%, n(v,7%) Ry (K h(y,7°)) Bt = [Dy]p-h* D XX
AR (EO K b)),
— R (KOK T K ), B* = Dh* D— KK [89],
RAPS(K2Km, ) [01]
ASF(X Xnm, h), R°F (X Xnn, K3m, K, ) — B* 5 Dh* D— XXnm [100]
RAPS(Km,h), ASP(Kw, h) BT - Dh* D— K [83]
RAPS(Kwn® k), A%P(Kwx®, h) BT = Dht D — Karn® [84]
ASP(KYK™,K), RY (KT K~ ,Km, K, ) BT 5 Dh*  |D—> KYK™, D— K| [92]
ASF(K2n° K) , R°F(K2n% Kn K, ) — D — K2n°
ASF(fE K (n%), BT — [Da®]p-h* D — %, [82]
R (1%, K, K (n°), w(°)) — D — Km
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6657

Time-Integrated Data

GGSZ Observables| B — D° decays D° decays Ref.
Y B° = DK*0 D — KYXX [103]
2K, xd" B* » DK* |D—= KYntn—a®| [97]
y:’EK, yéjﬂ BY - Drt
2K, P B* - DK* D — KZXX | [98, 99
y:’EK, yéjﬂ Bt s Drt
2K, P B* - DK* D— XXrtn~ [100]
yEK, yé}” BT — Dnt
P K Do K pe  Dr0) KE| D s KOntn— | [06]
y Py PTIoI BE  [Dy]pe K
DK P BT - D*K* D — KJXX |[101, 102]
v T B* = D*n™*
g DK DK Bt _s DK** D — KAXX [05]
25,z B*f - DK* |D— KTr&nta=| [94]?
y:’EK, yéjﬂ Bt s Drt
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Time-Dependent B Decays

b —c _
B(S) 1; D(S)h‘l'

F( (s) — f t) 5.¢ COSh(tAF(S)/Q) Gf Slﬂh(tﬂr(s)/Q) + Cf CDS(t&m(S)) — Sf Siﬂ(tﬁm(s))

L= (rgo )? ~2i)(5) K0 "0 20)(s)K g0 Tho

0

(s) G, — () (s) sf o _ . ) S, — () (Jsin((sf () - ),
AR S cos\ Oy~ (ba) +7) ), St 50, )2 o~ (Pa(s) +7)
() Bl Bl

Cr =

f
B
14+ (7'£
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Time-Dependent Data

Observables B'(:'S] — [)E';)hjE decays|Ref.

GD;FKi* GD;FKi SD;FKi BY — D;K 106
STD:F;]T:I: BD — D?T 104

CJTD;FK:EW?T? GD;FK:E?TW’ SD;FK:E:ITW BSU — DsKmm 105
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Results: D mixing parameters

Probability
T
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[l 682 Probability
] 95% Probability
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X,,[107]
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Results: D mixing parameters

L ! 5 B
o | B Al modes e é—'m 107 B A1l modes
= i 3 =
e YO |-
x"E ] i I:I Charm only O cagl I |:| Charm only
] o
- 586 -
il _ i
I 584 I
- o 0 —
3r 582
I mm All modes L
— Charm only 5L
L J2 o 8 5 A GR G RSH SE S O Y U JE SR 5 5.8 Y R o T AN O LA N O L R TR S R T T RN N R NN NN SR SN B
55 6 6.5 7 180 190 200 210 -5 0 5 10
3 Kr o Iro
Y, [107] ] o7l
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Results: D mixing parameters

All modes Charm only
Par. Value Unc. 95% Prob.|Value Unc. 95% Prob.
Q’)QJ[O] 1.9 +1.6 [—1.3,5.4] 2.0 +1.7  [-1.3,5.4]
&5 [°] 27 +16 [-05,58] | 2.6 £1.6 [-0.5,5.7]
$2°] | —25 +12 [-4.9,-01]| —24 +1.2 [-4.8,0.0]
\q/p| — 1[%]| —0.6 +£1.8 [—4.2,3.1] —0.5 +18 [—4.1,3.2]

T12 ~ z[%] | 4.02 +0.44 [3.15,4.89] | 4.00 +0.44 [3.12,4.87]
y12 ~ y[%d] | 6.27 +0.21 [5.85,6.69] | 6.35 =+0.23 [5.88,6.82]
alS¥ %] | 0.39 4057 [—0.76,1.52]| 0.38 +0.57 [—0.76,1.51]
a5 %) | 2.40 +0.63 [1.14,3.66] | 2.39 +0.63 [1.14,3.66]
$12[°] | —0.7 +£2.3  [=5.3,4.0] | —0.7 +23 [-5.2,4.1]
rE7 (%] | 5.848 +0.016 [5.815,5.880]| 5.848 +0.017 [5.813,5.881]
SE™[°] 11905 4+2.8 [184.9,196.0]| 193.7 +4.2 [184.9,201.7]

Jennifer2, Pisa, 3/4/25 Luca Silvestrini Betti et al. 2409.06449 21



Results: y

>, - > Aol
= - [ ]8B! modes = 0.2 Il 55°- Probability
< 0157 [T B* modes ST [ 95% Probability
-8 - [] All modes -8 -
o i modes o i
0.1 i
I 0.1 B
0.05- . I
0 == ' 0 L |
0 50 100
O @]
Y[°] Y[°]
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Results: y

= 0.04 - [ oK°Gasz . 100}
= L oK%l = I [Jok®eLwiaps
-c% - [ A1 B° modes L [ |ok®cesz
- DK-GLW/ADS i .
'8 0.03+— — sol- [ Jok®ai
n‘: - - [ ] AnB® modes
0.02 — of
0.01F =T
i N 1000,
—QI 00 _50 50 100 80 100 120 140 160 180 200 220 240 260 280

vI°] 3217
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Results: y

B meson types | Value Unec. 95% Prob.

All modes: v|°]| 66.0 +2.5 160.8, 70.9]
B* : vp+t ] 65.5 2.8 159.7, 71.0]
B° : v5o|[°] [12.8,14.6] U (47, 74] @ 68.7% probability
B? : YBO ] 77.3 £9.6 158.3,96.3]
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The UTA

* Recent improvements/extensions in UTTit:

- skeptic combination of V.4 and Vs given the
tension with unitarity - otherwise get artificially
small uncertainty as in CKMfitter talk yesterday

- revised exclusive V. and Vb with new FFs

~ skeptic 2D combination of Vi and V., given the
tension among inclusive and exclusive

- inclusion of €'/¢ with lattice matrix elements

See also CKMfitter
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V.| AND |V, | INCL. & EXCL.

Skeptic 2D combination of 2% Y o
inclusive and exclusive: = o.00s5] \ ftt24
B - summer
- |V,|., = (40.13 + 0.55) 103 0.005F- |\
Martinelli et al. . A\
- |\V,|. ,=(41.97 +0.48) 103 - 000451 AN
cb incl Finauri & Gambino incl. V,,,
- V| =(3.57+0.23) 10* o00sf AN
Martinelli et al. Excl. V,, RN
- VIl ,=(413+£0.26)10° 0.0035¢ AN
PDG24 0003k, MR A
- |V./V.| = (8.7 £ 0.9) 10° 003 sl
. LHCBIFLAG 4 gopsiis 5
we get: : 2
- V.| = (3.84 + 0.35) 10° 00— 003 004 004
ub ¢ - ° |V
- |vcb| = (41.20 £ 0.74) 1073, * Global fit: cb
==0.11 V.| = (3.73 £ 0.09) 10,
Jennifer2, Pisa, 3/4/25 Luca Silvestrini vabl - (4191 * 040) 107 26



Full UTA

5 =0.158 + 0.009
N = 0.352 + 0.010

A= 0.2250 + 0.0007

A =0.826 + 0.009

Re(e'/e) = (1.60 + 0.28) 103
BR(B; —p'y) = (3.44 + 0.12) 10°°
BR(B — tv) = (8.72 + 0.41) 105
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UTfit Over the Years

Historic p values Historic 7j values
0.41 0.50 UT:
fit

0.45

0.3 1
0.40 A

Q. <

0.30 A

0.1 1 0.25 A
0.20

0.0
0.15

1995 2000 2005 2010 2015 2020 2025 1995 2000 2005 2010 2015 2020 2025
Year Year
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UTfit & Exp Over the Years

Historic sin 28 values

Historic y values

o UTg
100 ﬁt
0.9
90 1
0.8 =
Q. 80 1
o~ 0.7 5 4 \. .\I‘I/ﬁ
e T il /|ll.IJJ|"iliil Aigisl
. thidsieis
L e e~ £
0.5+ 60 1
0.4- I predicted values 50 B predicted values
= experimental values = experimental values
0.3+ . ; ‘ : ; ; 40+ , . . . . ,
1995 2000 2005 2010 2015 2020 2025 2000 2005 2010 2015 2020 2025
Year Year
Historic V,p values
. UTfit
424 =
[ | [ |
4.0
[ | | |
[ |
>‘§3.8' [ = | O L) L - II'II
3.61
3.4
32 I predicted values
= experimental values
2005 2008 2010 2012 2015 2018 2020 2022
Year
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NEW PHYSICS IN AF=2

* Generalize the UTA allowing for NP in loop-
mediated processes:

-V, V., V. yfromfrees and a unaffected
(provided no huge NP effect in EWP)

~ NP allowed in AF=2 processes

* Extract both CKM parameters and NP
contributions
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NP ANALYSIS: RESULTS

p=0.167 + 0.025 T
n =0.361+0.027  summeras
to be compared w. 0_55_

p = 0.158 + 0.009 :

n =0.352 + 0.010 T

in the SM. Improvements [
in |Vw|, |Vs|, y and @
crucial to increase the
sensitivity to NP -
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NP Contributions

summer23 summer23
NP fit NP fit
L I L 1 1 ] I 1 1 1
0.4 0.6 . 0.4 0.6
NP, A SM NP, A SM
AYTA; ALTIAS

Marginalizing on the phase: A /A, < 30%
and A /A5 < 2D5% at 957 probability
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FROM AF=2 TO THE NP SCALE

’ HeffAF:Z = Zi=15 Ci Oi + Zi=13 Ci' Oi'
* In the SMonly O, (V-A)

* Operators with i>1 are RG- and chirally-
enhanced

* Ingeneral, C. ~ FL/n?

* Take L=1and F.= 1 (generic) or F. ~ F "
(next-to-minimal flavour violation)
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FROM AF=2 TO THE NP SCALE

[—1 Generic Flavor Structure B MFV

107 Re(Cx) Re(Cp) Ca, UTg¢
Im(Ck) Im(Cp) Cs,
10°
>
ST
[ |
10
1
10 C, C. C C Cs
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The Next Frontier:
Global Fits in the SMEFT

* Assuming no sizable NP effect in tree-level
processes is reasonable, but can we be more
general?

* Most general gauge-invariant effective
theory built with SM fields: the SMEFT

* 2499 B- and L-conserving operators at D=6

* Goal for the next decades: explore the full
landscape of the SMEFT
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First steps in the SMEFT

° Flavour assumptions: U(3)°(59 ops), U(2)°(124
ops), MFV, ...

* Work at linear order in the SMEFT

Determine simultaneously SM parameters +
SMEFT coefficients

Need to generalize expressions for all
observables

* Combine with EW, Higgs, top & DY
* Everything implemented from scratch in HEPfit
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U(2)° Results - PRELIMINARY

C AT C AT C AT
Ce 1.26 £0.77 1.8 Cw —0.70£0.46 2.4 Csc —0.014£0.010 | 16.3
Cow | —0.071+0.046 | 7.5 Csn —0.020£0.015 | 135 | Cewn | 0.040+0.027 9.9
Cép 0.032 + 0.084 6.6 | Cobor —32+21 1.1 Cs — —
c® | —0031+0040 | 90 | Cf? 0.04+0.16 5.1 ci)® | —0067+0054 | 7.2
clr 0.10+0.14 49 cs, 0.068 + 0.053 7.2 3, —0.16+0.17 4.3
cl)® | 0.0016£0.0033 | 344 | CUP | —0.0019£00033 | 339 | €07 | 0.0018£0.0031 | 349
cﬁ’a —0.0016 +0.0028 | 37.1 cs. 0.34 +0.37 2.9 c3, —0.01+0.15 5.4
ce, —0.76 £ 0.76 2.0 cl, —20+1.0 1.5 C3 —3.9+6.0 0.8
(o5 0.131 +0.070 5.8 Coun 81+4.6 0.8 Cly | —0.037+£0074 | 7.0
Cue | —01514£0.096 | 52 | Cuw —0.35+0.28 3.2 Cusi2 —0.24£0.17 3.9
Cayc —46+38 0.9 Cazw —0.29+0.43 3.0 Ciayiz 32453 0.8
Ceaw 3.1+1.8 1.2 Cesit 10.0+5.1 0.8 Cpebb —0.20+0.23 3.7
cptte | —0.016 + 0.099 6.6 cpess —0.02+0.32 3.8 Ccpie 0.06 =+ 0.29 3.8
c33s 28+46 09 | ¢ | pooaa+00046 | 278 | ¢V | _0.0043+0.0047 | 274
c™e | 031+023 3.4 01‘313333 —0.47+0.81 2.2 cf?"“‘"" 0.0006 + 0.0037 | 33.7
cP*e® 1 _p0042 40,0048 | 278 | ¢P¥ | _0.0204£0.031 | 107 | ¢ 0.42 +0.39 2.7
g g lg
Caabb —0.12+0.14 48 | (a3 —0.01+0.18 19 | c¥n 6.847.2 0.8
Caabb 0.020 + 0.040 95 | (a3 0.56 + 0.46 25 | (33aa 0.23 +0.17 1.0
C3333 ~14+415 1.4 Caabb —0.06 £ 0.12 55 | (asis 11+20 1.3
C3aa —0.68 +0.51 2.3 3338 —79+72 0.8 (Cjabb 0.05 4+ 0.38 3.4
Cga33 —0.74 £ 0.96 1.8 | Cptas —0.55+0.95 1.9 | cpee —0.53+0.18 0.9
Cpath 0.049 £ 0.084 6.6 Cpadd —0.294£0.22 3.7 Cjiaa 0.48 +0.35 2.8
s 0.2+14 1.7 Cppbh —0.13+£0.25 3.8 opps 0.5+£4.7 1.0
cijen —14+1.0 1.6 CP —5.6+9.2 0.8 (oobb 0.051 £ 0.098 6.0
Coasd 0.57 £0.39 2.6 C33aa —0.454+0.32 3.0 €333 08+1.1 1.8
Cpags —6.1+89 0.8 cgfw —0.023+0.017 | 135 cgfl"“’“ —0.024+0.015 | 135
i 00102400000 | 191 | ¢l | oo119+0.0070 | 188 | ¢l _oo010+0016 | 157
cipet | 001740014 | 144 | P | —0.022+0016 | 136 | C2** | 0.0083+0.0064 | 211
clP*¥e | 00132400082 | 185 | C¥¥ | _0.0204+0.014 | 143 | (oobb 0.65 + 0.93 1.9
(Cabba 1.1+1.3 1.6 Caa3d 1.2+1.2 1.6 Caa 0.49 + 0.45 2.6
3333 —0.29 + 0.61 2.6 (aabb 42453 0.8 (ghba 53+6.7 0.8
€333 6.7+8.1 08 | (gita —6.65+0.35 0.8

deBlas et al; see also Allwicher et al; Bartocci et al; Hiller et al;
Jennifer2, Pisa, 3/4/25 Luca Silvestrini



Conclusions

° Impressive experimental progress in CPV in B
and D decays, best summarized by the UTA

* Current data still allow for NP contributions in
AF=2 processes at the level of 25-30% of the
SM. This however already corresponds to
impressive bounds on the NP scale.

" First steps towards a fully general SMEFT
analysis, long way to go but leads to unbiased NP
search and hopefully to evidence of NP!

Jennifer2, Pisa, 3/4/25 Luca Silvestrini 38
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