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Standard Model & Flavor

INn the SM interactions of
quarks with Z,y, gluons are

flavor universal 0
Interactions with Higgs

boson are flavor diagonal
(oroportional to the quark

mass)

Flavor violation in charged
currents (W+ interactions)




Standard Model & Flavor

+ Flavor violation controlled by the CKM

matrix Vckwm u;
+ (8x3 unitary = 3 mixing angles and 1 CP
violating phase)
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- Flavor changing neutral currents (FCNC)
at loop level: small — sensitive probes

for BSM signals



Flavor and CP violation in the SM

Cverything is encoded in 2 Yukawa matrices Yy & Yq
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Origin of flavor?

SM does not explain the structure of the Yukawa
couplings
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Flavor models:
Vckm = Provide New Physics

explanations for these
(flavor viol’ in quarks) oatterns



Origin of flavor?

SM does not explain the structure of the Yukawa

couplings
*o " %,
+ d + S + b
g u s C = t
-5 25 0 25 LoglO(E/].GeV)
Flavor models:
Vckm = Provide New Physics
explanations for these
(flavor viol’ in quarks) oatterns

No Energy scale associated with it!
Origin of flavor structure could be anywhere from 10-100 TeV to 1018 GeV



Model building flavor structures

- Goal: produce a model where the U(3)a x U(3)u x U(3)q is broken dynamically in
some BSM flavor sector, suppressions generated by ratios of energy scales
(masses, vevs) and/or loop factors, anomalous dimensions

- Various models developed over the years: “horizontal” symmetries (Froggatt-
Nielsen), non-Abelian symmetries, radiative generation, RS models,
“clockwork’, ...

- Expect additional flavor and CP-violating effects at the scale A where flavor
IS generated (~v2//\2)

- Different aspects of flavor violation and mass hierarchy may be generated at
different scales

- Low-scale flavor models tend to have more difficulties with gauge coupling
unification (need to introduce many fields charged under SM gauge group)

Need experimental guidance!



Flavor and CP violation with New Physics

“Low scale” flavor BSM sectors — there are other
“directions” besides Yy & Yq
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Flavor and CP violation with New Physics

“High flavor scale”. everything depends on Yy & Yqonly

-

—

“Minimal Flavor Violation”
Yy Yu (MFV) contributions from
new particles

@LiQy;

VCKM/

(Interplay with high-pT
searches and constraints)

non-MFV contrib’ are

highly suppressed similar for RR & RL & LR ...
(difficult to learn about origin of flavor)



Probing New

Physics with Flavor



Probing NP with Flavor

Flavor observables probe indirectly very high scales
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Probing NP with Flavor

- How well do we know the SM?
- Current constraints on the Unitarity Triangle

Vud Vyp + Ved Vap + Vig Vi, = 0

(tree + loop processes assumlng SI\/I)

0.7

0.5

0.4

| exchides ares bas CL_'-:S>_-9§_

0.3

IlllII'llllllllll},-ﬂfll'llll

0.2

0.1

l'l"l'..llllllllIllllllllllllllllllllll

0-0 1 A A 1 1 1 1 1 1 L L L 1 1 1 L
0.4 -0.2 0.0 0.2 04 06 08 1.0




1=

Probing NP with Flavor

- How well do we know the SM?
- Current constraints on the Unitarity Triangle

Vud Vyp + Ved Vap + Vig Vi, = 0

(t e + loop processes assumrng SI\/I)
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2robing NP with Flavor in AF = 2

Loop observables in CKM unitarity triangle are related to

Bg,s ! @é,s K" K mixing |
Parameterize NP contamination as My, # I\/Ils'zvl(l -+ hqez' )
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Probing
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2robing NP with Flavor in AF = 1

- b—s FCNCs with charged leptons

Fully visible final state, angular analysis possible, can

disentangle individual Wilson Coefficients 220713371
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2robing NP with Flavor in AF = 1

- Other channels: AF=1 with neutrinos:

- K—=1iw (s—d), B2Kw (b—s)

- Rare leptonic decays, B, Bs = pyu , K=>pu

- Anomalies present here too: BR(B—=Kw)/BR(B—=>Kw)su ~ 2.75 + 0.86

- Interplay between different channels can disentangle theoretical
uncertainties and constrain individual Wilson Coefficients

- Much more upcoming data from LHCb / Belle Il / CMS ATLAS, more
theoretical progress on reducing theoretical uncertainties needed



2robing NP with Flavor in AF = 1: Top flavor violation

- Top flavor violation is uniquely probed at high-pT at the LHC

- SM Top FCNCs unmeasurably small = any signal is a signal of NP

- BR({t—qg + Z,h,y,qg,(I*)) can be probed at the HL-LHC at least at the level
of O(104 - 10-9)

- Already some strong constraints:
+ 240715172 (CMS): BR(t—cH)<3.7 104, BR(t—uH)<1.9 104

- Interesting interplay with various indirect constraints from low energy
observables (both flavor violating and flavor conserving, see e.g. 2303.00781,
0704.1482, ...) = low energy constraints already restrict certain operators

to contribute to top FCNC decays beyond LHC reach



Higgs and

flavor

Higgs boson has flavor diagonal non-universal couplings, proportional to

fermion masse

S

BSM physics may violate that (including inducing flavor violating couplings

Current data probed mostly 3rd and 2nd generation coupling at the few % level

TLAS Ru

E§ 1; h n2 )

© n f K, is a free parameter w ]

ELL‘E 10 E_ SM prediction —E

> S =

N = 3

102 3

; T Leptons =

F moom -

0, -

C Force carriers Higgs boson 7]

N N i - - i

;14;ﬁ T —

S 12F l -

w - ]

& 1 B I = g -

| B !

0'8_||||I N A Sl Ll ]
107 1 10 10°

Particle mass [GeV]

K,ﬂ or VK_,%

Rato to SM

CMS 138 b [13 TeV)
[F75 T T T e
1 . m,=125.38 GoV W Z ;"
P, = 375% -
107y
: b
10%F -
i LEDONS A0 NIATMeS

103k 4

-4
107°E., g 1 :9:090il

H ﬂﬂ!
DR CEl

Fovce cariers Mipgs hoson
0o
|

14 pm =

12 *
1.C B T

0.8
0€™

107 1

-

+ 1.0% ﬁ

.......}... ceressniananiainncas b eccbte ...f.....
9 b

Ill ] . | .| I 1}

vl s ssal
10 1¢?
Particle mass (GeV)



Status of semileptonic b—c¢ decays



Charged current semileptonic decays in 20257

Currently, a lot of “puzzles” to be clarified:

Inclusive vs. exclusive
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o Ll 5 calculated)?
o = 1 HL-LHC: Ve in top decays
3f iy [E (W—cb @ EW scale) with
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e T~ current WA?Y

|Vcb| [103]
Bottleneck for future improvements on AF=27



Charged current semileptonic decays in 20257

Currently, a lot of “puzzles” to be clarified:

Inclusive vs. exclusive

R(X) =

BR(BS$ X#5)

BR(BS$ X9%)

T vS. Y,e Lepton Flavor universality (LFU)

0.3F
Q%:

0.2

" 68% CL'contours = A

4 HFLAV SM Prediction

R(D) = 0.298 + 0.004
R(D*) = 0.254 + 0.005

R(D)=0.342+0.026,,  —
R(D*) =0.287 +0.012,, -
I =-0.39

P("2) = 35%
1 1 1 I

0.5I —
R(D)

LHCb:
R(D*), R(\c) compatible
with SM

NP explanations: need
new particles at ~ TeV
Interacting with b, ¢, T, v:
can be searched directly
at LHC



Charged current semileptonic decays in 20257

Total uncertainty [%]

- Currently, a lot of “puzzles” to be clarified:

Inclusive vs. exclusive

R(X) =

+ TVS. U,e Lepton Flavor universality (LFU)

- Optimistic
. LHCD unofficial

BR(BS$ X#5)

BR(BS$ X9%)

: Optimistic
. Belle II unofficial
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Charged current semileptonic decays in 20257

- Currently, a lot of “puzzles” to be clarified:
Inclusive vs. exclusive
+ TVS. U,e Lepton Flavor universality (LFU)
B—D"lv shapes @ Belle vs. (certain) lattice QCD calc’s

- No = ATV lattice vs. experiment



(Isgur, Wise;

Heavy quark effective theories in a nutshell 2o

- Assume 2mep >> Nacp: heavy quark is “frozen” with non-relativistic velocity,

- EFT describes the dynamics of the QCD brown muck in the presence of a Wilson line fixed on the
heavy quark world-line.

- New spin and flavor symmetries when mep— o relating different form factors and different processes
- On the partonic side: Heavy Quark Effective Theory (HQET)

- On the hadronic side (w/ xPT): Heavy Hadron Chiral Perturbation Theory (HHxPT)

- Matrix elements %il.! @&b! H," in HQET computed as simultaneous expansion in powers of (&/" )
and (¢ # @/(2m, ) with non-perturbative “Isgur-Wise” functions coefficients dependent on
W = V)V (with v, v’ the 4-velocities of the heavy hadrons)

- Non-perturbative functions and parameters need to be fitted to experimental data or computed on
the lattice

- Residual redundancy (reparameterization invariance, RPIl): p = m v + Kk, v and k definition ambiguous:
physics unchanged for k > k-¢g,v—=2>v+¢e/m



=Xclusive b—c: theory status

HQET (@ 1/m2) in fair agreement with lattice QCD:
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=Xclusive b—c: theory status

2406.10074

o
o

Belle data agrees with form
factor calculations from
JLQCD but is in tension with
FNAL/MILC and HPQCD
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Tensions persist in different

quantities depending on the
specific combination exp/ :
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Wait for new data from Belle
Il / lattice calculations to sl
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=Xclusive b—c: theory status

R(D')

-+ Despite tensions, the R(D(*)) predictions are quite stable

and cannot resolve the anomaly
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Fitting for NP

-+ Semileptonic b—c¢: cannot fit NP to experimental results derived assuming
SM:

*  exp procedure involves shape fits for signal and backgrounds in the
acceptance region and extrapolations over full Kinematic space assuming
SM acceptances.

- Background and signal can both be contaminated by same NP (e.g. bkgs
for B->Dtv include B—D*lv, B=>D**v)

- SM and NP have different acceptances
- SM+NP fits need to be done by experimental collaborations = computational

challenge (# B’s produced: O(1014) w/ 300/fb @ LHCb, O(1019) w/ 50/ab @
Belle ll) = efficient (tensorial) reweighing with HAMMER-MC



Fitting for NP

Example:
assume Nature is SM+NP
Fit SM to mock data using a Belle/BaBar-like analysis
Use same SM+NP hypothesis to fit to the R(D)-R(D*) plot
Extracted regions do not contain “true” value
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=Xclusive b—c: theory status

- Other possible sources of underestimated theoretical uncertainties,
needed to be under control for future experimental precision

- HQET FF defined assuming hadrons stable — relations between on-
shell and off-shell mesons needed to describe full (Drt, Drirt, Acrtr)

line-shapes
- Additional 1/M terms need to be included

- Photon emission beyond soft [imit not included in exp analyses —
HQS determines sub-leading-soft “structure-dependent” FF in terms
of IW function + few couplings (MP, Trickle, Wise, 2110.13154; MP, F.Cima

2506.yyyyy)



What is are the Isgur-Wise functions for off-shell hadrons?

MP, Plestid 2412.08703
Nevoa, MP, Plestid 250x.yyyyy

Our approach:

Work in HHxPT (effective theory of heavy hadrons
coupled to light mesons below A~1GeV)

Use BCFW-like construction to factorize hadronic
amplitude into on-shell (on-pole) sub-amplitudes
without extra assumptions besides unitarity and
analyticity

E.g. for B—=Drmlv amplitude (Z + , , g fixed):
P2 = p™- 9’2 P2 =P+ 9’2
p%(2) = m?, $(Z) = p)$

1 |
>0 % (
#
_ . res AD" L hes AQT 1 A

z 2% o Z

e ‘\Z! / | \

Non-relativistic: single and double poles  Non-zero “pole at
From intermediate states infinity” contribution

Different approaches / assumptions: 2402.12460, 2311.00864
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HQET parameterizations w/ off-shell hadrons

1 1
A = A0) = — dz—-A(2).
phys ( ) OHi N 7 ( )
POopy & 0 &
Y YC MRS Nc: S SR Nc)
- | T 277 2#i oz
poles, poles ! !

Amplitude factorizes on poles in two on-shell sub-
amplitudes:

B — He) +(He— Dm)
(B— Hp ) + (Ho = D)

Weak transition matrix elements are now on-shell

(on-pole) can be matched onto HQET via an RP
transformation

Double poles reproduce kinetic energy operator
(k_2/ 2M) insertions on internal lines

Residue at infinity can be fully computed via
dispersion relations on the amplitude derivatives




HQET parameterizations w/ off-shell hadrons

- BCFW procedure proves the “naive” recipe to be correct:

-or each diagram, use velocities defined by off-shell momenta

to compute amplitudes, IW functions (e.g. V¥# P /My for
pion emission from charm hadron line, etc.)

-+ Add all allowed contact operators compatible with symmetries
(including RPI) with new “IW” functions: 0 @ LO, 3 @ 1/
N~GeV-1

- For unstable resonances, capture [ /M terms by generalizing

the definition of HQET parameters to complex-hadron mass
scheme: My-Ma = Mu-il 1-Mq



Conclusions

- Flavor (and CP) violating observables provide some of the most
powerful window into BSM physics at high scales

- Large upcoming datasets from LHCb and Belle Il (and ATLAS/CMS)
can gain factors of 1.5-2 on the energy scale probed

-+ Several anomalies are present in various channels, to be resolved with
more data and better understanding of hadronic uncertainties

- To fully leverage upcoming data in flavor-violating observables, an
improved description of semileptonic exclusive b—c¢ decays is needed

- Work underway to improve theoretical predictions and meet the
challenges that large datasets will provide



Sackup slides



Central Uncertainties Reference
values Current [18] Phase | Phase Il Phase Il Phases IDIII
[Vud | 0.97437  +0.00021 id id id [18]
Vus [ 57 7 (0) 0.2177 + 0.0004 id id id [18]
Ve | 0.2248 +0.0043 +0.003 id id [19, 20]
|Ves | 0.9735 + 0.0094 id id id [18ER0]
l mqg [ps ] 0.5065 +0.0019 id id id [17]
I ms [ps '] 17.757 +0.021 id id id [17]
|Vep|st | 10° 4296 +0.58 + 0.60 +0.44 id [21]
Veolw: o ! 10° ' N N N +0.17 [22E24]
Vup [sL ! 10° 3.56 +0.22 + 0.042 + 0.032 id [21]
[Vun/V o] (from ") | 0.0842 + 0.0050 +0.0025  +0.0008 id [25]
BB" I")! 10° 0.83 +0.24 + 0.04 +0.02 + 0.009 R1, 22]
B(B" u")! 10° 0.37 N +0.03 + 0.02 id [21]
sin 2# 0.680 +0.017 + 0.005 + 0.002 + 0.0008 R1, 22, 25]
$ [*] (mod 180%) 91.9 +4.4 +0.6 id id [21]
%[*] (mod 180%) 66.7 +5.6 +1 +0.25 + 0.20 [21, 22, 25]
#s [rad] #0.035 +0.021 +0.014 + 0.004 + 0.002 2, 25
Al 1 10 #6 +19 +5 +2 +0.25 [14, 17, 22, 26]
! 10 3 + 300 +70 +30 +25 [14, 17, 22, 26]
m; [GeV] 165.30 +0.32 id id +0.020 [18, 22]
$s(mz) 0.1185 +0.0011 id id + 0.00003 [L8, 22]
AR (0)! 0.9681 + 0.0026 +0.0012 id id [25]
fk [GeV] 0.1552 + 0.0006 + 0.0005 id id [25]
fs. [GeV] 0.2315 +0.0020  +0.0011 id id [25]
Bs. 1.219 + 0.034 +0.010 + 0.007 id [25]
fe /f 5, 1.204 + 0.007 + 0.005 id id [25]
Bs./B s, 1.054 +0.019 + 0.005 +0.003 id [25]
Bs./Bs, 1.02 + 0.05 +0.013 id id [25, 27, 28]
Bs. 0.98 +0.12 + 0.035 id id [25, 27, 28]
88 0.5522 + 0.0022 id id id [29]




HQET parameterizations w/ off-shell hadrons

- First use on-shell amplitude methods in EFT with finite cutoff, w/ derivatively coupled massive
particles and non-relativistic particles labeled by velocity vectors

* “Pole at infinity” (aka boundary term) does not vanish = compute it!

* Existing methods for computing BT do not work in our case. New method:

- Consider amplitude at order 1/An [ (M(2)

Ak (2) = ; T A™ has a better behavior at large z.

* Use
I 1
L A W) k
Gy Wz T At @ Res o AL (W)

New boundary term — either vanishes or
parameterized by higher dimensional What is needed computed before at finite z
operators (depending on n)

- Then multiply by p (2)”* O p (2)® and compute residue at 2 = L .

- Effect of boundary term: evaluate factorized amplitudes at Z = O instead of 2 = 4 and add
higher-dim operators (reorganizes “pinched terms” contributions from finite 4 terms)

- Can recourse over number of derivatives, can be implemented order by order in 1/A, 1/M



