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The Standard Mode!
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Bugs are spin 1/2 particles, unless it's particularly windy.
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The Standard Model
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The Standard Mode!

Lagrangian: Cutoff scale Local operator

Parameter - a monomial in fields and derivatives

v LS
ZL(x) = 2 Cps A‘é—dlm@ O(x)

dim O—-4
Physical effects ~ <£> credit to AGreljo

Ao @ LHC Forum 23

The Standard Model is an Effective Field Theory (EFT).

PRECISION
TESTS!




Precigion Tests: Flavor

: procegges w/
: uniteof
: flavor violation :
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Flavor Precigion:

@ Flavor violation in SM in charged weak-current <—> Vpyu

—> Flavor Changing Neutral Currente (FCNCg) ONLY @ one loop

& CKM matrix deseribed by 4 parame (3 angles and a Gl phage)

(@,f]) apex of [ijvud+ b Vea Vi Vig = ()]




Vud Vf;b V:‘,d ‘/tz
VeV VeaVa

arXiv: [905.00798 — L.Silvestrini @ Les Houches



www.utfit.org

M.Bona, M. Ciuchini, D. Derkach, F. Ferrari, E. Franco,
V. Lubicz, G. Martinelli, M. Pierini, L. Silvestrini, C.
Tarantino, V. Vagnoni, M. Valli, and L.Vittorio

LINCEI CELEBRATIVE ESSAYS

New UTfit analysis of the unitarity triangle
in the Cabibbo-Kobayashi-Maskawa scheme

arXiv: 2212.03894



Ut |: Bayes aficionadog

P (5,51 0) ~P (0| p.i1,5) x Polp, . )

posterior ~ likelihood X prior

see, e.9., arXiv:hep-ph/0012308

O ={ex,Amg.,---}
Obgervablea <—> congetrainte in the fit

® p=1/kB,BrkB "}
Parametere we can marginalize over

® (P,7) <—> CKM pair we wich to infer



UT: How it really worke ...
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SMUT Analygig
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ANOTHER FLAVOR PROBLEM
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Generic source of Flavor / CGP violation —> high NP scale



L essons from UTA

(i) SMUTA: Towarde % precicion, overall congigtency very good

(i) NOUTA: Going beyond the SM = facing big challengeg

NATURAL

credit to R Rattazzi
@ GG[ ‘2|



TODAY : Important lesgong directly from semi-leptonic rare B decays!

@ Flavor Changing Neutral Currentg

— only @ loop level in the SM for

NP!

— GIM suppressed
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1. something that deviates from what is standard, normal, or expected. &,
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'WHAT IS AN

“ANOMALY? §

Article | Open Access | Published: 15 March 2022

Test of lepton universality in beauty-quark decays

LHCb collaboration

Nature Physics 18, 277-282 (2022) | Cite this article
7344 Accesses | 65 Citations | 29 Altmetric | Metrics

“This article presents evidence for the breaking of lepton universality
In beauty-quark decays, with a significance of 3.1 standard deviations,



B ANOMALIES — What are we talking about?

Hints for Lepton Universality Violation (LUV)

v/Z

uj/c/t

loop level

Adding 2015 and 2016 data, Rx becomes:

@LHCb

Rk = 0.846 1700 (stat.)

0.016
10.014(83’“-)

~ 2.5 0 from SM.
PRL 112 (2019) 191801

BELLE also measured Ry
BELLE-CONF-1901
Compatible with LHCb data
(but also with SM prediction).
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JHEP 08 (2017) 055 ¢* [GeV?/cY]

Ry = BR(B - KOu*u™)/BR(B — KMeTe™)

Theoretically very “clean” [ 1605.07633 |




credit to G.leidori

Suppose we could test matter only with long wave-length photons:

U(l)g we would conclude that these two particles are

1

identical copies’ but for their mass ...

This 1s exactly the same (potentially misleading) argument we use to infer flavor
universality in the SM...

Y, 8 W, Z . @ ‘ These three (families) of particles

N\ \N\NN NP

seems to be “identical copies”™
SUB)XSU2)xU(1) € L T but for their mass ...

3 “identical” families could lbe an accidental property @ low E

: LEPTON UNIVERSALITY VIOLATED
IN THE UV (LIKE BARYON NUMBER)




B ANOMALIES : BEYOND Ry

BR(B, —» utu~)aleo “clean” [ATLAS + CMS + LHCD |

& [ominated by short digtance, purely leptonic final state

® (Contrary to LUV ratiog, directly gensitive to muong



B ANOMALIES : A (OO0} PIC ~ 2022

Lo _ [2011.01212
NO EVIDENCE @ Ogo53 = LovuLoQ27" Q3 2110.10126]
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New Phygicg (NO) —> Standard Model (SM)

LHCb, 2212.09153,2212.09152
Rk low-q® =0.994750%
Ry central-¢> = 0.949100%
Rg: low-¢® = 0.927755%

Ry~ central-¢? = 1.0271007%

Rk low-¢> Ry central-¢> Ry« low-¢> Rg- central-¢?




BIG JUMP NOT ONLY DUE TO THE RATIOS ...

Experiment

Measurement
[10-°]

Reference

Average

3.45 £ 0.29

3.94

p = 0.27 (ndf=3)

PDG

+0.36
3.01 752

pdgLive

CMS

+0.38 +0.24
3.83 —0.36 —0.21

0.85

inspire id 2110198

LHCb

+0.46 +0.15
3.09 —0.43 —0.11

0.56

Phys.Rev.D 105,012010
(2022)

ATLAS

0.8
28717

0.67

JHEP 04,098 (2019)

CDF

9
13 +9

1.86

Phys.Rev.D 87,072003
(2013)
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David Marzocca
@DavidMarzocca
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Lire |8 AwL Asout BaLance .




Hints for NP effects in the same class of FCNCs

LHCb
ANGULAR ANALYYS | ; » T
OF M —> VM/«‘ e LHCbdata o ATLAS data . 4.0<09g2/GeV2<6.0
ILH— ﬁ Belle data © CMS data ] 5 5
. SM from DHMV — 6.0 <92/ GeV2< 8.0
";T /ISM from ASZB ] 340
i T _
- + : ATLAS
o > _@ 4.0 <2/ GeV2< 6.0
E = { i 2.70
— ' — BELLE

10 15
¢*[GeV?cY] . 40<c2/GeVe<80

BRa . eame range in g2
’ geinq 260

CMS

EmL.CSR Lattice —-Data

No discrepancies!

i CONSISTENT ve TIME
llllllllllllllllll : : : Tengion in muong (@ LHCb
: 0 eVt Y L Gevien :DRL 25, 011802 (2020):

o

dB(B’—¢uu)/dg? [10°GeV=2c4]
- + 7
@
e
dB/dg2 [10® x ¢*/GeV?]




Q: How to address tensioninb —> g [l data?

1) Experimental problem + theoretical uncertainties

2) New Physics



Q: How to address tensioninb —> g [l data?

' N ﬂl’\lhm 1 +L‘\AAVA"‘:I'\I'\I P AL A —
7) Exlljerlmenfal ,Lnruu,u: T T o ourodl Urnioor tall riiuco

2) New Physics !!!

Too hx

COMPLICATED

TITANIUM
ADVANCED
SWIVEL HEAD




Q: How to address tensioninb —> g [l data?

1) Experimental-oresieiniT=

2) New Physics 7

Taming the charm-loop
monster...

) 47 = - o7 3
s = & - 4 I .
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Marco Ciuchini (INFN



NITERLUDE ANaTOMY OF B —> KL

™My B
2
q

~

HY) (¢%) x 2 (G5 + ACEP (¢?)) [Ta(e?

HELICITY AMPLITUDES : A = =+,0. +AC§SDf(q2)

H(P)(q2) X QmemB ClO (
q

- SHORT DISTANCE @ DIM 6
SM Wilson coeffs @ ~mp: C7 ~-1/3,Co~4,Cio ~ -4

state-of-the-art from LQCD & LCSR computations

QCD factorization for leading effects of O(Aaco/me) ,
but also present.



Known Unknowns IN B —> K™ £/

/‘/E [ 2 6;;(/\) 4 . 1qx | 7% ' had _—w
o @) = [t (BT 1 0)) B)
O 4
K* COMPUTED IN i) Light-cone sum rules (LCSR)
1006.4945 USING: | . o
i) Single soft gluon approximation
i) Extrapolation via dispersion rel.
i’ § oY Gredit o C.Bobeth
8 B
“OPTIMISTIC” =
TRUST THIS COMPLETELY!

Pheno - Model - Driven (PMD)

2_ : “CONSERVATIVE” =
q*=(me-mx-) TRUST THIS PARTIALLY!
e Pheno - Data - Driven (PDD)
(B — K*~)-pole open charm threshold J

~ Large Recoil (low q2) Low Recoil (high q?)



AnoMALIES IN B —> K* uu 2 11512.07157 +2011.01212

k q° '
s ()= 32 1% ()

k=0,1,2

Phenomenological
Model Driven (PMD)

Enforce outcome of LCSR + dispersion
relations in the entire range of q2

S5
V(1 — Fpr)

Descotes-Genon et al, 2013

P =

Phenomenological
Data Driven (PDD)

Apply LCSR results only for c]2 < GeV?

1.0F

0.5

-1.0F

1.0F

-

—1.0

B SM@HEPfiIt - PMD
T LHcb,3fb! |

B SM@HEPfit - POD
LHCb, 3 fb~! |




In 2023, this class 1) LCSRat ¢g* <0
of charming penguins
might lbe tamed.

[ 2206.03797 ]

2) Z - expansion w/
B — M J/y data

3) dispersive bounds

Y QCD factorization s BSM best fit
N This work 0.75 4> BSM benchmark [
| B Experimental J /v veto i * \\ SM prediction
LHCb 2020
ATLAS 2018




Usborne touchy-feely books @

In 2023, this class That’s not

of charming penguins my penquin...
might lbe tamed.
[2206.03797] its tummy
is too fuzzy.
< &
+ ]

Rescattering from intermediate on-shell hadronic states.
These effects NOT captured by any analytic cut solely in g2.

NEW : No theory input on h/%k)



Eur. Phys. J. C (2020) 80:456 THE EUROPEAN )
https://doi.org/10.1140/epjc/s10052-020-7904-z PHYS'C AL JOURN AL C %%%Caﬁégr

Special Article - Tools for Experiment and Theory BESTHCODE

HEPfit: a code for the combination of indirect and direct
constraints on high energy physics models

J. de Blas'?, D. Chowdhury’+*, M. Ciuchini’, A. M. Coutinho®, O. Eberhardt’, M. Fedele®, E. Franco’,
G. Grilli di Cortona'’, V. Miralles’, S. Mishima'!, A. Paul'?-13-2@®), A. Pefiuelas’, M. Pierini'“, L. Reina'>,
L. Silvestrini’-'®, M. Valli!’, R. Watanabe’, N. Yokozaki'®

[HEPI

SM

Config file [J / X
Effective your model
Lagrangian

Prediction

Bsiaq Analysis Toolk

s e o — e — e 0~

it

| 1910.14012 | https://hepfit.roma1.infn.it https://github.com/silvest/HEPfit



B ANOMALIES : CIRCA 2023

052%3 = I_/Z/V/LL2Q2/7MQ3 Cg CQe =+ CLQ
KEY NP OPERATORS 02%922 _ Q2%LQ352’YM62 Clo X Qe _ L@
2 Axp = 30TeV
Data driven : NP ¢
Model dependent HEP[T
| :
o &
SM
%g () reeeeeeememsmmmnese e s
— 1 1
_9 . .
—2 —1 0 1 2

LQ
Co933



QCD ONLY

B ANOMALIES : CIRCA 2025

HEP[T

QCD ~ LEPTON UNIVERSAL NP

|
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B ANOMALIES : A < FUTURE

See Workshopo ANOMALIES 23 @ SCGP

TrT T rrr [ rrr T r T T T rrT

. SM from DHMV
® LHCbRun1
[J Phase-ll Upgrade

LHCb upgrade(s) will allow us to probe precisely
the g2 dependence in the angular analysis ...

—> to pin down effects from hadronic physics

Belle II

(+}] ()
L") o
— ~ © ™ < ©
(o [ |-])) o c on
- - Q. - > (@R
(o' (a'e - (a4 (' D)

4 1 ] 1 ] ] 1 ] 1 ] ] ] ] ] ] I ] I ] ] ] ] 1 ] 1 >
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OO0 O O o oo
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erage
1.14+0.4
| | '! g | ' ! | ! ' ! | ! ' ! | ! ! !
L Belle II (63 fb !, Inclusive)
: 1.971* PRL127, 181802
1
——— Belle (711 b1, SL
I 1.0+0.6 P(RD96, 091101 )
1
|
i ° Belle (711 b1, Had)
: 3.0+1.6 PRD87,111103
1
| B 1
— i abar (429 fb*, Had+SL
1 | | 0.8+0.7 PR})87, 112005 | )
s Il L 1 L 1 1 L L 1 1 L 1 1 1
0 2 4 §) 8

10° x Br(B*—K * vp)

10



Ao B ANOMALIES

LanT NOT JUST A
NOT

LEAST FCNC PUZZLE tree level

R(D*) with hadronic 7 decays

Ay* = 1.0 contours

BaBarl2

LHCb22 u

W LHCb22,hid

[ t- Belle19

Belle17
:H: 2017) 115008 World Average
-}HFLAV SM Prediction  JHEP 1712 (2017) 060 R(D) =0.362 +0.024 = 0.012
R(D) =0.298 = 0.004 PLB 795 (2019) 386 R(D*) =0.278 = 0.009 = 0.007

PRL 123 (2019) 091801 -02
R(D*) =0.254 = 0.005 EPJC 80 (2020) 2. 74 g(;l());(:wr'é

PRD 105 (20224034503 -
L1 1 I 1 1 1 I L1 1 1 I l\ 1 1 I‘ 1 ‘l 1 I 1 1 1 l L1 1 1 I 1 1 1 I 1

0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
R(D)

® [ncluding this result, the world average becomes
R(D*) =0.278 +0.011; R(D) = 0.362 + 0.027

HFLAV
PRELIMINARY

[LHCb-PAPER-2022-052]

(In preparation)

® The deviation w.r.t. the SM stays at 3.00 level for the combination of R(D)-R(D*)

Resmi P K (Oxford Rare and semileptonic decays & LFNU at LHCb




S \NOMALIES : CIRCA 2023

httpa://thesicibrary.caltech.edu/[4598/1/Yunxuan_Li_ 2022 _thegiepdf

0.40
0.357
0.30F :
k4
Q 0.25 L
R
0.201
“BaBar’2022 (Preliminary) =~ SM Prediction
0.151 BaBarl2 » LHCbI15
Bellel5 ¢ LHCbIS
Bellel9 Bellel7
010 | | - | | - |v 1‘. - 1- 1--
0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55
R(D)

Waitin’ forBedet— ¢ . b




Take Home

For most of 2022, NP effects were robustly above 56 ...

Unfortunately, in 2023 data do not longer support this conclusion.

NP cannot be disentangled from hadronic physics.

— Charming penguins
in B decays via FCNCs
need more data

— BaBar crucial x Ry,

maybe the last vestige
of LUV in B decays!

— ook forward to upgrades
@ LHCb and to Belle I







B ANOMALIES : CIRCA 2025

12110.10126 ]

Belle

w == CMS
= ATLAS
s | HCb
data driven
~ based on [34]
based on [67]

r34. M. Ciuchini, A. M. Coutinho, M. Fedele, E. Franco, ‘
A. Paul, L. Silvestrini et al., Hadronic uncertainties in
semileptonic B — K*uTu~ decays, PoS

L BEAUTY2018 (2018) 044, [arXiv:1809.03789). A

r67. A. Kﬁodjamirian, T. Mannel, A. Pivovarov and Y.-I\ﬂ
Wang, Charm-loop effect in B — K0T ¢— and
k B — K*~, JHEP 09 (2010) 089, [arXiv:1006.4945]‘




B ANOMALIES : CIRCA 2023

data driven based on [67] C(?CDF
O - data driven (2015) based on [34] CSD
/

5

N

NQ“

SN 4 i

—

| 5 3 A 5 6 7 3
¢* [GeV?]

34. M. Ciuchini, A M.'C.outmho, M. Fedele, £ Frgncp, . r67. A. KHodjamirian, T. Mannel, A. Pivovarov and Y.-M‘
A. Paul, L. Silvestrini et al., Hadronic uncertainties in

. : _ Wang, Charm-loop effect in B — K¢+t~ and
semileptonic B — K*utu~ decays, PoS - " .
BEAUTY2018 (2018) 044, [arXiv: 1809.03789]. L B — K*~, JHEP 09 (2010) 089, [arX1v.1006.4945]‘




Known Uknowns IN B —> K> £¢

k
q2 ) upto k=2,

10 real coeffs
involved

GeV?

(semi-lep operator) (e.m. dipole operator)
4 2 | :
’ ]) Vi _ [ Ll (C +ho ) Ty — 167r2h q ] }
L ] B | —
mp [2mp  ent B 0
H) VL() —+ q2 [mB (07 ]) TL() 1671' h + h )] }

CST+hL) Viy + TZQB [g”’ (C5™ 4| h0)) Tpy — 1677 (h) + . ® + b, )] }
L B , m

2
=+
_|_

7\
~~
53

R

_|_

A
N\ 7
S

DO NOT HAVE C7,9 SHORT-DISTANCE COUNTERPART!

“CONSERVATIVE” APPROACH = TRUST LCSR RESULTS ONLY AT g2 < GeV2

REQUIRE ALSO |h+/h-| << 1 AT LARGE RECOIL (Jager & Camalich'14).



Phenomenological

Data Driven

PROJECTIONS (@ 50 fb-

(Hurth et al.”17 + Albrecht et al."17)

|ACNp| = O.90f8j§8

DEGENERATE
WITH NP!

R x 10° = 1.5310.97

@\)LE Op
7HUM®

Scaling LHCD stat
errors roughly of 1/6

QCD

)| % 10°

2

A

|ACNp| = O.96J_r8:%

PREVIOUS
DEGENERACY
BROKEN!

J1h®) x 10° = 1284972

| 1809.03789 |




M. Nardecchia April 2018, “From Flavour to New Physics”, Lyon

* What is the scale of New Physics? / Model dependent part
1 C

C= (loops) x (couplings) x (flavour)

R = 8.4+ 0.4 TeV,
E B = el 4 < L
ARK(*) == 4 TeV, “Measured” A2 M2

Fermi constant

\ On-shell effects @ colliders

* What do we expect? (VWorst case scenario)

~

[Di Luzio, MN, 1706.01868]

Ol Cail
\\/gmaajEAUZSO TeV b_>S,LLILL

|AJ:O | < 1/2 An old lesson:VV scattering...
Ay =2 TeV,my, = 125 GeV

[

AWy = YY) s (5 A, =9TeV

Tree-Level Pertubative
Unitarity criterium

* What do we expect? (VWarning: a simplified cartoon!)

b— cTv b — spp

C PosSIBLE
Absence of New Physics M QDELS
at high energy

BREAKDOW/V

BREAKDOW/N
OF THE eFT Mnow Z 1 TeV OF THE EFT

—» —p
EXCLUDED e
‘_,_—.

M.mv AU 7 ’M




BASIC OPTIONS FOR B ANOMALIES

Qi Lk Qi | Lk
AF={l@ Tree | :
I
ANP ~/ 30 TGV Qj Lk Qj : Lk
for O(1) couplings | |
/-like L eptoquark-ike
[...] [, )
O — — L (R-consernving)
| | SUSY ke
_ | | [ 1308.1501,
AF =1 @ Loop g — — I, 1704.05438 ]

0; ~— L, Minimal Flavor Violation
for ©(1) couplings @< (MFV) - like
o [ [ 1704.05672,

0 1704.06005 ]



