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The stage

* the Higgs boson discovery closed up the quest for

the Standard Model: an extremely successful
story which however left us with a well-known
list of problems (fermion masses and mixing,
strong CP, EW hierarchy, ...) and no clear clue
for the next step

* the absence of NP discoveries at the LHC has

Marco Ciuchini

weakened the naturalness argument requiring
new particles at close-by energies: future
physics programs rely more and more on indirect
searches (EWPO, Higgs couplings & potential, ...)
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Precision flavour physics:

a tool of choice for indirect NP searches
Ls Le

Eeff — ESM { I 2 { o o o
/L ANP ANP N
has (approximate) may violate
accidental symmetries accidental symmetries

* rich phenomenology (a variety of FCNCs, mixing, CPV
observables in several meson and baryon sectors)

* NP sensitivity is strongly boosted by the suppression of
flavor and CP violation present in the SM (weak coupling,

small mixing, GIM mechanism in FCNCs & CPV, LF & LFU
approximate conservation, ...)

* important successes in the low-precision regime (charm from

K—pu, 3" gen. from ¢, heavy m, from B mixing+SL decays)
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To achieve sensitivity on subleading NP amplitudes, indirect
searches require that the theoretical uncertainty on SM
amplitudes matches the experimental error

In flavour physics dominant SM uncertainties are typically the
hadronic ones. Input from a non-perturbative technique able to

compute hadronic amplitudes at sub-percent level is needed
Pysics briefing book, arXiv:1910.11775

e e e Quantity Ref. present error  short-term  mid-term

Lattice QCD is expected to achieve —wa, S

& for (Amg/Amg)meor [309] 1.4% 0.3% 0.3%

B 2|V 309,334,340 2.3% 6% 1.1%

sub-percent accuracy on several Do  BEEH e e
. B=D: Vapexp [309,340] 2.0% 4% B

B = D: V. |ireor [309] 1.4% 0.3% 0.3%
hadronic parameters. Yet LQCD B A .

B — D" |V |iheor [309] 1.4% 0.4% 0.4%

is not always applicable (non-local #=rrre i —m—— @ —r—

Ap = PIAL: Vi /Vib iheor [309] 4.9% 1.2% 1.2%

operators, amplitudes with 2+ hadrons in the final state, ..)

In specific cases, strategies can be envisaged which rely less on
theory inputs, using instead data to control the SM uncertainty
(e.g. the UT angles, b — c inclusive SL decays, ...)

Finally null tests: no theory input needed for those observables
having negligible SM contribution (e.g. LFV, CPV in D mixing, ...)
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GeV. t masses

Flavour physics is not just a tool: o |
SM has its own flavour puzzle 0 ]
10° — c
Lsm = LEWSB + Lkin + Lgauge + Lv | .
10‘2;
The Yukawa Lagrangian describes quark flavour .| L _ —

physics in terms of 10 physical parameters:

the Cabibbo-Kobayashi-Maskawa matrix 6 mGSSCS, 3 m|X|ng Gngles + 1 CPV Phase

mixing

The pattern of masses, mixing, and
CPV may already be a NP signal we
have not been able to interpret
within a full-fledged theory so far
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European strategy for particle physics:
flavour physics in the briefing book

2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 ..

Physics Briefing Book, arXiv:1910.11775  LHC - Run3 LS3
HL-LHC and perspectives at the HE-LHC, % Upgrade la Upgrade Ib [ Upgrade || =
arXiv:1812.07638 — —
= < short term— »= mid term ———»<long term
# EDMs: neutron, e, ... 2 phase 1 phase 2
# FVin lepton decays (¢ and 7)
# K ultra-rare decays and CPV
# Heavy flavour physics 107} s ? <
- selected FCNCs w05, S i i % D
> s | | 8 |
eg. BR(B~u)/BRB-w) g1 [ 1mS £ - mml Tg: | <5
104 S g
- LFV, LFUV, ... 2 o . 3 X 3
N 2 10° - ] IR 3 ;
: Sx
e.g. Ry pes Ryjpn + B~ K it 102 | == S
. o e E [~ 5
- CPV in charm mixing and decays 10" < SIS Sis
UISIRERISIS SIS ;
# Dark sector, e.g. D* = D vyyark SINSEISL T ESEE

# Unitarity Triangle Analysis Observable
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Unitarity Triangle Analysis

 Va/Val
. P
an
(1 - p)°
Original goal: Overconstrained fit:
- determine the UT - predict observables &
apex and the CKM hadronic parameters
matrix parameters or constrain NP
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ree p,M Cq P4 C, Q. Cex
UTA bCYO"d mecesses Y (OK) X
Va/Va X
the SM i x_| X
ACP (J/¥K) X X
fla:l)ii ACP (Dn(p).DKn) X X
. y
generic NP B _[x]x
contributions Ace AENENE
To mixing - X
X X
amplitudes 1652 = -
familiy €k X X

K mixing amplitude (1 real param)

ImA,=C.ImA;"

B and B_mixing amplitudes (2+2 real parameters):

- two parametrizations -

2i 2i¢ SM _2i¢"
Aet=C, e AYMe™ =
q

q=d,s, ¢
ANP H NP SM
g 200 —o3")
1+We
q
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UTﬁf
summeri8

NP fit

1.11 + 0.09
= (0.42 + 0.89)°

T 1 > E
S B =
=— _ 4f-dark: 68% SM: red cross . P 3
o5 [ light: 95% i | New PhYS|CS & |
‘ o
2r- . L
o parameters £
= I
of '§ I
P e 0
E CBd: 105 +0.11 :
- L :
—sf-dark:68% _ . o (I)Bd‘ ('2-0 * 1-8)  —
F light: 959,  Projection :
| C..= 1
QT s e~
C 5E
By O;mm 4§_ﬁlar2k_: gg;/o SM: red cross UTj;
Am;P = Cp, AmgM f 9Nt 997
sin 238%°P = sin(26°M 4 2¢5,) i3
1=
a®P = OéSM — qud oF
AmeXP — C AmSM _15_ CB =
-2 S
SM E . t
65P = (8" = ¢n.) ~SE Gark: 6%
exp SM -aF light: 95%
eK _OEKEK _-....I....I....I....I....I....I....I....
87 08 09 1 11 12 13 14 15
p d C., Cp, o] Cp ¢ CBS
Current  0.030 0.028 0.12  0.11 1.8 0.09 089
Phase 2 0.0047 0.0040 0.036 0.030 0.28 0.026  0.29
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Q1 = q3yub§ Gy (SM/MFV) Lower bound on the NP scale A from

Q2 = qHbE apby Qs = quL qobs _ " .
Qs = T2 ;) Os = 3205 2 b AF=2 transitions (TeV @95% prob.)

Qi = QZ[LHR] L-FC
S o Ci(A) =
A5 ZC Qi) + Y i) W=7
K B.
FC~1, L~1 4x10° 4x10*  3x103 1x103
FC~SM, L~a,,° 3 0.4 0.7 0.8

w

; 10?§ Aimc, 20 B im ¢, HL-LHE ; 10— [ me, 2018 [ im c, HL-LHC
I N = e = UTﬁt N = N UTﬁ‘ ;
: 10% =Ra¢'.‘,_'20f8 =mc,_:-«.-mc : L E::za,:::: Ezz.::::
@ b " FC=1 P SM-like FC
© I ©
2 105? L=1 = L = awz
(a1 - o
< 0 =

10% E 1

103;

107

10— 10—1

C C C C C C @, C C

2 3 q 5 7 2 3 4 5
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= 951

=1 2035

0.45F 0.45F

0.4 0.4

0.35 0.35 0.35

~n -

p 7 A sin28 ~ a

Current 0.12% 9% 3% 15% 45% 3% 25% 3%

Phase I 0.12% 2% 08% 0.6% 09% 09% 07% 0.8% .
o0 oPhase2 0.12% 1% 0.6% 0.5% 0.6% 0.8% 04% 05% °2 o2

* dg,~ 2%, limited 'by long-distance contributions
* 5B (8B,) ~ few % (few tens %), limited by the subleading
decay amplitude. Can be reduced by ~10 exploiting SU(3),-

related control channels. Eventually limited by SU(3), breaking

* 8o ~ 1%, limited by unknown isospin-breaking corrections

* exclusive semilep. decay uncertainties scale with lattice FFs,
inclusive ones need an increasing number of OPE/SF terms

* B,,. mass difference uncertainties scale with lattice ME's,

at sub-percent level QED effects need to be included
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New opportunities

High precision provides new opportunities

BY — DFK= BY - DF g%

F or exam p | e. Parameters 23fb~* 300fb~! 23fb~! 300fb~*
St, Sf 0.043  0.011  0.0041  0.0010
ART, AJ%F 0.065  0.016 - =

* B fr.om 2B+,Y C(nd y Cy 0.030  0.007 ~ ~

less precise than  from B —» J/w K,
but free from subdominant penguin
amplitude and NP in AF=1 decays

WG4, arXiv:1812.07638

* |V’rs|/|vtd| from BR(BS - IJIJ) / BR(Bd — IJIJ) go_a‘_ S T
less effective than Am, / Amy, but S
affected by NP in AF=1 transitions s
instead of AF=2

4 5 6
B(B] — u* w) [107]
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[22]
o

Arg(a/p) [deg.]
=S

SM amplitudes are
approximately real

CPV is generated by NP
lq/p| 21 < arg(q/p) 2 O

Marco Ciuchini

New Physics
parameters:.
CPV in D-Dbar

mixing

Bediaga et al., arXiv:1808.08865
T | T T T

i | HFLAV World Average 2017
| I LHCb 300/1b

contours hold 68%. 95% CL

| | ! | ! |
09 0095 ] 1.05 1.1
19/p
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AB=1: the B “"anomalies”

--LHCb -m-BaBar -a—Belle
= T L — L
M 2_ S B EL A | T % ] A C Av? = 1.0 cont 7
g N i Z 04 - [ HFLAV average X .0 contours E
» LHCD i " [ LHCbIS ]
1.5_ — C = 1
) " I 0.35 = 30 - ]
C il B LHCb18 1
) +. j :_ 1019 _Bellels _:
0.5 - 0.25 F .
) 745999 (stat) + 0.036 (syst) 2.90  Belel? HFLAV B
Y- Sta s Sys T — verage o redictions
ol _,0'0,74, AT T 1y T . 02E ~30’ +?{(D)Eo.2ggliltfoo§1 t
C R(D*) = 0.258 £ 0.005 POD=27% ]
0 5 10 13 20 L I o T w
q2 [GGVZ/CA] 0.2 03 04 0.5 R(D)
2-0 1 I I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I ! J ! L I _
< f i ] SM from DHMV 1
S - o . arXiv:1407.8526
1.5F — ® LHCb Run 1 analysis -
i 1 2 LHCb 2011 analysis ]
i i | i T o Belle arXiv:1604.04042 ]
\ _
1.0 —...s— N N | —t7z 1 N -
B L]
g E - 2
| }: ¥ . = —I— i
0.5 ® LHCDH ] + = l =
- B BaBar -
| LHCb 2-2.50 A B:neu i —a— ]
00 i ] ] ] ] ] ] ] | 1 1 1 ] | 1 1 L L ] ] | ] ] ! |
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¢’ [GeV?/c'] _3.70 q* [GeV¥c*]
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All b—s anomalies, including
LFU violation, are accounted
for by a large correction of

~ -(25-30)% to C, @

Global f|1's to b—s FCNCs
Qv Hiller&Kruger; Descotes-Genon et (III) - PMD
Q’? 1 F bR al.; Jaeger et al.; Capdevila et al.; IC =172
672 Altmannshofer et al.; Hurth et al.; -
ae "y e AT
Q9,€ — 4_3L’YubL€’Y e MC et al., arXiv:1704.05447 Coy
T S
Q-
p— “
QlO,E T 23 »
s
¢ =o. /O"o
T
| w2 ~0.286
| 1 F
(V) - PMD
| ~
| 1C=199 S
| 5
Q?) 1 : /‘\,
RS 10,156 | o481
S5s 9 D ") Q o] O “ N
3= 2 ’\ : : :
QF N ,00 o o &% o 2
SN cr' o Cye
s A
0.326

h TI» o ‘\-_I)
“10,e __CQ,H

NT
(Tl[]
~
o

NP NP NP NP NP
C"r' CE},;I - _C].[],;x C]. be — _Cg,r:
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2.0F

F ’
15 i S Contours: : SM Pull with 50/ab: ER & AFB
o~ /

_20 -15 -10 -05 00 05 10 15

B — K*uu drives the interpretation of the

b—s anomalies in terms of NP in C9u

Belle IT physics book, arXiv:1808. 10567

,-” | Belle-2 Projections: Inclusive b-sll
Huber, Ishikawa, Virto '2016

Red: Exclusive Fit (arXiv:1510.04239 [hep-ph]) ]

CNP

MC et al., arXiv:1704.05447

Short term: important to confirm
the anomaly in B = K*uu with
different systematics and
theoretical uncertainties
Inclusive B - X €¢ @Belle IT

WG4, arXiv:1812.07638

B—K*up and B_— pu can be |mproved

by a factor ~2, probing up to a
scale A ,~100 TeV

Marco Ciuchini

T Flay
N
. e
A W— : ‘\\
AN
,
\ P
-—--- Phase I 30
—— Phase IT 37
* SM
. NPOy
wx NP Oy = -

5™ Workshop on LHCb Upgrade II — 30 March 2020

Page 16



Summary

In a time when indirect searches become increasingly
inportant, flavour physics remains a tool of choice

The SM picture looks very consistent, but so far we
have typically excluded NP corrections at the 10% level
..AND we are now entering the “percent era”l

Anomalies are present in recent AB=1 data:
despite the caveats, it is remarkable that there is a
simple EFT interpretation for all of them

Theoretical progresses (QED corrections, isospin
breaking, bilocal operators, ..) in lattice QCD results
are needed to convert exp. precision in NP sensitivity

As precision further increases, observables with

weak/null theory input may take the scene
Marco Ciuchini 5" Workshop on LHCb Upgrade II — 30 March 2020 Page 17



Thank you
and
stay safel
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Backup
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Flavour physics in the SM: rich phenomenology
(FCNC suppression, mixing, CP violation, ...) but
little understanding of the "why" and the "how"

Lsm = LEwsB + Lxin + Leauge + Lv

The Yukawa Lagrangian describes quark flavour
physics in terms of 10 physical parameters:

GeV:

10%

10 L

10° &

1073 L

107 |

107 L

t

masses

the Cabibbo-Kobayashi-Maskawa matrix 6 masses, 3 miXing Gngles + 1 CPV phﬂse

mixing

Ls

L

Beyond the SM: a powerful indirect
probe of the New Physics scale A

Legg = LM A

y B

A

A2

has accidental
(approximate) symmetries

may violate
accidental symmetries
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Going BSM with flavour physics: why?

Searches through virtual effects of new particles
in loops: a game of suppression and correlation _ 4

* SM FCNCs and CPV occur at the loop level {(URR
* SM quark FV and CPV are governed by the weak
interactions and suppressed by small mixing angles

* LF and LFU (approximately) conserved in quark decays

New Physics does not necessarily share the SM pattern of
FV and CPV: huge NP effects are possible (and excluded)

Past (SM) successes anticipating new heavy flavours:
1970: charm from K° — u"u (GIM)

1973: 3™ generation from ex(Kobayashi & Maskawa)
mid 80s+: heavy top from semileptonic B decays & Am,
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Going BSM with flavour physics: why now?

* next-generation flavour experiments will be able
to improve the experimental precision/
sensitivity by almost one order of magnitude

* enough NP-insensitive observables to pin down
the SM contribution with the required accuracy

* several NP-sensitive observables not limited by
systematics or theoretical uncertainties

Overall, the NP sensitivity extends to (i) the TeV

region for SM-like flavour violation and to (ii) 10-
100 TeV or even more in less constrained cases
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Unitarity Triangle
* CKM unitarity implies triangular relations:
(ViV)oq=0=V V™ + Vo Vi + ViV

Ry = Vuqub (p’n) R, — 1/a*ki‘/tb
" [ VeaVis C VeV
(0.0) 1 (0.,1)
‘/td‘/t?)) ( VCdVCE) ( Vid Jb)
- ( VuaViy, ’ © ViaVy, 7 . VeaVy
Setting the scale of the UT: s 1
- A = sin 0, = 0.22574+0.00089 —ov T .
fr'Om K|3, KlZ/ﬂ:lZ' O+ - O+ B decays NP fit 68% CL F——i
- |V_| from semileptonic b — ¢ decays | | cote )

0.220 0.222 0.224 0.226 0.228
Vus
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The CKM matrix in the SM

u 097431(12) 022514(55) 000365(10) ~i66.:8(2.0)
—0.22500(54)e/ 0310  0,97344(12)¢~10-00188()° 0.04241(65)
0.00869(14)e 22206 _0.04124(56)¢-06(32)° 0.999112(24)

S‘randar'd parametrization (PDG): sy, Si3, S23, 8

S,,= 0.2250 + 0.0010 ;= (4.200 £ 0. O59)x10 -2
s,,= (3.68 £ 0.10)x10-3 6 = (66.8 + 2.0)°

Wolfenstein parametrization: A, A, p, n
‘ [

s A =0.2250 + 0.0010 A =0.826 +0.012
=W¥p=0.152 + 0014 N = 0.357 + 0,010
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SM UT analysis |

Summer 2018

the Unitarity Triangle
vub*vud + vcb*vcd + v‘l’b*vfd = O
R e+ R eif=1 |

R =0.380 + 0.011
R, =0.920 + 0.014
vy = (66.8 £ 2.0)°
B=(22.25 + 0.65)°
o=(909+20)°

I
—_

UTfif

~__ summer18 f—
i d
_\\ - o

SM determination of T

apex coordinates

p =0.148 + 0.013
n=0.348 + 0.010

Marco Ciuchini 5" Workshop on LHCb Upgrade II — 30 March 2020

Page 25



SM predictions: B, & K

Measurement
sin2f3 0.689+0.018
Y [°] 71.4+6.5
o [°] 92.5+55

V108 40.5:1.1
V|108  3.72:0.23
g 10° 2.228:0.011

BR(B—1v)-10* 1.06+0.20

o
3.5
9
6
3

6
0.5
20

Prediction
0.738+0.033
66.9+3.0
88.1+3.4
42.4+0.7
3.66+0.11
1.97+0.18

0.81+0.07
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—_8.006 B 3
-] N
=>0.0055F- UTyit
N winter18
0.005 :—
Incl. V,,
0.0045:

004
0004 Exel v

LQ{\

N

. PR
0.0035[ N
: A tpee
0.003- N \,b‘_“ ® \§% -
: D 2
0.0025; E 3
0 0 _I L1 I 11 1 I L1 IL? & I 1 : i A I | I L1 1 | L1 1
00%32'0.0340.036 0.038 0.04 0.042 0.044 0.046 0.048

Improved mesurements of
IV_| & IV,| are crucial for

vV
cb

Long-standing problem for
semileptonic B decays:
inclusive vs exclusive

Reconsidering the CLN
parametrization of the FFs
for |V_|: exclusive — inclusive

— B X,

—— B-D

a determination of the CKM
parameters independent of

New Physics

Marco Ciuchini

—— B-D

— B=D"

38 40 42 44
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Grinstein, Kobach, arXiv:1703.08170
Bigi et al., arXiv:1707.09509

BarBar/Belle'04-"10, [3]

BaBar'09+Belle'16, [4-6]

Belle'17, [2,13,18]

* Belle'18, [2,18] + this work

Belle'17°18, [2,18] + this work

Gambino et al., arXiv:1905.08209
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o0 A g— Long-standing problem for

=> 0.0055] . .
= semileptonic B decays:
0.005f . . .
ok inclusive vs exclusive
0 Reconsidering the CLN
0.0035F : :
. parametrization of the FFs
00025;@»» B for |Vcb|: exclusive — inclusive
00 i T Grinstein, Kobach, arXiv:1703.08170
§%32'0:034 0036 0036 0.04 0.042 0,044 0.046 0,048 Bigi et al.. arXiv:1707.09509
|Vcb |

b B-X. BarBar/Belle'04-"10, [3]

Improved mesurements of
IV_| & IV,| are crucial for

a determination of the CKM

— B-D BaBar09+Belle'16, [4-6]

—————— B=D" Belle"17,[2,13,18]

I B—=D" Belle'18, [2,18] + this work
parameters independent of
N P h R — B-D" Belle'17'18, [2,18] + this work
ew SICS
Y 38 40 42 44 Gambino et al., arXiv:1905.08209
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SM predictions: B_

Measurement % Prediction Pull (o)
Am_[ps?] 17.757+0.021 0.1 17.25:0.85 <1

B[°] 0.60+0.89 150 106+003 <1
A_ 10 -6+#28 450 -0.13+0.01 <1

c/;—\
T .01~
® £ HFLAV | LHCh
£ O DO 8 fb! & :
2 68% CL contours
Th 10
0.12 (Alog £ =1.15) 0 ¥

CMS 19.7 fb !

-0.01

ATLAS 19.2 fb !

T 04 w02 w00 | o2 Toa 0.02 ‘ ‘ o1 ' 702
ccs d =U =, . )
¢ [rad] Ay (B
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UT parameters in the presence of NP

model-independent
determination
of the CKM parameters

assumptions:
* three generations
* negligible NP in tree decays

5=0.147 + 0.030  inthe SMwas:  °

R = 0.377 + 0.028 p=0.148  0.013
n=0.348 + 0.010
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EFT analysis of AF=2 transitions: the NP scale A

The mixing ampli‘rudes A, e?P = < M,|HZ =2 |M,)

AB 2

H o ZC "'ZC C,(/\) can be

Q,= quub qu“bB (SM/MFV) extracted

Q,=qrb; quB Q3= b? Cle[3

0= b b 0.=g"b g b from the data

Q,= Gr ¥ Rc‘zﬂiy“bﬁ onhe by one

Q,=q; by q, b Q,=q; b, q; b, ( y )
Loop facTor L: L-FC

tree/strong interact. NP, L ~1 A= N

1

perturbative NP, L ~ o° o,
Flavor couplings FC: (i) generic | (ii) SM-like
|FC|"'1 |FC|"’F5M

arbitrary phases
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Implications for the NP amplitudes

[°]

UTs¢

summeris

UTg¢

summeri8

NP
S

0

The ratio of NP/SM amplitudes is (if not aligned):
< ~10% @68% pr'ob. (150/0 @950/0) in By mixing
< ~2% @68% prob. (5% @95%) in B, mixing
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Theoretical issues

QUITE A FEW!

In the sub-percent era, many solid approximations
used so far to compute hadronic amplitudes can't
be relied on anymore (e.g. isospin symmetry, no
QED corrections, no subleading amplitudes, no
higher-dimensional operators, etc.)

Good news: the tree-level determination of y from
B - DK (GLW, ADS, GGSZ) safely extrapolates to
the high precision. D mixing is manageble and EW

corrections are still negligible Brod, Zupan, arXiv:1308.5663
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Loop-level constraints: th. prospects

— Am, and Am,: decay constants and B parameters @1%
call for QED corrections

— ¢ QED corrections, long-distance contributions, recukaco
dimension-8 operators need to be controlled mcetal.inprogress

— o isospin breaking gur 2, (e

— B: subleading amplitude A(B° — J/WK) = ViVo,T +|V5 Vs P
bound using SU(3)-related b—d decays B_.—~J/yK, and
B—J/yn® where the 2" term is not Cabibbo suppressed

Fleischer, hep-ph/9903455

th. error scales with the ones on control  ulsa. nep-phiosorzso, ..
channels & matches the measurement accuracy

— B¢ same as B, but trickier (larger effect, ¢ is not a pure
octet, ..). Still likely controllable 5 iesss
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arXiv:1812.07638

Quantity Published averages Reference error (to be published/not in FLAG-2016) Phase 1 Phase 11
T 155.7(7) MeV Ny =2+ 1[66] 0.4% 0.4% 0.4%
* .':I:/J-?Ti 1.193(3) Ny=2+1+1]66] 0.25%(0.15%, symmet. [822]) 0.15% 0.15%
£ 75(0) 0.9706(27) Ny=2+1+1[66] 0.28% (0.20% [1527]) 0.12% 0.12%
B 0.7625(97) N;=2+1[66] 1.3% 0.7% 0.5%
fD,, 248.83(1.27) .-\'f =2+4+1+4+1[66] 0.5%(0.16% |822]) 0.16% 0.16%
Ip,/fp+ 1.1716(32) Ny=2+1+1[66] 0.27%(0.14% [822]) 0.14% 0.14%
/B, 228.4(3.7) Ny =2+1[66] 1.6%(0.56% [822]) 0.5% 0.5%
I, /j'B+ 1.205(7) Ny=2+41+11[66] 0.6%(0.4% [822]) 0.4% 0.4%
BBS 1.32(5)/1.35(6) Nf = Q/Nf =2+1[66] ~ 4% 0.8% 0.5%
BBS/BBd 1.O07(21)/1.032(28) Ny = B/Nf =2 +1 [66] 2.1%/2.7% 0.5% 0.3%
'3 1.206(17) Ny =2+1[66] 1.4% 0.3% 0.3%
g(T7,) 1.275(8) GeV N;y=2+1 [66] 0.6% 0.4% 0.4%
B — 7 for |V, |theor N;=2+1[66] 2.9% 1%(1.4%) 1%
Bt DA | Vs e Ny=2+1[66] 1.4% 03%(1%) 03%
(first param. BCL z-exp.) Ny=2+1][66] 1.5% 0.5%(1.1%) 0.5%
e BE i for I".’cb|thcor . :
BosD*, Ny =2+1][66] 1.4% 0.4%(0.7%)  0.4%
hAl .(. = l}
PP (w=1) No LQCD available 1-1.5% 1%
, B Bl [71] 4.9% 1.2%(1.6%) 1.2%
for |I"-ub;/1'cb |theor
B> K Nt =2+ 1[66] 2% 0.7%(1.2%) 0.7%
(first param. BCL z-exp.)
B3 K N;=2+1]66] 4% 1.3%(1.7%) 13%
(first param. BCL z-exp.)
A p n A sin2f3 Y o B,
Current 0.12% 9% 3% 1.5% 4.5% 3% 2.5% 3%
short-term  0.12% 2% 0.8% 0.6% 09% 09% 0.7% 0.8%
mid-term  0.12% 1% 0.6% 05% 0.6% 0.8% 0.4% 0.5%
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The anomalous anomalies

T I T T T T I T T T T T T T T I T T T
T @I HFLAV average Ax*=1.0 contours

R(X) _ I(B=>X71r) 0™

N P
Large significance driven o — .

R(D*)

IIII|lIIIllIII|IIII|III

by the BaBar results, trend oxf —
of recent measurementsis f .35ty A B
C | | | | | lRD’I‘ =0I.258li"0.0IOS | | | | | |P(x2|)=2|7%| :
| NC I ear 0.2 0.3 0.4 0.5 R5)
5 T T T 1 Anomaly in B — tv washed out in
x 0_45:_ :gzllI;rCcnmliinalion _: .
- 1 time (perhaps)
[]_4__ . SM prediction: PRD92 054410 (2015), PRDSS 094025 (2012) —
o3sf < Large new physics in tree-level
03F =5 - charged currents? Really??ll
0.255 - = P
02 e b s AN ~2-3 TeV @.@5
Belle IT physics book, arXiv:1808.10567 R(D) NP
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* SM uncertainties
R,: LQCD calculations of both FF's for q% < q®__

2 2 2 2
mp — Mmp mp — Mp

(D(k)|ey"d|B(p)) = f+(a®) | (p+ k)" — Z " | + fo(d?) 7z q"

R,.: LQCD results only at q°__, scalar form factors not
available. FFs from data + HQET ¢ 1415 reaen 1517

Bernlochner et al. '17, Bordone et al. '19
For LCSR results, see Gubernari et al., '18

* New physics parametrization

Ler = —2V2GrVy [(1 + Cv, ery*brlryuvr + Cv Y bRl Ly, VL

+CSRELbRERVL + OSLERbLZRVL + CTERO'MV[)LZRO'W/VL} + H.c.
- C's vanish in the SM
- Data explained by C,, ~ 15%, but there are other viable
solutions involving more than one coefficient

M. Blanke et al. '18, R. Shi et al. 19, A. Kumar et al. '19, C. Murgui et al. '19, ...
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The anomalous anomalies

1.2
[0 Y
Q‘1&0.8;

0'6f SM

0.4} _ ]

i 2.50 LHCbH'19 |

oL

O 1 2 3 4 5 6

2 -

qg- |GeV~] Q;%

Large violation of lepton
flavour universality?!

Sure??ll -
"0 0
-

A, ~ 40 TeV

Marco Ciuchini

5™ Workshop on LHCb Upgrade II — 30 March 2020

fqzﬁlax dI'B™ — [2{+M+M_]dq2
R = + o et
fq dl'[B™— K™e ]dq2
dq¢?

| Single experiment result

| Not very 5|9n|f|can’r (ye’r’)

2 O i 1 I I 1 | I I I
1.5 T -
| " |
Lo |
i | | :
0.5 - @® LHCh 7
M BaBar -
- LHCD 2-2.50 A Belle T
OO IR A TR TN NS NN NN TN MR NN SRS SN N N N S B SR
0 5 10 15 20
¢’ [GeV?/e']
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The anomalous anomalies

d4T
dq? d(cos 0;)d(cos 8;)de

9 i . - " S —
327 (If sin? @y, + If cos® By, + (I5 sin® 6y + IS cos® 8;,) cos 26; - SM@HEPfr‘r-PDD

¥ LHCb,3fb!

+155in? 6 sin? 6; cos 2¢ + I, sin 26; sin 26, cos ¢
+1I5 sin 26y sin §; cos ¢ + (15 sin® By + I¢ cos® Ox) cos 6;

x
B - K HH +1I;in 20y sin 6 sin ¢ + I sin 20y sin 26 sin ¢
angular analysis ~ +1%sin*dssin’ rsin20)

Are theory estimates reliable
close to the resonant region?

] 1 2

3 4 5
q® [GeV?/e? ]

= wn 1
R

—————————  the charm-loop
monster g

SM from DHMV

® LHCb Run 1 analysis
0 LHCb 2011 analysis
0 Belle arXiv:1604.04042

0.5

i l N i
i %
osf __+ s -

b S [ 10 15
. 3.70 | q* [GeV?/cH
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Impact of the 2019 R, measurement

MC et al., arXiv:1903.09632

| 1 PMD, Rk ‘14
PMD, Ry ‘19
|1 PDD, Rx‘14
Emm PDD, Ri‘19

p.d.f.

;3.5—3.0—2.5—2.0—1.5—1.0—0.5 0.0
NP
CQT,u

{1 PMD, Ry 14
PMD, R ‘19
{ =31 PDD, Rk ‘14
mmm PDD, Ry 19

v .

00 02 04 06 08 10 12 14

= e Py Single coefficient
<) o7 R -R.. correlation
) <

< 06
— Y
—au| weakened by the
—35-3.0-2.5-2.0-1.5-1.0-0.5 0.0 06 07 08 09 1o 11

NP R 111,61 new measurement
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One EFT to rule them all
102 10 10

C

=
E (GeV)

34%7/
CXSU LXU

_

In 'rhe SMEFT two four'-fer'mion operators produce LFUV
in quark decays assuming NP in the 3™ generation

Qs = QL 3%LQL 3L 37 LL 39 Qr = QL 3Tu0 QL 3L 37 UZL

i) give typically (but not necessarily) rise to large LFV

. . Glashow et al., arXiv:1411.0565
generated passing from weak to mass eigenstates Alones et ol arXivi1505,05164

ii) can account for the anomalies in R, R.., R(D) & R(D*)

Bhattacharya et

large tree-level effect in charged currents from Q. al., arXivi1412.7164

b — s FCNC suppressed to loop level through mixing angles
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The leptoquark revenge

Models with a single mediator which generate
Q. and Q. at tree-level can be classified:

Field | Spin | SU(3). | SU(2)y, | U(1)y , i cL
--.‘-—
B, 1 1 1 0 5. D+
w 1 1 3 0 o
e U/ 1 3 1 2/3
§ Uf;- 1 3 3 9 / 3 Buttazzo et al., arXiv:1706.07808
g S 0 3 1 1/3 0.06F
s g, 0 3 3 1/3 [
0.04]
Present data already select one 0.02¢

option (vector singlet leptoquark & ox|
U,) independently of the flavour -02f

structure of the model once all ~0.04}
bounds are considered _0.06k

Kumar et al., arXiv:1806.07403 —0.06-004-0.02 0.00 002 0.04 0.06

Actual UV completions are not this simple... ¢r
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Implications of LFUV for NP flavour breaking

NP needs to respect SM gauge symmetry
Q:lQ. D, U, L, FE]

At EW scale: in terms of four-fermion operators

(7 -
Gf}fﬁ( )(Qg@z)j | gLegD(E,,__HTLj)(Q,CHDZ)E (D(*))
6555( EiE;)(QrQ1) GLE “(L;HE;)(QyHU,)

L]
N "B lfetime, decays
Alonso et al., 1611.06676

Akeroyd & Chen, 1708.04072

RK(*)

) - L
Buttazzo et al., 1706.07808 EL‘E . 6(1'_ 7£ 0 EL?EL, EQ’QD 7& 0 *right-handed currents
ppe 0~ sb T » Teb Asadi et al., 1804.04135
Greljo et al., 1804.04642
Azatov et al., 1807.10745
I €ir 6 be 75 0 Robinson et al., 1807.04753

Simplest UV: 77w LQ)'s H*

courtesy of J. Kamenik, TH
Institutre 2020
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Immediate implications for LHC

Flavour alignment implies lower NP scale:

= R(D™) anomaly

AV |Vip| ~ 500 GeV

Fr(QSQS)(L:?;Lg) — Ve (cb)(Tv)

N

Well within LHC reach!

see e.g. Abdullah et al., 1805.01869
Robinson et al., 1807.04753

-

(Q3Q3)(LaLs) — thWS(Eb)(mL;

= R, anomaly

AV V| ~ 8TeV

Still only marginally!

courtesy of J. Kamenik, TH

Institutre 2020
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The other tree-level constraints from semileptonic B
decays are in less good shape: the long-standing

disagreement between incl. and excl. measurements is
still there, but there are promising new developments

—_QO.006:

-]
=> 0.0055

0.005

0.0045

0.004

0.0035

0.0031- N

0.0025

bt

-5
-

Marco Ciuchini

>"
3]
E
0.

UTfif

LHCP17

b

fit predlctlon

CLN parameftrization of the
B—-D* FF's uses HQ relations
which may be responsible for

| the |V| discrepancy.

Still inconclusive, but...

Grinstein, Kobach, arXiv:1703.08170
Bigi, Gambino, Schacht, arXiv:1703.0612

New attempts at computing

04200440|0\4;0f|>4 FF's on the lattice at small g2

5™ Workshop on LHCb Upgrade II — 30 March 2020

Martinelli et al., in progress

Page 45



EFT global analysis

Altmannshofer, Straub., arXiv:1411.3161

oF T T T T ‘ 7 1OF™

*B-KOpup *B - X_ vy
*B, - dup TR
1 ] "B

1 { . . . i | -1.0b. { . . . . i 4
-25 -20 -15 -10 -05 00 05 -12-10-08 -0.6 -04 -02 0.0 0.2

cy Cy=—Cyy

0.5r

e
_CIO

0.0

Cy

Hurth et al., arXiv:1603.00865

e 68% CL 1.0 S - Si‘:ﬁﬁ
| o s | = ecen|
. 0.4 ! — NoFFcor 0.5 | 1
Descotes-Genon et al., arXiv:1605.06059 ; n o wEEer -~ @
= | Ec\ :
T ge 0.2/ Q—O-S;
5;}\ 0‘0: % —1.05
02 -20,
-0.4 -2.5! ]
06 -04 -02 00 02 04 -06 -04 -02 00 02 04
5Cy . /CM 6Cy ,/CM

AN point to an O(1) correction to
e the WE of  Qf = Spyabriny™u
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Anqgular analysus of B - K*up

dT 9
dq? d(cos 6;)d(cos 6 )d¢ = 394 (If sin® 8y, + I cos® B + (I sin® 8;, + IS cos® 6;) cos 26,

+ 15 sin? B, sin? 6; cos 2¢ + I, sin 260, sin 26; cos ¢

angu Iari + I sin 26, sin 6; cos ¢ + (I§ sin? Oy, + I¢ cos® Ok ) cos b
. +1I; 5in 26;. sin 0, sin ¢ + Ig sin 26, sin 26, sin ¢
analyS'S + Iy sin? By sin® 6, sin 2¢)

S; = (I(SC)+I(SC)/F’
(21" = dl'/dg® + dT /dq?)

8 CP-AVERAGED OBSERVABLES

Fr,Arp,S3 457809

In the helicity amplitude formalism (17, ~ 0),
we need to compute few helicity amplitudes: :

A=0,=x

I; = —Iﬁzg(\HWHH%P), I3 = FRe[Hy(Hy)* - Hi(H)],

I = 3[5:§F(|H+|2+\H;|2+\Hj\2+\H;\2), Is =0

I; = ——Re[H+<H )"+ H 3 (HR)'] = glm (Hy + Hy)(Hy)" + (Hy + Hy ) (Hy)']
o= vl s oy s o mty], B = g [ - B0 (0 1)
ho= Drefty i)y + (- mpm9)y]. I = hw [H () + HA(R)].
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e e 2
B

WG rmp «
HAA — i 6)\t010 : A=0,+£

/2 4x

NNLO Wilson coefficients from the AB=1, AS=1 effective Hamiltonian:

AB=1 [
H HS el —+ Hhad Qry, = 166; mySro, F* bR,
aiy 4G Qov = —(5uyubr)(Ey™0),
Hoo ' = 7 At (C7Q7y + CoQov + C10Q104) A CETR
Qe
o) Qioa = A (SL%JbL)(E’Y 755)
U

Hadronic matrix elements

B K~ ﬁ of quark currents:
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An esfima‘l'e in 2 S'rePS: Khodjamirian, Mannel, Pivovarov, Wang, arXiv:1006.4945

1. at g% << 4m 2 the charm loop is dominated by light-cone dynamics.

One can write the ME [/ "] =200KD0)|0.)|B( + ).
where 0,(¢) = /dw Lpers (0, w) 5770w — (in, D), ~

IGaste i @ non-local
operator representing the first subleading ferm ...cooc ™

X e

of an expansion in A%/(4m 2-q?) (single soft gluon , L <

approximation), whose ME is computed using v ;
light-cone sum rules

VAVAVAVAVAVAVAV]

I ostimate of the hadronic contribution at small g2 < few GeV?
but large uncertainties (100%? more?)
no hard gluons, no phases, no scale and scheme dependence, ...
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2. extend the previous result to larger g2 using a dispersion relation,
modeling the spectral function (2 physical YO+ effective poles)

2 - _2 T1,i T2

(1_T (c€) =2y T L ’
ACD (2 T1,i (1 qz) + Acg,i (q )q2 0107002 | 1 13+0.00
9 (¢°) = = 000788 | 1127088
X 5
tm?2 o 0.06 09 1057003

but model dependence, no pert. gluons and phases: uncertainty ?

Khodjamirian, Mannel, Pivovarov, Wang, arXiv:1006.4945

- 10—
=4 =
. I % 5
o 0F m OC
- =2r ~ L
3 -4 3

2 ~10-—
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2010 - today

Step 1: no new non-perturbative calculation. However an hierarchy among

contributions in the helicity basis has been found
A ) . Jdger, Camalich, arXiv:1212.2263

h+NO<—

mp

Step 2: recent attempts to gain more control over the g% dependence
improving the dispersion relation approach
1. empirical model using resonance data over the full dimuon spectrum
Blake, Egede, Owen, Pomery, Petridis, arXiv:1709.03921

2. replace the dispersion relation with a z-expansion of h,, constraining the

. .t . eg ot e Bobeth, Ch , Dyk, Virto, arXiv:1707.07305
coefficients using analiticity and A L

1. resonant B — YWK* data (masses and amplitudes)
2. LCSR + QCDF theoretical results at small/negative q°
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emplrlcal model

)

total

9,1

Re(AC

.JHEP09 (2010) 0o

total)

9,2

Re(AC,

total)

9,3

Re(AC

Marco Ciuchini

6

1 The hadronic contribution is modeled as
{ the sum of 1~ resonances represented by
| relativistic Breit-Wigner functions

ACS () Z e A ()

e T

(m?esj — %) — imyes ;15 (¢7)

Open issues:
Why should it work far from the
resonances? What about double
counting? How large is the model
uncertainty?

res;/ 2
Aj (q ) =

5™ Workshop on LHCb Upgrade II — 30 March 2020

Blake, Egede, Owen, Pomery, Petridis, arXiv:1709.03921
see also LHCb collaboration, arXiv:1612.06764

WAIO EEel=0
il 83 = [ flavio v0.20
—+ LHCb

5 10 15
seeves Illustrate hicely the importance of strong phases 7 (GeV'ic)

Page 52



C ' 00 p f ro m a na Iy‘l' ' C | -ry Bobeth, Chrzaszcz, van Dyk, Virto, arXiv:1707.07305

Features:

* get rid of DD branch cut modeling by mapping it at the
boundary of the expansion region

* exploits the y® resonance data to constrain the expansion

Open issues:
» strong phases related to the DD_ cut in p? are taken from
LCSR and QCDF calculations. Are they reliable?

- " ! 2__ ez expansion: no sign of
Re[oi™”]  —0.06+£0.21 —6.774£0.27  18.96%0.59
Refo’]  —035+062 —313+041 1220+13¢ CONvergence for the
Re[al”] 0.05+1.52  17.26+1.64 - TypiC(]l values |Z|"‘ 02-04
Im[a™]  —0.21+2.25 1174358  —0.08£2.24

Tmfal)] 0044367 —214+£246  6.03+2.50 NB: z expansion of FF at
m[a!”]  —0.054+4.99 4.29+3.14 much smaller' V(]ILI@S
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Parametrizing the charm loop

Jdger, Camalich, arXiv:1212.2263
MC, Fedele, Franco, Mishima, Paul, Silvestrini, Valli, arXiv:1512.07157
+ preliminary update

2
H, = —iN{(CSﬁ +hL) V- + TZQB [ZZ’ (O + 1Y) Tr— — 167°h2 q4] }
- 2 19 - - -
H) = —z’N{(Cgff +h1) Vo + 7323 [”:Z’ (O + hY) Tpo — 1677 (h8 + h} q2>] }
+ - eff 1 mp [2mp o 0 2 (1,0 1 2 2 4
Hy, = —ZN{(Cg +h_)VL++ P [mB (C7 —I—h_)TL+—167T (h++h+q +h+q)]}

ACYY =p0 and  ACYY =hrL  shift the
corresponding Wilson coefficients (as NP
contributions do), while the other
parameters have no short-distance
counterparts
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Fitting hadronic parameters

* Compute all amplitudes using QCD factorization and form
factors from LQCD (Bailey et al. '15) and LCSR (Bharucha,
Straub & Zwicky '15)

* add hadronic parameters and

— use LCSR calculation from KMPW at low g% (O and 1
GeV?) only (PDD)

or

- extrapolate LCSR calculation to larger g% using
KMPW (PMD)

* fit all available experimental data using the |E3&fit| code

* compare different models using I1C = —2log L + 4o, ;
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CF = 001

1101

--f].i]l

Cib = 0.26

.27
--1].EIE|

(IV) - PDD
IC'=173
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MC et al., arXiv:1704.05447
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Deviations from the SM to keep an eye on

Marco Ciuchini

-¢g'/e
-BR(]
-R(B
-T(B]

,qZS

Direct CP violation in K > &t

Long-established experimental result:
(€'/€)exp = (16.6 £ 2.3) x 10™*

Theory breaking news: all the hadronic matrix
elements entering the SM prediction have

finally been computed on the lattice
(RBC-UKQCD coll.'s, arXiv:1505.07863)

(e'/e)sn= (1.4 + 6.8) x 10 -2.1o

(Buras et al., arXiv:1507.06345)

=(19+45)x10* -290¢

- a "new" constraint on 7 in the UT analysis
- one of the most powerful NP probes in
flavour physics finally fully at work!!
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Deviations from the SM to keep an eye on

/
-g'le
-BR(B; — pp), BR(B — pp)
BR(BS % //L—I—//I/_) _|_:O 7 _9 Cl.g SIN!SI alll!.'n‘ldlLlHIC;It}l{l_ll—!Cl; rlu:.l Iljll I alr‘xlivl:1|4.|11I.4|.4|1|3 I I LWL I L, I I =
(2.8%06) x 10 0.8/ / \ =
BR(B; = p™pu™)sm = 07F | \ =
(3.65+0.23) x 107° +1.20 ¢, F | . NE E
=  E © e \ %, =
BR(B—> N+N_) — g 0.5 ( 2 % % \ 2, e
= = [ = =
(3.9173) x 1071 1 o4F | 2 |° \\ E
BR(B— p*p™)sm = = O°F 11 | E
(1.06 +0.09) x 10710 — 225 92 \ i ; E
SM predictions from o 2 /’er E
Bobeth et al., arXiv:1311.0903 0= S e B
0 1 2 3 - 5 6 7 8 9
Minimal Flavour Violation test B(BY—u'u) (10°)
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