Flavour Anomalies:

stepping stones to New Physics?
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T plirarrounzstepping stones
a raised stone used singly or in a series as a place on
which to step when crossing a stream-or muddy area.
- an action or event that helps one to make
progress towards a specified goal.



The Standard Model of particle physics
describes a huge variety of phenomena
IN a unified and simple theory.

However, we know it must be extended at
some energy scales:

- Neutrino masses
RN e e - astrophysical/cosmological obs.

: ' & _/,//./ e (dark matter, dark energy, baryonic asymmetry, inflation)
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Our desire for simplicity and a sense of beauty also
i motivates extensions of the SM for other reasons:
ﬁ - hierarchy problem of the EW scale (and CC)

§ s - understanding the hierarchies in fermion masses
- W and mixings

- unification of gauge interactions and fermion
representations

- understanding the smallness of CP-violation in

strong interactions




Many experiments are exploring the terra incognita in all possible directions,
but we still don’t have a confirmed discovery of a new land.

... every once in a while, possible land is sighted.

Some of these anomalies might just be mirages,
however some could also be the first genuine hints of a New Land.

't Is Important to take each into consideration,
INn order to understand how realistic it could be
and to point out the searches in promising directions




A selection of “anomalies” from the SM -

*

not including cosmological anomalies from the ACDM

Flavour

Anomalies
This talk
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Neutrino anomalies:

Model LSND, Miniboone, reactor, Gallium
(g-2)e 5MeV "bump"

\Cabibbo Angle Atomki: 17 MeV excess in 8Be decays

No viable NP —Be=Bq*m (K]~

Bordone, Grelio, DM [2103.10832] B e == [ 0 0"
Alguero et al. [2011.0/867]




Rk and the other b—s u*u- probes

Compilation of “clean” observables

LFU ratios in rare B—decays. March 2021
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Also the leptonic decay Bs — ut -
can be predicted precisely in the SM,
and is measured by ATLAS, CMS, and LHCb.

It shows a consistent reduction w.r.t. the SM.

Lepton Flavour Universality (LFU) ratios

qr2nax dB(B_) H/-‘l'+l'l’_)

dg’ q°
q2 : dq2 q SM /
Ry = e =1 + 0(1 %)
9max dB(B_) H6+6_) 0 for g2 = 1 G.e\/. |
dq Bordone, Isidori, Pattori [1605.07633]
qrznin dq2

E.g. the most recent one from L

Ry (1.1 < ¢°> < 6.0GeV?/c*) = 0.846 T )03 T ooms

x 10710

Cb
3.10

CMS 2019
LHCDb 2021
—— full comb.

44 ——- Gaussian comb.
* SM prediction //’

ATLAS 2018~ Altmannshofer and S\T\aﬁgl 2103.13370




Rk and the other b—s u*u- probes

Compilation of “clean” observables

Angular observables and Br’s

LFU ratios in rare B—decays. March 2021 e e Dt RS (R i
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0-2 of SM uncertainties show significances in the 5.9 - 70 range.
Altmannshofera and Staub [2103.13370], Alguer¢ et al. [2104.08921], Geng et al. [2103.12738]
The global significance of the New Physics hypothesis Very good fit to all these deviations with:

N b = sptp- (very conservative SM uncertainties estimate) is:
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Charged-current B-anomalies o —crvvs. b—ctv

~ 14% enhancement from the SM

~ 30 from the SM (3.70 when combined)

While u/e universality well tested R(D)we=0.995 + 0.045
Belle - [1510.03657]

All measurements since 2012 / New Physics interpretations (LEFT): \\
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Main Th. uncertainty in
HVP LO contribution:

Muon g-2

g Lattice —E— R-ratio
This work [ —fl—

Gérardin et al.32 } : I:: : aUTI—Iin — <1 10591810 + 43)><1 ()-11 THinitiative WP 2006.04822
- - A PMW= (116501954 & 5B)x 1011 Seld ez

8,0 = (116592061  41)x 1011 ruw 21 en o

Hadrons
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Davies et al.33 }

Giusti et al.34 }
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Blum et al.’® | : =

e ot a1 4.20 or 1.60 ??
orsanyi et al.'* |

Davier et al. | —— (
Keshavarzi et al. } -
-

No newiphysics Let us entertain the possibility that the 4.20 deviation s real.

1l

Colangelo et al.>, |

Hoferichter et al." L p— L L - New physics contribution arises via the dipole operator:
gLO-HP (x1010)
| CI\M,, R [: ] O ] _ 2 o Mmoo A
' - SUNT - . T 4 W ey \op ez, A~ F
NP is enhanced if the chirality flip happens in an e Lex | /) A [ Faoe -
internal line with a heavy fermion, as the top quark:
Y semileptonic tensor 1
dim-6 operator O fit the deviation (I put A=2TeV in the log): CQB) (zw) N o
6 t with top quark €qu w~ (83 Te \nz
L
G (el
M ay lego = Ve BT R

The same structure of operator can also help In
'\J Wy N\ R(D™): possible connection?
[[—(’—X[ﬁf"")lﬁr [CQQW Iﬂﬂft Qd? 172




SGPR 1807.10197

Cabibbo Angle Anomaly Beffatto, Beradze, Berezhiani 1906.02714,

(Grossmann, Passermar, Schacht 1911.07821

Unitarity of the first row of the CKM matrix:  |Vaud|? + [Vus|? + |[Vus|? =
Neglecting the very small Vs Vuzd -+ Vuzs =3

Assuming unitarity, we can extract the Cabibbo angle from:
-Vya superallowed O+—=0+ 3-decays. SGPR 1807.10197, CMS 1907.06757

- Vus: semileptonic KE3 decays.
| Vus|/| Vial: (K=pv) / (=),

- T decays The effect is very small: (few) x 10-2 of the SM, but SM is large: tree x Cabibbo.
— 7 decays SGPRNRIt oo sorr Possible New Physics: deviation in the muon decay: mismatch from Gr and G,
— Konfy 2.10 |

180710197 _
— K-ouv/n-uy oMS Nplflt ————— - -1 CMS 36 GH - GF (1 T 8“)
— 0+— 0+ ; ° 1 9.00
. S This modifies the [Vi.| = 0.22333(60) x (1+6,,) Enhancement ~ 20!
NP fit 68% CL N decays as: Vs /Vud| = 0.23130(50) lV (:4) 2
_ 10) 0 l
1906.02714 Vua| =0.97370(14) x (1 +6,) — 'VUS' ’ — S/A

N Including the EW fit constraints: 5(,u — eyy) — (),()()()65(15)

Vus Belfatto, Beradze, Berezhiani 1906.02714,
Coutinho, Crivellin, Manzari 1912.08823 Crivellin, Kirk, Manzari, Panizzi 2012.09845, 2102.02825



Combined explanations: why?

- L FU violation: Ze < g//‘ < g’[ / ‘ b—) S EE ' \

- same underlying type of operator: G\/L

- connected by data (RD - CgY) '\ /'
ﬂ R (D)) ' ﬂ (g 2)u '

¢

- same underling type of operator: G, Cr Cabibbo Angle | *~

= all tun out to be due to NP, a combined explanation coulo
be an elegant and economical way to explain the data.

Combined explanations are typically more constrained by data,

can provide sharper predictions.

- New Physics In muons
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Combined interpretation
of Rk, R(D™), (g-2),



VWe must start with R(D®™): lowest NP scale = most stringent requirements

\/
|

' Vector Leptoquark
Ui = (3,1, 2/3),

Tree-level mediators of:

| Ovi = (@ PLb) (79" Prv) I

and/or
 Os, = (EPLb)(FPuv)
Or = (EO’“VPL[)

)

) (T Prv)

Needs to escape the constraints from:

~ Meson mixing

S = K& w
/=TT
o0 =TT

DM 1706.07808:; Di Luzio et al 1708.08450;
Bordone et al. 1712.01368; Calibbi et al. '17;

Angelescu et al 1808.08179

Barbieri et al 1512.01560; Buttazzo, Greljo, Isidaoi,

Blanke, Crivellin '18; Cornella et al 2103.16558:

‘( -

 Scalar Leptoquarks

S1=(3,1,1/3),
[S3=(3, 3, 1/3)]

— —— =

Crivellin et al. 1703.09226; Buttazzo,greljo,
Isidorif DM 1706.07808; D.M. 1803.109
et 41 1901.06315; Bigaran et al. 1906.(0§ 870;

Gherardi, E. Venturini, D.M. 2003.1252,

2010.03297; Crivellin et al. 2010.06593,
2101.07811; ETC...

- Arnan
Crivllin et al. 1912.04224; Saad 2005.04852; V.

2J08.09548; Bordone, Cata, Feldmann, M&nhdal

' Scalar Leptoquarks
Ro = (3, 2, 7/6),

‘Becirevic et al. 1806.05689; Becirevic,
Sughensari 1704.05835; Popov et al. 1905.06339;
Angelescu et al. 2103.12504; ETC...

mild tension with
Bc— 17vand on the
verge of exclusion
fromn mono-T at LHC

(CsL, C1)
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https://arxiv.org/abs/1803.10972
https://arxiv.org/abs/2003.12525
https://arxiv.org/abs/2008.09548

VWhat about R(K®)"

62'041, s

Leg D 12 (5.y"br) (Bryupr) + h.c. _ * o ‘
bs

’ f - - |
‘ 1
| ;

— . Vector Leptoquark ' Scalar Leptoquarks ' Scalar Leptoquarks
Best-fit for op=0: /\phs =~ 3/ TeV Ploq ptoq

i | !

Ui = (3,1, 2/3),

S1=(3,1,13), | = (3, 2, 7/6),
| Ss=(3,3,1/3), | Ss = (3,3, 1/3),

1
RN

———

U1 and Ss can mediate bL = s. pL b

0.10F T T T T T T T .
Model ${NC+CO 99%CL - e — —
95%CL 1 - : _ : L S
- M 68%CL - Barbieri et al 1512.01560; Buttazzo, Greljo, Isidori, Criveliin et al. 1703.09226; Buttazzo, Greljo, Becirevic et al. 1806.05689; Becirevic,
0.08+ Ms=1TeV DM 1706.07808: Di Luzio et al 1708.58450' Isidori, DM 1706.07808; D.M. 1803.10972; Arnan Sumensari 1704.05835; Popov et al. 1905.06339;
I | Bordone et al. 17’1201368 Calibbi et al. ’17’ et al 1901.06315; Bigal’an et al. 1906.01870; AngeIeSCU et al. 2103.12504; ETC...
: Blanke, Crivellin 18; Cornella et al 2103.16558; Crivellin et al. 1912.04224; Saad 2005.04352; V.
3L i ' 2008.09548: Bordone, Cata, Feldmann, Mandal

2010.03297; Crivellin et al. 2010.06593,
2101.07811; ETC...

e | TeV-scale Uy or Sz LQs can fit the anomaly with small couplings.

A
[Gherardi, DM, Venturini 2008.09548] ™ 13


https://arxiv.org/abs/1803.10972
https://arxiv.org/abs/2003.12525
https://arxiv.org/abs/2008.09548

VWhat about muon (g-2)~

Leptoguarks with couplings to
ML MR tL tr Can generate a,

with /eV/ masses and
small couplings:

S10r Ra

\/
|

' Vector Leptoquark
Ui = (3,1, 2/3),

Barbieri et al 1512.01560; Buttazzo, Greljo, Isidori,

DM 1706.07808; Di Luzio et al 1708.08450;
Bordone et al. 1712.01368; Calibbi et al. ’17;
Blanke, Crivellin '18; Cornella et al 2103.16558;
Angelescu et al 1808.08179

‘( -

 Scalar Leptoquarks

S1 = (C:i, 1, 1/3),
Sz = (3, 3, 1/3),

== === =

Crivellin et al. 1703.09226; Buttazzo, Greljo,
Isidori, DM 1706.07808; D.M. 1803.10972; Arnan
et al 1901.06315; Bigaran et al. 1906.01870;
Crivellin et al. 1912.04224; Saad 2005.04352; V.
Gherardi, E. Venturini, D.M. 2003.12525,
2008.09548; Bordone, Cata, Feldmann, Mandal
2010.03297; Crivellin et al. 2010.06593,
2101.07811; ETC...

' Scalar Leptoquarks

R2 = (3, 2, 7/6),
Ss = (3,3, 1/3),

Becirevic et al. 1806.05689; Becirevic,

—

Sumensari 1704.05835; Popov et al. 1905.06339;

Angelescu et al. 2103.12504; ETC...
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https://arxiv.org/abs/1803.10972
https://arxiv.org/abs/2003.12525
https://arxiv.org/abs/2008.09548

Scalar Leptoquarks

S1=(3,1,1/3), |
S3=(3,3,1/3), |

Crivellin et al. 1703.09226; Buttazzo, Greljo, Isidori,
DM 1706.07808; D.M. 1803.10972; Arnan et al

1901.06315; Bigaran et al. 1906.01870; Crivellin et al.

1912.04224; Saad 2005.04352; V. Gherardi, E.
Venturini, D.M. 2003.12525, 2008.09548; Bordone,
Cata, Feldmann, Mandal 2010.03297; Crivellin et al.

2010.06593, 2101.07811; S. Trifinopoulos, E.

Venturini, D.M. [2106.15630]; ETC...

S1 and S3 scalar leptoquarks

iid’ ~

Why?

- Fully calculable already at the simplified model level (unlike vector LQ)

L R 2L
)\iiq:fpz.* )\c’j Wa@)g )\ c?fc Q S the.

-Can address the muon (g-2).

-Potential UV origin from a Composite Higgs Model scenario,

interesting for the potential connection to the EW hierarchy problem.
[D.M. 1803.10972]

Several important observables constraining this model
are induced at one-loop.

We decided to approach this problem systematically in an EFT approach,
performing a complete one-loop SMEFT matching and
including and exhaustive list of observables.



https://arxiv.org/abs/1803.10972
https://arxiv.org/abs/1803.10972
https://arxiv.org/abs/2003.12525
https://arxiv.org/abs/2008.09548
https://arxiv.org/abs/2106.15630

S1 and S3 scalar leptoquarks

1) Match SM + S1+S3 to SMEFT @ 1-loop

(SMEFT RGE, SMEFT-LEFT 1-loop matching, LEFT RGE already done in literature)
V. Gherardi, E. Venturini, D.M. [2003.12525]

2) Analysis of B-anomalies, including all observables

[Alonso, Jenkins, Manohar, Trott "13]
Dekens, Stoffer 1908.05295]

[Jenkins, Manohar, Stoffer 1711.05270]

sensitive to the relevant couplings v crema, £ veriuin, D 2oos 00548

3) Turn on 1st gen couplings and study Kaon & 11 — ¢ observables.

Flavor symmetries correlate 1st gen to 2nd and 3rd gen couplings:
> case of U(2)° flavor symmetry. S. Trifinopoulos, E. Venturini, DM, [2106.15630]

16


https://arxiv.org/abs/2008.09548
https://arxiv.org/abs/2106.15630
https://arxiv.org/abs/2003.12525

M atCh i ng to SM E FT V. Gherardi, E. Venturini, D.M. [2003.12525]

VWe match off-shell Green’s functions for One-Light-Particle-lrreducible (1LPI) diagrams

Example: G = (es(p1)ea(p2) Hy(q1) Hl(g2))

<=
Oniclas = (€a'es)(H'i D H) |

_ <
EFT / r)as = (Eai Deg)(H'H) |
! frelas = (") 0, (H'H) .

Figure 1: Diagrams for the matching of the (eeH'H) Green function.

This procedure gives the matching for operators that are independent under IBP and Fierz,
but are redundant upon using field redefinitions: Green’s basis. Jangetal [1811.08878

VWe obtained the complete Green's basis at dim-6 and set of reduction equations to the Warsaw basis

Ours s the first such complete matching for a very rich scenario: most dim-6 operators are induced.
Useful as cross-check for functional technigues and upcoming computational methods.

J \ CoDEx Bakshi, Chakrabortty, Patra

“‘Universal Scalar Leptoquark Action for Matching" Dedes, Mantzaropoulos [2108.10055] Matchete Fuentes-Martin, Konig, Pages, Thomsen, Wilsoh

Matchmaker Anastasiou, Carmona, Lazopoulos, Santiago 17


https://arxiv.org/abs/2003.12525

Using the complete one-loop matching to
SMEFT, we include in our analysis the
following observables.

All these are used to build a
global likelihood.

(Oi( Az, M) — ,Uz')2 |

— 2 _
—2log £ = x*(\g, M) = Z -2
2
Observable Experimental bounds
Z boson couplings App. A.12
09 (0.3 £1.1)1073 [99]
5ng (0.2 41.3)1073 [99]
5972 (—0.11 + 0.61)1(1;3 199
09z (0.66 £ 0.65)107° [99]
09y, (2.9 +1.6)107 [99]
(5ng (—3.34+5.1)1072 [99]
N, 2.9963 £+ 0.0074 [100]
Drell-Yan
- —bborr 13 TeV ATLAS, 36 fb! 1
4 bb - uu ]
- ss py [1808.08179]

ms, [T@V]

S1 and Ss - QIObaI anaIySiS V. Gherardi, E. Venturini, D.M. [2008.09548]

Observable SM prediction Experimental bounds
b — sl{ observables [37]
ACSH 0 —0.43 £ 0.09 [79]
Cymv 0 —0.48 4 0.24 [79]
b — c7(£)v observables [37]
Rp 0.299 4+ 0.003 [12] 0.34 4+ 0.027 £ 0.013 [12]
R}, 0.258 + 0.005 [12] 0.295 £ 0.011 £ 0.008 [12]
PP” —0.488 £+ 0.018 [80] —0.38 £ 0.51 + 0.2 +0.018 [7]
Fr, 0.470 4 0.012 [80] 0.60 £ 0.08 £ 0.038 £+ 0.012 [81]
B(Bf — 77v) 2.3% < 10% (95% CL) [82]
RM 1 0.978 £ 0.035 [83,84]
b — svv and s — dvv [37]
R}, 1 [85] < 4.7 [86]
RY%. 1 [85] < 3.2 [86]
b — dup and b — dee App. A5
B(B® — uu) (1.06 £ 0.09) x 10710 [87,88] (1.14+1.4) x 1071% [89,90]
B(Bt — wtupu) (2.04 £0.21) x 1078 [87,88] (1.83 £0.24) x 1078 [89,90]
B(B° — ee) (2.48 £0.21) x 1071 [87,8§] <83 x 1078 [51]
B(Bt — wtee) (2.04+0.24) x 1078 [87,88] < 8x 1078 [51]
B LFV decays [37]

B(Bq — 7pu7F)

<1.4x10~° [91]

B(Bs — Ti/ﬂ:)

<42x107° [91]

B(B* = Kt u") <54x10°° [92]
e <33x10° [92]
B(BY = K*ru”) <4.5x 1075 [93]

0
0
0
0

Observable SM prediction Experimental bounds
D leptonic decay [37] and App. A.4
B(D, — Tv) (5.169 £ 0.004) x 102 [94] (5.48 +0.23) x 1072 [51]
B(D° — pup) ~ 10711 [95] < 7.6 x 1079 [96]
B(D* — mtup) O(10712) [97] < 7.4 %1078 [98]
Rare Kaon decays (vv) App. A.1

B(Kt — mtwy)

8.64 x 1011 [99]

(11.0 & 4.0) x 10~ [100]

B(KL — )

3.4 x 10~ [99]

< 3.6 x 1079 [10]]

Rare Kaon decays (¢£)

App. A.3 and A.2

B(KLp — pup)sp

8.4 x 10~ [102]

< 2.5 x 1079 [76]

B(Ks — pp)

(5.18 = 1.5) x 102 [76,103, 104]

<25 %10 [105]

B(Ky — m°up)

(1.5 £ 0.3) x 10T [106]

<45 x 101 [107]

B(K — mle)

(32712 x 10~ [108]

< 2.8 x 10~ 10 [109]

LFV in Kaon decays

App. A.3 and A.2

B(Ky — pe) 0 < 4.7 x 10712 [110]
BK" = ntp e 0 <79 x 101 [111]
B(Kt — ntepu™) 0 < 1.5 x 10711 [112]

CP-violation

App. A8

€k /€K

(15 £ 7) x 10~% [113]

(16.6 £ 2.3) x 104 [51]

Observable SM prediction Experimental bounds
AF = 2 processes [37]
B°-B: |CL | 0 < 9.1 x 1077 TeV~2 [114,115
BY—B.: |C} 0 < 2.0 x 1075 TeV~2 [114, 115]
K°— K': Re[CL] 0 < 8.0 x 1077 TeV~2 [114, 115]
K°— K : Im[CL] 0 < 3.0 x 10™° TeV—2 [114, 115]
D° —D’: Re[CY) 0 < 3.6 x 1077 TeV~2 [114, 115]
D°—D': Im[C})] 0 < 2.2 % 1078 TeV~—2 [114, 115]
D" —D': Re[C4) 0 < 3.2 x 1078 TeV~2 [114, 115]
D°—D': Im[C%] 0 < 1.2 x 107 TeV~2 [114,115]
D°—D’: Re[C3 0 < 2.7x 1077 TeV~2 [114, 115]
D°—D: Im[C?)] 0 < 1.1 x 1078 TeV~2 [114, 115]
LFU in 7 decays [37]
19,/ |? 1 1.0036 & 0.0028 [116]
19-/ 9|2 1 1.0022 £ 0.0030 [116]
19+/e|? 1 1.0058 + 0.0030 [116]
LFV observables [37]
B(T — ug) 0 < 1.00 x 10~ [117]
B(t — 3pu) 0 < 2.5 x 107% [118]
B(T — wy) 0 < 5.2x 1078 [119]
B(t — ey) 0 < 3.9 x107® [119]
B — ev) 0 < 5.0 x 10713 [120]
B(p — 3e) 0 < 1.2 x 10712 [121]
BV 0 <51x10712 [122]
B 0 < 8.3 x 1013 [123]
EDMs [37]
|de| < 107*e-cm [124,125] <1.3x107*e - cm [126]
|d,| < 107*e-cm [125] <1.9x107"e-cm [127]
d, <107* e cm [125] (1.15+£1.70) x 107" e - cm [37]
dn <107%e-cm [128] < 2.1 x107%%e - cm [129]
Anomalous [37]
Magnetic Moments
a. — a> +2.3 x 107% [130,131] (—8.9+3.6) x 10713 [132]
a, — a3 +43 x 10711 [42] (279 & 76) x 10711 [40,42]
a, —a>M +3.9 x 1072 [130] (—=2.1+1.7) x 1077 [133]
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https://arxiv.org/abs/2008.09548

S1 and S3 - contributions to anomalies

TL \r/ L ‘e ng "’()\q cf:f Qz t X: M; 5,1) §4+ )\i: c?:m“ Q: g: +|4-c.
R(Bﬁ@)) C S;

7,

Té?f((v?(/’) Ljej
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. 07/7
ID—D 2/4/4 Sg
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S1 and S3 - benchmarks

Cgi ®o L i A
Iwo benchmark scenarios: Lo ”()‘4 Tl &e) S, Xi Gt IS, 4l
LH + RH
(0 0 o ) (0 0 ¢ 0 0 O )
Voolo o s Voolo sxose Volo o R (N?)
0 by bt Y ILTLY: o fp tr .
.\ /4/4
Only LH 19-2),
0 0 o) [0 0 o
>\1L = 0o o St >\§L = A }«]R — O Mg ;~1TeV
0 0 bt L0 by by
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S; and Ss : R(K™) + R(D™) + (g-2).

(0 0 o ) (0 0 o)
XL: 0o o =% XZ o Sp St
Lo by bt Lo by br
(0 0 o)
R
X] _ | 0 Ct %
S
/JL /"o's
M
(&-2)u O] Moaelsiessn ™ gl
; 95%CL
0.04} B 68%CL
M1|:M3:1TeVE
0.03} |
AIR

0.00 }

R (D))
1.0_ |||||||||||||||||
) Model S;+8;@
051 B.oty -
(),()f_ (Rp.Rp)1 o
M1 M3 lTeV
—-2.0 TPUy 99%CL A
95%CL
_25 l ‘ l l // l .| 68%CL|_-
0.0 0.2 04 0.6 0.8 1.0
Aoy

034! ~ Model §;+85@0
0321
R(D*) 0.301

028"

0261

028 030 032 034 036 038 04
R(D)

The fitto b — s e is very good (same as next slide)

Contn
Can a

so fit (2-2).

Very good fit of all anomalies!

oution to R(D™)) dominated by S1: scalar+tensor op.



S1and Ss — only LH couplings: R(K®) + R(D*)

(0 0 0o ) (0 0 o)
X'L,__ 0o o st| \olo s
lo 0 by, Lo by b,

MR = () — Cannotfit (g-2),

R(D®))

O05F 7~ /T T T T T T T
Y Model §;+8,"  99%CL -
i ') | 95%CL
041 M 68%CL |
i M1=:M3=1T€V:
03 | i

i 187/8ul
0.2 i ]

A;TL : stgs E ST

04 el
00 __ AV
0.1 ; ]
-021 o e
0.0 1.5 2.0

Plots updated w.r.t. [v3:2008.09548]

Model §;+S.M
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02 esw
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- that would predict:
-08- .
-1.5 -1.0 -0.5

Ao = C

IIIIIIIIIIII
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028 /
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Predictions

The large couplings to T imply signatures in DY tails of pp— 7 7,

Typical for all models — deviationsin T LFU testsand T = y LFV-
Also Bs-mixing is typically close to prese

addressing B-anomalies

llllllllllllllllllllllllll

— e s s s el cas IS GES GES SIS GES GES GES GES GES GES GES GES SN GES GES GES GES GES GES GES GES GES GES SN SN GEs s G=s e

o)
S
-

AN
-
-

Belle-

(N
S
-

Br(B" - K" 7 7)/Br(B" = K' 7 T)sm

Br(B - K 7 ) x 10°

Br(B* - K" 7 17)/Br(B™ - K™ 7 T)sm

arge effects are also expected inb =+ sTT1and b = s 1 p transitions:

llllllllllllllllllll

Model S+,
LHCDb

11111111111111111111

I

|

Br(B - K 7 ) x 10°

ests (Belle-lI).

Nt bounds.

23



From B to Kaon physics
with scalar leptoguarks
and U(2)° flavor symmetry

D.M., S. Trifinopoulos, E. Venturini, in preparation [2106.yyyy]

24



The motivation

b—ctv | b—suu

|

TeV-scale leptoquark coupled to 2nd and 3rd generation

In “realistic” flavor models LQ must also couple to 1st generation fermions.

What are the implications of this for:

25



A hint towards U(2)°

CC & NC B-anomalies fit with only LH couplings
seems to be consistent with a U(2)° flavor symmetry relation

(0 0 o) ‘0 o0 o)
X’L o o s yL |0 Sost | R=0 )\sa — CU(Q) V;ts)\boz
0 0 br 1 0 by bt 1 cu@)~ O(1)

A flavor model typically also predicts couplings to 1st generation
Does the picture remain the same?

What is the impact of Kaon or y — e observables?

Similar question addressed in EFT context or in relation to b— spp only in:



U (2)5 flavou r Sym metry Barbieri et al. [1105.2296, 1203.4218, 1211.5085]

In the limit where only 3rd gen fermions are massive, SM enjoys a global symmetry
Grp=U2);xU(2) xU(2)y xU(2)g X U(2),

The minimal breaking of this symmetry dueto v, ~ (2,1,1,1,1), V,~(1,2,1,1,1),

Yukawas can be described in terms of some .~(2,1,2,1,1), A;~(2,1,1,2,1), A.~(1,2,1,1,2).
spurions, transtorming under Ge:
Ay Ty V A, .V,
Y, = u(d) *t(b) Vg Y, = 1. e N
(d) = Yi(b) ( 0 1 : Y 0 1 vens are O(1)

This is a very good approximate symmetry: the largest breaking has size € = w|Vis| = 0.04

Diagonalizing quark masses, the |V,

See also Fuentes-Martin, Isidori, Pages, Yamamoto [1909.02519]
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U(2)° flavour symmetry and leptoquarks

Applying the same symmetry assumptions to the leptoquark couplings to SM fermions we get a structure:

A )\}%(

eL ML

/ 103) [
X‘M Se\/ X:zg) \/2

X(S)L: XNZ) :1(3) Sg\/ \/ «,{g) \/
s X \/fZ

S¢ = S «92 . rotation diagonalizing electrons and muon masses

\/ﬂ . leptonic doublet spurion

TL
)(: 3) \
113)
X‘7 \/és
o

x13): O(1) arbitrary complex parameters.

Generic features of U(2)° symmetry:

bL

— only

) O

0

~1R
xtT

® | argest couplings to by, tL, TL and vr,

e Cou
e Cou
e Cou
o Cou

Ol

O
Ol.
9

to pL su

. 1O eL SuU

9
9

OIresSsSe’

OIesSsSe’

to si suppressed by ~
.10 i suppressec

Oy ~

oy Vo,

)

)

Oy Se VB.

)

RH coupling allowed is to fr TRr.

} Arbitrary parameters
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U(2)° flavour symmetry and leptoquarks

Applying the same symmetry assumptions to the leptoquark couplings to SM fermions we get a structure:

/ eL ML TL \
103) (
G SV G\, VR (000
1031 1) “”3) \/ \/ 1/3) 103) " ) 53%5
= A ‘71 SC \/ X7 \/

<

sy X \/fZ " oL

— only RH coupling allowed is to fr Tr.

S¢ = S «92 . rotation diagonalizing electrons and muon masses

\/ﬂ - leptonic doublet spurion } Arbitrary parameters
x13): O(1) arbitrary complex parameters.

- The leptoguark couplings to first generations
are now fixed In terms of couplings
to the second generation:

— —

We can now correlate Kaon physics opbservables to B-anomalies! 29



From B to K With LQ and U(2)5 S. Trifinopoulos, E. Venturini, D.M. [2106.15630)]

We perform a global fit in the U(2)° flavour structure.

o 8 'm ”‘:’;‘ 7
4 g ; Z % -
4 92
2
3 R(D"™)(lo)
x(l,L DY x}jl‘
2
\,,\/\’» ]
0 o . ‘ DY
1.5 2.0 0.0 0.5 1.0 1.5 2.0
/\3
M1 = M3 = 1.1 TeV
. . 0
8 -
:0 g Y ' ....‘I
_] ‘. “’ ‘o ‘ ) .“.o;..?.:
* I e 5 .
:?.o & ‘.' ‘.”‘.. '*!."..o.‘."o;}
3. a o o2 s.io . v ..:..:.:
-2 :!':-é. 4 8 R
xql :.'§. ; : AR,
£ - - ‘.ol:”’
_3 A 0. 8 - -
F e S
4 et 3% N VAR
-004 ? "3 gj‘;{?ﬁ
S ’. (’ @ o&o &o *1
-5 ’ S: adtadin's 3’.»:'.‘!
00 0.1 02 03 04 0S5 0.6 0 I 2 3 4 5
V, oL

- The parameters are indeed consistent
with a U(2)° structure: all x’s are O(1).

- Ve~0.1, |s¢ =0.02
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https://arxiv.org/abs/2106.15630

From B to K with LQ and U(2)°

bh— be add d: .
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Leading effects in Kaon physics

201 §;+83, U(2)3
| KOTO-I (exp.)
o 1.5 -
S | = :
» 5 NA62 |
N _
o; 1.0f
T,
~)
an
0.5 g
NA62+K(¥TO—I-II"- e
(exp. SM
O-O_ 111111111111111111111111
0.0 0.5 1.0 1.5 2.0
B(Kt—-nvy) x 10"

About other Kaon decays:

The effect in KL= pp saturates the bound, while the SD contribution to Ks=pp is ~10-13 (be ol

The NA62 bound is already very constraining !

future updated wil

out even more tension with

or eventually a sig

The correlation in the full model is stronger than just in

The phase of NP contributi

Lua”|

VrUrdS

ASs conseqguence, t

>
'

nal could be observed.

al

Dominated by tau neutrinos, due to largest couplings.

or this setup,

D),

—F 1.

Isee: Bordone, Buttazzo, Isidori, Monnard 1705.10729]

50

below the KOTO st

We also obtain Br(KL—=pe) ~ 10-15 and Br(K+—=m+pe) ~ 10-18,
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U — e conversion

| o ] L] ] 1] ] 1 L] I 1 ' 1] ] 1} 1] ] L] L] ]

0. | U—e conversion in gold nuclel sets the
| strongest constraint on se.

COMET and MuZ2e will push this bound to ~10-16,
while Mu3e at PSI will push the limit on Br(p—3e) to ~10-16
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Combined interpretation
of Rk, R(D™), (g-2),, and CAA

DM, Sokratis Trifinopoulos
PRL 127, 061803 (2021) [2104.05730]

51 ~ (37 1)1/3 ) ¢ N (17 1>1
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A do-it-all model?

Let us consider a simplified model with only these two new weak-singlets states:

3 Note:
St~ (3, 1)1/3 7 ¢+ ~ (1,1); ote same gauge quantum ngmbers as sbottom and stau,
out different L and B assignments.

)\,}é(jféfasl )\2151_//66@;91 h.c.

0

Crivellin, Kirk, Manzari, Panizzi 2012.09845;
Felkl, Herrero-Garcia, Schmidt 2102.09898

1Ly1R

A
Rp ~ 0.299 — 0.235 bqfnf (1+0.05logm7)
1

bs — o _ ‘ '
OL[{L(MLR) = (57" PLb) (v PrL(r) 1)

3mi [ Apy |”

32772]\412

?}2‘)\12’2

_|_

ILy\1R O — evv) =

2
4M

Rp- ~ 0.258 — 0.088 27T (1 + 0.02log m?)

CLL ~ _)\IL)\IL *

br ‘st

Mgl N [ Ar |* log M /M
64m2 M7 64m2(M7F — M7)

|)\££€’2)\1L}\1L *

bt “‘sT

647T2M12

Large m re preferred to avoid meson mixing.
VAL ALV ) arge masses are preferred to avold meso 0 Con

C}): 272 '
12872 M We fix. My = My = 5.5TeV

)
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We do a global analysis including all the olbservables

Observable Experimental value

Rp 0.34 £ 0.029 [56]

Rp~ 0.295 + 0.013 [56]

ACYH —0.675 4 0.16 [20]

ACH, 0.244 4 0.13 [20]

Aa,, (2.51 4 0.59) x 1077 [27, 28]

S(u—evv) | (6.5 1.5) x 10* [41]

R/ 0.978 & 0.035 [57, 58]

B(B. — Tv) < 0.1 [59]

) < 2.7 [60]

Ch. < 2.01 x 107° TeV~2 [61
IRe(Cp)| | <3.57x 1077 TeV~? [61]
Im(Cp)| | <2.23 x107° TeV—2 [61]

Iz 1.0058 + 0.0030 [56]

oz 1.0022 4 0.0030 [56]

g 1.0036 % 0.0028 [56]
597, (—0.11 £ 0.61) x 1072 [62]
597, (0.66 = 0.65) x 1072 [62]
5971 (0.34+1.1) x 1073 [62]
597 R (0.2 +1.3) x 1072 [62]

B(t — py) < 4.4 x107® [63]
B(t — 3u) < 2.1 x107° [63]

ACy

028 030 032 034 036 038 040

A dO-it-aII mOdeI? DM, Sokratis Trifinopoulos 2104.05730

M, = M, = 5.5TeV

0.0 L A L L O-_ """"""""""" : """""""
L BS_EE T_)l-l')’:/
~0.2} -1y ; :
—04f 2 sl |
ALL Ty AR i
-0.6+ [ :
-08; ; R,
AT AANN VA | I e S L
00 05 10 15 20 25 00 05 10 15 20 25
ALL Aot
0.6:_ """""""""""""""""""""""""""""""""""""
: * ( 00 L
)5 L
osOK R(K( )) . 0.32 OK R(D(*))
A 68% ] |
04} ] _
: f 0.30+
0.3_‘ ' L
ACH, [ 1 Rp
02} : L 68%
: 0.28}
0.1f | 95% /
0.0} [ 999
: 0261 77% @
S8 | S : My
-12 -10 -08 -0.6 -04 -02 00

Rp

® Good fit of all anomalies

° Of approx.

0.020] 7
0015;
| Aikoxnoé
onosé

0.000.

1.006

1.004 -

(8</8e)

1.000+

0.998

|||||||||||||||||||||||||||||

I\ (gulge)
' T3

OK(g-2u
AL

1.002+

|||||||||||||||||||

0.0002 0.0004 0.0006 0.0008 O 0010

o(u—evv)

35+
] A3 5]
25+¢
1'(')"i'1"'i'z"'i'é"i'zi"i's'"i'é"i'7
A12

95%CL

Belle—II (50ab~!)

LHCb (9fb1)

5.x 10710 1><109 15%10° 2.x10
B(B-Kue)

required to avoid T y: via AR,

® Large couplings required, due to the large masses needed to avoid meson mixing.
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Conclusions

® Flavor anomalies still require data (and theory) to give us a definitive picture, some could stay, some could go.

o [f any will remain, it will be a revolutionary stepping stone to an unexpected New Physics sector!

We must keep an open mind and explore all possibilities.

—xploring combined explanations is a useful exploratory exercise, it allows us to

connect B-anomalies with other observables, both at high and low energy.

® Observations or limits from correlated effects in completely different processes

will be crucial to understand the underlying UV physics and its flavor structure.

Thank you!
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Backup
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From Rk to R(D®™) anomalies

A large coupling to the T induces an RG-
enhanced lepton-flavor universal

contribution proportional to Cg!
Capdevila et al. 1712.01919, Crivellin et al. 1807.02068

-

L 14 1

< T ot

2 2
ng,?.s - Ry (1 n log(A“/(1TeV )))

vvvvvvvvv

0.0

Correct size

| obtained with the
| preferred value of
L R(DM),

_0.2" ‘)S‘v

-0.6+

........

15  -10 -05 00
|[Gherardi, DM, Venturini 2008.09548]

Rk
ANg, ~7 TeV

SM gauge invariance SU(2)L

CKM-like flavor structure &CT (QZL%OG’Q““L ; Cs (in@i)@%w%ﬁ)
| g Usually UV physics generates both.
The exception are Z' models, which

generate only the singlet

===

9uVeb 7 o
~ /j\g (brvyacL)(Pry*pr)

Charged-current in muons

\ Generalising lepton flavour

gT‘/'Cb 1 —T
~ I (B vacs) (7 )

RDY) o

f o, < < same hierarchy as
ANg: ~1TeV g« G < &1

f me < My < 14475
Reqguired for Rk
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UV completions for b—s utu- anomalies

LOOP LEVEL

LFU anomalies from boxes

TREE LEVEL

’ r/ L\Q p
sIr S>VW</'

Leptoquark

vector Uq or scalar Ss

mr=5mz, sg=04, ¢, v=—9u2=4'/3
3.0 05 ' .

25F
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2.0} ,’ /
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" 'L)_I 1°, ":6
,B;(_% #,U),A i

p— /

= \ 1 »22/
S1S5F T s e
(SYe) =

0.5¢
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- .
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https://arxiv.org/abs/2104.03228

Complete one-loop matching to SMEFT

W]

U = CFT
@ v-{cof

CET - OB
@1(00?
V__

Y

Other necessary contributions:

SMEFT 1-loop RGE

[Alonso, Jenkins, Manohar, Trott "13]

SMEFT > LEFT matching @1-loop

[Dekens, Stoffer 1908.05295]

LEFT 1-loop RGE

[Jenkins, Manohar, Stoffer 1711.05270]

V. Gherardi, E. Venturini, D.M. [2003.12525]

Motivations:

1. finite terms (non logs) of loop contributions are important for
several observables:
NVeson mixing, magnetic dipole moments, Z couplings, LFV leptonic
decays, etc..

2. Once the matching is performed, a large number of observables can

pe readily evaluated.

3. Itis the first such complete matching for a very rich scenario, many

operators are induced.
Useful as cross-check for other technigues that am to do this more
automatically.

MatchMaker (diagrammatic approach) [Anastasiou, Carmona, Lazopoulos, Santiago, in progress],

methods based on Covariant Derivative Expansion (CDE)
[Henning, Lu, Murayama '14, Drozd, Ellis, Quevillion, You, Zhang '15, 16, '17, Fuentes-Martin, Portoles, Ruiz-Femenia]

The alternative is to compute on-shell loops for
each observable, as in:
Crivellin et al. 1912.04224; Saad 2005.04352;
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“Green’s Basis’” of the SMEFT .. .. ... ..

VWhen off-shell one-loop diagrams are evaluated, also operators outside of the chosen basis
(e.g. Warsaw) are generated, which must be reduced to the basis via E.O.M.

The complete set of independent operators independent upon integration by parts
(but possibly redundant under EOM), is called “Green's basis’

G = (eg(p1)éa(p2) Hy(q1) H] (g2)) Matching conditions in the Green'’s basis:
Ny AT %
es Gre(pinr)]ap = 32#]\;2 g (1 + log ﬁ) :
- _ B N (AlRTyUyU)\lR) Nc)\Hl()\lRT)\lR)aB
) Greliar)las = = 64m2M? -+ 64m2M? ’
A Gl (par)]as =0 .
//H

The last two must be rotated to the VWarsaw basis:

(Ote)op = WE)18(Oerr)l o + (YE)1a(Ocr)s
[O}fle]aﬂ — 4(Yg)y8 (Oen] '];/a — {(YE)ya(OcH)p

Figure 1: Diagrams for the matching of the (eeH"H) Green function.

Relevant Green’s basis operators:

VWhile the first operators receives contributions also from other ones:

_ _ B <=
_OHe-OéB — (ea’YMG@)(HTzDMH) : \ 2 2 i A(3) P A
_ I ~b [CHG]SB) - E9’4YHY 0af (SYS?’ + YSl) + e (3 WpAe YB)as + Wl yE)aﬁ) +

telap = (Cai D es)(H'H) 30 2 Tz) T o M2 M2

/7 — (5 ~AM T . A, N X 1R
e + 3 [9) YH 6 + YuLl M2 L 9 (1 Ll) M12 .



https://arxiv.org/abs/2003.12525

IS erar enturin

nes are th
ose alr
. eady present in the W gD
2 c varsaw ' O | 51 V’XD
Osc FABC AV (7Bp (3C X2 2 baS|S o» | s5q{D, D" D}q | O ~ 2 .
Osz o GGt One A 2 Oup | 5u{D,D" 6o | (@' DG, 1) DH
O fUCGGPGE | O G, GH(HH) | O H-D* 0. | iaiD. DYu| O, | S@r*yiD” 4, | O | @roHiD,.H
o] . whwinrke | o Ghcmw(mm [ (D, D*H)(D, D" H) o | si{D0n. DY | O | Y@ "1 D" 0)G, | Oy i S )
| gy ey . Wi wiw(BTH) | O H*D? Ow | 5{DD" DY ¢ | On, LqTAi D) G, | O (q”p a)(H'H)
y 5= N e , ’ — v H gy
— A T o | (s ou | o i o gl | o | whsgin
oo | _1 (D.CNDCE) | O, By, B*(H'H) o (HID"H)I(H' D, H) Y?HD? + hic. |0 (@0 7" 1 D )W, o/ 10" 0)(H'i D H)
| LD W) W) | Oy BB (HH) | Ol (H'H)(D,H)'(D"H) Ourrpr | (qu)D,D*H Lo | 3@y i D )W ih (@ Pg)(H'o"H)
Oap | —3(0,B")(0"B Y aws | Wi B*"(H'o'H) o | (HH)D,(H'i'D"H) Ouiips | (Fio o H | Op | (07'9)0"B w | Oy | (@'1"q)Dy(H'o'H)
% D? ) O, Y wHD3 (gD, D"u)H o q 2 q7 Zqu)B,w o T i D, H)
% _ ) Owiips | (GD,u) D F 5 | $@iDvg)B | (@D u)(HH)
won | DV (H DL H 0 D | O | (@A) DYGE O, | (@ u)d,(H!
Onn | 8B (H'D ) oL | (@)D, D o | (@y"u)DYGY N W(HTH)
E m | 0,B"(HYD,H) Ouanpz | (gio Did H | O, | @iy iD” )?;VA Ona | (@ d)(H'D ,H)
— v DY / U ! — H
0D our-quark Four-] Oanps (gg D“c)l) HH Oc. %(ETAVM@'?VU)@ZV Ofd (di D d)(HTH)
08 | @i | O. (" 0)(El) | Oy il oo | Gooort | on Rl B e
— ) — rFH / v 7 H
On | (i) 0. | Ereee) | O | P oum | Capmn | €5, | | ol (D,
O(dl% (dfyﬂd) (37ud> le (67“6) (E’yﬂe) O:u 7(: O'M €) (gfyuo-fq) Oenp3 (ZDMD“e)H Of?d 1 (Elijudg,,Gﬁy (’)’Zf) (;ZMZD 0)(H'H)
W (@) (dyad % ey'e) (W) Ouis | (D)4 | O (1" DY) G, | O, (HIH)
0(8) iz ) ed (67“@ d ¢2X a O | L{dr4 — M He (6017“6)(HT-H[
o | @y TAu) (dy, T4 O (dyud) H + h.c. Ga | 3T DV d)G o | ' )
(9(1) VMT d) qe (g Lo\ (5 O, —A = Opd (dytd)o” HY HY{ (Ci p1e)y(Ho!
w | (@t % 0"0)(@7,0) Y e | S| e | O (O o' H)
O | (@1 Tt w | 0@y o | oot | o | LmBean e | (70D )
_ . ’ _ v He — '
oL = Y (EWMTAUJ) O (ev*0)(d Oup (Go"u)H B we | > Bd %Edvuiﬁvd)g , (ev“e)H(HT@DMH)
d (gv*q)(d O _ (dyud) O _ w | Owe | (o' w | Ohe (& Ip
0%8) A _/y,ud) ledq (86)(c_iq) dG (QTAO-MVd)HGA O 1 _U ’Y'“E)HZDVW/{V O 3 6)(HTH>
(16)i (gy"T*q) (dfy/,LTAd) (’)éi) (ZT B Oaw (gguud)(ﬂHWﬁV W §(€0‘I/y:“@'DV€)WI He | (ey*e)0,(H'H)
O?’“"d (T w)ers(7°d o® | @ e)érs(T') O | (@™ d)HB,, O, | HEo#i BeO, Y H" +h.c.
O 8) A TS C] ) lequ (f O-,Lbl/e)6 (—s OGW @ L ; jng OBE (Z’Yﬂf)a”B jng OuH (HTH>—1:_V[
quqd (q 1T u)ers(quAd rs\d O-/il/u) O f 6)0 HW;}/ O’ I ny Oun ; JHE
) eB (ga-,uye)HB B¢ §(€fyruiDu€)B (H H)ng
Y O~ 17 .57 il Ocnr tI7\7
=~ | (" D")B (H'H)(He
OBe (6y7¢)0” B pv
O, (g “'ﬁy pv
O | ! ZH 6)@6”
| s@*iDve)B,,



https://arxiv.org/abs/2003.12525

The Threefold Way of LQ Searches at LHC
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[Diaz, Schmaltz, Zhong 1706.05033, 1810.10017; Dorsner, Greljo 1801.07641]

In order to cover all couplings it is important
to consider all combinations of different
lepton & quark combinations in final state!
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Leptoquarks

OO 000
< << <<

scalar LQ (pair prod.), coupling to 1%t gen. fermions, =1

scalar LQ (pair prod.),

scalar LQ (pair prod.), coupling to 2"d gen. fermions, B =1

scalar LQ (pair prod.), coupling to 2"d gen. fermions, B =1

scalar LQ (pair prod.),

scalar LQ (pair prod.), coupling to 3™ gen. fermions, B =1
(

scalar LQ (single prod.), coup. to 3™ gen. ferm., B=1,A=1

S Ttbhb 1703.03995, 1811.00806
S Tt 1803.02864

S ) & pvjj CMS PAS EXO-17-003
S putt 1809.05558

S w(jj,bb,tt) 1805.10228

coupling to 1%t gen. fermions, B =0.5

coupling to 2" gen. fermions, B =0.5

<0.74

> 222

<1.27

<1.02
1806.03472 (2Tt + b)

LAS
LAS
LAS
LAS
LAS

LAS

i, Vi

Leptoquark searches at CMS and ATLAS

<1.44 1811.01197 (2e + 2j)
1811.01197 (2e + 2j; e + 2j + EI's5)
<1.53 1808.05082 (2u + 2j)
0.8—1.5 1811.10151 (1p + 1j + EY'ss)
<1.29 1808.05082 (2u + 2j; | + 2j + EJ'5)

1811.00806 (2T + 2j)

1902.0037(

) 2006.058/77

Q=

tt(ee, uu) 2010.02008
Q- (tv,b1) 1902.08103

oVv,1T) 2101.1252/7

1T 27

01.11682
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