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Introduction
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Naturalness of EW scale Flavour constraints
A S1TeV A > TeV

* low A, small ¢’s: flavour problem

* high A, ¢’s ~ O(1): hierarchy problem

ﬁ:’re—LHC: Post-LHC: N

T 7 exciting phenomena in high-pT > < no light on-shell resonances
experiments: ATLAS, CMS

boring flavour physics (MFV) '.‘ very interesting anomalies in
flavour observables
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Semi-leptonic b to ¢ decays

Charged-current interaction: tree-level effect
in the SM, with mild CKM suppression
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Semi-leptonic b to s decays

FCNC: occurs only at loop-level in the SM
+ CKM suppressed

Semi-leptonic effective Lagrangian:
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Deviations from SM in several observables
Angular distributions in B = K*uu o
QH
Various branching ratios Bg) = Xs ~
LFU in R(K) and R(K™) o
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b — suu global fit
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B = K'uy

d*T
dqg? dcos by dcos Ok do

width and angular observables are functions
of Wilson coefficients C;
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3 angles + dilepton invarie{ht mass

A

Long-distance contributions:
. . computed
on lattice or light-cone sum rules

- Four-quark operators enter through
charm loop: non-local term H,
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B = K'uy

d*T
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width and angular observables are functions >
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B = K'uy

d*T
dqg? dcos by dcos Ok do

width and angular observables are functions

of Wilson coefficients C;
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Confirms 4-60 discrepancy _03|

Bobeth et al. 2017
4 ['NL([L)J | 0 2 4 6 8 10 12




b — suu branching ratios: a coherent picture
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LFU ratios: R(K) & R(K*)

Ry =

BR(B — Kyt ™)

BR(B — K(®ete™)

+/ Very clean theory predictions:
SM value is ~ 1, with error ~ 102

2 Electrons involved: experimentally difficult

due to bremsstrahlung — large errors
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LFU ratios: R(K) & R(K™)

B — BR(B — K™ putu) 1.6
K7 BR(B — K®eter) 14
1.2

s/ Combined measurement of R(K) and R(K*) & 1.0
determines the chirality of the interaction:

LH current necessary to suppress both 0.8
0.6
/ LFU ratios are consistent with predictions 04

from a fit to b = syu data only
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Semi-leptonic b to s decays

FCNC: occurs only at loop-level in the SM
+ CKM suppressed

Semi-leptonic effective Lagrangian:
4GF (87

L= V2 Am

wVis Y Ci0; + CJO;

Deviations from SM in several observables
Angular distributions in B = K*uu

Various branching ratios Bs) = Xsuu

Re CY,

LFU in R(K) and R(K?)

—0.5 1

—— LFU observables

~ 20% NP contribution to LH currents b s syt global fi
— all

GlOba”y ~ 50 from SM —107 ——~ all, fivefold non-FF hadr. uncert.
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Is it possible to explain the whole set of anomalies
In a coherent picture?

/~ Effective
Fleld Tkeorv

with flavour
N, Symmelry 4

,, SE« mptﬁﬁf{t@_d
\ wmodels /

\ completion /



Lepton Flavour Universality

(Lepton) flavour universality is an accidental property of the gauge
Lagrangian, not a fundamental symmetry of nature

3
Egauge:iz Z &jlﬁwj

j:]‘ q7u7d7£7e

The only non-gauge interaction in the SM violates LFU maximally

Lyvok = qLYyupH* +dpYydrH + 01 Y.er H Yud,e = diag(0,0,1)

LFU approximately satisfied in SM processes because Yukawa
couplings are small

y, ~= 1072 yr 2 1072

= natural to expect LFU and flavour violations in BSM physics



What do we know?

1. Anomalies seen only in semi-leptonic processes: quarks x leptons

nothing observed in pure quark or lepton processes

2. Large effect in 3rd generation: b quarks, v competes with SM tree-
level

smaller non-zero effect in 2nd generation: yu competes with SM FCNC,

no effect in 1st generation

3. Flavour alignment with down-quark mass basis
(to avoid large FCNQ)

4. Left-handed four-fermion interactions

RH and scalar currents disfavoured: can be present, but do not fit the anomalies
(both in charged and neutral current), Higgs-current small or not relevant



Simultaneous explanations

b T

c v
L - = M
A—z(bL”YuCL)(TLW Vr)

D
Ap = 3.4TeV

s u
L 7 [ ~H
A—Q(bLWSL)(ML’Y i)

K
AK — 31 TeV

|. “vertical” structure: the two operators can be related by SU(2).

(qLyuoqr)(ly*olr)

Il. *horizontal” structure: NP structure reminds of the Yukawa hierarchy

Ap K AK,

Arr > Ay



Problems

Direct searches: large signal at high-pT

AD ~ 3.4 TeV

Flavour observables:

- other semi-leptonic observables
model independent

- meson mixing, lepton flavour violation

depend on the model, generally present

- ElectroWeak precision tests:
W, Z couplings, T decays Q- 05

generated radiatively at one-loop




Constructing the Effective Field Theory

1. Left-handed four-fermion interactions: two possible operators in SM-EFT

Cs(qrvuas,) (C27"07) Cr(qryuoqr) (Egy" o)
— SU(2) singlet — — SU(2) triplet —

Alonso, Camalich, Grinstein 2015

3. Flavour structure:

» Large effect in 3rd generation
» Smaller effect in 2nd generation
* Flavour alignment with CKM

====p connection with Yukawa coupling hierarchies: U(2) symmetry



U(2) flavour symmetry

SM Yukawa couplings exhibit an approximate U(2)° flavour symmetry:

(. o U(2)q, XU (2)up X U(2)ap
( ‘) Vekm ~ (? O ) ” 2(2) : 2
PR - Yo v-@B®

1. Good approximation of SM spectrum: might ~ 0, Vekm ~ 1

Breaking 0 0 AV A~(2,2,1)
~ ~ q Y Y
pattern: Yuar (O 1) m— YR (0 1 ) Ve~ (2,1,1)

Barbieri, B, Sala, Straub, 2012

2. The assumption of a single spurion V4 connecting the 3rd generation with
the other two ensures MFV-like FCNC protection

3. The most general symmetry that gives “CKM-like” interactions in a model-
iIndependent way



Constructing the Effective Field Theory

1. Left-handed four-fermion interactions: two possible operators in SM-EFT

Cs(qryua),) (€307 Cr(qryuoqr) (Egy" o)
— SU(2) singlet — — SU(2) triplet —

2. Flavour structure: minimally broken U(2)q x U(2). symmetry

U(2)q x U(2)¢ breaking pattern:

Vo = Vaa, Vis) CKM structure for quarks

V= (0,Vr,) strong LFV constraints for electrons
no flavour-conserving coupling (3) Viub + small terms (~ Voxu)
to light generations br,
: : : : \\ :
>
am [ V] M [ SVP v
AR Ve

B. Greljo, Isidori, Marzocca, 2017




Constructing the Effective Field Theory

1. Left-handed four-fermion interactions: two possible operators in SM-EFT

CS QL”YMCIL)( /%B) CT CIL'Y/JJU QL %B)
— SU(2) singlet — — SU((2 )trlplet —

2. Flavour structure: minimally broken U(2)q x U(2). symmetry

U(2)q x U(2)¢ breaking pattern:

Vo = Vaa, Vis) CKM structure for quarks

V= (0,Vr,) strong LFV constraints for electrons
no flavour-conserving coupling (3) Viub + small terms (~ Voxu)
to light generations br,

B. Greljo, Isidori, Marzocca, 2017




Effective Field Theory

1 ) a J\{(po a ) N [ o
Lot = Lsv = 5 M Nag [CT(QL%LU az) (3" o 0r) + Cs(q7q1)( LV“K[Z)}

B. Greljo, Isidori, Marzocca, 2017
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Effective Field Theory

1 a ) N [ o
Lo = Lgm — ;A?ﬂﬁw [CT(QL%LU ;) (037" o0%) + Cs(@5 7.7 Lv“ﬁf)}
B. Greljo, Isidori, Marzocca, 2017

)\q
T: R _1+2CT< vb) = 1.237 + 0.053
cb
)\q
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| Neutral currents b — SViVr transmons not suppressed by Iepton spurlon

AC, ~ —— 2% (Cg — Cr) strong bounds from B = K*vv
ontSth =$» (C7~Cs
| b~ sTr ~ Cr+ Csiis large (100 x SM), weak experimental constraints |




Effective Field Theory

Lo = Lo — 5 X [Cr (@0 e (370 5) + Cs (@) (3265
B. Greljo, Isidori, Marzocca, 2017

)\q
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cb
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| Neutral currents b — SViVr transmons not suppressed by Iepton spurlon

AC, ~ —— 2% (Cg — Cr) strong bounds from B = K*vv
ontSth =$» (C7~Cs
| b~ sTr ~ Cr+ Csiis large (100 x SM), weak experimental constraints |

| bsuy IS an independent quantity:

g

- fixes the size of Ay,

ACy, = )‘zb)‘uu(CT + Cf)
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Radiative corrections

Purely leptonic operators generated at the EW scale by RG evolution
Feruglio et al. 2015

 LFUInTdecays Tt — uvwvs. T~ ew (effectively modification of W couplings)
6gY = —0.084Cp = (9.7+£9.8) x 1074

« ZtT couplings

092 = —0.047Cs + 0.038Cr = —0.0002 =+ 0.0006

 Zvv couplings (number of neutrinos)

N, =3-0.19Cg5 — 0.15Cr = 2.9840 4+ 0.0082

(RG-running corrections to four-quark operators suppressed by the T mass)

=) strong bounds on the scale of NP (Cs,r = 0.02-0.03)



Fit to semi-leptonic observables

- EFT fit to all semi-leptonic observables + radiative corrections to EWPT

- Don’t include any UV contribution to other operators
(they will depend on the dynamics of the specific model)

0.06 F

S 0.00}
~0.02}
~0.04}

_0.06L
—0.06 —0.04 —0.02 0.00 0.02 0.04 0.06

0.04}

0.02}

Cr

0.0

~02}
~0.4}
~0.6

~0.8

‘\" 9 1< 5V

Good fit to all anomalies, with couplings compatible with the U(2) assumption



Fit to semi-leptonic observables

: 20 20
2- 3o 2 -
—  OF ~ 0
= 5
_2-. i 2t
_al ] _al
| A ' e ——— a4
~0.06 —=0.04 —0.02 0.00 0.02 0.04 0.06 -30 -25 -20 -I5 -10 -5 O
¢ 3
(Cr+Cs)/2 Ay > 10

- Large values of Aps required to fit Rp-
(this is because the NP scale is forced to be high enough for radiative corrections)

- Ay must be negative to fit Co
this rules out the “pure mixing” scenario in the lepton sector (where A,y ~ sin 64°)



Relation to other observables: charged currents

 LH currents: universality of all b — ¢ transitions:
BR(B — Dtv)/BRsm = BR(B = D*1v)/BRsm = BR(B: = ¢1v)/BRsm
= BR(/A» = AcTv)/BRsm = ...
 U(2) symmetry: b = ¢ vs. b = u universality (Vq ~ Vckm)

BR(B — D"1v)/BRsw = BR(B — r1v)/BRsm = BR(B* — 1v)/BRswm
= BR(Bs = K*1v)/BRsm = BR(\v»— p1v)/BRsm = ...

V. BR(Bu = mV)exp/BRsm = 1.31 £ 0.27  (UTfit 2016)

* Other leptonic final states more difficult: p vs. e universality ratio?

R = RT/M x A\, ~ 1073



Relation to other observables: neutral currents

Lepton flavour

|sidori 2017
SU@2) -, .
pp(ee)  |{tm W DHE! pe
£ N :
f' b—s Ry, Ry« B — K™ 11 B — K® vy E B—-Ktu [B—Kue
§ | 4 O(20%) — 100xSM O(1) i > ~106 299
] q) 1
© | .
=l Elbod 5
<] > - By — up B—omn1t B—mwv . Bomntu |B—ompe
S| @ B—mup — 100xSM o) i | —~107 | 2
i > By — KO pp :
T oo Rery §
s —d long-distance NA K—mw E NA K— pe

Several correlated effects in other flavour observables.



K — rtvv

The only s = d decay with 3rd generation leptons in the final state:
sizeable deviations can be expected

U(2) symmetry relates b = g transitions to s = d (up to model-
dependent parameters of order 1): Agqg ~ VoV ~ ViiVia g ~ Vy ~ Vi,

Bordone, B, Isidori, Monnard 2017

10° x BR(BT — K*vi)

10" x BR(K' — 7ntwp)



Simplified models

Mediators that can give rise to the b — c¢v and b — sé¢ amplitudes:

Spin 0
C_olour DM Vector
singlet | /| cator resonance
Colour Scalar Vector
triplet lepto-quark lepto-quark




Simplified models

Mediators that can give rise to the b — c¢v and b — sé¢ amplitudes:
Spin 0 9

C_olour LIDM Vector bz

singlet | /| cator resonance ~_ g 4

Colour Scalar Vector

triplet Iepto quark Iepto quark

~ (1,3,0)
~ (1,1,0)

Sy~ (3,1,1/3) Ui ~ (3,1,2/3)
S5 ~ (3,3,1/3) Us ~ (3,3,2/3)




Simplified models

Mediators that can give rise to the b — c¢v and b — sé¢ amplitudes:

Spin 0
Col DM Vi ; ‘
_o our ector
singlet | /| cator resonance 1LQ
Colour Scalar Vector q /
triplet lepto-quark lepto-quark

0.06 &

Contributions to Cr and Cs from 0.04f

different mediators: |

0.02}

- A vector leptoquark is the only S 00 03

single mediator that can fit all the [

anomalies alone: Cr ~ Cs ~0.02}

« Combinations of two or more —0.04¢

mediators also possible 006l
(often the case in concrete models) ~0.06 —0.04 —0.02 0.00 0.02 0.04 0.06

Cr



Connection to other observables

In most explicit models, four-quark and four-lepton operators are also present

g

- Bg and Bs mixing: .

O(few %) deviations from SM expected,
already in tension with present bounds
INn most models

+ CP violation in D mixing:
O(0.1 %) deviations from SM

- T — 3U:

large effect expected, possibly . V.
close to experimental bound, BR ~ 109

- Tvs uLFU: Q3 Q3

O(0.1 %) deviation in T = pvv vs. T — ewv

and in Gr(1) vs. Gr(p) [ vy,



Vector resonances

Triplet and singlet colourless vectors: Ling = W2 JS + B, J,
Jﬁ — gq)\qc;]' (QiL’Y,uTan ) + gﬁ)\e (_%”Y,LLTQL?J)
0
g i g
Jg — Eq)\gj (QL%LQJL) = )\ ( L’Y/LLB)
4?
Crs = =2
TS m%/ gqgr

Large contribution to Bs mixing
02

AABS-_ Nm )‘bs (gq (92)2)
1%

~ (CT -+ Cs) )\%8

Problem less severe for large Ct,s — stronger tension with EW precision tests.

In models with more couplings (e.g. Higgs current) can partially cancel the contributions



Vector leptoquarks

SU(2)L singlet vector LQ: U, ~ (3,1,2/3) ° g
Lr.q = guUuBia (Q17"LE) + h.c.

« Cr = Cs automatically satisfied at tree-level S U
Lot > =5 CuBiaB}s (@0 @) (L0 L) + (@, Q ) (L7 IP)]

* No tree-level contribution to Bs)-Bs) mixing,
but UV contributions not calculable

BST/ Vcb

naive estimate:

\\ 5 /

2
g
~ CU|BST‘2 U

(47)?

// g \




High-pT searches at LHC

A general feature of any model: large couplingtob and

b T
= searches in 17 final state at high energy at LHC
PDF of b quark small, but still dominant
If compared to flavour suppression
b T
* s-channel resonances « t-channel exchange: leptoquarks
b [
must be broad to escape searches / I

if below ~ 2 TeV



High-pT searches at LHC: leptoquarks

-  bb-fusion, searches in 1T invariant mass distribution b
Faroughly, Greljo | LQ
+ Pair-production through QCD interaction Ramenik 2010 b
T
g »” ~
7 LQ /

. of T g
g "’-Q\ g // .
2.5 S /’
S S ]
50 2 pp- T"':,';'300 fb™
_— = ,—” .
- -~
| 80 1.5
If heavier than ~ 1.3 TeV, — |
could not be visible at LHC! 1.0}
| S
HL-LHC or HE-LHC needed 0.0 (g o 1l :
to probe the best-fit region 00 i S A :: Vector LQ
0.5 1.0 1.5 2.0



UV completions: vector leptoquark

Leptoquark quantum numbers are consistent with Pati-Salam unification

SU(4) x SU2)L x SU(2)g D SUB). x SU(2)L xU(1)y

Lepton number = 4th color ¥, = (qi,q%,q%,&;) ~ (4,2,1),
¢R — (Q}%QZz{aq:]g%)gR) ™ (47 ]-7 2)

- a UOé

Gauge fields: 15 = 8y & 32/3 P 3_2/3 D 1 (Gu)ﬁ %
A o

vector leptoquark U}’ \ (UM )" 4 v

No proton decay: protected by gauge U(1)p_1, C SU(4)

- U, gauge vector: unitary couplings to fermions

= bounds of O(100 TeV) from light fermion processes, e.g. K = ue



UV completions: vector leptoquark

Non-universal couplings to fermions needed!

- Elementary vectors: color can’t be completely embedded in SU(4)

S8 X S5) > 5118

only the 3rd generation is charged under SU(4)

- Composite vectors: resonances of a strongly interacting sector
with global SU(4) x SU(2) x SU(2)

the couplings to fermions can be different (e.g. partial compositeness)

Barbieri, Tesi 2017

In all cases, additional heavy vector ( (G)e Uo‘\
resonances (color octet and Z’) are present e H
Searches for broad resonances at LHC! \(US)T‘ZHL
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- Elementary vectors: color can’t be completely embedded in SU(4)
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; pp = G™j] z

105 I M=2.5 TeV, [/M=30%, gr=-0.17, chQ=§

T S\ |y.|<0.6, pT>440(60) GeV

: T with interference ]

104 T =—__  without interference
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Di Luzio et al. 2017
Isidori et al. 2017

ngly interacting sector

| partial compositeness)

Barbieri, Tesi 2017

In all cases, additional heavy vector

resonances (color octet and Z’) are present

Searches for broad resonances at LHC!




Composite scalar leptoquarks

New strong interaction that confines at a scale A ~ few TeV

v~ L], U ~ N new (vector-like) fermions

(U7 = —f2By6" == SU(N)p x SU(N)gr — SU(N)y
(more in general G — F)

 |f the fermions transform under SM gauge group, also the
Pseudo Nambu-Goldstone bosons have SM charges:

{ ™
Vo~ (3,2,Yg), W~ (L2Y) — 1~ G1Yo-Vi),
S5~ (8,8,Yg — Y1),
the scalar LQ are naturally light (pNGB) and n~(1,1,0),
couple to fermions w T~ (1,3,0),
4
p = (VU] { E E E
w B. Greljo, Isidori, Marzocca 2017

= Marzocca, 2018




Composite scalar leptoquarks

New strong interaction that confines at a scale A ~ few TeV

v~ L], U ~ N new (vector-like) fermions

(U7 = —f2By6" == SU(N)p x SU(N)gr — SU(N)y

(more in general G — F)

 |f the fermions transform under SM gauge group, also the
Pseudo Nambu-Goldstone bosons have SM charges:

{ ™
Vo~ (3,2,Y0), Wi~ (1,2Y,) = |1~ 31LYo-Yr)
LSS ™~ (37 37 YQ — YL)L}
the scalar LQ are naturally light (pNGB) and n~(1,1,0),
couple to fermions T~ (1,3,0),

Up~(1,1,—-1), Uy~ (1,1,0) — H~ (1,2,4+41/2)
composite Higgs as a pNGB can be included in the picture

» Vector resonances (with the same quantum numbers) are heavier

/ / . L
WM’ B,u U/“ ce B. Greljo, Isidori, Marzocca 2017
= Marzocca, 2018




Conclusions & outlook

Is the SM breaking down in the flavour sector? We don’t know...

= many new data in the coming years

= |low scale: flavour measurements VS high-pT searches

Model-independent description: EFT

CKM-like flavour violation
Triplet and Singlet operators with similar size

EWPT and meson mixing give important constraints

Leptoquarks are interesting! Pati-Salam unification?!



Conclusions & outlook

Is the SM breaking down in the flavour sector? We don’t know...

= many new data in the coming years

= |low scale: flavour measurements VS high-pT searches

Model-independent description: EFT

CKM-like flavour violation
Triplet and Singlet operators with similar size

EWPT and meson mixing give important constraints

Leptoquarks are interesting! Pati-Salam unification?!

Thank you for your attention!
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Fit to semi-leptonic operators

Observables that enter in the fit:

Observable | Exp bound |  Linearised expression
| R7., 1.237 + 0.053 1+ 207 (14 X 72=)(1 = X, /2)
ACH = —ACY, —0.61 £ 0.12 — v A (Cr + Cs)

RMC 1 0.00 + 0.02 2C7(1+ ALy )M,

B, 0.0+ 2.6 L+ S avimosw (Or — Cs)AL, (1 + Auy)
5gZ. —0.0002 + 0.0006 0.38CT — 0.47Cg
N, 2.9840 + 0.0082 3—0.19Cs — 0.15C

g% /gl 1.00097 =+ 0.00098 1 —0.09CT

* Include all the terms generated in the RG running

- Do not include any UV contribution to non-semi-leptonic operators
(they will depend on the dynamics of the specific model)



Semi-leptonic effective operators

Two simple current-current structures:

1. QQ xLL Leg < JooJrr + h.c.
Tho = (@7 a}) [Bisdss + agdia (Vi) + a(Va)ids + by (Vo)i(Vy)y) = Mydinal

T8y = (B39 03) Basbps + ardas(Vi)s + af (Vi)adps + be (Vo)a(Vi)s) = Nosl3n 0

¢
4 + 2 free parameters: [)\gs = aq‘/;s} G‘W — bﬁ’VW‘QD
A

L q *
>\7"u - a’EV’T,LL7 sd ~ qus‘[td

2. LQxQL Lo o JLQJJJ'EQ

Jli@ — (QL/yuga) [57335043 + af;(vq)i5oz3 + aﬁéiS(W*)a + b (Vq) ( ) } 57,046][,/7

3 + 3 free parameters: @;’} = aqVis, By = CWVUD [&uﬁ;’}b = ay b|Vm|2)

Non-equivalent, if terms with more than one spurion are considered!



Fit to semi-leptonic operators

4-
: 20
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¢ 3
AWxIO

- Small values of Ct required by radiative constraints

Ay must be negative to fit Co
this rules out the “pure mixing” scenario in the lepton sector (where Ay ~ sin 84°)
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Scalar leptoquarks

30T
o = - Scalar LQ
LD g1y1ia(QL'€LT)S1 + 93Y3ia(QL'€c”LT)S3 + h.c. ol
. . 20f
In general, different flavour couplings S
of singlet and triplet % 15F
S
: 1.0}
v' Renormalisable model: :
no contribution to meson mixing 0.5
0.0E
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High-pT searches at LHC

- bb — uu suppressed by small Ay, (but better experimental sensitivity)
- Searches in tails of the yu invariant mass distribution:

- MFV case already excluded Grelio & Marzocca 2017

- Not a relevant bound for U(2) models

95% CL limits on MFV Z' from p p - u* pu~ U(2)g case. Cp,=Cy,=0

10 E e
13TeV ATLAS 36.1 fb~! A§
pP—=u i

1.4F ATLAS 13 TeV, 36.1 fb™!

1.2F

U 11l

1704.09015 °
2000 4000 6000 8000 10000 _003 -002 —001 000 001 002
My [GeV) Coy




High-pT searches at LHC

- Single LQ production depends on the coupling to fermions

»  For high masses (above the LHC reach in double production)
single production becomes the dominant production mechanism

pp — ST important search channel, ————
for couplings that fit the anomalies 100
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Bs)-B(s) mixing

Tree-level contribution to AF = 2 amplitudes

154
AAGF=2 ~ ~ Vv [E2X5, + (e0)*(Ajs + (AL)? — 7.14Xps A5, )| = 0.07 £ 0.09
tb " LS
¢ s tuning of ~ few x 103
W' Z’ to satisfy the constraint
b b

Can have a mild tuning if Ct is large. Solve the tension with radiative
corrections introducing a coupling to the Higgs current...

a 1 . T<_>a 0 1O . TH
AJy = Sen (iHI D" H ) AJY = ey (iH Dy H)

Many free parameters, can find points with mild tuning satisfying the bounds

01 )‘gb/“/cb| ~ —0.07 ,

0.
£~
~0.03, A, ~0.2.

S Ut
.
zom
Q 22
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ATLAS heavy vector searches

lgsg-| x v’ /M7, |gbgr| x v M5,
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