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Outline

|. Review of “B-anomalies’ [see also talk by Mika Vesterinen]

- charged currents

- neutral currents

2. Combined (charged + neutral currents) explanations
- EFT
- Simplified models

437 | model

- UV completions
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Flavour from a BSM perspective

e Almost all the “oddities” of the SM related to the Higgs

LSM — Lkin + »Cgauge + (%%%H - hC) — A ’H’4 T :LL2 |H|2 o Aélc
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Flavour from a BSM perspective

e Almost all the “oddities” of the SM related to the Higgs

Loy = Liin + Lgauge ++ h.c.) — A\ yHyl + 12 ‘H"z _ Aﬁc

* FHavour problems

. Is there a dynamics behind the pattern of fermion masses and mixings ¢

Mu,d N VCKM ! E
I\
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Flavour from a BSM perspective

e Almost all the “oddities” of the SM related to the Higgs

£SM : Egauge _I_—l— hC) — A ’H’4 + ,u2 ‘H‘z — A4

* FHavour problems

. Is there a dynamics behind the pattern of fermion masses and mixings ¢

2. How Is 1t possible to reconcile TeV-scale NP with the absence of indirect signals ?
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Flavour from a BSM perspective

e Almost all the “oddities” of the SM related to the Higgs

»CSM — »Ckin + £gauge + (yw@zij T hC) — A ’H’4 T :u2 ‘H‘z o Aﬁc
* FHavour problems

. Is there a dynamics behind the pattern of fermion masses and mixings ¢

2. How Is 1t possible to reconcile TeV-scale NP with the absence of indirect signals ?

* pre-LHC scenario: forget about testing |. and focus on 2.

exciting NP at ATLAS/CMS [suggested by hierarchy problem]
boring flavour physics at LHCb [protected by MFV]
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Flavour from a BSM perspective

e Almost all the “oddities” of the SM related to the Higgs

»CSM — »Ckin + Egauge + (ymEﬂ%H T hC) — A ’H’4 T :u2 ‘H‘z o Aﬁc
* FHavour problems

. Is there a dynamics behind the pattern of fermion masses and mixings ¢

2. How Is 1t possible to reconcile TeV-scale NP with the absence of indirect signals ?

* pre-LHC scenario: forget about testing |. and focus on 2.

- exciting NP at ATLAS/CMS [suggested by hierarchy problem]
% boring flavour physics at LHCb [protected by MFV]

* instead, unexpected flavour anomalies challenging the old flavour paradigm !
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Review of “‘B-anomalies’
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"B-anomalies”

* 50 far the largest coherent pattern of SM deviations, building up since ~ 2012

b — ctv b — suu
Lepton R(D),R(D"), «
Universality R(J/Y) R(K), R(K)

Angular

Distributions B = K up (Ps)

(*)
Differential BR BB_)—{(CPHL.IT
2 S
(dr/dq?) W
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Charged current anomalies
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* SM prediction reasonably robust [HFLAV 201 8]

* Deviation seen in 3 exp.s In a consistent way, combined significance ~ 3.80°

e R(D) and R(D") point to constructive interference (+15%) with SM amplitude
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Charged current anomalies

e BSM fit favours NP in LH tau operators [See e.g. Azatov at al, 1805.03209]

O%” = [en" ][l Pr V]
O = [e7" 5 b][{~, Pr V]
O = [eb][l Pp 0]

Opr = [e7s b][[¢ P v

O = [eo™ b][l 0,4, Pr V]

CAL(mb)
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Charged current anomalies

e BSM fit favours NP in LH tau operators [See e.g. Azatov at al, 1805.03209]
2c —
Lrsm = ~5 (CLyubr) (Tratvr)
2.5} E i i cblv [~ 0
: i Ry ] Ow” = e 0]t~y Prv]
20, A O’ = [67" 75 b][€yu Pr V]
L B Ogr.” = [eb][¢ P v]
EV L OB = [e3 ][0 Py v]
~ 0 : : D chly - U _
© Lol i ! Oy = [eo” O||€ oy Pr V|
_____ R N
0.5 i E 1 Br(B,—»1v)<30%
. | erBomcton
0Q L
0.0 0.2 04 0.6 0.8
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Charged current anomalies

e BSM fit favours NP in LH tau operators [See e.g. Azatov at al, 1805.03209]

4
Loy = —%Vcb(ﬁﬂmbd(?w“ vy )

¢ \What is the scale of NP ?

No suppression: ¢ =1 A =3.4TeV

- MFV: ¢ = Vg A =0.7TeV
|4
MFV + loop: ¢ =V /47 A=0.1TeV
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Charged current anomalies

e BSM fit favours NP in LH tau operators* [See e.g. Azatov at al, 1805.03209]

A1Gp

2C
£ — IS C b IUIVT
SM NG b(Cryubr) (T vs)

Lrsm = ~5 (CLyubr) (Tratvr)

¢ \What is the scale of NP ?

No suppression: ¢ =1 A =34TeV
T MFV: ¢ = Vg A=0.7TeV

W
MFV + loop: ¢ =V /47 A=0.1TeV

* ST : : [Becirevic, Fajfer, Koskik, Sumensari [608.0850 |
Exception: light (< 100 MeV) sterile neutrino 180404135, 1804.04642, 1807.10745, ...

C
L = 2 Grybr) (" Na) Aoy = (12774) TeV
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Neutral current anomalies

B(B — K" )

e | FU ratios R(K™) = BB o Ko

* Angular distributions B — (K* — K7)upu

Challenging SM prediction Very clean SM prediction

[see talk by Roman Zwicky]

[D’Amico et al, 1 704.05438]

-Q-N n 1 — 1 T r r r 1 1 T 1 _' 1.6 T TN T T T T T T T AT T T T T |/| | RIS d
o LHChdata o ATLASdata - BSM S
= Belledata © CMS data i "r br 1z m PR

0.5 |_|SM from DHMV ] 19° BSM -
- SM from ASZB T T br g~
o | S0 :
; ‘ : 0.8 L
5 7 — - eSS
! S 0.6 -
; > : : -
—1-_ \ . \ \ . ! \ . . I . _. 0'4 I Ay S N B
0 15 04 06 08 1.0 1.2 14 1.6
2.8 and 3.0 ¢ from SM 9} 27 .4
« JHEP 02 (2016) 104 * ATLAS-CONF-2017-023 q [Gev /C - R
* PRL 118 (2017) CMS-PAS-BPH-15-008 K

Combined R(KM) significance ~ 40
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Neutral current anomalies

* Well-described by NP in b — suu [explains also angular distributions|

* RH currents in quark sector disfavoured [predict wrong R(K)-R(K*) correlation]

* Significance of global fits > 40

All LFUV
1D Hyp. Best fit | Pullgyg| Best fit |Pullgym
Coyy -1.10 | 5.7 || -1.76 | /3.9 -
(LH) ¢5F = —c., || -0.61 | 52 | -0.66 |\4.1

Capdevila et al. 1704.05340

Og o< (S.7vub1) (L")

Oro o (517,b1) (€17 50)
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Neutral current anomalies

* Well-described by NP in b — supu
* RH currents in quark sector disfavoured

* Significance of global fits > 40

e \What is the scale of NP ?

c —
v v Lpsm = 12 (Svabr) (B 1)

b > S
WW 3
l A =31 TeV

No suppression: ¢ =1
%
MFV: ¢ =V, A =6 TeV
4

I— e — MFV + loop: ¢ = Vs /4m A =0.5 TeV
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Part-ll

Combined explanations
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Why combined explanations !

e Of course, it could be that only a subset of anomalies is due to NP

- e.g. one could try to fit only R(K™)

~- many possibilities: tree, loop, light mediators, NP in electrons, ... [ > 100 papers ]
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Why combined explanations ¢

e Of course, It could be that only a subset of anomalies is due to NP

- e.g. one could try to fit only R(K™)

- many possibilities: tree, loop, light mediators, NP in electrons, ... [ > 100 papers ]

e However, if lepton flavour universality (LFU) is violated in R(K™)

~ theoretically motivated to expect large effects in R(D™)

I neutral and charged currents naturally connected by SU(2). invariance

2. LFU violation might be related to dynamics responsible for m; > m, > m,

L. Di Luzio (Pisa U.) - Models for B-anomalies



Bottom-up approach

Theoretical input / bias

¢ J
g/
UV completions new signatures |
7 J
Qr L;
' ' Q ' ' L
simplified - Wi(Z) -
on-shell LQ
models 0
- b QL L,
br, TL br, r,
EFT talls
L UL SL M,
Experimental input A, = 3.4 TeV AR, =31 TeV
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From EFT to simplified models

e SU(2)L triplet operator as a natural starting point for explaining R(D) + R(K)

1 . . —
— ﬁ)‘ij)‘ﬁﬁ [C’T (Q?L’Y,LLO'GQJL)( %”y'u’aaLg) [Bhattacharya et al 1412.7164

Alonso, Grinstein, Camalich 1505.05 | 64,
Greljo, Isidori, Marzocca 1506.01705,
Calibbi, Crivellin, Ota 1506.02661, ... ]
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From EF [ to simplified models

e SU(2)L triplet operator as a natural starting point for explaining R(D) + R(K)

1 % ang \( T« a 1 — — 1 _ —
- ﬁ)‘gj)‘ﬁﬁ [OT (QLyu0" Q) (Liyto Lg) ™ A2 2eL"brTr v + A2 SLY OLB LYl
RD RK

b, TL br, Hr
>< e ><
< >
EL v )’ §L ﬁL

AR, =34 TeV < AR, =31 TeV

/ model dependent part
1 C

“Fermi constant’’ S = (loops) x (couplings) x (flavour)
<

A2~ M2

of the anomaly \

on-shell effects @ colliders
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From EF [ to simplified models

e SU(2)L triplet operator as a natural starting point for explaining R(D) + R(K)

1 % ang \( T« a 1 — — 1 _ —
- ﬁ)‘gj)‘ﬁﬁ [OT (QLyu0" Q) (Liyto Lg) ™ A2 2eL"brTr v + A2 SLY OLB LYl
RD RK

br, TI, br, X 1238
) >< . ) N

AR, =34 TeV < AR, =31 TeV

* Perturbative unitarity bound from 2 — 2 fermion scatterings (worse case scenario)

Vsp, <9.2 TeV Vg, <84 TeV

no-loose theorem for HL/HE-LHC ?  [LDL Nardecchia 1706.01868]
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From EF [ to simplified models

e SU(2)L triplet operator as a natural starting point for explaining R(D) + R(K)

1 % ang \( T« a 1 — — 1 _ —
- ﬁ)‘gj)‘ﬁﬁ [OT (QLyu0" Q) (Liyto L?) ™ A2 2eL"brTr v + A2 SLY OLB LYl
RD RK

* Favour structure:
. large couplings in taus [SM tree level]
2. sizable couplings in muons [SM one loop]

3. negligible couplings In electrons [well tested, not much room]|

A = §;30;5 + corrections U(2), x U(2), approx flavor symmetry

[Barbieri et al 1105.2296, 1512.01560]

ink to SM Yukawa pattern ?
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From EFT to simplified models

e SU(2)L triplet operator as a natural starting point for explaining R(D) + R(K)

1 i and \( T« a .
= NN [Or (@unet@)(IgnatL]) O

0.

* [ong list of constraints:

- FCNCs, tau-decays, EWPOs, Bs-mixing, semi-leptonic B decays, ...

N e
V N

[Feruglio, Paradisi, Pattori
1606.00524, 1/705.00929]
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From EF [ to simplified models

e SU(2)L triplet operator as a natural starting point for explaining R(D) + R(K)

1

e Finite list of tree-level mediators

— g [Or (@Lyo" Q) (L0 L) + Os (@)@} (L7 LY)|

[ZUrich's guide for combined explanations, | 706.07808]

Simplified Model | Spin | SM irrep | Cs/Cr | Rps | Ry
7' 1 (1,1,0) 00 X v
Vv 1| (1,3,0) 0 VR
Sy 0 | (3,1,1/3) —1 v X
Ss 0 |(3,3,1/3) 3 v v
U 1 1(3,1,2/3) | 1 ol v
Us 1 (3,323 -3 | v | v
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From EF [ to simplified models

e SU(2)L triplet operator as a natural starting point for explaining R(D) + R(K)

1 ~i an \( T« a ) (T
— SN (O (QEruo" @) (L84 0" L) + Cs (Qmu@) (L L))

e Finite list of tree-level mediators [Ziirich's guide for combined explanations, 1706.07808]
Simplified Model | Spin | SM irrep | Cs/Cr | Rps | Ry 0 L
— L W'(ZV) L
1 (1,1,0) 00 X v .
T | (1,3,0) 0 R
0 | (3,1,1/3)| -1 v X Q L,
0 |(3,31/3)| 3 oo
—34-2/3) | 1 | o Q L
1 1(3,3,2/3)| -3 | v v -
LQ
QL LL
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From EFT to simplified models

e SU(2)L triplet operator as a natural starting point for explaining R(D) + R(K)

1 ~i an \( T« a ) (T
— SN (O (QEruo" @) (L84 0" L) + Cs (Qmu@) (L L))

e Finite list of tree-level mediators [Ziirich's guide for combined explanations, 1706.07808]
Simplified Model | Spin | SM irrep | Cs/Cr | Rpey | Ry 0.06 F
A 1 (1,1,0) 00 X v 4Z
7 1| (1,3,0) 0 ooV 004
S1 0 |@3,1,1/3)]| -1 v X 0.0l
S3 0 |(331/3) | 3 ol v !
U 1] (3,1,2/3) | 1 N A TR
Us 1 |(3,3,2/3) | -3 v v |
~0.02}
S U emerges as an exceptional single mediator _
| consistent with various flavour/EW constraints —0.04r
B,— B, B— K" J =TT ~0.00%
s — Ds vy —0.06 —0.04 —0.02 0.00 0.02 0.04 0.06

[for details see backup slides] Cr
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UV completion: U ~ (3,1,2/3)

* Massive vectors point to UV dynamics at the TeV scale

composite resonance of gauge boson of an
a new strong dynamics extended gauge sector
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UV completion: U ~ (3,1,2/3)

* Massive vectors point to UV dynamics at the TeV scale

| G SUM4)xSO(B)xU(1)x
composite resonance of H  SU(4) x SO(4) x U(1)x
a new strong dynamics

[Barbiert, Isidori, Pattori, Senia 1502.01560

Barbieri, Murphy, Senia 161 1.0493

Buttazzo, Greljo, Isidori, Marzocca 1/706.07808
Barbieri, Tesi | /12.06844]

* pNGB Higgs + U as composite state of G
) conceptual link with the naturalness issue of EW scale
© light LQ lowers the whole resonances’ spectrum (direct searches + EWPT5)

“ intrinsically non-calculable (e.g. Bs-mixing quadratically divergent)
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UV completion: U ~ (3,1,2/3)

e Pati-Salam ?

GPS = SU(4)pS X SU(Z)L X SU(Q)R
gauge boson of an

Gps/Gsy =Ui + 7'+ Wpg extended gauge sector

“) hinted by SM chiral structure and neutrino masses
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UV completion: U ~ (3,1,2/3)

e Pati-Salam ?

GPS = SU(4)pS X SU(Z)L X SU(2)R
gauge boson of an

Gps/Gsy =Ui + 7'+ Wp extended gauge sector

“) hinted by SM chiral structure and neutrino masses
©) My, 2100 TeV from K2 ,B° B, — (¢ [L x R couplings both present by unitarity]
@) 7' direct searches [ My, ~ My ~ TeV + O(gs) Z' couplings to valence quarks]

“) neutrino masses also suggest My, > TeV [Ytop ™~ Yus—Dirac |
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UV completion: U ~ (3,1,2/3)

e Pati-Salam ?

GPS = SU(4)pS X SU(Q)L X SU(2)R
gauge boson of an

Gps/Gsy =Ui + 7'+ Wp extended gauge sector

“) hinted by SM chiral structure and neutrino masses
©) My, 2100 TeV from K2 ,B° B, — (¢ [L x R couplings both present by unitarity]
@) 7' direct searches [ My, ~ My ~ TeV + O(gs) Z' couplings to valence quarks]

“) neutrino masses also suggest My, > TeV [Ytop ™~ Yus—Dirac |

ety LQ of minimal PS cannot explain B-anomalies

[Non-minimal PS options lack the beauty and simplicity of the minimal construction: Calibbi, Crivellin, Li 1 709.00692, Bordone,
Cornella, Fuentes-Martin, Isidori 171201368 + 1805.09328, Blanke, Crivellin 1801.07256, Heeck, Teresi 1808.0/492 ... ]
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UV completion: U ~ (3,1,2/3)

e Pati-Salam ?

GPS = SU(4)pS X SU(2)L X SU(2)R
gauge boson of an

Gps/Gsy =Ui + 7'+ Wp extended gauge sector

“) hinted by SM chiral structure and neutrino masses

e

S——— ——— S

——

| ©) My, 2100 TeV from K2 ,B° B, — (¢ [L x R couplings both present by unitarity]

H @) 7' direct searches [ My, ~ My ~ TeV + O(gs) Z' couplings to valence quarks]

| “) neutrino masses also suggest My, > TeV [Ytop ™~ Yus—Dirac |

e — s —

S —— — A —— —

-~ step O:does a gauge UV completion of U; addressing these three phenomenological
issues (in order to be a viable solution of B-anomalies) exist 7
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The 4321 model

[LDL, Greljo, Nardecchia 1/708.08450,
See also Diaz, Schmaltz, Zhong 1706.05033]

SU(4) x SU(3) x SU(2), x U(1)
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The 4321 model

U(l)y [LDL, Greljo, Nardecchia 1708.08450,
| | See also Diaz, Schmaltz, Zhong |7/06.05033]

SU(4) X SU(g)/ X SU(Q)L X U(l)/ L GSM = SU(3)C X SU(Q)L X U(l)y

I | (Q13)
SU(3)¢ 91> g3 > ¢
1
SM embedding: SU3)c = (SU(3)a x SU(3))aiag gs = % ~ g3
4 3
Uy = (UL)a x U(1) )aig =

gy = - =01
\/g£+§g%
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The 4321 model

U(l)y [LDL, Greljo, Nardecchia 1708.08450,
| | See also Diaz, Schmaltz, Zhong |7/06.05033]

SU(4) X SU(B)/ X SU(Q)L X U(l)/ L GSM = SU(3)C X SU(Q)L X U(l)y

| | ((h,3)
SUB)e
SM embedding:
Massive gauge bosons: G/Gsm=U+Z+¢ (9,)% Uy
BV =5

= cannot decouple ¢ and Z' from LQ mass scale !

[a theorem (7) that in whatever UV construction U always comes with a Z’ - while the coloron is a
specific consequence of the 432 model]
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The 4321 model

U(l)y [LDL, Greljo, Nardecchia 1708.08450,
| | See also Diaz, Schmaltz, Zhong |7/06.05033]

SU(4) X SU(g)/ X SU(Q)L X U(l)/ L GSM = SU(3)C X SU(Q)L X U(l)y

| | (Q13)
SU(3)c
Matter content:
Field[SU ) [SUBYSU2)L U1
qr | 1 3 2 1/6
uh 1 3 1 2/3
F 3 1 |-1/3] Would-be SM fields
i 1 1 2 —1/2 |
6’1331 1 1 1 —1 mix after SSB
Ll 4 1 2 0 . . .
v |4 1 9 0 Vector-like fermions (¥ = Q'+L)
H 1 1 2 1/2
Qs | 4 3 1 1/6 SSB
Q| 14 1 1 |—=1/2
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The 4321 model

U(l)y [LDL, Greljo, Nardecchia 1708.08450,
| | See also Diaz, Schmaltz, Zhong |7/06.05033]

SU(4) X SU(B)/ X SU(Q)L X U(l)/ L GSM = SU(3)C X SU(Q)L X U(l)y

| | (Q3)
SUB)e
Matter content: =ty | Q dominantly couples to 3rd generation LH fields:
[matches in first approx. EFT analysis for B-anomalies +
Field | SU(4)|SU3)"|SU(2) |U(1) relaxes flavour bounds from chirality enhanced meson decays]|
qr 1 3 2 1/6
uph 1 3 1 2/3 s
ol 3 1 |[—1/3 Gi ®< |
. 1 1 2 | —1/2
e 1 1 1 1l
L 4 1 2 0
UL | 4 1 2 0
H | 1 1 2 1/2
Qs | 4 3 1 1/6
Q, | 14 1 1 |=1/2
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The 4321 model

U(l)y [LDL, Greljo, Nardecchia 1708.08450,
| | See also Diaz, Schmaltz, Zhong |7/06.05033]

SU(4) X SU(B)/ X SU(Q)L X U(l)/ L GSM = SU(3)C X SU(Q)L X U(l)y

| | (Q.3)
SUB)e
ey LQ dominantly couples to 3rd generation LH fields:
[matches in first approx. EFT analysis for B-anomalies +
relaxes flavour bounds from chirality enhanced meson decays]|
£r=LLQ" L, Uy + b, -y Suppressed Z' and ¢ couplings to light generations

V2
+ 94—~ MTa / g3 _, ,uTa / la
gs | —QY"TQL — =G "1 | 9,
g3 g4

L /3 9ga =/ / 291 —/ / /
+ v/ ooy | ZQAQ, - 22 g ) Z
6 \/;QY <g1 Q"L 3 g4 4.7 4L | 4,

— s/ 59y (%E'LV“L’L e M%) Z,

[requires pbhenomenological limit gs > g3 =~ gs > g1 =~ gv]
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The 4321 model

U(l)y [LDL, Greljo, Nardecchia 1708.08450,
| See also Diaz, Schmaltz, Zhong |7/06.05033]

|
SU(4) X SU(B)/ X SU(Q)L X U(l)/ L GSM = SU(3)C X SU(Q)L X U(l)y

I I (Q13)
SU(3)c

ey | Q dominantly couples to 3rd generation LH fields:

[matches in first approx. EFT analysis for B-anomalies +
relaxes flavour bounds from chirality enhanced meson decays]|

~-  Suppressed Z’ and g couplings to light generations

[requires pbhenomenological limit gs > g3 =~ gs > g1 =~ gv]

~==» B and L accidental global symmetries

[neutrino massless as in the SM]
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Key phenomenological features

|. Large quark-lepton transitions in 3-2 sector
2. Tree-level FCNC involving down quarks and leptons are absent

3. Tree-level FCNC involving up quarks are U(2) protected

% & () 4% & (1)

[see backup slides for the discussion of the flavour structure]

[LDL, Fuentes-Martin, Greljo, Nardecchia, Renner |1808.00942]
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Key phenomenological features

|. Large quark-lepton transitions in 3-2 sector
2. Tree-level FCNC involving down quarks and leptons are absent
3. Tree-level FCNC involving up quarks are U(2) protected

4. FCNC @ |-loop under control

br Bre  Ef Bia SL

4 — —
Heg = — 1287%;771%] (bry*se) (bryuse) > AarsF (o, 2s)
@, B

= = = )\azﬁbaﬁia xa:mi/M[% &:(1,...,6)
5L B &/ Bus br

Z Mo =0 [ensures cancellation of quadratic divergences]

«

F(zg,x5) X+ zo+ 25+ ... =B dynamical suppression from light lepton partners
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Low-energy / high-p T Interplay

— M = 600 GeV

0.2
..... My, = 750 GeV
0.1
........ My, = 900 GeV
0.0 N | M T T
1.5 2 2.5 3 3.5
My [TeV]

LL 5 5
Cps ~ AR} ) M}

vector-like leptons are predicted
to be the lightest new states !
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sin 0,

Low-energy / high-p T Interplay

0.8
0.7
0.6

0.5

— M = 600 GeV

ML = 750 GeV
M; = 900 GeV

3 35 4
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CLL ~ ARZ ., M?

3.0/
2.5
= 2.0
=
A 15
© :
EE I
1.0-
0.5

D)

Benchmark spectrum

- U,

0 g’

m— 7/B

N VA

C/S

_U/D

m— N;/E3

AbﬂEzt

e _
NI/E;

— g4= 3.5, v3g=1.2 TeV, vy= 0.66 TeV, Aq3=/1(3= 2.5,
I Mq=1.6 TeV, M;=0.85 TeV, 542=0.30, 543=0.79, s¢3=0.81. ]




High-pT highlights

e Coloron searches push the whole spectrum up

q , Jt
g
. Jt
040 .............. s.q3=08: g4=35._
0.35¢ 13TeV 36.1fb""]
) 305 tt @ 3TeV 36. b_15 Benchmark spectrum
e jl @13TeV 37fb 3.0 — g
~" 0.25 -
= s E i m—— 7/B
(20 0.20g 0 e ; 2'5:‘ U,
0.15} ' S 2.0 =7
0.10} = s C/S
1500 2000 2500 3000 3500 4000 = _
1.0+ N,/E; |
L 2 2 |
My [GeV] f NIE;
05_ I\gﬂ4:—f§,TV3\7 1I\I/I2—T(;a\8/é"/F1:V0.66 TZ\;’OAQSZ/Z?;;'S’ =0.81 ]
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High-pT highlights

e Coloron searches push the whole spectrum up

* Exotic multi-lepton & multi-jet signatures

[Dominant decays of new fermions are | — 3]
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3.0
25
= 2.0
=
B 15
m L
s
1.0
0.5

Benchmark spectrum

l..lg”

s 7/B
—

.

C/S

_U/D

m— N;/E3

N>/E
NI/E;

94= 35, va= 1.2 TeV, v4= 0.66 TeV, 1q3=1/3= 2.5,

| Mq=1.6 TeV, M;=0.85 TeV, 5qp=0.30, 5q3=0.79, s;3=0.81. |




[ he leptoquark paradox

* NP expected to be seen yesterday !

2 TeV~ g4\ 2 Sps\2 /S S
ARy ~ 0.2 (—) in(20 (—3) (ﬂ) (ﬂ)
Rpe) (MU> 35) S0 \gg) \5s) 03

AF = 2 + direct searches Perturbativity

FD-mix (excl.

I ARpe = 10%

i//l‘ l\\\i

sin 0,
o
IS

= 600 GeV

— My

0.2 ]
R ML = 750 GeV ]
0.1 .
........ My, = 900 GeV
0.0, ........................ . I ]
1.5 2 2.5 3 3.5 4 3.5 4.0 4 5! 5.0 5.5 6.0
My [TeV] logo(1/GeV)
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Conclusions

|. Early speculations point to TeV-scale vector leptoquark [R(D™)+R(K™) explanation]

- who ordered that ?

- connection to EW naturalness and SM flavour ?

2. In the meanwhile, lesson from 4321 [UV complete / calculable model]

~ unexpected experimental signatures (coloron, vector-like leptons, ...)
S+ playground to compute correlations

3. Situation looks tough, but not impossible [e.g. if deviation in R(D() gets reduced]
4, Without R(DM) still (too) many possibilities. ..

Vg, <9.2TeV Vg, <84 TeV
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More on R(DM) fits

Lo = —2V2GFV,q [(1 + gv,) (Tryudr) (Coy*ve) + gvy, (UrYudr) (Lo vr) (9)

+ g5, (1) (WrdL)(CrvL) + g5, (1) (Wrdr)(CrvL) + g7 (1) (ERO',uudL)(ZRO"LWVL)} +h.c.,

100+ 100+ e
50 50 -
10+ 10:
o 5 “ 5 TN /o
> >
I |
05 05 gs, = —4 gr, real
) ) gs, = 4gr, imag.
s, —4g7", real
0.1 B e
-25-20-15-1.0 -05 00 05 1.0 -25-20-15-10-05 00 05 1.0
gi (mp) gs, (mp)

Figure 2: x? values for individual effective coefficients fits of Rp and Rp-, compared to the
SM value, X%M ~ 19.7. In the left panel, x* is plotted against gy,, gs, and gr at p = my.
In the right panel, x? is plotted against gs, (mp) by assuming gs, = +4gr at u = 1 TeV, for
purely imaginary and real couplings. The dashed regions correspond to the values excluded by
the B.-lifetime constraints, see text for details.

[Angelescu et al 1808.08179]
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=1 [problems]

* Three main problems mainly driven by R(D) [in the pure mixing scenario]

|. High-pT constraints

b T

Vector LQ exclusion

@3@3 — Vi Crby,

2
IV Agb Asz =/ Voo App, >~ 0.7TeV [Faroughy, Greljo, Kamenik 1609.07 | 38]
Rp 33
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c- [ [problems]

* Three main problems mainly driven by R(D) [in the pure mixing scenario]

|. High-pT constraints

2. Radiative constraints 10

3 Ik
& .
04 B R} and R’g{ij
B LFV 7 decays
W Z-pole observables
0.2 m R/
m All
Q33 > VapCrbr 0000 105 140 445 120 425 130 135 140
T/e
- R
C
= N33 =/ Vi AR, =~ 0.7TeV . . .
AL AL 53 cb S Rp [Feruglio, Paradisi, Pattori 1606.00524, 1705.00929]
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=1 [problems]

* Three main problems mainly driven by R(D)

|. High-pT constraints

2. Radiative constraints

3. Flavour bounds

(absent at tree-level with LQ) (consequence of SU(2)L invariance)
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= [solutions]

* Tension gets drastically alleviated if [Zirich’s guide for combined explanations, | 706.07808]

|. Triplet + Singlet operator (more freedom in SU(2)( structure)

1 _ o I
Lot = Lom — ﬁ)\gﬂéﬂ [CT (Qpno @) (LEA o L) + Cs (Q17.@7 ) %VMLQ)]
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cF 1 [solutions]

e [ension gets drastica”y alleviated If [ZUrich's guide for combined explanations, | 7/06.07808]

|. Triplet + Singlet operator (more freedom in SU(2)( structure)
1 iy . _ . .
Lot = Lsm — pAngfw [CT (Qrruo Q1) (LiA"0"LY) + Cs (Q1,Q%) (LEA" Lf)]

2. Deviation from pure-mixing scenario

QNQ = (a’%z d) A <V; l) ga(vchgb...)b

V*
R, ~1+2Cr (1—AgbVZ§

) ety A, > O(V,)  allows for larger NP scale
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cF 1 [solutions]

® [ension oets drastically alleviated If [ZUrich's guide for combined explanations, 1706.07808]
|. Triplet + Singlet operator (more freedom in SU(2)( structure)
1 _ o _ B
Log = Lsm — ﬁ)\gj)\gﬁ [CT (QLyuo" Q) (LEA" 0 L) + Cs (QLyuQ%)( L’Y“Lg)]

2. Deviation from pure-mixing scenario

0T —
M Ay2<23 ]
~02}
3= [
S -04] i< 2
i G N, > O(Vy) allows for larger NP scale
36\ —-0.61
4 L
—0.87T
T s g 1
Rpo/ ROV
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cH 1 [details|

-4 parameters Ti fit: Cq,Crp, )\bs’ fw ()\gb = )\ﬁT — 1) [ZUrich’s guide for combined explanations, | 706.07808]

Leg = Lsm — %Agﬂﬁ [CT (QL’YMUGQ] )( anLﬁ) + Cs (QLW’/LQJ )( MLﬁ)]

Observable Experimental bound Linearised expression
T y R 1.237 £ 0.053 1+2Cp(1 = AL, Vi / Vi) (1= X, /2)
ﬁw\ ACY = —ACf, | ~001£012 150 ~ aomtiavE Mt (Cr + Cs)
v v RMC —1 0.00 % 0.02 207 (1 = N Vi / Vi) M
Bty 0.0 + 2.6 1+ 2 aemvﬂ,v* oS (Cr — Cs)AT (14 AL,

LH Z-T-T coupling 592 —0.0002 + 0.0006 0.033CT — 0.043C

LH Z-v-v coupling A —0.0040 + 0.0021 —0.033C7 — 0.043C

LFUV in T decays 9% /gl | 1.00097 + 0.00098 1 —0.084C7

LFV in T decays B(r — 3p) (0.0 +£0.6) x 1078 2.5 x 1074(Cs — Cr)?(AL,)?
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=1 [details

-4 parameters fit: Cgq,Crp, )‘bsv fw ()\gb = )\ﬁT — 1) [ZUrich’s guide for combined explanations, | 706.07808]

0.06F ]
3o /,/ 4_
0.04[ ’
20'// i
0.02} ’ ] 2r Pas
, : s
G 0.0} . — of
] = |
—-0.02+ , ' ol
—0.04F [
/// E —4'
006k R |
~0.06-0.04-0.02 0.00 0.02 0.04 0.06 ~0.06 —0.04 —0.02 0.00 002 0.04 0.06
Cr (Cr+Cy)/2
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~lavour structure
e Pick-up a basis exploiting U(3)’ symmetry of kinetic term
Loniotive = —TpYadpg H =T VY, uy H— €, Y. ¢p H
Loix = T AU R Qs — O AU — U Mg

*hat denotes a diagonal matrix

Field [SU(4)[SU(3)'[SU2). [U(1)

qr 1 3 2 1/6

up 1 3 1 2/3
- 1 3 1 |—1/3
z 1 1 2 |—1/2

e 1 1 1 —1
L 4 1 2 | o v (Q’)
S 4 1 2 0 L
H 1 1 2 1/2

Qs | 4 3 1 1/6

Q| 4 1 1 |—1/2
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Flavour structure

o L. .ix — 0

Lonitive = —TVadg H =GV, ug H =0, Y, ey H
* A well-known story:
-Y, = 0: Ul)gxU(1)y, x U(1),

- Yy — 0: U<1>u X U(l)c X U(1>t

L. Di Luzio (Pisa U.) - Models for B-anomalies



Flavour structure

o L. ix — 0
Lonitive = —TVadg H =GV, ug H =0, Y, ey H
* A well-known story:

_ Yu — 0 U(l)d X U(l)s X U(l)b ] SU(Z)L y
U(Wgrs X U(D)are x U1y 5 U(1)5

- Yy = 00 U(L)u x U(1)e x U(1)

e Collective breaking in the SM ensures:

|.No FCNC in either up or down sector [forbidden by the two U(1)3 in isolation]

2. FCCC from up/down misalisnement [due to CKM # |]
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Flavour structure

® | et Us assume: Loix = =G \VR Q3 — Z’LAK\IJR () — WLM\IJR

Lovioive = -G, Yady H—, VY i/, H—7,Y. " H
>‘q — dlag (>‘§27 >‘(1127 Ag)

1 0 0
Ae=diag (M, N) W W= 0 cosfrg sinfrg M o1
0 —sinfrg cosfrg

L. Di Luzio (Pisa U.) - Models for B-anomalies



Flavour structure

® | et Us assume: Loix = =G \VR Q3 — Z%Ql — @LM\IJR

— ¥ _ ’ T
Loviztie = — G Yagdo H =G, VY, us H—0,Y.en H

)‘q — dlag (A({% A({27 Ag)

1 0 0
A\, = diag ()\ﬁ7 )\g, )\g) W W= 0 cosfrg sinlrg M ox 1
0 —sinfrg cosfrg

Go = U@2)g+w x U(l)g+w, [promoting approximate U (2 )q 0f SM to NP]

|. No tree-level FCNC in the down sector (A, and Y; diagonal in the same basis)

2. CKM-induced tree-level FCNC in the up sector (D-mixing) protected by U(2),

C1D X (Vcbvsz)2 ~107°
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Flavour structure

® | et Us assume: Loix = —5%93 — Z'L)\E\IJR () — WL]\Z/\IIR

Lovioive = -G, Yady H—, VY i/, H—7,Y. " H
Aq — dlag (A?% >‘(1127 Ag)

1 0 0
A\, = diag ()\ﬁ7 )\g, )\g) W W= 0 cosfrg sinlrg M ox 1
0 —sinfrg cosfrg

e )\, —0

|. No tree-level FCNC in the lepton sector ( A\¢and Y, diagonal in the same basis)

2. W is unphysical
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Flavour structure

® | et Us assume: Loix = =G \VR Q3 — Z’L)\K\IJR () — @LM\DR

LsM-_like = —ﬁ/Lf/d dp H — G/LVTYLL Up H— z,L)A/e er H
Aq — dlag (>‘(1]27 >‘(1]27 Ag)
1 0 0 A
A\, = diag ()\ﬁ7 )\g, )\g) W W= 0 cosfrg sinlrg M x1
0 —sinfrg cosfrg

e Collective breaking (Q and L locked by SU(4) gauge symmetry)

SU(4)+W
gQ norL ’ U(l)qi+£’1+\111 X U(l)q’+€’+\lf

|.no FV involving down and electrons

2. only LQ feels W matrix

9

V2

Uy = (QlLaL/L)T — (QL; WLL)T Z'@L’)/’LLDILL\I/L D) UM @L”}/’UWLL
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A suggestive analogy™

321 4321
Oc 0L
|4 W
WH UH
. ur, o QL
QL_(VdL> ‘I’L_(WLL>
Yua Yd )\qa )\f
SU(2). SU(4)

U(1)y x U(1)e x U(1),
U(l)d X U(l)s X U(l)b
U(1)p

u — d tree level

u; — u; loop level

d; — d; loop level

U(Z)q’Jr\I! X U(l)qur\I/:a

U(l)g/1+q,1 X U(1)€/2+¢,2 X U(l)eg+f1}3
U(l)q’1+€’1+\111 X U(1)g+o4w

() — L tree level

Q; — Q; loop level

L; — L; loop level
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* symmetries in 32| accidental, in 4321 imposed (still, helpful for understanding pheno)




Fermion mass basis

0 MQ MQ
\, VL v t v
My = (DMVE) M= TevEM )
0 ML 0 ML
MPoE NP
My, = \| ==+ ME, Mg, =/ =5+ M3,
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| Q Interactions

|. Large quark-lepton transitions in 3-2 sector

Ly D ﬁﬁw qL7“€‘7 U,

V2
0 0 0

8 = diag(sqy,, Sq105 Sq3) W diag(0, sg,, s¢5) = | 0 COroSq12502

0 T50L05q35l2 COroSq3543

2 2

ARy = 24 for (B B2

allows to raise the LQ mass scale
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/' | g Interactions

Ly D gs %gf {m” g T + kY T y“TauR + lid de“Tadj }

Ly PNy [gw G+ €9 Tyl + € Ay dly — 367 Tt — 3€0 Ehyte)

2v/6 g1
2
So 0 O 5 5
Kqg = 0 832 0 —§1, /iu%'%d%_ggla
0 0 s2 ! !
2
St 0 O 5 2 5
g 29
gq% 0 832 0 _3—9517 guNgd%_ﬁla
0 0 s2 ! !
2
Sy, 0 O 5 5
2q 29
e~ | 0 8%2 0 —3—9;1, §ez—3—g§1
0 0 s7 ! !
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HIgh-pT searches

e | Q pair production via QCD

- 3rd generation final states (fixed by anomaly and SU(2)( invariance)

b
- T U - brt, BR=50%
U —t7, BR =50%
.

[CMS search for spin-0, 1 703.03995
recast for spin-1 1706.01868 (see also 1706.05033) + Moriond EW update]

my 2 1.5 TeV B | Q mass sets the overall scale: M, ~V2My My ~ - My
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HIgh-pT searches

e |LQ pair production via QCD
e /' Drell-Yan production naturally suppressed

3 .
sin @y = §‘Z—Y ~ (.09 *‘"""’b requires ga 23
4

* o' resonant di-jet searches [ATLAS, 1703.09127]

s

sin 6, = e 0.3 2 TeV coloron naively excluded
4
q / 9
q J
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Coloron

106 IIIIIIIIIII plp I_)IJ'J: @I 15 ,'re'V" 3:7 flb_ll _ | I;P SH@ 13T6;V, 36.1 fb~!
- 10% T 10% f
:5 4 ATLAS observed_: % — ]
5 107 ATLAS Bekg fit| = $
o ] ™
2 1000/ S }
5 < 107! I
[_E 100+ Mg =2.0 TeV, T (10%) s ATLAS data 1
Q) POWHEG+Py8
10: — M, =3TeV,T,(10%) laao.. | A
| M, =2TeV,T,(10%) [
15 20 25 30 35 10775 s 50 55 3
mj; [TeV] m; [TeV]
040 : $q3=0.8, 94=3.5: 040 : $43=0.8, g4=3.5]
0.35 I tt @13TeV 36.1fb~"] 0.35 I tt @13TeV 36.1fb~"]
0.30f %Y Sezmpy\ i @13TeV 37/ 0.30 {5 Ssz=oy\ i @13TeV 36"
0 H\ 5N ] %0 /N z1b-tag |
E 0.25H " \ ; E 0.25¢ N
- Y SSeomo ] - : S0z
(20 0.20f  EEESN 1 12020 =~
(Y h ] [ Eh
L I i i AN
0.15 %J\‘}‘ 0.15 : ‘\é:}“\
0.10} \ : 0.10} wua
: A ] \~\. S ]
0.05¢ T ] 0.05¢ A :
1500 2000 2500 3000 3500 4000 1500 2000 2500 3000 3500 4000
My [GeV] Mgy [GeV]
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