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BaBar had tag
PRD 88 (2013) 072012 :
0332+ 0.024 = 0.018 E

Belle had tag

PRD 92 (2015) 072014 : o
0.293 + 0.038 = 0.015 ;

Belle SL tag §
PRD 94 (2016) 072007 :
0.302 = 0.030 = 0.011 ;
Belle 1-prong :
PRI 118 (2017) 211801 R

0.270 = 0.035+ 0.027 i

LHCb muonic
PRI. 115 (2015) 111803 :
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LHCb Preliminary 3-prong
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0285+ 0.019 = 0.029 ; !
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Low-energy fit

N>V
SU(3)xSU(2), xU(1)

Linear EVWSB
Dim-6 operators

[ List of all relevant operators:
Ove (Qiyuo®Q )Ly ogly)
Osn (d%Q ;) (Lith)

0s, (Qiup)io? (L)

Or (chwu{g)iaz(iawél,g)

Other tree-level contributions

x (SDT’&'BJ 0)(L,7Iv"1,) = Corrections to W decays

x (p'i D! ¢)(G,7 7 q,) = No LFU violation
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Mediators?

» Color:10or3

1
s-channel % V\V‘ N }

| t-channel u-channel |

(2) Wek: 1, 2 o0r

6



New mass scale?

In the SM .
V,

* Jree-level process

. M - * Large NP contribution required
Mild CKM suppression [Presgumably tree-level generateg]

Tree-level, unsuppressed (g.~1)| Tree-level, MFV (g,? = Vg)

Perturbative unitarity constraint: NP scale < 9 TeV
[Di Luzio and Nardecchia], 1706.01868




[AG, Isidori, Marzocca]

JHEP 1507 (2015) 142

SU(3)x xU(1)

W' = (1,3,0)



SU(3)x xU(I)

Ca @Il &) W' = (1,3,0)

LDW/CWJ& + .. T = 0%/2
J — gq (QLWTQQJ) 98)\ ( L%TQLJL)

lepton x lepton

_ 1
£g§6 — 5 JZJZ -3 quark x lepton

2m
4 quark x quark

Degenerate charged W’* and neutral Z’

Quark FV controlled by a single matrix

[AG, Isidori, Marzocca]
JHEP 1507 (2015) 142



Fitting R(D")

C
Lot O =3 M;(Q0' Q) (Lo Ly)
- (3]

oL Controls FCNC in the

down-quark sector

Ny, =1

‘/cb ~ (.04 a
Aligned with the
down-quark

mass basis

10



Fitting R(D")

C ) .
Log D UT)\C-].(QZ-"}/MO'CLQJ)(Lg’}/MO'aLg)

L — z
AL =1 R ~1+2C; - )\
Ve = 0.04

6 Which one
dominates?

Q@O QQ

> O

11
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CT yq

['eff D 2 z] (QZ/Y,UJO-CLQJ'

R Jv L
- (%)

Ny, =1
V., ~ 0.04

Fitting R(D")

\'

Rpy = 1+]
A

FCNC limits

1) B, — B,

It tree-level

o W' = (1,3,0)
eg[AG., Isidori,(l\/larzocca ‘)\ ‘ < 0. 1‘/017

JHEP 1507 (2015) 142

DB — KWy i
For triplet operator [AY,| < 0.5V

Safe road?
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Low scale!
v/\/Cr =~ 0.7 TeV

*to fit R(D™)
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Low scale!
v/\/Cr =~ 0.7 TeV

*to fit R(D™)

r ..
Radiative EW effects
Tension:
Precise leptonic and EW observables
Possible fix:
L3 L Tune with a
direct tree-level
o matching
L [ contribution
[Feruglio, Paradisi, Pattori],
Phys. Rev. Lett. 118 (2017), no. 1 011801
L —J
I R

pp — T T
lension: High p; ditau production

[Faroughy, AG, F. Kamenik]
Phys.Lett. B764 (2017) 126-13@




Low scale!

U/\/ CT 0.7 TeV

*to fit R(D™)

r 1.0 ]
0
0.8 :
06§ ]
:’Eu,
04 W R}’ and RD(,,) |
| LFV T decays
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Challenges for Model Builders?

B. + B,
B— K%y i

Z decays
T decays

FCNC

) =

y



Working example

‘432 1°

[Buttazzo, AG, Isidori, Marzocca]
JHEP 1711 (2017) 044

[Di Luzio, AG, Nardecchia]

Phys.Rev. D96 (2017) 115011

[AG, Ben Stefanek]
1802.04274

Leptoquark option?

17



Strategy: Dynamical suppression in |
B— KWy p.

B. < B.

Example: Leptoquark
Q

Semileptonic
Tree-level

Suppression in 4Q and 4L operators

o

Reconsider?

18

Q
> OQQ

~-CNC
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Vector LQ Q@
20
Ut = (3,1,2/3)

Energy scale

%xample: Single-mediator my

,,LWULIW 1+ MZQJUI,MU{L + gU(J(l;ULM + h.c.)
B’ia Qi/V'UJLa » Byr = 1

*Expanding SU(2)

1
L:U — — iU]T

T

Flavour basis:
Qi= (Viup.dp)" Li = (vi,e)"

[Buttazzo, AG, Isidori, Marzocca]

19
JHEP 1711 (2017) 044



Vector LQ o
20
Ui =(3,1,2/3)

Energy scale

NS
— s -
Q ] F<«mg Q L

%xample: Single-mediator model

1
Ly = — iUfWUl’W + MEU] Ut + gu(J4UL, + hec.)
d— )~ _
JU - B’I,Oé QZ/Y La ‘*Expanding SU(2) ﬁbT = 1
matching

T ) N — —
Lot 2 = Cu BialBs |(@b0" Q1) (LYo L) + (@ Q) (L] L)

Flavour basis:
Qi= (Viup.dp)" Li = (vi,e)"

Cy = v?|gul?/(2M})

Global fit to low-energy data (RGE effects included)
RT., ACY=-ACY Brw,, 092 g% 19% /gl

[Buttazzo, AG, Isidori, Marzocca]

20
JHEP 1711 (2017) 044



5 :_. . . . : \./e.cto.r LQ - O'O:'SM ............... AX2<23
[ ~0.2
AL =
i O
' T
3-_ I :
o | g
5@ 2t 8]
Q. |
R/ ROV
Or
_1 i R T
000 002 004 006 008 0.10
Cu
No tree-level It is
b < Dy dommant @Q
B — K¥up
Suppressed
TT

(One-loop plus extra o1 [Buttazzo, AG, Isidori, Marzocca]
suppression) JHEP 1711 (2017) 044



[Buttazzo, AG, Isidori, Marzoccal],

] JHEP 1711 (2017) 044
High pt searches
b T

Ul = (3,1,2/3)

LQ
B(U — tv) =~ B(U — br) = 0.5
Best fit: | I "«
M, 3.0f , [1609.07138] 4 [Faroughy, AG, F.
gu 0.7( ) | RN Kamenik]
LleV/) /7 JPhysLett B764 (2017)
2 : .
& ~ 1.4% <1J¥U\/’> P : 126-134
U € 2.0
>
0 1.5
Lok B-anomalies
CMS: 1703.03995 0.5 A
ATLAS: 1508.04735 ) :
g R i Vector LQ
/LQ 0.0
o . | 1.5 2.0
#
* o My (TeV
\*o e SGeﬂa v ( )
* a\GOUp [Buttazzo, AG, Isidori, Marzoccal]

* talid 22
g LQ  win JHEP 1711 (2017) 044



UV completion
Ur =(3,1,2/3)

Grauqge boson of an
extended qgauqe sector

Calculable!

The starting point, but
2 . strong flavour bounds...

‘. B How to get TeV
» scale PS LQ?

[Buttazzo], 2017 23



[Di Luzio, AG, Nardecchia]
4321’ model Phys.Rev. D96 (2017) 115011

Extended gauge symmetry
G=SU(4)xSU@B) xSU2)r, xU(1)

~TeV SSB: (Q3), (1)
\

GSM — SU(S)CXSU(Q)L X U(l)y

I 5 broken generators

Vi 2

() * SMfermions in 321, not coupled to LQ

O (42, L1, R, dg, €R)

- ¥
) See also [Georgi, Nakai], 1606.05865
4 [Diaz, Schmaltz, Zhong], 1706.05033



‘4321 model

1Adda vector- (47 1727 O) |

like fermion

ipl)]% — (621;137

R

| S fermion doublets
| mix with the vector-like
bartners

().,

<93>x T
Left-handed dominance!

[Di Luzio, AG, Nardecchia]
Phys.Rev. D96 (2017) 115011

* B-anomalies solved by the
vector LQ alone!

* Flavour blind G” and Z°
iInteractions possible
(no FCNC) -
Non-trivial flavour
structure!

. G’ at high pT expected in jj,
tt, bb final states

For a variation of this model see
[AG, Ben Stefanek]
1802.04274
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Working example Il

‘3221’

[AG, Robinson,
Shakya, Zupan]
1804 .XXXXX

W'=(1,1,+1)

& light b— cTNRg
Ng = (1,1,0)

20



AG, Robinson, Shakvya, Zupan
3221° model o e o4 e

Extended gauge symmetry
G=SU@3).xSU12)r, x SU(2)y x U(1)
SSB: <Hv>

~TeV

I}
GSM — SU(3)C>< SU(Q)L X U(l)y

3 broken generators




‘3221 model

Matter content

Field SU(3). SU((2), SUQ2)y U(1)
SM-like chiral fermions
q} 3 2 1 1/6
o 1 2 1 -1/2
u'p 3 1 1 2/3
d’ 3 1 1 -1/3
et 1 1 1 -1
vp 1 1 1 0
Extra vector-like fermions
’L,R 3 1 2 1/6
L) n 1 1 2 -1/2
Scalars
H 1 2 1 1/2
Hy 1 1 2 1/2

IV -
LD Ly — QT Hydp — X, Q Hyup

1 71/ /7 1 17! T /7
— )\6 LHVGR — )\VLLHVVR

— MQQ/L /R — MLE/[,L/]% + h.c.

28

FL-23 case:
Xy~ (0,0,1) X, ~(0,1,0)
* No FCNC Z’ couplings
predicted

» Z’ mass can be increased
independently of the W' mass

LHC exclusions: FL-23

3.0 2700
2.0F 1800
S
Lar 1200 ©
0“” G
1.0 9000 —
0.7+ 600
A4
0.5-
-400
0.4 7:::'.'.'.'.-. ___________________ A O TPy |
1000 1500 2000 2500 3000

mxz [GeV]



Hope for the best, but prepare for the worst

0
&

\_/

<
s §

Py

LanquageTies-com/proverbs
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Backup slides
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Coherent picture of B-anomalies

b — CTh b= sufi

V-A operator V-A operator

Common origin?
(QLyu0" QL) (LA 0" L)

Large NP Small NP

+15% -15% \b S

Hint Il

b» »c & ®
% Flavour puzzle?



E I :
1 " Bcnchmark picture

NP

Lo = Lot — —5 X Mg [Or (@10 @])(L390°L]) + Cs (@@ (L3 L)

Flavour IS:
Qi= (Viuy . d)T L = (i, e)T
Fit parameter
CT7 CS7 )\sb’ and )‘ﬁ,u
q __ E _

* Global fit to low=-energy data (RGE effects included)

EW Observable Experimental bound Linearised expression
R 1.237 4 0.053 1+20p(1 = AL,V / Vi) (1 — X, /2)
ACH = —ACH | —0.61+0.12 [36] — eV X AL (Cr + Cs)
RM 1 0.00 = 0.02 207(1 = ALV VSN,
B,y 0.0+ 2.6 L+ 3 oo (O — Co)AG (1 + Xy,)
5gZ. —0.0002 + 0.0006 0.033Cr — 0.043Cyg
5gZ —0.0040 + 0.0021 —0.033Cr — 0.043C4g
g% /gl | 1.00097 £ 0.00098 1 —0.084C
QCD B(T — 3u) (0.0 £0.6) x 1078 2.5 x 1074(Cs — Cr)*(XL,)?

[Buttazzo, AG, Isidori, Marzocca],

2
3 JHEP 1711 (2017) 044



Single-mediator models

9
Z (1’ 1’ O) U, works well
VECtOr LQ ¥ g Combinations
. 006F T LU | L B are possible
t”Plet — ﬁ‘\ (e.9. Sy + S3)
3,3,2/3 -

( Y Y / ) 004 _ \\\

: \

I \

0.02f \

{Vector LQ singlet

o | .
O 0-00:' """""" K i (3,1,2/3)
_002 _ , III \
| / | W' (1,3,0)
—0.04} ! -
: S J T—
_006L . 31 N \
—0.06%.02 0.00 0.02 0.04 0.06
Cr Scalar LQ
Scalar LQ singlet
triplet (3,1,1/3)
(3,3,1/3) [Buttazzo, AG, Isidori, Marzoccal],

33 JHEP 1711 (2017) 044



~TeV

‘4321 model

Extended gauge symmetry
G=SU(4)xSU@B) xSU2)r, xU((1)

¢ SSB: (23), (€21)

GSM — SU(S)CXSU(Q)L X U(l)y

Embedding: Scalars:
SU(3)s xU(1)4 C SU(4) O = (4,1,1,-1/2)
and Q3 = (4,3,1,1/6)
SUB)e = (SU3)a X SU(3)') giag R ;
ULy = (U(L)a % U(1)) g B R R
O 0 O V2
Gauge couplings:
J44s _ gagi
Is = 2 2 g 2 , 2 2 | |
\/94 + g3 91 + 391 [Georgi, Nakai], 1606.05865
a4 [Diaz, Schmaltz, Zhong],

1706.05033



‘4321 model

Extended gauge symmetry

aH;‘,Lé...,w aé/(; ..... 8 Zﬁ/& :
G=SU(4 )><SU( ) x SU(2), X

[Di Luzio, AG, Nardecchia],
Phys.Rev. D96 (2017)

115011
Embedding:
B! :
v SU@B)e = (SUB)a X SU(3)") giag
U(1) | U@y = 00 x V1)) g

where

~TeV SSB: (£23), (21) SU)a x U(1)s C SU(4)
Q3 = (4,3,1,1/6) 010
VYV o= (111,-1/2) J——C = —=
V93 + 93 \ 93+ 307
GSM — SU(S)C X SU(Q)L X U(l)y
I, . G /G 1
Massive gauge boson spectrum: /Gsm
(RIILLI e (3,1,2/3) My = %94\/1)% + v2
1
1,2,3 9,11,13  :1y10,12,14
Uu _ ﬁ (Hu - zHu )
Color octet: (8,1,0) Z:(1,1,0)
Vew o O 0sC _,_wilf =305,
e B 2, 2,2
V93 + 93 \/ 93 + 39t [Georgi, Nakail,
M, = 92 + g3 \[ \/g 2, \/,U L2 1606.05865
\/_ 47T Y3 1391\ 3 .
L Orthogonal field: Gluon Orthogonal field: Hypercharge ] Diaz, SC;hn;igZ]:

35

1706.05033



Scalars

‘ ’ [Di Luzio, AG, Nardecchia],
432 1"m Ode/ 1708.08450

Field| SU(4) | SU(3)" |SU(2). |U(1)
qy 1 3 2 1/6 _
o/ 1 3 1 2/3 * Would-be SM fermions
i in the absence of
il 3 1 |-1/3 S
’” mixing with ¥
L 1 1 ? _1{ 2| . Three copies
€Rr —
: 4 1 2 O |+ Three (min.two) copies / /
L W — ) L s
fr 4 1 2 vector-like fermions i = (Qnr Lrr)
H 1 1 2 1/2
(3 4 3 1 1/6
(4 4 1 1 —1/2| .. .
/ Large left-handed mixing matrix ]
n the interaction basis [Explains the dominance of left-handed
Lr D gj‘:@'ﬂ“L’L U, + h.c. |interactions at low energies] |
+ 2 (Q YT°Q, . VT ) g
g5 \ " - a& FSup,oressea’ couplings to light 1
L 1V3gagy (@L hg, 291 g,L N QL) generaz‘/ons in the limit g4 >> g1, g3
"6 V2 d
1V3gagy (+ .y 29 :
2 \fgl (LLVMLL 32 KLWW ) For such construction but in different context:

[Diaz, Schmaltz, Zhong], 1706.05033



[Di Luzio, AG, Nardecchia],
Phys.Rev. D96 (2017)
115011

‘4321 model for B-anomalies

Yukawa sector

—qr A Q3 Vg — zL )\gﬂf\IfR —W; MUp+h.c.

I

Flavour symmetry (ignoring Yukawa) w  Down- -quark ahgnment (’)

U(S)q/ X U(S)u/ X U(S)d/ X U(S)g/ X U(S)e j\/ld _ ( LYdlag 'U_S)\q )

V2 d V2
XU(TL\I;)\I;L XU(n\Ij)\IjR 0 Mdiag

0 O :
A=A 0| el < g
0 A

In the mteraotlon basis
| Down-quark allgnment (If)1 Absence of tree-level

UGy =UB)w, =UG)vr | FCNC in the down-
\ O@eSpuriOﬂ Yi x )\q sector due to Z’and G’

37

g >2

To fit B-anomalies |
| (FPP bound)




4321°: High b1 phenomenology

Benchmark: Spectrum
2500
2000-— - G’
31500; B LZJI
g — t/b/T/v+partner
1000-—
| — c/s partner
— M/vupartner
500}

N\

~

;}X Around corner?

Number of events

38

Colour octet vector

10°

—
8 —
S <X

100

10

pp — jj @13 TeV, 37 fb™!]

[Di Luzio, Fuentes—l\/lartin,_:
AG, Nardecchia, Renner], ;
work in progress

ATLAS observed ]
TLAS Bcekg fit.

Mg = 2.2 TeV, I'g(34%




Flavour anomalies & e
hierarChies in onhe Shot? Martin, Isidori], 1712.01368

2, (I)Rlz (Dle (DR23 (DL23 H, H, '
. le ------ -------- - e - One PS group for each family

« SM Yukawa from hierarchical
‘ - — VEVs of the link fields
: 5 - ‘432 1'-like at low-energies

=) ,
PS

A>E>A, |SM, 5
@) | (@)
N é - . essons
<®L3R€3>l
A, >E> A, (SU@)<SUG), L -SU@<U() | Family non-universality literally

understood

(Q,,)

C‘i 39

Resurrection of right-handed
currents in R(D™M)
ART ~5/2x ARG,




. [AG, Ben Stefanek], 1802.04274
Alternative 4321
* Toy model to study low-energy phenomenology of pS3

. G=SU(4)xSU3) xSU(2), xU((1)
Gauge symmetry and breaking

as in [Di Luzio, AG, Nardecchia] \'/< 3), ()
Gsm = SU(3).xSU2), xU(1)y

Slightly different termion content

Ist&2nd | 3rd family Vector-like
family Chiral fermion
Chiral 4,120) (v)"=@QF LP)|| XL,R (4, 1, 2, 0

(a1 0, ug, dri€R)  |@1,1,12) (W8T = (W2 v3)

SM-like 321 charges|®!1-1/2) (TR)" = (di €})

. Gauge singlets
| Right-chiral S%

'Dynamical fields of PS3 at the TeV-scale ,« -
40 Extra matter




. [AG, Ben Stefanek], 1802.04274
Alternative 4321
y Toy model to study low- energy phenomenology of P53

—

 CKM structure ‘without link fields

SM-like Yukawa terms for light and 3rd family separately

—/ T -/ T
LXD—QLAq%XR—liLMQl XE =P _C_?Logﬂxlf etc.

I-3 and 2-3 mixing!

— A S

Neutrmo mass problem EW Higgses: H=(1,121/2) $=(15,12,1/2)
L3=—yY U HUY — g4 U HUS — 20 0To0Y — 43U o970

op quark and

tau neutringd -) Inverse see-saw
1 ab Gc 1 a ST T U 1 ai oo . /i
masses of the Lo = —5pus S§Sp — Shsy 1 S§VE — o Mg, Sgvg

same order!
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