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You know the motivation
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~25% of a SM loop effect ~20% of a SM tree-level effect

The only source of lepton flavor universality violation in the SM (Yukawas) follow
a similar trend: Ye < Yy, < ¥Yr.... Are the anomalies connected to them?



U(2) flavor symmetry as a guiding principle

The SM Yukawas respect an approximate U(2) symmetry Barbieri et al. 1105.2296

U(2)q X
Mu’d i o E
_J v = ((V12)@s)

_(0i0Y (0 iV (ALVY VI~ W
Fusd = (03 1> > (0 §1> ><0 1> Al ~ g,

Unbroken symmetry Leading breaking Final breaking

v Assuming a single leading breaking ensures an effective protection of FCNCs
[SM-like mixing among light & 3rd generations —— consistent with CKM fits]

v/ Large NP effects in 3rd generation, light-generation effects controlled by the breaking

Compatibility between high-pr data and R(D') require largish 32 quark couplings
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Which mediator?

Leptoquarks have a clear advantage: they allow to decorrelate the semileptonic
4-fermion operators from the hadronic and leptonic ones (at tree-level)

Q ! ! L
Lepton x Lepton WiIZ)
(LFUV tests, LFV...)
Q L
Quark x Lepton 0 [
LQ

Quark x Quark
(AF = 2) Q



Simplified dynamical models

Faroughi @ CKM18 Three viable options in the market”:
Model Rk | Rpe) || Rkt & Rp U, + UV completion
S5 = (3, 1)_1/3 X v X [di Luzio, Greljo, Nardecchia 1708.08450;
Calibbi, Crivellin, Li 1709.00692;
R2 — (3 2)7 6 X v X Bordone, Cornella, JF, Isidori 1712.01368;
A €)1/ Barbieri, Tesi, 1712.06844. ]
R2 =(3,2)1/6 X X X
53=(3,3)_13 | Vv X X 51+ 5
[Crivellin, Muller, Ota 1703.09226;
Ui =(3,1)3 v v 4 Buttazzo et al. 1706.07808:
Marzocca 1803.10972]
U3 — (3, 3)2/3 v X X
Angelescu, Becirevic, DAF, Sumensari [1808.08179] S3 4+ R2
(*) Assuming no light v ( ) [BeGirevié et al., 1806.05689)

In this talk | will discuss different U; UV completions
from an extended gauge sector



Why not the Pati Salam model?

The vector-leptoquark solution points to Pati-Salam unification

Vi r=

PS =SU4) x SU(2);, x SU(2)gr

Pati, Salam, Phys. Rev. D10 (1974) 275

Q1 r
\L1.1/

v/ SU(4) is the smallest group containing the required vector LQ [U; ~ (3,1)y/3]

/ No proton decay (protected by symmetry)

x The (flavor blind) Pati-Salam model cannot work

——> The bounds from K; — pe and D — D lift the LQ mass to 100 TeV

x The associated Z" would be excessively produced at LHC

—> M, ~M, ~ O(TeV) & 0(g,) Z' couplings to valence quarks
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The 4321 model(s)

U(Dy

| | SSB
SU4) x SUB) x SU(2), x U(1) . SUG). x SU), x U(1),

SUG),

SU(3)C — (SU(4) X SU(3))diag
U(D)y = (SU4) X U(1)) giye
Why an additional SU(3) ?

X The extra SU(3) gives a g’ (coloron), apart from the Z’ already present in PS

v/ It allows to decorrelate the SU(4) from the SM color group. In the limit
84 > 83 1, this solves the high-pr problem

—_— O(gs/g4) and O(g,/g,) & and Z' couplings to valence quarks

v



The 4321 model(s)

U(Dy

| | SSB
SU4) x SUB) x SU(2), x U(1) . SUG). x SU), x U(1),

SUG),

Different fermion embeddings give two distinct solutions:

The original 4321
[di Luzio, Greljo, Nardecchia 1708.08450; Diaz, Schmaltz, Zhong 1706.05033]

PS? (at low energies)
[Bordone, Cornella, JF, Isidori 1712.01368, 1805.09328; Greljo, Stefanek, 1802.04274]



The original 4321

di Luzio, Greljo, Nardecchia 1708.08450

Ul)y
| | (@)
SUM@A) X SU3) X SU(2); X U(1) » SUQB) . XSUR2), xU(l)y
SUG),
Field | SU(4) | SU(3)" | SU((2). | U(1)
q} 1 3 2 1/6
u'h 1 3 1 2/3
MMtk = 3 d}'{ 1 3 1 ~1/3
o 1 1 2 —1/2 @)
et 1 1 1 —1 f
X% 4 1 2 0
v = X% 4 1 2 0
N H 1 1 2 172 1
0, 4 1 1 —1/2 " %)
ot i 4 Q3 4 3 1 1/6
ot In the
“original” 4321 —2 s | 15 1 L Y

Flavor structure controlled
[di Luzio, JF, Greljo, Nardecchia, Renner 1808.00942] (i.e. “fixed”) via SM-VL mixing



A small parenthesis: the SM flavor structure

In the SM the only source of flavor appears in the Yukawas

Ly D VéKM Y, ¢ Hu, +Y, g Hd,

It presents a very interesting (nice) feature...

In the absence of one Yukawa, Y;; or Y, the CKM is unphysical Yy
——> Tree-level flavor violation (via the CKM) appears only in the Vekm
charged currents
| v
q = <VCKM u> £ = <f> (down flavor basis)
d

Can we mimic this feature?
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4321 flavor structure

As in the SM model, in 4321 the only source of flavor appears in the Yukawas...

SM Yukawas: £y D VéKM Y, ¢ Hu, +Y, g Hd,

Also as in the SM, Yukawa structure imposed “by hand”

Ly DAl g+ 4,qr R r+ 415V Qs xp + M xR
’ Flavor ansatz:
® [J(2)-like quark sector (AF = 2 obs)
® No couplings to e
(or negligibly small)
® SM-VL flavor alignment(*)

. ® VL masses flavor neutral

.....

(*) Small misalignments are possible
(constrained by AF =2 & LFV)
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4321 flavor structure

As in the SM model, the only source of flavor appears in the Yukawas...

/115 & M X ]]_
(flavor neutral)

1
Ly D ﬂff’QU(R+/1qQLQ3)(R+/115)(L915)(R+M)(L)(R

FIavor ansatz: \ Splits M., & M
- ® U(2)-like quark sector 0 L
® No couplings to e

SM Yukawas: Ly VéKM Y, g Hup + Y, g Hd,

(or negligibly small) /1 - diag (/16]12’ /16112’ /1613) WT 0

® SM-VL flavor allgnment(*)
® VL masses flavor neutral /lf _— dlag (0, 4 40 /17) /1//t < /IT 14

~ -

(*) Small misalignments are possible
(constrained by AF =2 & LFV)

() ) v
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4321 flavor structure

Tree-level FCNCs under control

% Absent in down-quark and
charged lepton sectors

* SM-like (i.e U(2) protected)
iIn up-quark sector

pr ~ 0 COL0 %01, 52, 5010 Y1, 5¢5 R A

e o
.....
----------

2 TeV \ 2 g4 Sp-\2 /S S
AR = 0.2 (-) 20 ( 3) (ﬂ) (ﬂ)
D) (MU ) 35) m20a) (55) \0s) (03

Same NP contribution for R(D) and R(D*) <"
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U, phenomelogy Iin 4321

U, pheno closely follows the analyses based in simplified models...

High-pT is fine LFV around the corner Huge effects in b — s77

EL 4202240420007

- Babar X=D,D",J/¥
10_6;E T Rywm&Ryw 20
E 17 n RD(.)&RJM 10
_7[_ H Br[Bs—1T1]
10 E B Br[B->K 11]
: B Br[B-Kr1]
. 3 O Br[Bs— ¢r11]
- = 1 = my,=1.5TeV Belle
: F‘ 1 10_9 l_l L1 lIIlllII L 1 llllllll L 1 llllllll Lo 1 lIllllll IMENTITTEERETL i
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[Schmaltz, Zhong, 1810.10017] [Angelescu et al., 1808.08179] [Capdevila et al., 1712.01919]

(see also 1808.08179, 1609.07138)
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High-pT highlights

Coloron searches push the whole spectrum up
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AF = 2 observables

The assumed flavor structure ensures enough protection against tree-level FCNCs...

... but loop effects proportional to W are important (similar to the SM case with Vx,,)

> > > NP g4
Hest  19872m2 (bLVMSL) (bL/yMSL) Z Aa}‘ﬁF(xow 335)
U U ul
) ) ) A = BoalBan  xo=mi/Mi a=(1,...,6)
SL Bis Er B br o

> Cancellation of divergences

ZAQ:O /
o \> i

(W unitarity)

legL i ARD(*) Ml%

(Ta, 75) XK+ T + 25+ ...

(effective suppression for light VL partners)

Analogous with D — D mixing, but different scaling due to different external particles
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AF = 2 observables

The assumed flavor structure ensures enough protection against tree-level FCNCs...

... but loop effects proportional to W are important (similar to the SM case with Vx,,)
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4321 exotica
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Exotic multi-jet multi-lepton
signatures are predicted




The original 4321: a shapshot
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[ PSP =[SU4)xSU2).xSUQ2)g |

[Bordone, Cornella, JF, Isidori 1712.01368]
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PS3 at low energies... “flavored” 4321

Bordone et al. 1712.01368

U(l)y
| | (Q3.15)
SU4); X SUB3),., X SU), X U(1) > SU3). X SU2), X U(1)y
SUG3),
Fielld SU(4) | SUB) | SUR2) | UQL) “Flavoring” of the gauge group has
qr 1 3 2 1/6 interesting implications
u'h 1 3 1 2/3
1st & 2nd families | 7 1 3 1 ~1/3 v’ U(2)-like Yukawa textures
4 1 1 2 —1/2 (explanation to the SM flavor hierarchies)
et 1 1 1 —1
3rd tamil V3 4 1 2 0 \/Couplings to 3rd family naturally big
rd tamily @b}”?@,d 4 1 1 +1/2 (perturbativity issue fixed)
Ny =2 X:L 4 ! 2 ’ Smaller effects in 1st & 2nd families
Xp | 4 ! 2 0 through SM-VL mixing
Hys | 1,15 1 2 1/2
" 4 L ! —1/2 Gauge anomaly cancellation implies
| Qs 4 3 1 1/6 arqe
Notin 3 05 | 15 1 1 0 J

“original” PS3

[Cornella, JF, Isidori, in preparation] 01



PS3 flavor structure

Yukawa hierarchies from a flavored gauge structure +
[Bordone, Cornella, JF, Isidori 1712.01368]

SM Yukawas: £ Dy, 1/72 ﬁl//gu Ya Wi Hyg

(o)  H (@75)

~ - | _ ~ <Ql,3>| | H
I I
A oy _ v) R
¥ ~
L\ iR 0 1 (Qy5)
Al ~ (P73 (Pr3) i V] ~—22 Ly
A2 Ve M,
[see also Greljo, Stefanek, 1802.04274]
At the NP scale I’m discussing this A
would be d =4
yb ~ yz' /
Ve ™ Y, > Requires low-scale seesaw
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PS3 flavor structure

Yukawa hierarchies from a flavored gauge structure +

Ly D /If?/z/LQU(R‘FﬂqQ’LQM(R+/115)7LQ15)(R+M)7L)(R

Same as before but only two > No sizable 2-3 misalignment
families now! possible from here

(2,5 is now a source of flavor:

/

W7 Qs AR —>

[Cornella, JF, Isidori, in preparation]

Large 2-3 misalignment
only in LQ transitions!
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U, phenomelogy in low energy PS’

No mixing angle suppression
(s,, = s,, = 1 by construction)

24

ﬂL ~ 0 CQLQ Sle sz
0 ~50,,5¢,
n.b. A~ 0.22

_/1 SHLQ SC]lz

SQLQ SC]lz

c 0.0

\

/



U, phenomelogy in low energy PS’

No mixing angle suppression n.b. 4~ 0.22
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[Cornella, JF, Isidori, in preparation] n.b. taking 6,,=05 and s, =0.2
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U, phenomelogy in low energy PS°

84 e . .o . .
Lyo—=U,(p’q, v +pldy'el)+h.c.
U > u(ﬁL L7 ¢y 'HR RV R) » b — st [tree]

—» T — X [loop]

» b — 5171 [tree]

(
0 0 —Asy, s, 00 0
ﬂL ~ 0 CQLQ SC]lz sz SQLQ S%z ﬁR ~ <O 0 O) RK RD
0 —sy s, Cy 001 o —
\ Lo 72 o) Isidori @ TH Implications

Phenomenology of the U; PS’ LQ quite different from “usual” simplified analyses:

* Larger NP in R(D) w.r.t. R(D¥)

* Larger LFV effects in some obs.: B(B, — tu) ~ 0(10~* - 107>) (scalar enhanced)

* ABB.— 1)~ 5% and 0(40%) NP enhancement in %(B — v)

* \ery large effect in B(B, — r7) (scalar enhanced), close to current limit by LHCb
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Conclusions

Current data is still inconclusive and the overall picture might change...

... it is possible to find interesting solutions to the current B anomaly data while
remaining consistent with other low- and high-energy data

Connection to the SM Yukawa structure still viable

Going beyond simplified dynamical models is important

unexpected experimental signatures (g, Z’, VL fermions,...)

If the anomalies are really pointing to NP, new experimental indications (both in
high-py and at low energies) should show up soon in several observables

... However this conclusion is strongly driven by R(D®)
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Backup slides



Z’ & g’ interactions

£y 205, KTV + wf Wy T + k] AT |

gY g4 i —i ‘ =i : g : o :
LZ/ D, 2\/— Z/ |:€Z] q Y q] ‘l‘fZJ u%fyru’u,%% _|_€Z’l.7 dR,y,ud%i - 3§Z]€ W“EJ B 352] e%vﬂeﬁ]
2
kg~ 1 0 332 0 —g—gﬂ, /{u%md%_g_g]]_,
g4 g2
0 0 s
2
s, 00 52 2
~ 97 N N 2 42
qu 0 332 0 _§17 fu“‘fdfv—@]l,
00 833 4 4
2
sy, 00 , 2
2q 24
B O 7 T
00 8%3 4 4
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D-mixing at tree level

D

4 ,
_ 4G (CZ’ + C—g) (V2 Vi) (sin2 Oy + sin’ 0

V'uiks V;JS - 2 Vu*d V;:d ’
tree \/§ 3 T sin 0 )

1 VJb Vcb o ij Vcb

s, = 5, + CKM unitarity

\4

4G
— —— (O +
tree \/§ ( Z

Cy
3

D

) (Vi Vcb)2 (SmQ Ogs — sin” 9(112)2
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PS3 symmetry breaking pattern

Higher dimensional operators act as
spurions (i.e. small breakings) of the
U(2) symmetry
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AF = 2: one phase to save them all?

Current lattice data hint to a deficit in the experiment w.r.t. SM prediction in B; 4 — Bs 4
[Fermilab/MILC 2016 [1602.03560]: SM prediction 1.8 0 (B,;) and 1.1 o (B,) above experiment]

CP violating NP can account for the deficit!

b IDi Luzio et al., 1808.00942]

VVVW\

b
\ AN /
/ \ Current data U(2) symmetry
s,d

P >~ /2 b free
0y = O(10%) |Vis| 0y = O(Vis)

S, d

9() €i¢b

Still early to draw conclusions but
it is interesting that the model can | > Possible effects
“naturally” explain the deficit In b — s, d transitions!

[Bordone, Cornella, JF, Isidori, 1805.09328]

Other AF = 2 transitions: K — K, D — D also under control!
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