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An old puzzle in the flavour sector of the SM

&“‘

o Suggests BSM dynamics behind the origin of Yukawa couplings.
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A new puzzle in B-physics

o Theoretically clean observables:
Deviations in the Ry ratios are gone LHCb [2212.09152], and the
combination of B(Bs — uu) measurements (see talk by Ben Allanach!) is
closer to the SM after new data by CMS [CMS PAS BPH-21-006].
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o Theoretically clean observables:

Deviations in the Ry ratios are gone LHCb [2212.09152], and the
combination of B(Bs — uu) measurements (see talk by Ben Allanach!) is
closer to the SM after new data by CMS [CMS PAS BPH-21-006].
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o However, now an important tension exists between the Ry(.) ratios
and the remaining b — sup data (caveat: hadronic uncertainties
Gubernari et al, [2206.03797] and fit mostly driven by LHCb).
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An old puzzle in B-physics

o Deviations in Rp.) remain at > 30.
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o Deviations in Rp.) remain at > 30.
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o Measurements by meson factories reinforced by LHCb in late 2022
(plus new LHCb update on Rp- coming tomorrow!).
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o Measurements by meson factories reinforced by LHCb in late 2022
(plus new LHCb update on Rp- coming tomorrow!).

o BSM interpretation? Strong NP coupled to the third family,
competing with SM charged currents.
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U, vector leptoquark?

o U1(3,1,2/3) can explain Ry at tree-level, and provides an important LFU
vector contribution to b — s¢¢ at 1-loop (CY) Crivellin et al, [1807.02068]
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o U1(3,1,2/3) can explain Ry at tree-level, and provides an important LFU
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o The LFU loop effects that contribute to b — s¢/ are correlated to Rp(»)
= U provides a natural link between anomalies.
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o U1(3,1,2/3) can explain Ry at tree-level, and provides an important LFU
vector contribution to b — s¢¢ at 1-loop (CY) Crivellin et al, [1807.02068]

by T 8. Ber & e,

bL SL

U

IBCllqr
CL VrL an I

o The LFU loop effects that contribute to b — s¢/ are correlated to Rp(»)
= U provides a natural link between anomalies.

o Gauge origin of U; at the TeV scale? UV completion?
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o U1(3,1,2/3) can explain Ry at tree-level, and provides an important LFU
vector contribution to b — sf/ at 1-loop (CY) Crivellin et al, [1807.02068]
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o The LFU loop effects that contribute to b — s¢/ are correlated to Rp(»)

= U provides a natural link between anomalies.

o Gauge origin of U; at the TeV scale? UV completion?
= perfect opportunity for model builders
= Relate B-physics with theoretical questions like quark-lepton unification
or the origin of flavour hierarchies.
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4321 embedding and beyond

SU(4) x SU(3)" x SU(2)L x U(1)y |= U1, g', Z' + vector-like fermions

4321 group proposed as the TeV-scale gauge origin of Ui, but two different approaches:
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4321 embedding and beyond

SU(4) x SU(3)" x SU(2), x U(1)y

= U1, g', Z' + vector-like fermions

4321 group proposed as the TeV-scale gauge origin of Ui, but two different approaches:

o The third family transforms under SU(4) (the rest are singlets)

Bordone et al [1712.01368], Fuentes-Martin et al [2203.01952], Davighi, Isidori, Pesut, [2212.06163]...
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SU(4) x SU(3)" x SU(2) x U(1)y

= U1, g', Z' + vector-like fermions

4321 group proposed as the TeV-scale gauge origin of Ui, but two different approaches:

o The third family transforms under SU(4) (the rest are singlets)

Bordone et al [1712.01368], Fuentes-Martin et al [2203.01952], Davighi, Isidori, Pesut, [2212.06163]...

=> Ui couples to both left-handed and right-handed 3rd family fermions
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SU(4) x SU(3)" x SU(2) x U(1)y

= U1, g', Z' + vector-like fermions

4321 group proposed as the TeV-scale gauge origin of Ui, but two different approaches:

o The third family transforms under SU(4) (the rest are singlets)

Bordone et al [1712.01368], Fuentes-Martin et al [2203.01952], Davighi, Isidori, Pesut, [2212.06163]...

=> Ui couples to both left-handed and right-handed 3rd family fermions

=> is tightly constrained by high-pt searches atias [2002.12223], cims [2208.02717),

Aebischer et al, [2210.13422]...
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SU(4) x SU(3)" x SU(2) x U(1)y

= U1, g', Z' + vector-like fermions

4321 group proposed as the TeV-scale gauge origin of Ui, but two different approaches:

o The third family transforms under SU(4) (the rest are singlets)

Bordone et al [1712.01368], Fuentes-Martin et al [2203.01952], Davighi, Isidori, Pesut, [2212.06163]...

=> Ui couples to both left-handed and right-handed 3rd family fermions

=> is tightly constrained by high-pt searches atias [2002.12223], cims [2208.02717),

Aebischer et al, [2210.13422]...

o Fermiophobic approach (all SM-like families are SU(4) singlets)

Di Luzio, Greljo, Nardecchia, [1708.08450]
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SU(4) x SUB) x SU(2)L x U(1)y: |= Ui, g', Z' + vector-like fermions

4321 group proposed as the TeV-scale gauge origin of Ui, but two different approaches:
o The third family transforms under SU(4) (the rest are singlets)

Bordone et al [1712.01368], Fuentes-Martin et al [2203.01952], Davighi, Isidori, Pesut, [2212.06163]

=> Ui couples to both left-handed and right-handed 3rd family fermions

=> is tightly constrained by high-pr searches atias [2002.12223], cms [2208.02717],

Aebischer et al, [2210.13422]

o Fermiophobic approach (all SM-like families are SU(4) singlets)

Di Luzio, Greljo, Nardecchia, [1708.08450]
= U; fermion currents can be dominantly left-handed, most constraints are
relaxed, but is not a theory of flavour (flavour structure rather ad-hoc)
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SU(4) x SUB) x SU(2)L x U(1)y: |= Ui, g', Z' + vector-like fermions

4321 group proposed as the TeV-scale gauge origin of Ui, but two different approaches:
o The third family transforms under SU(4) (the rest are singlets)

Bordone et al [1712.01368], Fuentes-Martin et al [2203.01952], Davighi, Isidori, Pesut, [2212.06163]

=> Ui couples to both left-handed and right-handed 3rd family fermions

=> is tightly constrained by high-pr searches atias [2002.12223], cms [2208.02717],

Aebischer et al, [2210.13422]

o Fermiophobic approach (all SM-like families are SU(4) singlets)

Di Luzio, Greljo, Nardecchia, [1708.08450]
= U; fermion currents can be dominantly left-handed, most constraints are
relaxed, but is not a theory of flavour (flavour structure rather ad-hoc)
o We will present here a theory of flavour featuring a fermiophobic 4321
at TeV scale, with extended phenomenology
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Twin Pati-Salam theory of flavour

Field SU()hs  SU2)L SU()k  SUM@)Es  SU@)Y  su@)h
Vi3 1 1 1 4 2 1 3 SM-like chiral
P VYR(123) 1 1 1 4 1 2 fermion families
Viase) 4 2 1 1 1 1
* Myign 2 1PeV YR(4,5,6) 4 2 1 1 1 1 3 vet-:tor—like. t‘:omplete
P56 4 1 2 1 1 1 fermion families
VR(4,5.6) 4 1 2 1 1 1
o 4 2 1 4 2 1 Break 4321 to SM and
é 4 1 2 4 1 2 mix VL-chiral fermions
H 4 2 1 4 1 2
H 7 1 3 2 2 1 Break EW symmetry
Qs 15 1 1 1 1 1 Splits VL quark-lepton
(plus shaping discrete symmetry Zs, extra content for high scale SSB masses

and 1st family masses)
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Field SU(4)ps SUR2), SUQ), SU@)Es SUR)! SU)k

: i i V(123 1 1 1 4 2 1
.i . . VR(1,2,3) 1 1 1 4 1 2
@ @ @ Via56) 4 2 1 1 1 1

W Mgy 2 1PevV Vress 4 2 1 1 1 1
V(456 4 1 2 1 1 1
Vrass) 4 1 2 1 1 1
o 4 2 1 4 2 1
2 4 1 2 2 1 2
H 4 2 1 14 1 2
H 4 1 2 4 2 1
* Mg ~ O(TeV) Q15 15 1 1 1 1 1

(plus shaping discrete symmetry Z4, extra content for high scale SSB
and 1st family masses)

3 SM-like chiral
fermion families

3 vector-like complete
fermion families

Break 4321 to SM and
mix VL-chiral fermions

Break EW symmetry

Splits VL quark-lepton

masses

@ High scale PS for chiral (SM-like) fermions: Quark-lepton unification, crucial universality

constraints for a predictive framework
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Field SU(4)ps SUR2), SUQ), SU@)Es SUR)! SU)k
Vi3 1 1 1 4 2 1
Pl Pr123) 1 1 1 4 1 2
Vi(ase) 4 2 1 1 1 1
W Miggn 2 1PeV VrEss) 4 2 1 1 1 1
Duase 4 1 2 1 1 1
YR(4,5,6) 4 1 2 1 1 1
0} 4 2 1 4 2 1
P 4 1 2 3 1 2
H 4 2 1 4 1 2
H 3 1 2 4 2 1
W Miow ~ O(TeV) ~¢ - 15 1 1 1 1 1

and 1st family masses)

(plus shaping discrete symmetry Z4, extra content for high scale SSB

3 SM-like chiral
fermion families

3 vector-like complete
fermion families

Break 4321 to SM and
mix VL-chiral fermions

Break EW symmetry

Splits VL quark-lepton

masses

@ High scale PS for chiral (SM-like) fermions: Quark-lepton unification, crucial universality

constraints for a predictive framework

@ Low scale PS for vector-like fermions: TeV scale U; coupled to vector-like fermions
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Field SU(4)ps SUR2), SUQ), SU@)Es SUR)! SU)k

: i i V(123 1 1 1 4 2 1
% 5 5 VR(1,2,3) 1 1 1 4 1 2
Via56) 4 2 1 1 1 1
W Mgy 2 1PevV Vress 4 2 1 1 1 1
V(456 4 1 2 1 1 1

Vrase 4 1 2 1 1 1

o 4 2 1 4 2 1

¢ 4 1 2 1 1 3

H 4 2 1 14 1 2

H 4 1 2 4 2 1

W Miow ~ O(TeV) - 15 1 I 1 ] .

(plus shaping discrete symmetry Z4, extra content for high scale SSB
and 1st family masses)

3 SM-like chiral
fermion families

3 vector-like complete
fermion families

Break 4321 to SM and
mix VL-chiral fermions

Break EW symmetry

Splits VL quark-lepton

masses

@ High scale PS for chiral (SM-like) fermions: Quark-lepton unification, crucial universality

constraints for a predictive framework

@ Low scale PS for vector-like fermions: TeV scale U; coupled to vector-like fermions

@ Choice of the scalar sector and twin PS symmetry forbids SM-like Yukawa couplings
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Field SU(4)ps SUR2), SUQ), SU@)Es SUR)! SU)k
Vi3 1 1 1 4 2 1
| YR(1,2.3) 1 1 1 4 1 2

Vi(ase) 4 2 1 1 1 1

W Miggn 2 1PeV VrEss) 4 2 1 1 1 1
Duase 4 1 2 1 1 1
VRr(as6) 4 1 2 1 1 1
0} 4 2 1 4 2 1
P 4 1 2 3 1 2
H 4 2 1 4 1 2
H 3 1 2 4 2 1
W Miow ~ O(TeV) ~¢ - 15 1 1 1 1 1

(plus shaping discrete symmetry Z4, extra content for high scale SSB
and 1st family masses)

3 SM-like chiral
fermion families

3 vector-like complete
fermion families

Break 4321 to SM and
mix VL-chiral fermions

Break EW symmetry

Splits VL quark-lepton

masses

@ High scale PS for chiral (SM-like) fermions: Quark-lepton unification, crucial universality
constraints for a predictive framework

@ Low scale PS for vector-like fermions: TeV scale U; coupled to vector-like fermions

©

Choice of the scalar sector and twin PS symmetry forbids SM-like Yukawa couplings

@ Scalar sector is a link between PS groups, generates VL-chiral fermion mixing = Leads to

2nd-3rd family SM Yukawas, also to U; couplings for B-anomalies
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Yukawa couplings & U; couplings

@ Fermiophobic model: SM-like Yukawa and U; couplings forbidden for chiral fermions.
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Yukawa couplings & U; couplings

@ Fermiophobic model: SM-like Yukawa and U; couplings forbidden for chiral fermions.

@ Effective Yukawa and U; couplings arise from mixing between VL and chiral fermions.
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Yukawa couplings & U; couplings

@ Fermiophobic model: SM-like Yukawa and U; couplings forbidden for chiral fermions.

O Effective Yukawa and U; couplings arise from mixing between VL and chiral fermions.

@3 Ht Hc é3
JA M2 A 4 MY 4
Q3 —>———%———>»——Ur3 P S S ")
n Qra Qs & [ UR4 o
ihj=2,3
(¢3) (¢3)
Ve~ M_“Q ~1 Ye ~ W <1
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Yukawa couplings & U; couplings

@ Fermiophobic model: SM-like Yukawa and U; couplings forbidden for chiral fermions.

O Effective Yukawa and U; couplings arise from mixing between VL and chiral fermions.

0?3 Ht Hc ?3
i i i i
Q 1 M2 1 ! My !
3 —»———F———X——>»— UR3 Qi—»—+—— %1 p— Upj
Qra Qua ' Tia URa
ihj=2,3

(3) (¢3)
~ —L ~v 1 e~ —— << 1
g Ty

0 (¢3) ~ (¢3) ~ 1 TeV break 4321, then Mf ~ M} ~ 1TeV (light VL fermions!)
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@ Fermiophobic model: SM-like Yukawa and U; couplings forbidden for chiral fermions.

@ Effective Yukawa and U; couplings arise from mixing between VL and chiral fermions.

3 H: He ¢3

i i i i

0 l M2 1 ! My !

3 —»———F———X——>»— UR3 1 U
Qra Qs Q [P} URa Y
ihj=2,3
(¢3) (¢3)
Yer~r =5 ™~ 1 Ye ~ <1

M My

0 (¢3) ~ (¢3) ~ 1TeV break 4321, then M2 ~ M} ~ 1TeV (light VL fermions!)
O Extended Higgs sector not to be discussed here (but feel free to ask!)
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@ Fermiophobic model: SM-like Yukawa and U; couplings forbidden for chiral fermions.

@ Effective Yukawa and Uj couplings arise from

He

mixing between VL and chiral fermions.

He ¢3
i i
i i
A " A
) M, )
Qi —»———%——»—— UR;
Ura URs4
_ ij=2,3 _
¢3 U b1
| |
| |
A . A
" ’
| M, My |
»— —p— €R3

dia  drs CR& ELa

R {3 ()
BR g <

M4
(¢3)
o~ 1
Y My <

0 (¢3) ~ (¢3) ~ 1TeV break 4321, then M2 ~ M} ~ 1TeV (light VL fermions!)
O Extended Higgs sector not to be discussed here (but feel free to ask!)
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@ Fermiophobic model: SM-like Yukawa and U; couplings forbidden for chiral fermions.

@ Effective Yukawa and U; couplings arise from mixing between VL and chiral fermions.

3 H: Hc ¢3
‘A X | |
! M2 ! A My A
QL3 4>—‘+—>; URr3 QL[ — X URJ
Qra Qra Tiga URa
-~ ihj=2,3 -~
#3 Up b1 &3 Uy b1
| | | |
A A A . A
PoMye Mpo booMy My
Q3 —»>—— = - L3 drz —»—— —p €R3
Qra Qua Liu Qra dia  dra €R4  ELa

R o (B3) (31)
o« S OH <1

(¢3) (¢3)
ytwifw]_ yCNMZP<<1

0 (¢3) ~ (¢3) ~ 1TeV break 4321, then M2 ~ M} ~ 1TeV (light VL fermions!)
O Extended Higgs sector not to be discussed here (but feel free to ask!)
@ Predicting the flavour hierarchies naturally leads to dominantly left-handed U; couplings!
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GIM-like mechanism and FCNCs

@ If VL fermions mix themselves before they mix with chiral fermions, then large
flavour-violating U; couplings and flavour diagonal g’, Z’ couplings for chiral fermions.

Mario Fernandez Navarro Twin PS theory for new and old puzzles in B-physics and the SM



GIM-like mechanism and FCNCs

@ If VL fermions mix themselves before they mix with chiral fermions, then large
flavour-violating U; couplings and flavour diagonal g’, Z’ couplings for chiral fermions.

g, — _ _ € —Soq O Lig
E( Qu Qs Qi )| S0 o0 O Lis | U +he
0 0 1 Lis

Looks familiar? CKM-like matrix in (VL quark-lepton) flavour space.
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@ If VL fermions mix themselves before they mix with chiral fermions, then large
flavour-violating U; couplings and flavour diagonal g/, Z’ couplings for chiral fermions.

g , — _ _ Cog S0 O Lig
E( Qu Qs Qs )| seg oo O Lis | Uf+hec
0 0 1 Lis

Looks familiar? CKM-like matrix in (VL quark-lepton) flavour space.
@ Each VL family mixes with only one chiral family, i.e. we have only (3-4), (2-5) and (1-6)
VL-chiral mixing

sisSs 0 0 Lis
£ (Q Q Qi ) 0 co, 528 sy, sQsk L Uf+4h.c
V2 L1 L2 L3 ) Yu 01q>25°25 0,Q°2534 L2 1 -G
0 —sawsﬁsf5 Cewsﬁsﬁ L3

but g’, Z’ currents remain flavour diagonal, up to chiral fermion mixing (CKM and
leptons)
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@ If VL fermions mix themselves before they mix with chiral fermions, then large
flavour-violating U; couplings and flavour diagonal g/, Z’ couplings for chiral fermions.

CGLQ —SQLQ 0 LL4
ﬂ 0 ra) 0O L U*+h
ﬁ( Qu Qs Qu )| s o O L5 i +he
0 0 1 Lis

Looks familiar? CKM-like matrix in (VL quark-lepton) flavour space.
@ Each VL family mixes with only one chiral family, i.e. we have only (3-4), (2-5) and (1-6)
VL-chiral mixing

51%52% 0 Y Ly
£ ( Q Q Q, ) 0 c 529 sp, s2sk L U"+h.c
V2 L1 L2 L3 ) Vu 0.qS25525 01Q 525534 L2 1 .C.
0 —59L053452L5 Cewsﬁsﬁ Lis

but g’, Z’ currents remain flavour diagonal, up to chiral fermion mixing (CKM and
leptons)

Bor = C0,0555%s
o = Rpn o By, Bsr
Bsr = 56,4 5255354 ~ Bev,
S0,0 N 1/+/2 allows for the largest contribution to Ry
= Bbr = 1/4/2 < 1 protects from tight constraints at high-pr.
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GIM-like mechanism and FCNCs
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GIM-like mechanism and FCNCs

(516)2 0 0 o
Lo~g( Qu Qun Qup )T 0 (52%)2 0 ( Q2 )g/fu
0 0 (53‘2,)2 Qs

o If sﬁ’L = s%L = sl%l' then all tree-level FCNCs forbidden, but angles either

too small to explain anomalies or coloron production is left unsuppressed.
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GIM-like mechanism and FCNCs

(516)2 0 0 o
Lo~g( Qu Qun Qup )T 0 (52%)2 0 ( Q2 )g/f“
0 0 (53‘2,)2 Qs

o If sQ o= 52(?5 = 516 ! then all tree-level FCNCs forbidden, but angles either

too smaII to explaln anomalies or coloron production is left unsuppressed.
o If st~ st then no tree-level (1-2) FCNCs (but 2-3 FCNCs allowed!)
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(51%) ) 0 o

— — — 2
Lo~g( Qu Qun Qup )T 0 (52%) 0 Qu | &',
Q\2 Q3
0 o (s8)
QL _ QL
0 If 59" =55 = s16 L then all tree-level FCNCs forbidden, but angles either

too smaII to explaln anomalies or coloron production is left unsuppressed.
o If 52% ~ s16 L then no tree-level (1-2) FCNCs (but 2-3 FCNCs allowed!)

i,j = 2,3, p — 7 mixing predicted leading to Z’ FCNCs!
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(51%) ) 0 o

— — — 2
Lo~g( Qu Qun Qup )T 0 (52%) 0 Qu | g%,
Q\2 Q3
0 o (s8)
QL _ QL
0 If 59" =55 = s16 L then all tree-level FCNCs forbidden, but angles either

too smaII to explaln anomalies or coloron production is left unsuppressed.
o If 52% ~ s16 L then no tree-level (1-2) FCNCs (but 2-3 FCNCs allowed!)

i,j = 2,3, p — 7 mixing predicted leading to Z’ FCNCs!

o We now fix all VEVs and VL masses to explore the parameter space of

Q,L P
syt o¢ x4, and s b X5
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RK(*) and RD(*), Bs =

(uordal wS)

"
X25

0.05 /// [ Rew & Ros 2021
—
= | Rgn & Ro 2022
. 0.00
05 10 15 20 25 30 35 0.5 1.0 1.5 2.0 25 3.0
X34 Ms [TeV]

o Rp = Rp-+ predicted, Rp) o (x;ﬁl):"(x;%).

Mario Fernandez Navarro

Twin PS theory for new and old puzzles in B-physics and the SM


https://arxiv.org/abs/2208.09700

RK(*) and RD(*), Bs =

2
5
)
2
)
2

"
X25

- . g [ Reo & Ry 2021
P u | Ruw & Ron 2022
Riis“ 1o ’
05 10 15 20 25 '

30 35

15 2.0 2.5
X34

3.0
Mg [TeV]

o Rp = Rp-+ predicted, Rp) o (x;.ﬂ):"(x%).

o Contribution to Ry(.) unavoidable and correlated to Ry, but
suppressed Ry () o (xgﬁ)(x;%)?
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https://arxiv.org/abs/2208.09700

Ry and Rpe, Bs — B, mixing

My,=3 TeV

2
5
)
2
)
2

"
X25

[ Rew & Ros 2021

| Rgn & Ro 2022

15 20 25 30 35 ' 0.5 1.0 15 20 25 30
X34 Ms [TeV]

05 1.0

o Rp = Rp-+ predicted, Rp) o (x3fp4)3(x;p5).
o Contribution to Ry(.) unavoidable and correlated to Ry, but
suppressed Ry o (xig)(xs)3.

o Light VL lepton required to relax AMs, 2.80 excess at CMS searches
of a VL lepton with these features [2208.09700]
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Universal contribution to b — sl/¢

b—st¢ Global fit 20

by SL

71, Era, Eis 71, Era, Eis

03 04 05 06 07 08
o+ I *s
o LFU contribution to CY o (x4)3(x) correlated to Rp o (x&)3(xs%) and
Ry o (x;ﬂ)(xzdé)3, agreement with the latter imposes C/ ~ —0.4.
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Universal contribution to b — sl/¢

0.0,

b—st¢ Global fit 20

by SL

71, Era, Eis 71, Era, Eis

o+ ‘- *s
o LFU contribution to CY o (x4)3(x) correlated to Rp o (x&)3(xs%) and
Ryt o (x3,)(x3s)3, agreement with the latter imposes C ~ —0.4.

o Reduces the tension in b — sf¢ data, but cannot reach the values preferred
by the global fits.
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b—st¢ Global fit 20

by SL

71, Era, Eis 71, Era, Eis

o+ ‘- s
o LFU contribution to CY o (x4)3(x) correlated to Rp o (x&)3(xs%) and
Ryt o (x3,)(x3s)3, agreement with the latter imposes C ~ —0.4.

o Reduces the tension in b — sf¢ data, but cannot reach the values preferred
by the global fits.

o However, the fit to b — s¢¢ data can change in the future (hadronic
uncertainties and/or experimental numbers can shift).
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LFV processes

Belle Il (50 ab™")

323/ Vcb

o General 4321 models predict only the smaller U; signal.
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LFV processes

Belle Il (50 ab™")

SSS/ Vcb

o General 4321 models predict only the smaller U; signal.

o Z' signal is intrinsic to the twin PS model due to the u — 7 mixing
predicted: a consequence of the mechanism explaining flavour
hierarchies.
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LFV processes

Belle Il (50 ab™")

B(t->3u)

SSS/ Vcb

o General 4321 models predict only the smaller U; signal.

o Z' signal is intrinsic to the twin PS model due to the u — 7 mixing
predicted: a consequence of the mechanism explaining flavour
hierarchies.

o Signals predicted also in 7 = puy Bs — 7, B = KT, 7 — ug for

LHCb and Belle |l searches.

Twin PS theory for new and old puzzles in B-physics and the SM
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Rare decays

by i B o
. [T Reer & Roeo 2021 Uy
12 Rys & Ry 2022 ¥ Lo L
3! 05 DAM. excluded s - - s - v
8

-1 .
o1 Belle Il (50 ab™")
0-0 0.5 1.0 1.5 2.0
Mg [TeV]

_ B(B — K®up)
) ,5) — v vy)
0B(B — K™Wup) = BB = KOvb)en
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. B
. [T Reer & Roeo 2021 Uy
12 Rys & Ry 2022 ¥ Lo L
3! 05 DAM. excluded s - - s - v
8

-1 .
o1 Belle Il (50 ab™")
0.0 0.5 1.0 1.5 2.0
Mg [TeV]

_ B(B — K®up)
) ,5) — v vy)
0B(B — K™Wup) = BB = KOvb)en

o B — K™ v enhanced, all parameter space whithin the reach of Belle 1.
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Take home messages

o New (and old) puzzles still exist in B-physics and need to be addressed.
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Take home messages

o New (and old) puzzles still exist in B-physics and need to be addressed.

@ We propose a novel model building approach to connect the existing picture
of B-anomalies with the origin of SM flavour hierarchies.
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o New (and old) puzzles still exist in B-physics and need to be addressed.

@ We propose a novel model building approach to connect the existing picture
of B-anomalies with the origin of SM flavour hierarchies.

o U couplings and SM Yukawa couplings arise via mixing with VL fermions
= B-anomalies and Yukawa couplings connected via the same dynamics
= U; couples dominantly to left-handed fermions (not the case for trending
Ui models in the literature).
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o New (and old) puzzles still exist in B-physics and need to be addressed.

@ We propose a novel model building approach to connect the existing picture
of B-anomalies with the origin of SM flavour hierarchies.

o U couplings and SM Yukawa couplings arise via mixing with VL fermions
= B-anomalies and Yukawa couplings connected via the same dynamics
= U; couples dominantly to left-handed fermions (not the case for trending
Ui models in the literature).

o Testable theory of flavour (different predictions than other 4321 models):
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o New (and old) puzzles still exist in B-physics and need to be addressed.

@ We propose a novel model building approach to connect the existing picture
of B-anomalies with the origin of SM flavour hierarchies.

o U couplings and SM Yukawa couplings arise via mixing with VL fermions
= B-anomalies and Yukawa couplings connected via the same dynamics
= U; couples dominantly to left-handed fermions (not the case for trending
Ui models in the literature).

o Testable theory of flavour (different predictions than other 4321 models):

o Rp = Rp~ is predicted and correlated to LFU b — sll, Ry is
suppressed (but expect to see small deviations from 1 eventually).
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o New (and old) puzzles still exist in B-physics and need to be addressed.

@ We propose a novel model building approach to connect the existing picture
of B-anomalies with the origin of SM flavour hierarchies.

@ Ui couplings and SM Yukawa couplings arise via mixing with VL fermions
= B-anomalies and Yukawa couplings connected via the same dynamics
= U; couples dominantly to left-handed fermions (not the case for trending
Ui models in the literature).

o Testable theory of flavour (different predictions than other 4321 models):
o Rp = Rp~ is predicted and correlated to LFU b — sll, Ry is
suppressed (but expect to see small deviations from 1 eventually).

o Tree-level LFV via Z’ associated to charged lepton mixing,
B — K®uw to be tested in Belle 11, naturally light VL leptons below
TeV (and more in the paper).
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Backup: Gauge boson masses

1 4
My, = §g4\/3v12 +3vZ+ §v125,
V3 o,
Mg’: \/§ gf+g§V3,
1 /3 ) 2
MZ/=§\/; gf+§g12\/3v12+v32.

with
% 00 0
wy=| o i 0 W= 3 () =~ diag(1,1,1,~3)v
3) — 5 1) = 5 15) — —~= s 4y, L, — 15
g g 7;% _9:_ 26

V2

The choice v3 > vq leads to Mg/ = \/EMul (phenomenologically motivated).

Mario Fernandez Navarro
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Backup: Personal Higgses

H(aviv 1 47 27 1) - Hf(zl'7 3757 2/3)7 Hb(zv 3757 _1/3)7 HT(Z'7 1757 _1)v HV-r (aa 1757 0) ’

n(z7§a 1; ‘_]-, 175) - HC(47§a E, 1/3)a HS(4a§a §7 _2/3)a HN(Z7 172 O)a HVu (Za 1757 1) )
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H(4,2,1;4,2,1) — H.(4,3,2,2/3), Hy(4,3,2,-1/3), H-(4,1,2,-1), H..(4,1,2,0),
H(4,2,1;4,1,2) — Hc(4,3,2,1/3), Hs(4,3,2,-2/3), H.(4,1,2,0), H,,(4,1,2,1),

@ FCNGs in the Higgs basis? = we assume that only one pair of Higgs doublets, H,
and Hy are light, given by linear combinations of the personal Higgs,

Hy = &uHe + BuHe +FuHy, + 6uHy, , Ha = GaHy + BaHs + FaHyr + dgH,
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H(4,2,1;4,2,1) — H.(4,3,2,2/3), Hy(4,3,2,-1/3), H-(4,1,2,-1), H..(4,1,2,0),
H(4,2,1;4,1,2) — Hc(4,3,2,1/3), Hs(4,3,2,-2/3), H.(4,1,2,0), H,,(4,1,2,1),

@ FCNGs in the Higgs basis? = we assume that only one pair of Higgs doublets, H,
and Hy are light, given by linear combinations of the personal Higgs,

Hy = &uHe + BuHe +FuHy, + 6uHy, , Ha = GaHy + BaHs + FaHyr + dgH,

@ The orthogonal linear combinations are very heavy, only the light Higgs doublets
get VEVs for EW SSB, (H,) = vu, (Hdq) = va,
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H(4,2,1;4,2,1) — H(4,3,2,2/3), Hy(4,3,2,-1/3), H.(4,1,2,-1), H,_(4,1,2,0),

H(4,2,1;4,1,2) — Hc(4,3,2,1/3), Hs(4,3,2,-2/3), H.(4,1,2,0), H,,(4,1,2,1),

@ FCNGs in the Higgs basis? = we assume that only one pair of Higgs doublets, H,
and Hy are light, given by linear combinations of the personal Higgs,

Hy = &uHe + BuHe +FuHy, + 6uHy, , Ha = GaHy + BaHs + FaHyr + dgH,

@ The orthogonal linear combinations are very heavy, only the light Higgs doublets
get VEVs for EW SSB, (H,) = vu, (Hdq) = va,

o Familiar from SO(10) models, where 6 Higgs doublets arise as Hio, Hi20, Hizg, two
from each, but below the SO(10) scale only two Higgs are light. We invert the
unitary transformations

Ht:auHu+..., Hb:ade+..., H- :’ded+..., H, :’YUHU
HCIﬂL,HL,—f—..., Hszﬂde-i-..., HM:(sde-i-..., H, =56

the personal Higgses in the original basis can be thought of as gaining VEVs
(He) = ayvy = vem/V'2, etc and (Hps.7..) ~ O(GeV), (Hec) ~ vsm/V2
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4 [r— Particle Decay mode B(benchmark)
I Qsls + QsLs3 ~0.47
8 B U Qsls ~0.22
7 ' Qsls ~0.24
> 2 Qila+ Qal; ~0.07
3
= Q3Q3 ~03
8 ¢ QsQs ~03
2 ) Q4 Q5,Qs QsQs ~03
4 QiQo+Q:Qs + Q3Qs ~01
LsL, ~0.29
[ L, L sls
o LeLs ~0.29
[ i z Lsls ~027
y Q3Qs+Q5Q5 + Qs Qs ~0.09
0.5 LiLe + LoLs + LsLs ~0.06

o VL fermions with physical masses

72 J (x (o)) + (M2, it = \/ (s (o)) + (M),

with VL leptons naturally predicted below 1 TeV (excess at CMS
[2208.09700]).

Mario Fernandez Navarro Twin PS theory for new and old puzzles in B-physics and the SM


https://arxiv.org/abs/2208.09700

Backup: VL-chiral mixing

Q- 4 (93) e a4 (61) ,
(5 020)"+ (M8)" (s 00)"+ (k)"
Q- X35 (63) . k- 35 (#1) ,
V(5 o)+ (m3)° (5 o))"+ (M)’
0 X (¢3) L X6 (d1)

6 = 2 2 I 2 2’
V (e to9))"+ (v5) (xls (00))” + (M)

W2 =\ (s 09)" + (ME)", E =/ (i o))" + ()"

i€ = [ (2 69) + (s ton) + (ME)2, 1k =/ (o 00) + (s (om))* + (M)

12 =1/ (s (99)" + (M3)?, ik =/ (xis (90))" + (M)
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MY =

Mg
0
0
My
0
0

1]
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3]
o
s
el
o
¥E
»E

0
Q
Mg

0
0

L
M55

0

vr o Y5 93 Vi wE vE Ya Us e
0 0 0 o 0o 0 0 0 xio
0 0 0 yiH y¥H 0 0 X 0
0 0 0 yhH yeH 0  xLé xuéd O
0 0 y4H o0 0 o My I\_A;@ 0
0 0 y4H o0 0 0o My MY o I’
0 0 0 0 0 0 0 0o Mg
0 x5 xhe MY ML o o 0o 0
42 43 44 45
0 o & xa e ML My 0 0 0 0
60 0 0 o M o o o0
0 Mg M 0 . i -
o |=vg| M4 Mg o |V, mQ=wmy4 B0
M& o o M2
y v
0 M4L4 ,\_445 0 I _ A% (Qy5)
0 | =Vh| My Mk o |V, Wk =My -3
L AL
M66 0 0 M66
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Backup: Mass matrix, block-diagonalisation

Block-diagonalised via (effective mass matrices arise):

Vi = Vi Vis Vs Via Vis Vis.

Y Y ARV ARV ARV ARV ARV
Vipe = Vig Va5 Vs Vaq Voy Vs Vs -

’ ’ ’ ’ , . —_— — J—
Wi w5 WS wf WE U n ¥ v
¥ 0 0 0
P 0 0 0
P 0 0 0
~ ! Y
L | A oo
— ’ ~
m¥ = | o o |,
vl o o
vl 0o 0 o Wm0 0 0o o0
v o o o W o o o o0
I T 0 o M o o o
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@ Zeroes enforced by Zi:

uf, u;,/ ugl uf, ,_,5, u;l
/
Me =1 Q| o o 0 Hy+ | &l o 0 0 He) + hec.,
off Q’! 0 0 Q@ W (el Q4 0 cquc v cQs » (e
2 255 2 25524 Y24 25 3@Y24
&l 0 0 shys Gl 0 Fslivi chshn
df, d2C/ dg/ dlcl df, d?(’:l
/
Mgff: Q;| 0 0 (Hp) + Q1,| 0 0 0 0 0 . (Hs) +h.c.
Qg | o 0 523}/512 Q0 o 52% «"24 €25 53% Y24
Ql 0 0 sy Q| 0 custvia  c5shvag
elc/ ezc/ egl ef/ efl ug
e I KGR T %, O | (Hu) +he,
Ll 0 0 syy Ll o Cst e Yz;p; C2L553a yzlf;‘
/7 !
Lyl 0 0 suyh Lg| 0 cxshyyvyy  C34S5a Vs

@ CKM down alligned if
C
syl (Hp) + cs3sd, vib (Hs) = 0 = yh = (—)0(0.1 — 0.5) = 6%, ~ 0

C
oo~ —sz%|yg§)<m>+c§, §4y§ﬁ<Hc>
23 ™~

34 43

o =SBy ) ek oSy v (o) ~
953 ~ ‘ > ‘ P 4 O(Veb — 4Vep)
shavas (Hr)
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In good approximation, the mass of the top quark is given by the (3,3)
entry in Mg, i.e.

1 VsM
mt%sﬁyfﬂHﬁ 534)’430“1\/14_,[7\[

where vgy = 246 GeV and we have applied (H;) = a, vy, where

_ Vsm _ 1 VSM
\ﬁ V1 —|—tan—2 V2
as in usual 2HDM. If we consider tan 8 ~ 10 and a, ~ 1!, then we obtain

VSM

VsM _
me ~ syis— V2 \f

This choice preserves (H;) at the EW scale, larger values would break the decoupling
approximation that we have assumed during the diagonalisation of the full mass matrix.
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@ Add one VL family split across both PS groups, take advantage of scalars performing high

scale breaking, Zj still provides flavour structure

Field  SU(4)hs SU(2)L SUQ), SUMBs SUQR)! Su@Ek  z

by 1 2 1 4 1 1 1
¥y 1 2 1 I3 1 1 1
v§ 1 2 1 1 2 2 1
1.7; 1 2 1 4 2 2 1
h 1 2 1 1 1 2 a3
H' 1 1 1 4 1 2 1
H 1 1 1 I3 1 2 1
®, ' 1 2 1 1 2 1 1, a?
L L% v o7
P10 0 0 yioh 0
MY — | w2l 0 0 0 0 xho
w3l 0 0 0 0 X
vrl vk 0 0 o MY
il c ¢
95| o bl b e MY 0
’ ’ ’ /7 ’ /
L S 1 A S
—| (o e oo | @
— 1 0 0 0 ( / W C P €
Mer = | ¥il 0 o Lo g g | S () he.
il vhx 0 0 7 w0 0 7
A A 0 0 P3| 0 0 0

O VL masses splitted via Q5. Texture zero and up-alligned structure in the (1-2) CKM
sector.
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Single right-handed neutrino dominance
e & & N (H My 00

MY = & & & W ~| o M L,
¢ &1 My’

MM ~ MY ~ E2mY

Now we apply the seesaw formula:
-1 T
my = MP (Mﬂ”) (ME) .
If we neglect the off-diagonal fterms
0 0 ©0 1 a®> ab ac 1 a? A ac
my=| 0 €& e |+ ab b bc |—m+| b b2 b
0 ef f2 My ac bc c? M, ac b c?
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Backup: Rk and Rpe)

Leit D Cplyy, (5vub) (v ) + Coery (E0vubr) (Fivtvrr) + hice,

ch = & BrBsy = & CO10S010 5855 (52L5)2
b. - SpoT L L 5°34 ’
TV AL T AR
2
U 8. * 8. 2
Cbcl-ru.,- = _ﬁﬂbrﬁcur = _ﬁcﬁl_osﬁosgsﬁ (5364) y
U1 Ul
in order to fit
4G «
U F * 0.07
Cbsl/.l,y, - —\/5 th VtSE25Cﬁ7 (SC[L - —0.7t0_07,
Cl, =-2V2GrVegy,, gy, = 0.07£0.02,
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M
5(AM,) = AMs — AM; ‘ C C

AMSM 1+ CSM -1= CSM (7)

O = Gt ? 2 i) (8is) Fl ) ®)

where «, 8 = p, T, E4, Es run for all charged leptons, including the vector-like partners,
and xo = (Ma/My)?. We have generalised the loop function in [Fuentes-Martin et al,
2009.11296] to the case of more than one VL families,

Xa X

Flxasxs) = (14 222) Blxa,x0), 9)

where

1 X2 log Xa Xf.} log x3
T=x) (@ =%) " (o =x)(0=2) " (, —x5) (1-3) (10)

B(xa,x3) =
The product of couplings 5;, 8o has the fundamental property
> Blaba =0. (1)
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Backup: Perturbativity

The low-energy 4321 theory must remain perturbative until the high scale
of the twin Pati-Salam symmetry.

S

3
2
52
1 ]
92
91
035 20 45 50 55 60
Logyo(k/GeV)
3. 3.0
2.5 25
15
2.0 X8 2.0 dis
3£1.5 x5, ¥215
1.0 1.0
0.5 X5 05f 1
XL
0 = 0.0
35 40 45 50 55 60 35 40 45 50 55 60
Logio(k/GeV) Logio(p/GeV)
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Backup: Gauge bosons couplings

0 0
84 !
gauge _ 84 Q’T T 0 Coo 5,?554-5 1o 52%5364 Lj'- U +hc.,

v2 0

T50,9534%5  €0,0534534

(515)2 — (cl%)z 22 0 0
coe = B Ql e 0 (:8) - (&) f:% 0 Qs -
2
0 0 (4) - (4)" %
3(h) - () 5 0 0
e =t : OGO :
0 0 % (%’4) - (55'4)2 3%2
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Lossvw = =C07 Grvub) (e vie) » 7 = CRp + Cusm -
We parameterise corrections to the SM branching fraction as

B(B — K*up) 1 2

NP SM
— ~ Cov — Gy
B(B = KX ui)gy 3

SM
Cu v

)5 !
B(B — K\"vi) 3

We split the NP effects into Z’-mediated and U;-mediated contributions as follows
T T T
=6 27 +C -

The U contribution at NLO accuracy reads

4

TT RGE &4 * 2

QuCu+ o > (BiaBba) (Bjur)? Flxar %),
MYy o

where the second term arises from the semileptonic box diagram and the first term encodes the RGE-induced contribution from

the tree-level leptoquark-mediated operator (5, v, by ) (Tp v 7).

RGE gf
C = —0.047
v,U 2M51

Bbr BsT -

. 38 3.8 . g .
o= oz, Eosburvr |1 D om by, |+ o5 Bam Poes Gag=1(xg5> X727, xR) |
z

where xg. = (Mé‘)z/Mle, Xz = M%,/Mlzj and xg = M,Z?/Mlzj with Mg being a scale associated to the radial mode
hy(3,1,2/3) arising from ¢3 1. The loop function [Fuentes-Martin et al, 2009.11296]

G ( ) 5 +><1( 3) (I 5)
—1(x1, X2, x3) & —Xx — (x — = nx3 —— |,
AQ=1\X1, X2, X3 41 > 2 > 3 5

nandez Navarro

Mario
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Backup: Tests of universality in leptonic 7 decays

gr\ _ 9 2 2 2 2

(;)z =14 Gt (16rel — €uel) = nCu (186 * — 186 ]%) » (12)
&r 9 2 2 2 2

(;)e =1+ —Cpr (16nul? = [6uel®) = nCu (186+ 7 = 164 12) (13)

where 7 = 0.079 parameterises the running from A = 2 TeV. Due to the hierarchy in leptoquark couplings, we find
Bbr > Bpy and Bpe & 0, hence in good approximation both ratios receive the same contribution proportional to By, so we

can approximate
g7 2
( ) ~1—=nCylBprl”, (14)
8use ) ppmik

My, [TeV]

Mario Fernandez Navarro

Twin PS theory for new and old puzzles in B-physics and the SM



Backup: K; — e

The LFV process K; — pe sets a strong constraint over all models featuring a vector leptoquark
Uy with first and second family couplings,

2
TK Glf-f,%m2 myg m? 5 5
B(KL — pe) = ———F— (1—-—5 | CJ|BaeBi.| -
8 m? sk

The first family coupling B4 can be diluted via mixing with vector-like fermions, which we

parameterised via the effective parameter ¢, so that B = sl%s{-ﬁe.

0.05 0.10 050 1
€
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Backup: K, — pe (cont.)
field 2

vs, s 1,1

N !
Ve v -1, -1
X -1
Lumix = x66XP6%6 + X6 X Pgtbe + h.c. (15)
- / -
Limass = (M + A2 T1sQus)beve + (M3, + A% TisQs)Pgibg + hoc. (16)

Then for LQ couplings
& ’ Q Lt L m
Lu =7 (af Q' )V diagt, )V ( ’-Z UF +hc. 7)
If we define
Q Lt _— cos 6 sin Og
Veor Voor = ( —sinfg  cosfg ) ’ (18)
then the Q;r Lg Uy coupling receives a suppression via cos g as
Bde = 510651L6 cos O . (19)
(20)

which is identified with the suppression parameter ¢,
€ = cos bg.

Twin PS theory for new and old puzzles in B-physics and the SM

Mario Fernandez Navarro



	Motivation
	Twin Pati-Salam theory of flavour
	Phenomenology
	Conclusions

