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Flavour Problem




SM Yukawa couplings
Yij H R,

Other flavour problems related to
Lepton Flavour Universality (LFU)...
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Machine finds tantalising hints of B
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new physics 2 ———
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Actually use double ratio - see Monica talk
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Rk = 0.846 Tgg3g (stat) Too15 (syst)

3.10 departure from LFU!

Physicists have uncovered a potential flaw in a theory that explains how the R_Aaij et al. [LHCb], [arXiv:21 03.11 769]
building blocks of the Universe behave.



Possible operators for Ry, R
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b—ctv Measurements
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Possible operators for Rp, Rp+

O = (ey*Prb) (7, Prvs) O% = (ePrb) (TPrv,)
Or = (co"” Ppb) (Tou, PLv,) Of = (ePpb) (FPLv;)
SM

*New physics ?
Oy + C508 + CE0% + TOT}

HAF = 2V2G RV, |(1+ CF)

v




Possible operators for Rp, Rp+

Oy = (ey" Ppb) (7, PLv,) Og = (ePgrb) (FPLv,)
Or = (co"” Ppb) (Tou, PLv,) O% = (¢Ppb) (TPrv,)

SM <—New physics —g’
HNP — 2fGFVd, 1 + CV OL + cROE + cLOL + TOT}

. W W’ Charged Higgs




Possible operators for Rp, Rp+

O = (ey*Prb) (7, Prvs) O% = (ePrb) (TPrv,)
Or = (co"” Ppb) (Tou, PLv,) O% = (¢Ppb) (TPrv,)

SM <-New physics _c>
HNP — 2fGFvcb[ (1+ CLYOL + CEOE + CLOL + CrOy

1/

W W Charged Higgs

Leptoquarkslan Leptoquark scalar S1=(3,1,1/3)
contribute to all Leptoquark scalar S$2=(3,2,7/6)

Leptoquark scalar S3=(3,3,1/3)
Leptoquark vector Ul=(3,1,2/3)

Leptoquark vector U3=(3,3,2/3)




Possible operators for Rp, Rp+

O = (ey*Prb) (7, Prvs) O% = (ePrb) (TPrv,)
Or = (co"” Ppb) (Tou, PLv,) O% = (¢Ppb) (TPrv,)

SM <-New physics —g’
HNP — 2fGFvcb[ (1+ CLYOL + CEOE + CLOL + CrOy

A

W W Charged Higgs

Leptoquarkslan Leptoquark scalar S1=(3,1,1/3)
contribute to all Leptoquark scalar SZ—(3 2,7/6)

U/ can explain Leptoguark =(3,3,1/3)
both Rk and Ro Leptoquark vector U= =(3,1,2/3)>

Leptoquark vector U3=(3,3,2/3)




D.Buttazzo, A.Greljo, G.Isidori and D.Marzocca,
JHEP11(2017)044 [arXiv:1706.07808].

Vector Leptoquark U
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D.Buttazzo, A.Greljo, G.Isidori and D.Marzocca,
JHEP11(2017 044 [arXiv:1706.07808].

Vector Leptoquark U
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Vector Leptoqguark U from Pati-Salam

SU(4)c
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Quark-lepton
unification
“leptons are
fourth colour”



Vector Leptoquark U, from Pati-Salam

A“ Quark-lepton
SU(4)c @ unification
“leptons are

Ul t' @¢ t U1 fourth colour”

U can explain both Rk and Rp for| TeV mass



Vector Leptoquark U, from Pati-Salam

A“ Quark-lepton
SU(4)c @ unification
“leptons are
Ul " @¢ t Ul fourth colour”
SU(2), SU(2)

U can explain both Rk and Rp for| TeV mass
But TeV mass not allowed due to K1 — ue




Vector Leptoquark U, from Pati-Salam

SU(4)c

Uy

Difficult to reconcile in a
UV complete PS model
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Quark-lepton
unification
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U can explain both Rk and Rp for| TeV mass
But TeV mass not allowed due to K1 — ue




Possible UV completions  angreas criveliin

* SU(4)xSU(3)'xSU(2),%xU(1), + Vector-like fermions
L. Di Luzio, A. Greljo, M. Nardecchia, arXiv:1708.08450
* SU(4)xU(2),%SU(2); + Vector-like fermions
L. Calibbi, AC, T. Li, arXiv:1709.00692
* SU(4)xSU(4)xSU(4)
M. Bordone, C. Cornella, J. Fuentes-Martin, G. Isidori, arXiv:1712.01368
* SU(4)%xSU(2),%SU(2) including scalar LQs and
light right-handed neutrinos
J. Heeck, D. Teresi, arXiv:1808.07492
* SU(8) might even explain €’/¢
S. Matsuzaki, K. Nishiwaki and K. Yamamoto, arXiv:1806.02312

* SU(4)xSU(2),%XSU(2); in RS background
M. Blanke, AC, arXiv:1801.07256



Possible UV completions  angreas criveliin
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S.F.King, [arXiv:2106.03876]

Twin Pati-Salam

Each circle represents a gauge group

Twin PS SM 321
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S.F.King, [arXiv:2106.03876]

Twin Pati-Salam

Each circle represents a gauge group

Uy
Twin PS l 4321 SM 321
G208
high : IOW
> 21 >
>| PeV | TeV

@@

An attempt to explain the origin of fermion masses
as well as RK and RD simultaneously

(N.B. Due to time limitations we ignore first family and
neutrino masses in this talk - see paper for full model)



Field | SU(4)ps SU(2); SU2), | SU4)ss SU((2); SU2)E
Y123 1 1 1 4 2 1
(g 3 1 1 1 4 1 2

3 chiral families under second group do not couple to U



Field | SUA)Ls SUR). SUQ)L | SU@Y, SU@T SU@2)H

4th vector-like family under first group couple to U,



Field | SUA)Ls SUR). SUQ)L | SU@Y, SU@T SU@2)H

® Higgs transform under both h(1,2,2)
groups and generate the mixing




Fermion Masses

Generated by mixing with vector-like family
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Under 4321 have a personal Higgs for each mass
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4321 phenomenology

% (Qray"Lps+ H.C.)@ Vector Leptoquark



4321 phenomenology

no couplings to chiral quarks and leptons

e
% (Qrav*Lys + Hec.) Vector Leptoquark



4321 phenomenology

no couplings to chiral quarks and leptons

e
% (Qrav*Lys + Hec.) Vector Leptoquark
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4321 phenomenology

no couplings to chiral quarks and leptons

N

g—\/‘: (Qrav*Lys + Hec.) Vector Leptoquark

9;9 (QLM“TQQM LiV“T‘LQLi coloron A
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suppressed couplings to chiral quarks and leptons



4321 phenomenology

no couplings to chiral quarks and leptons
N

% (Qrav*Lys + Hec.) Vector Leptoq uark

| 9;93 (QLL{Y“TOJQIA szy'uTaQLz COIOI’OH
3

>

V3 gagy < 1 -
| QLLD/MQLAL — —LLM LWMQLZ LNMLLZ
V21 2

suppressed coupllngs to chiral quarks and leptons

Typical Benchmark TeV masses

gr = 3,93 = gs = 1, g1 = gy = 0.36. /

My =~ 14 TeV, My, ~ 1.6 TeV, My ~ 2.0 TeV



Effective Vector Leptoquark U couplings

?s U1 % Mixing generates
couplings to

La chiral quarks and
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! leptons
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Third family only
Q3" LizUi, = guQrsy“Lis Ui,

After diagonalising mass matrices — guBiaQriv"* Lra Uiy



Effective Vector Leptoquark U couplings
?s U1 % Mixing generates
couplings to
La chiral quarks and
leptons

Third family only
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After diagonalising mass matrices — guBiaQriv"* Lra Uiy
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Effective Vector Leptoquark U couplings

b3 U1 @ Mixing generates
couplings to
La chiral quarks and

leptons
Third family only

QrsV"LisUi, = guQrsy"Lis Ui,

} }
Qs MY M‘” :

Q4 Q4 L4 L4

94 $34<€b1> $34<¢3>
V2 M MY

After diagonalising mass matrices — guBiaQriv"* Lra Uiy

Too small c.f. Rp best fit value Becv, ~ 4Ve, ~ 0.16



Conclusion

Fermion mass and mixing is a great mystery of SM,
which may be related to recent B physics anomalies

Rk and Rp anomalies may be simultaneously explained by
TeV scale vector leptoquark U from Pati-Salam

Pati-Salam usually broken above PeV to avoid FCNCs so
this requires non-trivial UV completion

The twin PS model yields a TeV scale vector leptoquark
and explains fermion masses (usually not addressed)

But the predicted mass matrices do not yield large
enough couplings to explain Rp given the current data



