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Outline

» introduction
- flavour symmetry of the SM
- Yukawas as matrix-valued fields

- quest for a renormalisable setup

» Pati-Salam realisation
- extra heavy fermions
. anomalies

- non-standard coupling of gauge bosons to matter
» quark flavour phenomenology

» lepton sector (preliminary)
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Flavour symmetry of the standard model

without Yukawas

- only “kinetic” terms for quarks and leptons
Ei ,D,uf)/'u Y (Z — 17273)

- invariant under global unitary transformations in flavour space

GF — U<3)QL X U(B)UR X U(B)DR X U(B)LL X U(B)ER

add Yukawas as matrix-valued fields

- Yukawas transform as bi-triplets of G
eg. +HQ,Y,Up — Y,~(3,31,11)

- standard model Yukawa matrices given by the VEV
e.g  Yu = =+ (Yu)
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Idea of Grinstein, Redi and Villadoro (2010)

- Yukawa terms non-renormalisable
e.g. %H@L Y. Ur
- UV completion requires new particles

(H) (5)

M
X Ur

Qr
2R 27

(S) encodes flavour structure of Yukawa matrices
- spontaneous breaking of G yields massless Goldstone modes ...
... unless flavour symmetry is gauged
- constraints from gauge anomalies

- phenomenology of extra fermions, scalars and flavour gauge bosons
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Implementation in Pati-Salam

- unify all left- /right-chiral SM fermions in PS representations qr,/qr
- only two independent “kinetic” terms for the SM fermions
GF — U(g)[ X U(S)]]

- assumption: scalar sector violates U (1) symmetries explicitly

7

[§U(4)><SU(2)><SU(2)’ X §U(3)IXSU(3)1£} X o

Pati—Salam flavour

- Z9 realises left-right symmetry

7, = (3%2,1)3,1) < gr=(4,1,2)(1,3)

- more generally

Z =~ e
Q= (we, w, W)(wr, wry) <<= Q= (0., &, w) (@, 0r)
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Origin of SM Yukawas

(H) (S +1")
SU(3); E E SUB)
| | M
qr : : X qr
2R DT
|z
=, =,
dRr i | yas qr,
: : M
SUB3) i | | SU3)i
(H) (S+T)
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Pati-Salam field content

SU(4) x SU(2) x SU?2)"  SU(3); x SU3);r VEV

qr (4,2,1) (3.,1) —
qr (4,1, 2) (1, 3) —
H (1,2, 2) (1,1) Vu,,Vd
3r (4,1, 2) (1, 3) -
YR (4,1, 2) (3,1) —
=) (4,2,1) (1, 3) -
Zr (4,2,1) (3,1) —
T (1,3,1) (3, 3) 0
T (1,1, 3) (3, 3) +t' M
S (1,1,1) (3, 3) s M

» [SU(3);]° and [SU(3);7]° anomalies do not vanish
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Eixtention to generate Majorana neutrinos

SU(4) x SU(2) x SU(2)  SU3); x SU@3)r1 VEV

Or (17171) (378> -
@R (17171) (87 3> -
S, (1,1,1) (6,1) sy,
S (1,1,1) (1, 6) s A,
o (4,2,1) (8,1) 0

@’ (4,1, 2) (1,8) P Ay

. fermions ©, and ©p compensate [SU(3);]° and [SU(3);;]° anomalies
. Majorana mass term for ©y, from (S,) [and for O from (S5’)]
(®’) projects out SM neutral component of Xz ~ (4,1,2)

- X', couples to O, as well as g7 — light Majorana neutrinos
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Mass scales and approximate seesaw relation

10* GeV 1019 GeV 1018 GeV

M S T A,  Mpsg Ay ~ Mgpsy

— flavour gauge bosons decouple (Mgeesaw < Ay < Mplanck)

(mass of ¥ p and =Zp. g) ~ (S,T') > M ~ TeV scale
- effective Yukawas from integrating out Xy r and Z g

1 +1 N 1 +1
Yu = s+t s Jd =\ T g

- Yukawa matrices inversely proportional to s = % and t' = %
- multiple solutions for s, t’: 1 (3) generation(s) — 2 (8) solutions

- not sufficiently accurate for third generation, e.g. y; ~ 1
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Full fermion mass matrices

. collect all mass terms in a 9 x 9 matrix

EL = (glléaiLaEL) \Ijl}% = (qy%a qusiaEl}L%)
0 1A, 1
— MY = 1 s+t 0| M

1 \e, 0 S

: : : h?
- diagonalise to second order in €, = <7“>

- define 3 x 3 matrices ay, by, Cy, dy, €4, f which depend on s and ¢/

Qo €y bueu 0 Ay €u 0 0
MY = 0 & O0|M — 0 é O0|M — MY
Cu€u Au€u f 0 0 f

- apply 9 X 9 basis transformation to kinetic terms
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Non-trivial kinetic terms

vy Vg
7, XL Zi qr 2R =R
SU(2) 2 1 2 1 1 2
sU2) 1 2 1 2 2 1
Y C ¥y SU(2) SU(2)"| .
does not couple to gauge bosons but to instead
ZEr C Vg SU(2) SU(2)
T 0 O 0 0 O
/CL(O 0 O) /CR(O 0 O)
0 0 1 0 0 1
—
0 0 O 1 0 O
lq;—(o 1 0) /q%—(o 1 o)
0O 0 O 0 0 O
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Non-standard couplings in Ly,

- focus on SM fermions, i.e. the light d.o.f. ¢ » (mass basis denoted by ')

Liin D % a5t (Verm — AVCKM)W qf + j—Qﬁ UCKMW+QR + h.c.
+ LW_’ ((T3 —3%‘/@6) 1 —AgzanL 73)Zq2
2T =S Qe+ A, ) 2 dh

. with 3 x 3 diagonalisation V, a, Ul = a, and V,a, Ul = a,

Vekm = Vi VdJr
AVeru = 3 Vi (buea bl +baeg” bl éd) V)
Uckm = U, ch_2 Cd U;r €Eu€d
Agzz,q, = Vbe ?b Ve
Agzgne, = U T feUt €
all non-standard contributions suppressed by € = <?{22
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Quark flavour phenomenology
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Coupling of right-handed quarks to W=

existence of 'right-handed’ mixing Ucky modifies extraction of Vokwu
in SM: tension between inclusive and exclusive determination of |V,

inclusive B meson decays o< |Vyp|? + [Uyp|?  Crivellin (2010)
Buras, Gemmler, Isidori (2011)

exclusive B meson decays o< |Vyp &= Upp|? Crivellin, Pokorski (2015)

0.006

Re( Uyp / Vip ) Re( Uoy / Veo )
excl. channels: B — wlv (red) excl. channels: B — D*lv (red)
B — plv (yellow) B — Dlv (yellow)

B — Tv (green)

tension unresolved — scan compatible with all measurements
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Anomalous Z coupling

largest effect for top quark coupling (Ag,3:,/9,7 ~ few percent)
Z decay to top quarks kinematically forbidden

focus on anomalous Z coupling to bottom quarks

log | A9115,_ b |
IS
log | Agzp, p, |

1 3 5 7 9 1 13 15
log | Agzp,p | tan 8

LEP2 measurement I'(Z — bb) ~ 375.87 £ 0.17 MeV

for sizable anomalous couplings |Ag,z , |~ [Agyz ., | < 6.8 X 10—
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Lepton sector



Non-standard couplings of leptons

- yp #yq — additional scalar fields S5 and Tl(g) in adjoint of SU(4)

- seesaw formula provides good approximation for charged leptons

. treat left-handed neutrinos in massless limit

- neutral and charged currents take the form

Lin D Zl((-3—shQ)1+300,, )20
+ %ZR( — sy QA — %AgzzRgR>Z€R

T % VL (11 - AgWFLKL) W—i_gL + he

1 _\/iMe 1 \/iMe 1 f 9 9

38977,0, = 2| A\vg T ][ A Vg to| N = Agwme
1r _1tr _

289zt00, = 3| 1} [Sl 1} Ve
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i — ey versus u — e conversion (preliminary)

i D e D D e e

1076 - 5 M=1TeV -y
107 - | L
_107F 5 E
2102 | >
= B . 1 MR T G T Uty D, el i adary . . A
= 107 g —!
P e 6] o ]
Sl 1 i L
10_185— i L
10_20 E_ . 3 5 foe Tl 1 : Ir'i; | | : | ;?:‘U;H - _g

B 1 |||l|J .l |||lIJ 1 IilllJ e .I I-HIIIJ. '-";‘-:'"I#IIIIIJ 1 |||IIJ 1 |||IIJ 1 |||IIJ i

10720 10-18 1071 1074 10712 10710 108 10°°
Br(Nu—Ne)
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Conclusions

» renormalisable Pati-Salam with gauged flavour symmetry
» anomaly free extension of fermion sector
» Yukawas inversely proportional to VEVs of S and 1"

» quark sector
- non-unitary CKM matrix
- coupling of right-handed quarks to W boson

- anomalous Z coupling

» lepton sector (preliminary)
- 1 — e~y probably too small to be observed at MEG II

- — e conversion should be seen
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Backup slides



Mass scales in Yukawa Lagrangian

EYUk - ‘C(\](uk + ‘Cgfuk
‘C(\Z(uk = )\GLHER—I—SL(KSS—I—KLTT/)ER—I—MSLQR + h.c.

—I—)\ELHQR—I—EL (Iiss—l—liTT) =r+ Mg, =r +h.c.

,Cﬁyf—uk ~ @L (I)/ER—I—%@L SV@L + h.c.
—I—EL(I)@R ‘I‘%@R S,y@R + h.c.
—I—@LS]L ©®r + h.c.

10* GeV 1019 GeV 1018 GeV
I I I

I I I
M S, T A, Mps A, ~ Msppy

— flavour gauge bosons decouple (Mgeesaw < Ay < Mpianck)



Integrating out heavy fermions

- consider charged fermion sector first — LI, |
(mass of X1, p and ZEp r) ~ (S, 7') > M ~ TeV scale

- integrating out X r and Zr g gives

1 1 1 1
7eﬁ_ 0 =u d
‘C%I(uk__)\huQL[ —I—t’+ ]qR—)\hqu [s—t’+§]qR + h.c.
1 1 1 1
ug_)\ — 2—)\ —
Y [S+t/+S] v [S—t/+S]

- Yukawa matrices inversely proportional to VEVs of S and T’

- multiple solutions for s, t': 1 (3) generation(s) — 2 (8) solutions

. seesaw-type approximation requires (’15}\2&, “Tﬁ />> = (s, ') >1

- not sufficiently accurate for third generation, e.g. y; ~ 1



Coupling of gauge bosons to matter

- flavour gauge bosons extremely heavy — ignore

- Pati-Salam gauge group contains SM gauge group

- SU(4) breaking to SU(3). x U(1)p_r, at high scale My
. 6 of 15 SU(4) gauge bosons decouple — ignore

- 8 gluons are flavour blind — ignore

- consider only gauge bosons of | SU(2) x SU(2) x U(1)p_r

- in original flavour basis we have

L D U, (gW?F) o0, + T, (gl/)_{/f’) KrW s,
+ VU (QV%’F) KW, + Vg (QV%’F) Kr¥g

1

/1 = _ =
+ Vv, (5 gB—LQB—LBB—L) U, + ¥y (5 gB—LQB—LBB—L) vn



Separating heavy from light gauge bosons

- SU(2) x U(1)p_y, breaking to U(1)y at high scale M)%(

PP W'=, 7" (massive)
W wW= W= Bp_r —
By  (massless)
. mixing of W'3 and Bp_, described by Sw 9Sw = 9B—LCw = gv]

- SU(2) x U(1)y breaking to U(1)ey at electroweak scale

W*, Z (massive @ew scale)

W W W°, By —

A (massless)
. mixing of W? and By described by sy [gsw = gyew = €]
- two-step mixing

BB—L — C%/V (CwA—SWz) — S%/V Z/
wW's = sw (ewA —swZ) + cw 2’
W3 = swA+cewZ



Non-standard couplings in Ly,

. drop heavy gauge bosons W'* and Z’

- formulate Ly;, with gauge bosons of broken phase

Liin D % EZ Kr W+\I/% + % EEKR W—F\If% + h.c.

\¥}

+ % \IJL((T3 —S%V-Qe)]l —/C}J7'3>Z\IJL

b T - Qi kar) 2,
+e(U, Qe AV, + UpQ. AV L)
- K matrices indicate non-standard couplings

- for qr, g C ¥ g such contributions vanish [y — 1 and Kg, £} — 0]

- HOWEVER, still need to go to mass basis

- this fills in zeros in upper-left block (corresponding to the light d.o.f.)



Non-standard Higgs coupling

non-vanishing correction at O(e>)

3

diagonalisation of 9 X 9 matrices M up to second order in €

€
./\/l3><3 = aeM — —

5 |
divide by e M = (h") to obtain effective Yukawa

62
= a
h

a-c"f2¢c + bée b -a
yeﬂ?

}M

Bl [a,ochA'_2c + be 2b! oa]
K K K K K
| | | | |
| | | | |
< < I < I < <% I <% I < I <t
qL qr =7 qr qL YR qL
not aligned with Higgs-fermion-fermion coupling
2
€ A
e = a4 — 3— [
Inys 5

a-c' f72¢ + bé2b - q



Scanning the parameter space

- choose tan g € [1, 15], A€ [1.5, 3], M € [750, 2000] GeV

- s and t’ from quark Yukawas by inverting (approximate) seesaw formula
— input quark masses/mixing chosen within 'unphysical’ intervals

— given pair (¥, , yq) results in 8 solutions for pair (s, t')

. insert (tan B, A\, M, s, t') into full 9 x 9 mass matrices M*¢
. diagonalise M*4

- deduce SM-like Yukawa parameters for 3 light generations

- compare to experimentally allowed 30 ranges

» (O(30000) viable points generated

1

» non-SM flavour effects < 37z (decoupling for M — oo)




Masses of new heavy quarks (o< M

first solution i T A

t" (black) 100, | :
b' (blue) L

t" b’ (green)

second solution

b’ (blue) 100
t", b (green) ”
" (black) 10




Anomalous Higgs coupling

consider Higgs-top-top coupling
_ Inz _ gy Yu

Thet = (tht)SM — \/§mt

deviations of the order of a few percent for low M

0.99- 0.99 -

0.98 0.98-

Yhtt
Yhtt

0.97 0.97

G :
AT

0.96 096 .

095 0.95}

1. 15 2. 25 0.98 0.985 0.99 0.995
M | Vinl

second solution features correlation of v,3, with |[Vi|

reduction of associated Higgs production gg — tth (where t — bW ™)



Charged lepton Yukawa couplings

- Pati-Salam relation y, = y4 only a first approximation

. need extension of some sort

so far: scalars S and T'") singlets under SU (4)
now: additionally introduce S5 and Tl(g) in the adjoint of SU(4)

- VEVs in SU(3). conserving direction Diag(1,1,1 , —3)
——  —~~

quarks lepton

quarks : S — Sqg = S1+ 515 th — t, = 1+t
leptons : s — 8§ = 81— 35815 t = ) =t — 3t

- independent linear combinations for quarks and leptons

- flavour structure of quarks and leptons decouples



Diagonalising the charged lepton mass matrix

- analogous to down-type quark sector (s,t’ — s;,1))
0 TXxeg 1
M- = 1 st 0|M
1 Aey 0 Si
. seesaw formula provides good approximation
tanff <15 — s~ 210> 1
- replace s; — t; in favour of y, via seesaw relation

1 1
Yo =~ —)\[ +—]
s, —t s

- choose basis with diagonal y, = 1,

. input parameters: M?* (exp.), tanB, N\, M aswell as s, = V] 3 U,

S

- lepton masses automatically correct



Light neutrinos

integrating out ©r, g in L5, , generates Majorana mass for X7

7 =vT =vT —_
\IjMaj — (qllj; 721; y =L 7Q}V27211/%7:'%)
( 0 0 0 0 1 )e, ]1\
0 0 0 1 s+t 0
0 0 0 1 )e, 0 S]
— Maj __
M 0 1 1 \e,, 0 0 0
e, (si+t)T 0 0 Y 0
1 0 st 0 0 0 )

consider limit €, — 0
¢7 no mass eigenstate due to mixing term g7 =’
v =V —

- rotate g7 =% Into Z; =%

no further mixing with heavy partners allowed
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i — ey versus i — eee (preliminary)
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