(g —2), IN THE GENERAL FLAVOUR CONSERVING

2HDM

Francisco J. Botella
(with F. Cornet-Gémez and M. Nebot, PRD 98, 035046 (2018) and
work in progress)

IFIC-U.Valencia & CSIC-

September 2019

F.J.B. (IFIC-U.Valencia & CSIC-) September 2019 1/33



O - 2), IN THE GENERAL FLAVOUR CONSERVING 2HDM
@ Introduction
@ The Flavour Sector of 2HDM
@ General Flavour Conservation (gFC)
@ Stability of gFC under RGE
@ Stability of gFC under RGE (Solutions)
@ Phenomenology of gFC 2HDM
@ Two anomalies (work in progress)
@ 1 and 2 loop contribution to (g — 2),
@ General Constraints
@ Results
@ Conclusions

F.J.B. (IFIC-U.Valencia & CSIC-) September 2019 2/33



Introduction |

@ It is well-known that two Higgs doublet models (2HDM) can
introduce new flavour structures in the couplings to the new scalars,
including flavour changing neutral currents (FCNC).

@ Therefore, 2HDM can introduce also diagonal lepton flavour
structures different from the charged lepton mass matrix -lepton
flavour universality violation (LFUV)-.

o We will revise 2HDM without FCNC (neither in the quark nor in the
lepton sectors) but with LFUV

@ We will study a simultaneous explanation of the electron and muon
(g —2), anomalies
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The Flavour Sector of 2HDM |
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The Flavour Sector of 2HDM ||

will be

V2

%

V) _
Ly = _QLT (MJH; + N%H,) dp — Q,
—L; (MPHy +NYH,) Ig + h.c

(MSF/;L -+ N?,F/Q) Ug

where by definition (H1)" = (0 v/v2 ), (H)" =(0 0).

Once MP— get diagonalized by rotating the fermion fields we get the
diagonal mass matrices My ,; and the new coupling Ny, that are the
"dangerous" matrices that in general can introduce FCNC. In general we
cannot simultaneously diagonalize I\/I? and N?
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General Flavour Conservation (gFC) |

The conditions to have simultaneous diagonalization of Ng, NB, N,O and
the corresponding mass matrices M9, M2, M,0 were described long ago.

In the most general 2HDM the necessary and sufficient conditions obeyed
by the quark and lepton Yukawa coupling matrices I'y, A, and I1, in order
to have gFC are that each of the following sets are abelian.

{rarg} s {rirg} sap = 12
{Batst} i {AAg} s = 1.2
(g} {ming) ap = 12

Therefore, to have a diagonal structure for the matrices Ny, N, and N, (to
have gFC)

ng 0 O n, 0 O ne 0 O
Ny = 0 ng O N, = 0 n. O N = 0 n, O
0 0 ny 0 0 m 0 0 n;
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General Flavour Conservation (gFC) Il

The conditions to be fulfilled are

[rarg,rwr}} — 0 [r;rﬁ,rgrﬁ} —0
Bubh AN = 05 [ATAg ATT,| =0
LTI, T, TT | = 0 [T, T | = o

@ There are solutions based on symmetries:

@ The well known Z> symmetry leading to Natural Flavour Conservation
(NFC) (Glashow, Weinberg, Paschos). That is the 2HDM types |,11,X
and Y.

@ Additional U(1) gauge symmetries (Ko et al., Campos et al.)

@ R. Gatto, G. Morchio, G. Sartori, F. Strocchi, R. Barbieri, W. Grimus,
G. Ecker, G. Segre, H. A. Weldonk, K. Kang, A.C. Rothman, M.
Leurer, Y. Nir, N. Seiberg, etc.
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General Flavour Conservation (gFC) Il

@ Suppression rather than forbiddance:

@ By masses: Cheng-Sher ansatz. Also A. Antaramian, L.J. Hall, A.
Rasin, S. Weinberg, Y.L. Wu, L. Wolfenstein, etc.

@ Aligned model A2HDM (Pich, Tuzén)

© By CKM and masses: Branco, Grimus, Lavoura (BGL models) and its
generalizations, also Joshipura and Rindani.
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Stability of gFC under RGE |

The Yukawa couplings evolve under RGE as (D = 167t°u (d/dp))

DIy =arl+ )

2
I=1

1 1
(T/fj,/r/ — 2A/AII’/ + rkr}‘r, + §A/A7rk + 2rlr}‘rk)

2
1 1
DAk = anBDi+ ) (T;{,A, — 2T TTA + AATA + Er,r,*Ak + 2A,A,*Ak>
/=1

2

1

DI1, = anlI, + Z (TL,H/ + HkHTH/ + 2H/H7Hk)
/=1

Tii = 3Tr (Tl + ALA ) + Tr (TLIT]) = T, = 74,
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Stability of gFC under RGE Il

The Stability conditions for gFC under RGE are
D [rarg,ryr}] - 0.D [r}rﬁ,rgrg} —0
D [AaAE,AWA}] - 0.D [A;Aﬁ,Am} —0
D [TLITLTLITE| = 0 D [I1fI,, I, | =0

The equations in the quark sector can be written in terms of a set of
equations depending on Vckp, on all the up and down quark masses and
all the new complex parameters ny, nc ng, ng, ns and np.

The equations in the lepton sector can be written in terms of the charged
lepton masses and the new complex parameters ne, n, and nr.

F.J.B. (IFIC-U.Valencia & CSIC-) September 2019 9/33



Stability of gFC under RGE (Solutions) |

In the context of the A2HDM I', =d-T'1 ; Ao = u-Aq ; II, = e-11; one
recovers two kinds of solutions:

Q@ (v —d)(1+ud)=0
This result give rise to type | or type Il 2HDM in the quark sector,
without constraint in the lepton sector (including the inert 2HDM).
By requiring in addition the non running of d, u and e one gets the
2HDM type II1,X and Y (Ferreira, Lavoura and Silva).

Q@ AAITy = AT, TiTIA; = A
If to this second solution we impose Yukawa structures which are, in
leading order, in agreement with the observed pattern of quark masses
and mixing we are lead to the democratic mass solution giving rise to
an additional quark alignment among the up and the down sectors

111 1 11
AM=c, | 1 1 1 andl'i=¢s| 1 1 1
111 1 11
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Stability of gFC under RGE (Solutions) I

@ Still looking at solution 1, a not so known result is the fact that in
A2HDM II, = e-I1; is stable under RGE:
Alignment in the charge leptonic sector is stable under RGE. The
absence of right-handed neutrinos and the corresponding Yukawa
coupling prevents any misalignment in the charged lepton sector. This
results suggests to perform fits with 2HDM type | or Il in the quark
sector but aligned in the leptonic one.

@ gFC in the leptonic sector is stable under RGE. This suggests to
perform fits with 2HDM type | or Il but with a gFC leptonic sector.
That means to use with type | or Il in the quark sector, the following
leptonic sector (stable under RGE)

ne 0 O
N/ = 0 ny 0
0 0 n;

© There are still other three solutions with Vi pippo instead of Vexy
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Phenomenology of gFC 2HDM |
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Phenomenology of gFC 2HDM I

thf = —hf (a,c + ibf’)/S) f
ar = o = ar = > (Sﬁamf + cﬁanf>
i
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Phenomenology of gFC 2HDM ||
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Two anomalies (work in progress) |

We are going to consider the two anomalies

a5 ~ (2.7+0.9)-107° : 627" ~ —(8.7£3.6) 107"
2 Ao~ —16
day = KA Ki =g (%) Aey ~1

In two general models:
2HDM type | (quark sector) and gFC in the lepton sector

ne 0 O
Ny =cotpMy ; N, =cotpM, ; N, = 0 n, O
0 0 n;

2HDM type Il (quark sector) and gFC in the lepton sector

ne 0 O
Ny = —tanpMy ; N, =cotpM, ; N, = 0 n O
0 0 n;
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Two anomalies (work in progress) I

The complete model - in the quark type | or Il framework- has a Z,
symmetric Higgs potential with a soft breaking term.

Vo= 3010 + 12,050, — my (0@, + Dl )
2
+ [A5 (cb{@z) + h.c.] + 21 (q>{q>1> (cpgopz)

120, (@{@z) (cp;fq)l) + A (¢I®1)2 + A (d>$<1>2)2
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1 and 2 loop contribution to (g-2) |

The 1 loop contribution is (n; = Re n; + i Im n;) with Im n; = 0 and
Ren = nf

H® 4°
i
S S R = e
! ;-
2 ( by ha—3 2
baf (H+A+H") = K (nf) (1 — 3 _
M2 M 3ME.
7 mi\?  hes ~ 24.6 —29.2
hs =~ ——=—In{—| ;
6 Ms) ' hys ~13.9—185
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1 and 2 loop contribution to (g-2) Il

The 2 loop contributions consider here are given by
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1 and 2 loop contribution to (g-2) Il

5 20 nf
saj = K |= )~ )F (B tbTHA) ;F=F+AF
7T my
cot nk
F' = 3[3 [4 (fi + gta) + (forr — gba)] + (n;) (fr — &ra)
cot nk
=L — 3‘5 [4(ftH —I—gtA)—tanzﬁ(fbH—gbA)] + (n:’r> (fTH_gTA)
T
n! n!
AF, = 2 TN (Fa—
/ <n;?> <mT>(TA gTH)
o - O ——
m2 / ////
frs = f (42 ‘ -
my |
8 = & (M§> / /
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1 and 2 loop contribution to (g-2) IV
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Our approach to understand both da. and da;, will be the following (in the
limit of nj = n;Q, that is n; =0)
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1 and 2 loop contribution to (g-2) V

@ Ja. will be explained by the 2 loop contribution with nf ~ few GeV

@ day, will be explained, mainly, by the 2 loop contribution, in fact it is
trivial to see the scaling of the 2 loop formula .

R
Jae  meng

- R
day  myny
what gives rise to the following constraint

R _ 15.11\ R
m, = — (15.1177%¢") n¢

For the muon we will have some contribution from 1 loop in regions
of the parameter space with large tan 3, nf large and light My.
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General Constraints |

@ Scalar sector: boundness, perturbative unitarity and oblique
parameters.

@ Production xdecay signal strengths of the 125 GeV Higgs-like scalar h
and other properties. Because we need nf >> m, and n;f >>my,
we get important constraint on the mixing among h and the other
scalars (in fact we are near to the alignment limit).

@ We impose the constraints related to Lepton Flavour Universality
(LFU): I — I'viyy (including right-handed currents)

U 2 WV, T — e Ve, KT o vy, KT — e Ve, T —
T Ve, T. — K Vs

@ Flavour constraints: the charged Higgs contribution to meson mixing

and to b — s7.

e Constraints on ete™ — [T/~ from LEP up to 200 GeV
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General Constraints Il

@ The (g — 2) for the electron and muon and when we allowed, in full
generality, nj = n* + in| (with n!  0) we also impose the leptons
edm. In general we use |n;| < 100GeV.

@ Searches of dilepton resonances.
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Results I

@ In the context of type | and type Il in the quarks sector with SB in

the Higgs potential we get
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Results IlI

@ The previous correlation plots in Re (ny) — Re (ne) correspond to the
following Re (ne) — tan B regions

Type | Type 1T
»

—== No LHC

Re(n,) (GeV)

Re(n) (GeV)

tan 3 tan 4
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Results 1V

@ And to the following Re (n,) — tan f regions

Typel Type I

—== No LH¢ —== No LHC

z z \
o o
— -5 — - \
z z |
1
,, |
- R
o 0 m R T M W
tan (3 tan 3
. 0
0 »
o o
-
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Results V

@ Looking at the My+ — tan B correlations it is clear that the region
with large tan 8 has light charged Higgs

Type Type II
25 . 25 .
--= No LIC -== No LHC
20 1 20
= st st ]
< <
= =
= =
+ -
T T
g Lo - S 10f - g
0.5 k g R 0.5 8
0 L L 0 I L
10! 1 10 102 10! 1 10 10?
tan 3 tan 4
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Results VI

@ And looking at the scalar masses regions we see that the large tan 8
region corresponds to light scalars with the allowed channels A — HZ
and H* — HW*
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Results VII
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Results VIII

@ Re (n;) has its role also in the light Higgs-large tan B region.
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Results IX

@ Once we include dilepton resonance searches there are no
solutions in the Z, symmetric case. The absence of mj> does not
allow neither large tan B neither heavy (> 1TeV) scalars. And this
fact diminishes the possibilities of evading the dilepton resonance
searches.
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Conclusions |

@ In the context of the gFC 2HDM in the simplified version of having
type | or Il for the quark sector we can explain simultaneously both
the electron and muon g — 2 anomalies.

@ This explanation is possible provided one introduces a soft breaking
term in the Z, invariant Higgs potential.

@ In the type Il the solution comes from the 2 loop diagrams. Heavy
Higgs bosons 1 TeV < Ms <2 TeV, tan ~ 1 and nf ~ —15nf
with nf € (2,8) GeV.

@ In type | there is a solution similar to the previous one. But there is
an additional solution with light scalars - and having also 1 loop
contribution to the muon g — 2- verifying: Ms ~ My+ € (400, 950)
GeV, My > My, 10 S tan B < 100 and 230 GeV S My < 390 GeV.
Having A — HZ and H* — HW™ as dominant channels
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