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' Motivation: (g — 2).,,

“Anomalies” in the anomalous magnetic moments of y and e
Exp — Exp _ SM _ =9
6a, P =a, —a;" = +(2.5+£0.6) x 10

Muon g — 2 collaboration, Phys. Rev. Lett. 126 (2021) 14
SaPxPCs = Bxp.Cs _ ¢SM — (87 4 3.6) x 10713
Parker et al. Science (2018) 360:191, o from '33Cs recoil

Also

5(1];)([),[{}) = azlxp,l{b _ agl\rl _ +(48 + 30) % 10713
Morel et al. Nature (2020) 588:61, a from 5"Rb recoil

N.B. ay = (gg - 2)/2

Vertex /(A" >?tw AH — TH = W“Fl(q2)+ia2mé Fy(q%), ar = F»(0)




' Motivation: (g — 2).,
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% Serious obstacle for many New Physics solutions




' Motivation: (g — 2).,,

m If the origin of both anomalies is beyond SM, some sort of
effective decoupling between e and p should be in place
m 2 Higgs Doublets Models (2HDMs) incorporate new flavour
structures that can implement that property but
m not in symmetry-shaped 2HDMs of types I, I, X, Y

(new couplings proportional to masses)
m not in “aligned 2HDMSs” (proportionality to masses again)
m maybe in general flavour conserving 2HDMs (gFC-2HDMs)! #




' 2HDMs

m In 2HDMSs the Yukawa sector is
70 70 -~ ~
L= -0 (<I>1Yd1 n <I>2Yd2) 4 - Q0 (<1>1Yu1 + ®2Yu2> u%
- (@11@ + @2n2) 0+ He.

N.B. &)j = 102®7, neutrinos are massless
m Going to the Higgs and fermion mass bases

V2 - V2 o (- -
Ly = _TQL (HlMd —+ HgNd) dR—TQL (HlMu + HQNu) UR
2 _
_ %LL (HiM, + HaNy) £g + Hc.
where

m M, are the diagonal fermion mass matrices
m N; are the new flavour structures
(the ones that may explain the anomalies!)




' 2HDMs

Higgs basis

m Expansion around vacuum appropriate for electroweak symmetry

breaking
* i0;
10 . L)O eI 0
O = e oapliin |, (@) = —27 ( >
’ (pﬁn ! v2 \1

m Higgs basis, cg = cosf = &

v’sﬁzsmﬂz%,tﬁztan,@

H1 e—i91(I) ) cs ss . .
<H2) = R,B (e_i92@;> 5 with R,B = ( , R,B — RB

S B

<H1>=\%(?), (Hy) = (8) SN S S S




' 2HDMs

m Higgs basis

G+ HT
Hy = | yym194ic° |, He= | poyiro
V2 V2

m would-be Goldstone bosons G°, G*
m physical charged scalar HT
m neutral scalars {H O RO T 0}, not the mass eigenstates




' The I-g¢FC and II-g¢FC models

Finally
m Model I-g/FC is defined by

N, = tglMu, Ny, = tglMd, Ny = diag(ne, ny, nr)

The couplings N,,, Ny are the same as in 2HDMs of types I or X
m Model II-g/FC is defined by

N, = t;lMu, Ng = —tgMg, Ny = diag(ne,n,,n;)

The couplings N,,, Ny are the same as in 2HDMs of types Il or Y
m Ny is diagonal, arbitrary and one loop RGE stable

m Effective decoupling among new e and y couplings required for
the g — 2 anomalies <+ independence of n. and n,,




' The I-g¢FC and II-g¢FC models

Completing the scalar sector
m since the quark sector is a type I or type II 2HDM, adopt a Z,
symmetric scalar potential

V((I)p <I>2) = N%1®1®1+N%2¢;¢2+(H%2®J{®2 + H,c,)+)\1(¢~I¢~1)2+/\2(<1>$<1>2)2
+ 220(0[P)(P1®,) + 204(@]@,)(@],) + (As(P[®,)” + Hoc.)

w3y # 0 = softly broken Z, symmetry
m Mass matrix of the neutral scalars M3, diagonalised by a 3 x 3
real orthogonal matrix R

RT MER = diag(mi,m%,m3), R '=RT

m Physical neutral scalars {h, H, A}:




' The I-g¢FC and II-g¢FC models

m Further simplifications

the new Yukawa couplings are real, Im (ng) = 0
there is no CP violation in the scalar sector,

Sap  —Cap O _ _
R = Cap Sap 0 ) {ED‘B ; (s::)I;((Z _ g;
0 0 1 o=
o — Z: mixing angle in {p;,n;} — {G° h,H,A}

m h,H are scalars and A pseudoscalar
m h is assumed to be the 125 GeV SM-like Higgs




I Motivation: the 7 hint

m We have 3 new couplings ne, n,, nr,
and 2 “New Physics observations”, da., da,,

m ...is there some other “New Physics hint” for the 77 YES

10 g

ATLAS (s=13 TeV, 139 fb”

¢ — 11, 95% C.L. limits
gluon-gluon fusion
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ATLAS collaboration, Phys. Rev. Lett. 125 (2020) 051801, 2002.12223




' Ingredients

m New contributions to day at one loop and at two loops (Barr-Zee)




I' The new contributions to day

Two types of solutions

% “Solution [A]/heavy”: scalars with masses in the 1-2 TeV range,
tg ~ 1, and (g — 2).,, anomalies produced by two loop Barr-Zee
contributions.

Re (n.) in the few GeV range, Re (n,) ~ —15Re (n.)
Solution a priori present in both I-gfFC and I1-g¢FC

% “Solution [B]/light”: tg > 1, lighter H, my € [200;400] GeV, and
a heavier A. da. is obtained with two loop contributions while
da,, is one loop controlled. Contrary to solution [A], there is no
linear relation among Re (n,) and Re (n.), and in fact both signs
of Re (n,) can work.

+ “Intermediate regions”

? Impact of the [pplger — S — 7T excess
N.B. Solution [B] available in the I-g¢FC model, but not in II-g/FC.




' Constraints for full numerical analysis

Shopping list
m (5(15’(1) constraints
[pplger — S — TT excess
Scalar sector
Fermion sector
Higgs signal strengths
H* mediated contributions
m Lepton flavour universality
mb— s, B((ILBS mixing
ete™ = utp~, 777" at LEP
LHC searches
m searches of dilepton resonances: o(pp — S)(ggr] X Br (S — £147),
S=H,Aand { = pu,t
m searches of charged scalars: o(pp — Hitb) x Br (Hi — f)7
f=T1v,tb
m CDF W mass shift (optional)




' Results, model I-g/FC — without 77 excess
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' Results, model I-g/FC — without 77 excess
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' Results, model I-g/FC — without 77 excess
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' Results, model I-g/FC — with 77 excess
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' Results, model I-g/FC — with 77 excess
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' Results, model I-g/FC — with 77 excess
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' Results,

model I-g/FC —

with 77
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I Conclusions — Part I

m General 2HDMs without SFCNC in the lepton sector are a
robust framework (stable under RGE)

Lepton flavour universality is broken beyond o mass
Two models, I-g/FC & II-g/FC, to address the da, anomalies
Quark & scalar sector as type I, Il 2HDMs, with softly broken Zo

olutions in agreement with constraints without 77 excess
Solut g t with t t thout
“Heavy”, present in both models
m new scalars have masses in the 1-2.5 TeV range,
m v ~ vz,
® both day from two loop Barr-Zee contributions
“Light”, present in I-g¢FC, not in II-g¢FC
B new scalars have masses below 1 TeV,

B v K V2,
® dae from two loop Barr-Zee contributions, da, from one loop

“Intermediate” regions




I Conclusions — Part I

m Including [pp|ger — S — 77 excess
m obtained with H, or A, or both (two # excesses within the region)
m selects the “Intermediate”-“Light” region
m only model I-g¢FC can do the work
m Involved numerical analysis (subtleties & unexpected regions)
m Gluon-gluon fusion production of scalar vs pseudoscalar
m Role of A - HZ
m 7 loop in Barr-Zee contributions
m Extra balls
m Role of different §aZ*P values
m CDF Myw through AS and AT
= (9—2)r
m Example points




I Motivation

m In the context of 2HDM, a model with

m CP invariant lagrangian, in particular real Yukawa coupling
matrices,

m spontaneous CP violation producing sourcing all CP violation,
hfill including a realistic CP violating CKM matrix,

m controlled SFCNC, if absent, CKM is not CP violating

MN, F.J. Botella & G.C. Branco
= arXiv:1808.00493, EPJC79 (2019)



https://inspirehep.net/literature/1684779

I Motivation

The “CP conserving mixing” argument
Flavour conservation means that the matrices M(? and Ng , q=u,d,
are simultaneously bidiagonalized. This is equivalent to Yl(Q) and YQ(Q)
being bidiagonalized simulaneously. Yl(q) and YQ(q) are real, and thus
the bidiagonalization is achieved with real orthogonal matrices,
ol Yj(Q) O, = diag(yﬁ),y](g), y§g)), yﬁ) € R, implying that
M, = O(ITLM(‘I) O,, and N, = OgLN(‘I) O, are diagonal. Then, the
CKM matriz is V = Ry OEL O,, Rp with Ry, Rp diagonal rephasing
matrices, which can be absorbed in a redefinition of the fields: the
CKM matriz is thus essentially real, not CP violating.

G.C. Branco = PRL44 (1980)



https://inspirehep.net/literature/143906

I Motivation

The “CP conserving mixing” argument is convincing but it has a
loophole: even if Yl(q) and Yz(q) are real,
m they can have complex eigenvalues and in that case they are not

necessarily bidiagonalised simultaneously with real orthogonal
matrices

Counterexample
G. Ecker, W. Grimus & H. Neufeld, = PLB194 (1987)
Complex conjugate eigenvalues and mixing moduli relations
M. Gronau, A. Kfir, G. Ecker, W. Grimus & H. Neufeld,
e PRD37 (1988)



https://inspirehep.net/literature/22055
https://inspirehep.net/literature/246430

I Counterexample

m Model with 2HDM and 4 generations “out of the blue”

G. Ecker, W. Grimus & H. Neufeld, = PLB194 (1987)
Yukawa matrices

W0 0 0
()
d d u N
- dlag(y]1)ayj(2)7yj(3)’1/3(4)) Y( ) OT O y]2 0 0

0 0 aj bj
0 0 —bj aj

with real Yj(d), Yj(u) (O orthogonal)

m Crucial ingredient: the blocks



https://inspirehep.net/literature/22055

I Counterexample

Special blocks

m they obey (no sum over j)
B;B] = B} B; = (a + b)1,

m 3; has two complex conjugate eigenvalues a; =+ ib; while BijT
have two degenerate eigenvalues a? + b?

m The simultaneous real orthogonal bidiagonalization of both Yl(u)
and Yz(u) fails

m However

vtpu = (%t 0 with U= L (1 1
J O aj—ibj ’ 2 7 —1




I Counterexample

[ Yl(u) and Y2(u) are simultaneously diagonalized unitarily

ul, v\u,, = diag(yly,y5y, a; +ibj, a; — ib;)

O =

URr

U,, =0"Uss, U,, =Uss, Usa= ||

o O = O

(@)
Shako o
shsko o

m The resulting CKM matrix, up to rephasings, is
V=Uj,0

m It follows that V3; = V', = (O35 — i04;)/V/2, i.e. the rephasing
invariant relation

‘V3_]‘:|‘/4j|? j:17273a4




I Counterexample

No real orthogonal simulaneously bidiagonalisation
m Notice that

g (% b; —\ cosf; sind;
J —b; aj 7\ —sin6; cosb;
with \; =y /a? + b3, i; = cos 0, ;—; = sin6;

B; and Bs not proportional < 0y # 601 [7]

= SO(2,R)
0s(0) = ( cosd sin9>

—sinf cosf

[02(0)] 7" = [02(0)]" = 02(—=0),  O02(04)02(6) = O2(0a + 1)

m Orthogonal bidiagonalisation
O2(—01)B; B} O2(01) = O2(—0r)B; B} O2(0r) = Aj1,

it looks like we have full freedom to choose 07, and 0g

nd quark matt



I Counterexample

No real orthogonal simulaneously bidiagonalisation

m It looks like we have full freedom to choose 0, and g ...but
02(_9L) B4 O2(6R) =)\ 02(—9[, + 01 + GR)

O2(—01) B2 O2(0r) = A2 O2(—0r, + 02 + 0R)

If B; bidiagonalised, —0, + 61 + 0 = 0][r],
but then —0y, + 05 + 0 # 0[n] i.e. By not bidiagonalised

nd quark matt



I General analysis

In

. 10 .
i [ cosB;  sind; (e O . _ 1 /11
4 (— sing; cosb; e 0 e %) with U = V2 \i —i

important points:

m eigenvectors ¥, = % (1), - = (¥,)*, corresponding to

2 3
+i9 are orthonormal
= unitary diagonalisation exists

eigenvalues e

m eigenvectors “independent” of the eigenvalues
(unique diagonalisation for all SO(2,R) matrices)




I General analysis

With three generations in mind, notice that O(3,R) matrices

m have two complex conjugate eigenvalues e*** and one real

eigenvalue +1
m orthonormal eigenvectors (= unitary diagonalisation exists), two
are complex conjugate of each other

m the eigenvectors do not depend on the eigenvalues
= different O(3,R) matrices can be diagonalised simultaneously




' Model with Dirac neutrinos

® Yukawa lagrangian

~ A =1y (Yl(”)él + Y;”)i»z) iy (Y“’)cp +YPs ) @+ Hee.

with ) ) (v
YY) = diag(y'; ,yﬂ 2 Y53 )
yj1 //\ 0 0
}/j(o =07\ 0 cosp;  singp,
0 —sing; cosp;
7’i01 % 1
ve v —i v ve % £)
MO = (cﬁﬁ ) 4 se” 0y >) MY = (05)@( )+ 5560V )
v \/§ 1 ’ \/5
j 61

ve it (v) 0y (V)
o= —s8Y," + cge” Y. ) ., N) =
( Br1 B 2 14 \/5




' Model with Dirac neutrinos

® Simultaneous diagonalisation of {¥\“),¥{?} < {M9, N9}

Ul MU, =M, = diag(me, m,, m,)

1 0 0

Uy, = 0" Uss 0 L L

3= V2 V2

Uy, = Uas Ry 0 = =
(N.B. rephasings Ry,,)

m M9 and NY diagonal
m PMNS matrix (up to rephasings)
U =Ul,0
and then

1 ) .
\7@(023‘ —i03j) = |Uy| =1|Us;l, 5=1,2,3




' Model with Dirac neutrinos

= With
|U2j| = |U37|7 .7 = 17273

the PMNS matrix has “p — 7 symmetry”
(in standard PDG parameterisation 633 = 7/4, § = £7/2)

m Freedom left in O;; sufficient to have a realistic PMNS




' Model with Dirac neutrinos

Final comments

m CP violation in PMNS is in the end independent of the vacuum
SCPV phase (1)

m This choice (generations 2 and 3 of charged leptons) is the only
viable implementation of the idea, no other rows or columns
could work

m Diagonalisation of the neutrino mass matrix has had almost no
role (= easy to do Majorana neutrinos with type I seesaw)

This is the basic picture, for further details, including
phenomenological aspects, RGE, type I seesaw Majorana neutrinos:
J.A. Alves, F.J. Botella, C. Mir6 & MN

1= arXiv:2306.14952, EPJC83 (2023)



https://inspirehep.net/literature/2672275

I Conclusions — Part 11

m In 2HDMs (or nHDM) one can reconcile flavour conservation and
a spontaneous origin of all CP violation (including fermion
mixing)

m However: OK for leptons but not OK for quarks

m Essentially only one implementation is phenomenologically viable
(simple illustration with Dirac neutrinos, straightforward
extension to type I seesaw Majorana neutrinos)

m This implementation implies a PMNS with p—7 symmetry




Thank you!




Backup

2HDMs

day in detail

Constraints

Scalar vs pseudoscalar gluon-gluon fusion
My from CDF

oa,

Example points

Different 5P

Yukawa couplings

O(3,R) matrices

pu—7 symmetry with O(3,R) matrices




2HDMs

2 = 2 _ . N
By = —%QL (HW My + HNy) dg — %QL (M. + FN, ) un

2 _
- %LL (HiM; + HaNy) £r + Hec.

m Natural Flavour Conservation:
only one Yukawa matrix # 0 in each sector
Zy symmetry, types I, II, X, Y, with Ny = £t 7' M;
Glashow & Weinberg, PRD15 (1977)
m “Aligned” 2HDM: N; = (s M
Pich & Tuzdén, PRDS80 (2009)
RGE: unstable quark sector, stable lepton sector
Botella, Branco, Coutinho, Rebelo & Silva-Marcos, EPJC75 (2015)
m General flavour conserving: diagonal N
Petniuelas & Pich, JHEP 12 (2017)
RGE: unstable quark sector, stable lepton sector

Botella,_Cornet-Goémez & N _PRDYI.




The new contributions to day

m Full prediction
a}h = a?M + day
a?M: SM contribution; das: corrections due to the model

m To solve the discrepancies, the aim is

Exp

Exp,Cs
; m

da, ~ da, da, ~ da

within models I-g¢FC and II-g¢FC
m Introduce A,

1 My 2 1 gmy 2
=R £ 82 < v ) 82 <2MW)

K, are typical factors arising in one loop contributions

K. ~55x10"1, K, ~23x107°




The new contributions to day

m With these values, K, ~ 5.5 x 1074, K, ~23x 1079, we need
A, ~ —16, A,~1

m Contributions at one loop and at two loops (Barr-Zee type) can
be relevant




The new contributions to day

m To gain some insight consider the leading terms in (m,/mg)? of
the one loop contributions in the alignment limit s,g — 1

1, Ion —2/3 1
AW ~ Re (ng)]? [ 22 - 24 —
¢ [ € (ni)] m%{ mi 6= 2

where

7
Igs =———2In (W>
6 ms

[N.B. Same in both models I-g¢FC & II-g¢FC]

m We do not consider light scalars/pseudoscalars,
we assume my < My, MA

m Typical values of the loop function for mg € [0.2; 2.0] TeV

Is €[24.6:29.2],  I,5 € [13.9;18.5]




The new contributions to day

ofImm Ioa—2/3 1
A ~ [Re (no)]? | 2 - —
¢ [Re (ne)] m m3 6myp=2

Is €[24.6;29.2],  I,s € [13.9;18.5]

m Dominant contributions from H and A (log enhanced),
AS) ~ —16 can only come from A:

A ~ _[Re 1) Lop /m> requires |Re (n. 2 ~m?
e A A

= violate perturbativity requirements for Yukawa couplings or
contraints from resonant dilepton searches

©5 in terms of one loop

2. We do not expect an explanation of ja P
contributions




The new contributions to day

1 Iyn —2/3 1
e (gt

my my 6mp+
I.s € [24.6;29.2], I,s € [13.9;18.5]

m Dominant contributions from H and A (log enhanced),

AL” =~ 1 can only come from H:
A’(}) ~ [Re (n,,)]*I,u/mf requires [Re (n,)]* ~ [mu/4]?

= a not too heavy H (reasonably perturbative n,,)
= ma > my in order to avoid cancellations

%, An explanation of Ja”*P in terms of one loop contributions
might be possible

o




The new contributions to day

m Dominant two loop contributions: Barr-Zee diagrams

m In the same approximation (leading m¢/ms terms, sog — 1)
9 2a\ [ Re(ny)
™ my

m masses of the fermions in the closed loop,
m couplings of those fermions to H and A,
m my and ma

F depends on

F = co;ﬁ [A(fea + gea) + (forr — goa)] + Riim) (frH — g7A),
Fi = cot 5 [4(fom + gea) — tan®B(forr — goa)] + Re (n,) (fri — gra)

w

T




The new contributions to day




The new contributions to
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The new contributions to day

m Relevant aspects

m f(z) ~ g(z) in the range of interest

m the largest values correspond to the heavier fermion

m the values of f and g for the top quark contributions vary

between 0.1 and 1
m Considering the dominant top quark terms, for tg3 ~ 1 and
mpy >~ ma, one can realize that for my ~ 1 — 2 TeV,
§aPP:C5 can be explained with Re (n.) ~ 3 — 7 GeV

m To obtain 5aff‘p from the same type of contribution

_day, me

Re (n,) Re (ne) ~ —15Re (n.)

dae my,

Different signs of da. and da, — freedom to have

opposite Re (n.) and Re (n,,)
Same assumptions tg ~ 1, ma ~my ~ 1 —2 TeV

— Re(n,) € —[45;105] GeV
Argument applies to both models I-g¢FC and II-g/FC




The new contributions to day

Beyond tg ~ 1

tg < 1 excluded in 2HDMs of types I and II by flavour
constraints = excluded in I-gfFC and II-g/FC as well

What about tg > 1 and da,?

The factor F
- (2) (-
s my

is quite model dependent

We consider for reference tg ~ 1 and ma ~ mug ~ 1 —2 TeV,
which can reproduce the anomalies, and analyse how to maintain
that prediction if, for definiteness, t5 — t53 = 50




The new contributions to day

cot 8 Re (n;)

= 3 4(fin + gea) + (forr — goa)] +

(fTH - gTA)

T

m In I-g/FC, the cot 8 suppression can be compensated with
smaller my, ma and larger Re (ne): e.g. ma ~ myg ~ 200 GeV
gives a factor of 10 with respect to ma ~ my ~ 1 —2 TeV,

Re (ne) — 5Re (n.) required to fully compensate the factor of 50

m That is, 6a*P can be reproduced by the two loop contributions
in the tg > 1 regime with light H, A and Re (n.) ~ 15 — 35 GeV

m What about da,?

Re (n,) +— 5Re (n,) gives Re (n,) € —[225;505] GeV,

in conflict with perturbativity requirements!
Fortunately, for light my, e.g. my € [200;400] GeV and
|Re (n,,) | ~ mu/4 € [50;100] GeV, the one loop contributions

can reproduce 5aEXp !




Loop contributions to day

1
¢ "ai S i g 0 af” v af L ¢ el g 4




One loop contributions to day

Yukawa interactions of the form
my - .
Lsy = —755(05 + b 5 )

give one loop contributions

1 m?2
Aagt) = 3.2 v; Z{ 2 (2Lx(2es) — Is(es)) — [b7 )P I3(2es) }

with z,s = m2/m% and

-2 1++v1—4
L(z)=1+ 1— 20 In + x —|——lnx
22+/1 — 4x 1—+v1—4x 2z

1+ +1—4x

X
I =4 — + Inz
@ =5t st n<1m> 222




One loop contributions to day

For z < 1,
1
L(z) ~x (—3 - lnx> + 2 (—36 - 4lnx> + O(a%)
I3(z) ~x (161 — lnz) + 22 (?3 — 51nx) +O(z®)

For my, < mg,

2 2 2 2
 _ 1 mgmy sz (7 my g2 (11 my
aef? = it it { e (5 om () o (55 (5




One loop contributions to day

Yukawa interactions of the form
Low = —CUal + ibSys)v — CTo(aS™ 4 ibG*ys)¢

give one loop contributions
1
1
Aat) = - 8m2 Z {laf I* + bf 1*} H(xe0)
C

where zyc = mf/m%i, and

_ 2
1, 1.1 xln(lfx), H(w)f:f+x—+0(x3)forx<<1

2 x 2 6 12




Two loop contributions to day

For quarks
m 7 .
Lszy = ——LS5F(af +iB7%)f

The two loop Barr-Zee contributions to the anomalous magnetic
moment of lepton /¢

2
2 (0%
AGE)— 4252, Mz ZZNfo {“eaff Zfs)_b’fﬁfg(zfs)}

f: fermions in the closed fermion loop

(N colour, Qy electric charge, zps = m3/m%)
S': neutral scalar connecting the closed fermion loop with the external
lepton line




Two loop contributions to da,

Loop functions

[ 2Oy (200

9(z) = ;/0‘1“ (1 —190) — (x(lzﬂ))




Constraints: day

m The anomalies
Sag ™ = —(8.74£3.6) x 107, §a;® = (25+0.6) x 1077

m The “natural” da, constraint

2 2
e — CLe 5 -
X%(5ae,5au) _ ((5(1 c ) N ( a, Cu) 7

Oe ou

with 6aZEXp =c; Loy

m We impose a stronger requirement

X2(5ae, da,) = 16)((2)(5(167 da,,)

that is oy — 0y/4




Constraints

m Scalar sector

m potential bounded from below
m perturbativity and perturbative unitarity of 2 — 2 high energy
scattering
m electroweak precision (oblique parameters S, T))
== one can play with My and the CDF value!

m Fermion sector: perturbative Yukawa couplings
Inel < mo

with two different choices ng = 100 GeV or ng = 250 GeV
m Higgs signal strengths:

m production x decay signal strengths of the usual channels
m large lepton couplings: also include h — p* ™, eTe™ information

= Higgs alignment

quark ma



Constraints

m H* mediated contributions
m Lepton flavour universality
m purely leptonic decays £; — {pvv
m decays with light pseudoscalar mesons K, ™ — ev, uv and
T — Ky, v

mb— s, Bng(q) mixing
mete” = utp~, 777~ at LEP
(cross sections up to /s = 208 GeV)
m LHC searches

m searches of dilepton resonance: o(pp — S)(ger] X Br (S — K‘W‘),
S=H,Aand { =pu,T

m searches of charged scalars: o(pp — Hitb) x Br (Hi — f),
f=71v,tb




Gluon-gluon-scalar vs gluon-gluon-pseudoscalar

10?

»»»»» [NCR
- Fa()?
RGP

L
1.5 2 2.5

mg (TeV)
Fu(z) from Stt, Fa(z) from Stvyst




Oblique parameters

ma —mys (GeV)

—200

0
g g T TR e
myg — mys (GeV)

ma — myg+

AS =0.00+0.07
AT = 0.05 £ 0.06
p=0.92

and My from CDF

“““““ 0 e
™ -
" 150

= w = w

> o

8w 8

Lo E oo

T T

fow fow

- 10
0 0
0

230 <200 10 100 50 0 50 100 10
my — myz (GeV)

vs myg — mp+ for my+

AS = 0.086 £ 0.077
AT = 0.177 £0.070
p=0.89
“Conservative”

2204.04204

=
250 200 10 100 30 0 50 1w 10 20 %0
myy — mye (CeV)

=1 TeV

AS = 0.15 £ 0.08
AT = 0.27 £ 0.06
p =093

2204.03796




Oblique parameters and My from CDF

Bottom line: since my+ is rather irrelevant for day,
a simple shift in my+ may work

—0.1 T L L —01 L L
S0 0 01 02 03 =~ 0 01 02 03

AT AT
“Conservative”
AT vs AS
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1077
0

] I
S 10

0.5
my (TeV)

1.0

da, & my, n,

160 1[‘30 260 250
Re (n;) (GeV)




Example points

[Pt [ mu [ ma [ muer | ts [ Re(uiz) [ Re(ne) [ Re(ny) [ Re(nr) |
1 [362]775 [ 778 [ 10.7 | —1.19 x 107 8.16 —72.8 222.5
2 [ 277 | 494 | 502 | 10.8 | —6.61 x 10° 9.12 —58.0 191.2
3 | 278 [ 539 | 554 | 7.93 [ —8.90 x 10° 6.71 —53.1 189.7
Parameters in GeV (Re (ufs) in GeV?)
1 loop 2 loop
[(Po [ 6al” [H[A[HE] 0 [ eA | -H [ 7a [ uH pA
1 —724 | 0 0 0 0.307 | 0.199 | 0.779 | —0.259 | —0.036 | 0.010
2 —9.84 | 0 0 0 0.310 | 0.258 | 0.845 | —0.388 | —0.038 | 0.015
3 —887 | O 0 0 0.347 | 0.264 | 0.683 | —0.271 | —0.028 | 0.010
Relative contributions to dae. (*): 101368a,




Example points

1 loop | 2 loop
lPt [ 6al(;k) [ H [ A [ ut [ tH tA +H [ A WH [ LA
T 242 | 0588 | —0.136 | —0.003 | 0.169 | 0.110 | 0.429 | —0.143 | —0.020 | 0.006
) 3290 | 0.650 | —0.218 | —0.005 | 0.176 | 0.146 | 0.477 | —0.219 | —0.021 | 0.009
3 235 | 0531 | —0.147 | —0.003 | 0.214 | 0.163 | 0.422 | —0.168 | —0.017 | 0.006
Relative contributions to daj,. (): 10954,
[Pt [ S— ] eé | wp [ == | @t [ HZ |
1 H [1.2x10°]0.09 [ 0902 [ 7x10~* —
A 0.0004 0.028 | 0.265 0.004 0.703
9 H 0.002 0.084 | 0.914 — —
A 0.001 0.049 | 0.528 0.008 0.415
3 H 0.001 0.073 | 0.926 - —
A 0.0005 0.033 | 0.415 0.012 0.540

Decay branching ratios of H and A




Example points

o(pp = S)ger) X Br (S — TT77) (fb)

’ Point | Value \ Expected bound \ Observed bound | Excess ‘
1 H | 83.6 54.9 106.0 v
A | 1.50 3.2 3.2 -
9 H | 84.0 136.0 164.0 -
A 273 20.8 50.4 v
3 H | 160.1 135.4 164.0 v
Al 27.6 17.6 31.1 v

quark matt



Different §a™® assumptions

Analyses with different “measurements”

5005 — _(8.7+3.6) x 10713, EE
SaPPRP — (4.843.0) x 10713 l . ' .
SaPPAVE = (2.0 42.2) x 10713, ’ i

6a£}xp,Bound =90 % 10713 i

N.B. Last case: |§a.| < §aFxp-Bound L —
In all cases ng = 250 GeV

o
JaP (x10'%)




Different §a™® assumptions

Simple analysis

m For a point in parameter space eXplalmng 6aEXP’CS

Sa E

consider Re (ne) — Re (ne) W, which gives dae ~ §al*P

analyse if this new value conﬂlcts with other observables sensitive
to Re (ne): muon decay and pseudoscalar mesons decays

m Answer

Bxp,Cs {s “worst case”

because of absolute value and sign

m Short version: da.

m Long version in the next slides

O

% all cases can be reproduced at least with the regions arising
from the previous Re (n.) transformation




Different §a™® assumptions

m For muon decay

> <0.035

‘ Re (ne) Re (n,)
m?.

= |Re (n.) | for §aB*PCs is “worse” than other cases
m For pseudoscalar meson decays, consider

(Pt — ptv) T(PT — etv)sum
(Pt — ptv)sm (Pt —etv)

Rl =
Experimental values:
T _ -3 K _ -3
R, =1+ (414£33)x1077, Ry =1-(48+£47)x10

Model prediction:

_h-agpe
= AT

2
|1—A5‘2: 1— M123 Re(ng)

2
tﬂmHi My




Different §a™® assumptions

Experimental values:
T -3 K _ -3
Rr, =1+ (41£33)x107%, RE =1-(4.8+4.7)x10

Model prediction:

11— AP 2

M2  Re(ng)
[1—AZP”

RP — _
2
ne tg My My

|1—A52:P

m For Af <1,

R =142 MFz, (Re (ne) Re (nu)>
tﬂmHi M my,

m Concentrate on RE

Lie» neglect the Re (n,,) contribution:

Re (ne) > 0 for 6aZ*P-Cs is “worse” than other cases




Different §a™® assumptions

B 0. 0 15 20 25 0 05 10 15 0. 10 15 0.5 0 15
i (TeV) iy (TeV) iy (TeV) iy (TeV)
Re (ne) vs my
0.5 0 0 : 0 0 0 0

w15 w15 w15
iy (TeV) iy (TeV) iy (TeV)

Re (n,) vs mu

quark m



Different §a™® assumptions

150 10 150) 15
' Re(n,) (GeV) ’ ’ Re(n,) (GeV) Re (n,) (GeV) Re (n,) (GeV)

Re (n,) vs Re (ne)




Yukawa couplings

Neutral scalars

S _ Ny +NE Ny —Ni
Lsjr = % I | RisMy +R2s? +Z€(f)RSST f
S - Ny—NL Ny +Nf
-5 s <R232f + Zf(f)R?)S?f f

where s = 1,2,3 in correspondence with S =h,H, A; f = u,d,¢; in
terms proportional to Ras, €(q) = €r) = —€(u) =1




Yukawa couplings

Charged scalars

Ltua = ﬁd [VTN - NTVJr +75 (VTNu + NLVT)} U
+ ﬁu [NLV = VNg+ 75 (NLV + VNg)] d
and
Lt = —£H+ oL UNg g — £H lr NTU v,

V and U are, respectlvely, the CKM and PMNS mixing matrices
(massless neutrinos assumed, one can set U — 1)




Couplings in the I-g/FC and II-g/FC models

Dy =~

Quark couplings

DD

S=h,H,A f=u,d,t j=1

m

v

L5 fi(af +iv§ ) f;

af bg ag bg

h Sapg + Cagtgl 0 Sap + Caﬁtgl 0

LglFC | H | —cap+5apts’ | 0 | —Capt+sapty | 0O
A 0 —t5' 0 5

h Sap + Caﬂtlgl 0 Saf — Caplp 0

II-gfFC | H —Cap + saﬁtlgl 0 —CaB — Saplp 0
A 0 —t5' 0 —tg




Couplings in the I-g/FC and II-g/FC models

3
foo= 3T s a0

v
S=h,H,A f=u,d,¢ j=1

Lepton couplings

aj by

h Sap + CQB%ZZ) 0

FglFC [ H | —cap + 5as Ligg” 0
A O Rigf;l)

h Sap + CQB%ZH 0

I-glFC | H | —cop + Sap Li(g“ 0
A 0 R';(:Zl)




Couplings in the I-g/FC and II-g¢FC models back

Yukawa couplings of the charged scalar

3
1 -7 f of
ZLon = N E E {H f—%,j(ajk + ’IBjk%)féJe

f=aq,Lj,k=1

FHEy ofr 80y )

with g1 = w5 q 35 =dj; byy y =vi 0y ;=1
T o T 2
LglFC | Vits (mu, —maq,) Viits (mu; +ma,)

-g(FC |V} (t; mu, +tagma,) | V5, (t5 mu, —tgma,)

7 7
ij ij

I—gEFC —Re (ngl) (Sij Re (’ngl) 51']'
II-g/FC | —Re(ny,) 0i; | Re(ng,) 0i;




O(3,R) matrices

m O € SO(3,R) are of the form O = exp(aA) with real « € [0; 27|
and A a normalized antisymmetric matrix

0 g —ho
A=|-ng 0 |, n;eR, AI+nz+n;=1
o —f1 0

m A has eigenvalues A = 0, +4; the normalized eigenvectors are

A=0, 52 = (71, n9,n3) = (sinf cos p,sin O sin ¢, cos ),

1
A =1, 171 = ﬁ(—cos9c0s¢+isingp,—cos@sing&—icomp,sin@),

A= _i7 T = (7’7'1')*7




O(3,R) matrices

m Diagonalisation

T
UTAU = diag(0,4,—i), U= |7 @, @
oL

m O = exp(aA) has eigenvalues {1,e™ e~*} and the same
eigenvectors

UTOU = diag(1, €', e~'@)

m Geometrically O represents a rotation in R? of angle o around
the axis (71, g, fi3)

m The eigenvectors of O do not depend on @ = O = exp(a1 4) and
05 = exp(azA) with a; # a3 can be unitarily diagonalised
simultaneously.




p—7 symmetry with O(3, R) matrices

PMNS matrix U = unitary xorthogonal with 7} real

T S S O
1 1) ot To-T1 To -T2 To T3
ro Uy (U4)" oty Ty | = | (0) T ()" (U4)F -7
4 4 4l AL Uy - T2 U4 - T3
and Uy; = (Us;)* = (04)* - 7, j = 1,2, 3, that is, again, u—7
symmetry:

|U2j| = |U3j|a ]: 132a3




