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Motivation

“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
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m da, P and da*P"" have opposite signs!

m Not only the sign,
m if NP model gives da, o< my

o
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% Serious obstacle for many New Physics solutions




Motivation

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 2HDMs the Yukawa sector is
Ly = QY (0 Yar + @,V ) df — Q) (Va1 + B, Yo2) s
) (<1>1Yg1 + @21@2) 0 + He.

N.B. <I>j = 102®7, neutrinos are massless

m Expansion around vacuum appropriate for electroweak symmetry
breaking

+
i0; #j

(I)j =e'" vj+p;+in;
V2

m Higgs basis, cg = cos f = sg=sinf = tg =tan g

Hy B —191(1) . - cg Sp T -1
<H2> = R,B ( _192(1) > 5 with Rﬁ = <—Sﬁ cs 5 R,B —RB




2HDMs

m Higgs basis
v (0 0 2 2, .2 1
H = , H = R vt =v + (I —
() V2 (1) (o) (O> REGTeT

Gt Ht
Hy = | y41m5%4ic® |, H2=| goyir®
V2 V2

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

m Yukawa couplings again

2 - 2 N -
e = =208 (11 + 1N = Y204 (M + 7Y i

V2

v

v

LY (H\M§ + HoNY) (9, + Hee.




2HDMs

m Only the neutral component (}) of H; has non-vanishing vev
= M(} give the mass matrices, f = u,d, ¢

m Usual bi-unitary changes into the different fermion mass bases

V2 - V2. - -
Ly = *TQL (HiMg + HoNy) dR*TQL (HlMu + H2Nu) UR
3
- %LL (H\My + HsNg) 0 + Hec.
where

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




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, TT, X, Y, with Ny = +F'Mj
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

£ o]
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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,,

MultiH



The I-g/FC and II-g/FC models

Completing the model
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}:

h HO
H|=RT| R°
A 10
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The I-g/FC and II-g/FC models

m Flavour conserving Yukawa couplings of the neutral scalars

3
Iy== Y 3 Y TESF i),

S=h,H,A f=u,d,¢ j=1

m Further simplifications

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

Sap  —Cap 0 =si —
R=|cag Sap 0], {jaﬁ _ S:;((Z — g;
o 0 1 =

a — Z: mixing angle in {p;,n;} — {G° h,H, A}




The I-g/FC and II-g/FC models

Hee ¥ Y Y

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

Quark couplings

m

v

/s S fj(ai + ’Lbi 75)fj

as b as b3

h Sapg + Cagtgl 0 Sap + Caﬁtgl 0

L-glFC [ H | —cap+5apty | 0 | —Cap+Sapty | O
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
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3
In== > 3 Y TS i)

The I-g/FC and II-g/FC models

S=h,H,A f=u,d,¢ j=1

Lepton couplings

a; by

h Sap + CQB%ZZ) 0

I—ggFC H —Cap + SQB%ZU 0
A O RE;;ELZZ)

h Sap + CQB%ZH 0

L-glFC | H [ —cap+saptd | 0
A 0 R'ir(lze)
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The I-g/FC and II-g/FC models

m Absence of CP violation < a?b? =0
= absence of new contributions to electric dipole moments,
in particular to the electron EDM
(quite constrained |d| < 1.1 x 10729 e-cm)




The I-g/FC and II-g/FC models

Yukawa couplings of the charged scalar

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

f=q,£j,k=1
Ty (ol + i)
with g1 = w5 q 35 =dj; byy y =vi 0y ;=1
ol . Bii
LglFC | Viity (mu, —ma,) | Vjits' (mu, +ma,)
-g(FC |V} (t; mu, +tagma,) | V5, (t5 mu, —tgma,)

14 4
@ij i

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

meqd (ol v a0 0 "af / /




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, Ioa —2 1
Aéw ~ [Re (W)]2 (HQ{ - /3 2)

5 _
mi my 6my+

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

where

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]

MultiH



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:

AW ~ —[Re (n.)]*I.a/m3 requires [Re (n.)]> ~ m3

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

2. We do not expect an explanation of da*™“* in terms of one loop

contributions
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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 5(15’“) in terms of one loop contributions
might be possible
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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),
= co;ﬁ [4(frr + gea) — tan®B(forr — goa)] + M(fTH — gra)
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The new contributions to day

2
ffsEfCZg), ng—g(
S

H— g(z)--- g(z2) = f(z) -

3
WINO[ 00
N——

~
—

1072

10-4

1076

1071 10712 30719 1078  107% 107t 1072 1
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The new contributions to day

2 2
mg mg
Jis=f ) gs=9( 5
S S
Fm2/m3) o fm3)
102 b 4 102 | k
el \\ ok \/\
107° F (e El 107° F e k|
10-0 F K -0 b k
- . . . . ™ . . . .
10 0.5 0 5 2.0 25 17 0.5 .0 15 2.0 25
mg (TeV) mg (TeV)
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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.)

" ba. 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
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The new contributions to day

Beyond tg ~ 1

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

m What about t3 > 1 and da,?

m The factor F
- (2) (-
s my

is quite model dependent

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

MultiH



cot 3

Fi = 8 - gea) + (ot — )] + S (10— g

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

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

m That is, 6a*“ can be reproduced by the two loop contributions
in the t3 > 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. myg € [200;400] GeV and
|Re (n,,) | ~ mu/4 € [50;100] GeV, the one loop contributions
can reproduce 5a5"p !

IFIC
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The new contributions to day

Summarizing, two types of solutions

% “Solution [A]/heavy”: scalars with masses in the 1-2 TeV range,
tg ~ 1, and both 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.

With this simplified analysis, this second kind of solution seems
to be available in the I-gf/FC model, but it is not clear if that is
the case in the II-g¢FC model too. From the full numerical
analysis, the answer is no.
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Analysis

Full numerical analysis

m Markov chain MonteCarlo

m Likelihood £ = e=Xx"/2
Orn—Onsp ) 2

OExp

m Usual form 2, = (

m Observable O,
m prediction Oy,
m measurement Ogxp + TExp

m + correlations, bounds, ...

Mul



Constraints

Shopping list

m §aEEXP constraints
Scalar sector
Fermion sector

Higgs signal strengths

H* mediated contributions
m Lepton flavour universality
mb— s, Bngf; mixing
ete™ = putpu=, 777~ at LEP
LHC searches

m searches of dilepton resonances: o(pp — S)[ggr] X Br (S — €+€7)7
S=H,Aand { =pu,r

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

MultiH



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
X5(0ac, 8a,,) = (6% —ce> + (6% _C“) ,

O¢ o,

with da, ™ = ¢ + 0y

m We impose a stronger requirement
X2(5ae,5a#) = 16X(2)(5ae,5aﬂ)

that is op — 0¢/4

MultiH



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




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




Results

m Scalar potential with exact Zo

m gives scalar masses below 1 TeV (no solution [A])
m does not allow tg > 1 (no solution [B])

we introduce soft breaking 12, # 0
m Results shown for model I-g¢FC
m 1,2,30 2D-Ax? regions
m In II-g/FC, same solution [A] regions but solution [B] regions
absent, results not shown




Results, model I-g/FC

25 T T T T 2. T T T T 2 T T T T
20f ] 20 B 20
= st ] E ] S s
=) &
£ wof 4 £ of 4 g 10
osh 1 osf B o
) . . . . . . . . B . . . .
f 0510 15 20 2 T os 10 15 20 s 0 0s 1015 20 s
)

myge (TeV) mygs (TeV myp (TeV)

Masses of the new scalars, ng = 100 GeV

1= Regions corresponding to the two solutions exist

1 For small masses, myg < ma and also* myg < my=+

GREN 36
>
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Results, model I-g/FC

- 25 - - - T
20f 20
= of =
£ =
£ wof g w0
osf ] osf ] o
) . . . . . . . . B . . . .
o 0 10 15z 25 o % 10 15 20 25 o 5 L 15 20 25
mye (TeV) mye (TeV) my (TeV)

Masses of the new scalars, ng = 250 GeV

= Intermediate regions also exist
(some |Re (ng) | > 100 GeV required)

BRER 57
>
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Results, model I-g/FC

joe] 1 10 10° 100 o] 1 10 107 10
tan 8 tan 3

myg Vs t5

1= Choice of ng has implications for other parameters

N.B. Red/pink for ng = 100 GeV, blue for no = 250 GeV
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Results, model I-g/FC

. . . . . - . . 150 : . . -
s J wof J 100
sl ] sof \ J 0
= o q of T el £ —
= =
sl J “sof Bl 50
—sof 4 —100f 4 4 —100
L . . . . 5 . . . . L . . . .
f 01015z 2 o 0w 15 20 s o R
my (TeV) mip (TeV) myp (TeV)

Re (ne) vs my

= Expected and unexpected regions (Re (n.) < 0)!




Results, model I-g/FC

- 15 150

501 4 100 4 100

4 0 4 — a0

Z

4 of 4 _

4 0 4 =50

50 4 —100f 4 ~100

-75 ~ 15 ~150
w0 1 10 107 10° 10! 1 10 102 108 10 1 10 10° 10

tan 3 tan tan 3

Re (n.) vs tg

= Expected and unexpected regions (Re (n.) < 0)!




Results, model I-g/FC

100 T T T T 25 T T T T 2 T T T T
sof 1 af 1 f

wf- 1 10f 1 10f

wf 1 mf 1 -

0t 1wk 1 wf

E = o ] of

20F 4 = s +H 50F

w0k q 100F 4 100F Com—
ok 1 f 1 im0k :

ot 1 “ap 1 “ap

" S == » S » S
VRN B T I T VT R TH I VTR TR

my (TeV) my (TeV) my (TeV)

Re (n,) vs my

e Intermediate region, my ~ 1 TeV requires Re (n,) < —150 GeV




Results, model I-g/FC

o .
~
10! 1 10 10* 10 10" 1 10 107 10° 10" 1 10 10% 10*
tan 3 tan 3 tan 8

Re (n,) vs tg
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Results, model I-g/FC

21
© awf 0
@ wof 150

of o

sof

of

s0f

100f 100
0 —1s0f 130
% a0 200
T R B T R T B e R R

Re(n,) (GeV) Re (n,) (GeV) Re (n,) (GeV)

Re (n,) vs Re(n.)

m Another view of unexpected regions Re (n.) < 0




Results, model I-g/FC

)

| ~100
60 150 ~130
w0 0 ‘ | w0 ‘ |
—100 bt . 250 & . L . . 1 250 & . L B - .
B 50 S0 -0 a0 0 0 10 10 S0 00 w0 0 100 150

E R T
Re () (GeV)

% A hint of the

=
Re (n,) (GeV)

Re (n,) vs Re (n.)

origin of Re (n.) < 0 regions

Re(n,) (GeV)




Results, model I-g¢FC beyond LHC

Model I-g¢FC

Ex. [ my | ma [ Re(n.) [Re(n,)

Q
2

—| 276 | 764 11.2 —70.0
—| 323 | 759 14.9 —85.0
— 350 | 751 17.9 95.0

(efe” = pru )ro/o(eTe” — ptp )pw

! ! !
03 04 05 06 07 08 09 10

Vs (TeV)
ete”™ — ptp~ for /s €[0.2;1.0] TeV,
examples with “light” solution

[
=

GRER <5
2
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Conclusions

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

m Lepton flavour universality is broken beyond o< mass

m Two models, I-g/FC & II-gfFC, to address the da, anomalies
m Quark & scalar sector as type I, II 2HDMs, softly broken Z,
u

Different types of solutions in agreement with constraints
“Heavy”, present in both models

m new scalars have masses in the 1-2.5 TeV range,
B v ~ vV,
m both da, from two loop Barr-Zee contributions
“Light”, present in I-g¢FC, not in II-g/FC
® new scalars have masses below 1 TeV,
B v K V2,
m dae from two loop Barr-Zee contributions, da, from one loop

“Intermediate”




Conclusions

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 Further avenues

m Role of different 6a™*P values
s CDF My through AS and AT
B a,, excess in (pp)ger — S — 777

i

Mul



Thank you!
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Backup

m Scalar vs pseudoscalar gluon-gluon fusion
m More results

m My from CDF

m Different da*P

m day contributions in detail

m Yukawa couplings

CEER

Mul



Gluon-gluon-scalar vs gluon-gluon-pseudoscalar

10° : : : :
»»»»» X0
. w0
H [Fa()2
0t F [Fua() P
P
1
10!
0 0.5 1 15 2 25
mg (TeV)

Fu(z) from Stt, Fa(z) from Stvyst
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More results, model I-g¢FC

107 T T T T 10 T T T T

s f =k
:
= S

a0 aF 4 A ap

x x

& ]

= 0 El B 0

T T

= =

) 5

o ,” 05 10 15 20 25 o 0 05 10 15 20 25
my (TeV) my (TeV)

[pplger = H = ptp™ vs. my




More results, model I-g¢FC

107 T T T

‘
T
a0 oap
:
<
& !
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More results, model I-g¢FC

1 - - T - 1 - - - T
e El 0 b ~ E|
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A — HZ decay




More results, model I-g¢FC

0 E E 0 E 4

Br(A — pty)
(A = ptpo)

0 0
1 10

m 5
my (TeV) my (TeV)

A — uTp~ decay

£y L

MultiH 2022



More results, model I-g¢FC

1
0 E E 0 !
T o
2 =
0 El 10 k!
g =
& 2]
Wl 4 wf 4
1w w0
0 10 15 20 2 o 05 1015 20 25
my (TeV) mi (TeV)

H — uTp~ decay
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Oblique parameters and My from CDF

250 200 -150 —100 —30 0 50 100 150 200 250
myg — mys (GeV)

ma — myg+

AS =0.00+0.07
AT = 0.05 £ 0.06
p=0.92

50 250 e
20 m
150 150
= mw
=
S s
R
|-
= -0
150
20 200
20 250
s —200 1010 30 0 50 100 130 200 250 Cos0 200 150 100 50 0 50 100 150 200 2
my — myz (GeV) my — myz (GeV)

vs myg — mp+ for mpg+ =1 TeV

AS = 0.086 £ 0.077 AS =0.15+0.08
AT = 0.177 £0.070 AT = 0.27 +0.06
p=0.89 p=0.93

“Conservative”
2204.04204 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

Mul



Oblique parameters and My from

“Conservative” scenario
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Oblique parameters and My from CDF

“Conservative” scenario
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Mul



Oblique parameters and My from CDF
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Oblique parameters and My from CDF
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Different §a™® assumptions

Analyses with different “measurements”

§a 0 — _(8.743.6) x 10713,
§aBPRY — (4.8 4 3.0) x 10713
5aF¥PAYE — (2.0 £2.2) x 10713,

6a£}xp,Bound =90 % 10713

N.B. Last case: |da.| < daZxp:Bound
In all cases ng = 250 GeV

Exp

m

da

Y




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

P _
Rye = (Pt — ptv)sm (Pt —etv)

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

_h-agpe
= AT

2
M123 Re (TL@)
tﬂm%{i my

1—-A7P=]1-

MultiH



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”

RV = -
2
s tﬂmHi my

|1—A52:P

m For Af <1,

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

= Concentrate on RS, neglect the Re (n,,) contribution:

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

MultiH



Different ja=>*®

assumptions

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

w15
iy (TeV)

w15
iy (TeV)

Re (n,.)




Different §a™® assumptions

0 0 0 0
10 150 0] 0]
10 0] 0]
" m
150 10 150) 150
' Re (n,) (GeV) Re (n,) (GeV) Re (n,) (GeV) Re (n,) (GeV)

Re (n,) vs Re (ne)

MultiHi




Loop contributions to day
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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

1 1 1-= r a2 3
5Tt In(1—2x), H(a:)fg+ﬁ+0(x)forx<<1

MultiH



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

MultiH



Two loop contributions to da, loop contributions to day

Loop functions

fo = ()
g(z) = ;/Otlix o _196) — (x(lz— :c))

MultiH




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

MultiH



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)

MultiH



