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Motivation

Two “anomalies” in the anomalous magnetic moments of e and p

Exp _

Sa. = ak aSM = —(8.7+3.6) x 10713
Sa, = a® —a" = +(2.7+£0.9) x 1077

where ay = (g¢ — 2)/2

v

~ I
N.B. vertex (/A" >9KW A — T = AP (¢?) + ia2mq; Fa(q?),

ge = 2[F1(0) + F2(0)] = a, = F3(0)

Important: opposite signs!
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Motivation

Opposite sign eliminates many New Physics solutions

Not only the sign, e.g. if da, oc m3

2 0.492 1.508 x
Oac _ (me )" _ (me Me ~ —0.072 Mg p
day, my, my my da,™?
If the origin of both anomalies is beyond SM, some sort of
effective decoupling between e and p should be in place

2 Higgs Doublets Models (2HDMs) incorporate new flavour
structures that can implement that property

m not in symmetry-shaped 2HDMs of types I, I, X, Y (new
couplings proportional to masses)

m not in “aligned 2HDMs” (proportionality to masses again)

m maybe in general flavour conserving 2HDMs (gFC-2HDMs)!




2HDMs

m In 2HDMs the Yukawa sector is
Ly =—Q° (<I>1Yd1 n <I>2Yd2) 9 — Q° (ilym n <i>2Yu2) s
~ L9 (@11@1 + @21@2) 0, + He.

N.B. @, = i02®7, neutrinos are massless

m Expansion around vacuum appropriate for electroweak symmetry
breaking

+
_ 0 i
q)j =" vi+p;+in;
V2

m Higgs basis, cg = cosff =%, sy =sinff =

v

Hy\ e, . _( cg sg T o1
<H2) = Rﬁ (6_i92(b2> s with Rﬁ = (85 cs y Rﬁ = Rﬁ




2HDMs

m Higgs basis

w0 (). -

G+ Ht
Hy = | yym194ic° |, H2= | poyiro
V2 V2

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

m Yukawa couplings again

2 _
Ly = —%Q% (HiMJ + HoNY) d,—

V2

V2

v

LY (HiM) + HoNY) 0% + Hec.




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 V2o - .
By = =22Qu (HiMa+ HNo) dp—=Qp, (M, + HoN,, ) ur
2 _
— %LL (H1My + HaNy) g + H.c.
where

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




2HDMs

B == Q (B, Yar + @,V ) dy — Q% (8, Vi + 8,Viz ) ufy
- Ly (‘I)lyel + ‘1>2Y£2) % +H.c.

2 - 2~ /- .
- %QL (HiMy + HoNy) dg — %QL (M + FaNL) un

V2

v

Ly (HiMg + HaNg) £r + Hec.

m Natural Flavour Conservation: only one Yukawa matrix # 0 in
each sector (e.g. Zy symmetry, types I, I, X, Y) =
1
Ny =+tf "My
m “Aligned” 2HDM: N; = (; M
RGE: unstable quark sector, stable lepton sector

m General flavour conserving: diagonal N
RGE: unstable quark sector, stable lepton sector




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

Finally
m Model I-g/FC is defined by

N, = t;lMu, Ny = tglMd, N, = diag(ne, n,, n;)

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

N, =t53'" My, Ng=—tgMa, Ny = diag(ne,n,,n-)

The couplings N,,, Ny are the same as in 2HDMs of types Il or Y
[N.B. tg = tan 3 and tgl = cot ]

m Ny is diagonal, arbitrary and stable at one loop level under RGE
(it remains diagonal): the effective decoupling among the new e
and p couplings required to explain the g — 2 anomalies

« independence of n. and n,




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(@ @) = M%1¢I¢1+M§2¢;¢2+(N?2©1®2 + H-C-)+)‘1((I)I(I)1)2+)‘2(‘1)£‘1)2)2
+225(D,)(BL®,) + 204(0]@,)(@1@,) + (As(P]®,)” + Hec.)
U3, # 0 = softly broken Z, symmetry

m Mass matrix of the neutral scalars M3, diagonalised by a 3 x 3
real orthogonal matrix R

RT M2 R = diag(mi, m¥,m3), R '=R"

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




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

m Flavour conserving Yukawa couplings of the neutral scalars

3
LN =~ Z Z Z mvfj Sfj(ai’ Jrib?j%)fj

S=h,H,A f=u,d,fj=1

m Further simplifications

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

In the scalar sector, this corresponds to

Sa —Cag O .
. CaZ sagﬂ o). {3(15 = sin(a — )
0 0 1 cap = cos(a — )

a — 7: mixing angle in the change of basis {p;,n;} —

{G° h,H, A}
m Alignment limit (h has the SM Higgs couplings): sa3 — 1




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

3
In== Y Y Y Lsha i

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

Quark couplings

as b a b3

h Sap + Cagtgl 0 Sag + Caﬁtgl 0

L-glFC [ H | —cap+5apty | 0 | —Cap+Sapty | O
A 0 —t5' 0 5

h Sap + Ca,gtgl 0 SaB — Caplp 0

II-g/FC | H —Capg + Sagtgl 0 —CaB — Sapls 0
A 0 —t5' 0 —tg




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

3
Iy== 3 X S TESha i,

v
S=h,H,A f=u,dlj=1

Lepton couplings

aj by

h Sap + Caﬁ%ze) 0

L8FC [ H | eap T oug ™ | 0
A 0 R

h Sap + Cag%zf) 0

-g/FC | 1 —Cap t+ Saﬁw 0
A 0 i




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

m Absence of CP violation < afb‘? =0
=- absence of new contributions to electric dipole moments, in
particular to the electron EDM
(quite constrained |d.| < 1.1 x 1072 e-cm)




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

Yukawa couplings of the charged scalar

.,%h——f 3 Z {77y el +i8)) f1.

f=q,lj,k=1

+H+JF1 (Ozjk + 'L/B k’YB)f

with Ay1j=Uj q 1= dj, lys;=v5, 1
aj; B
Lg/FC | VI tﬂ Y(mu, —ma,) Vi tﬂ Y(my, +ma,)
II-glFC V* (tﬁ My, +tgmy, ) V* (tﬁ My, tgmdl)
7
ai i
I-gfFC | —Re(ng,)di; | Re(ng,) 0i;
II-g/FC | —Re(ny,) 0i; | Re(ng,) 0i;




The new contributions to day

m Full prediction

a;fh = a?M + day

a?M: SM contribution; da, the corrections due to the model
m To solve the discrepancies, the aim is

~ Exp ~ Exp
0ae > da,™P, day, ~ day,

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

1 my 2 1 gmy 2
dap = K, A Ki=—|—) =
a e “7 82 < v > 82 <2MW)

K collect typical factors arising in one loop contributions

K. ~55x 1071, K, ~23x107?




The new contributions to day

K., ~55x 1071, K, ~23x107"?
= A, ~-16, AV |

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 we start with the leading terms in
(mg/msg)? of the one loop contributions (S = h, H, A)) in the
alignment limit s, — 1

o (1 Iyp — 2 1
A?)mz(m_ 2 = 2/3 )

£ 2 2 2
mi my Omp+

Igs = —z —2In (W>
6 ms

[N.B. Same in both models I-g¢/FC & 1I-g¢FC]|

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

where

m Typical values for mg € [0.2; 2.0] TeV

Is € [24.6;29.2], I, € [13.9;18.5]




The new contributions to day

@ oI Ta—2/3 1
A =g (m2 o m2  6mpge?
H A HE

Is € [24.6;29.2], I, € [13.9;18.5]

m Dominant contributions mediated by H and A (logarithmically
enhanced): A, ~ —16 can only come from A:

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

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

m We do not expect an explanation of da. in terms of one loop
contributions




The new contributions to day

1 2 Iy IZA_2/3 1
Ayt ~ng <m2 T T2 T 6mas2
H A H*

Is €[24.6:29.2],  I,5 € [13.9;18.5]

m Dominant contributions mediated by H and A (logarithmically
enhanced): A, ~ 1 can only come from H:

A, ~ [Re (n,)]* 1,1 /mf requires [Re (n,,)]* ~ [mu/4)*

= a not too heavy H (in order to have reasonably perturbative
”u) and ma > my in order to avoid cancellations

m An explanation of da, in terms of one loop contributions
might be possible




The new contributions to day

m Dominant two loop contributions: Barr-Zee diagrams

m In the same approximation (leading m¢/ms terms, sog — 1)

2
a--(2) (2)r
s my
F depends on

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

B My and maA

Re (n,)

F = co;c}ﬂ A(fim + gea) + (fou — goa)] + (fru —gra),
FII = COtﬂ [4(ftH + gtA) — tan2 ﬁ(fbH - gbA)] + Re <nT) (fTH - g‘rA)

3




The new contributions to day




The new contributions to day

m2 m2
_ f _ f
frs=fl=—=|, 9s=9|—=%
mg mg

F(m3jm3%) g(m3/m%)
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The new contributions to day

m Relevant aspects
m f(2) ~ 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
my =~ mya, one can realize that for myg ~ 1 — 2 TeV, da. can be
explained with Re (n.) ~3 —7 GeV (Re (n.) > 0 gives da. < 0)
m To obtain da, from the same type of contribution
Re(n,) = da, me Re () ~ —15Re (n.)

daemy

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 ¢35 > 1 and da,?

The factor I )
- (2)(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, t3 — t3 = 50




cot 3 Re(n,)

= 3 [4(firn + gea) + (for — goa)] +

(fTH - gTA)

T

m In [-g/FC, the cot 3 suppression can be compensated with
smaller my, ma and larger Re (ne): e.g. ma ~ my ~ 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, da. 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. myg € [200;400] GeV and
|Re (n,) | ~ mu/4 € [50;100] GeV, the one loop contributions
can reproduce da,, !




The new contributions to day

Summarizing, two types of solutions

“Solution [A]”: 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 II-gfFC

“Solution [B]”: 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-gfFC model, but it is not clear if that is
the case in the II-gfFC model too. From the full numerical
analysis, the answer is no.




Analysis

Full numerical analysis
m Markov chain MonteCarlo
m Likelihood £ = eX°/2

2
Orh—Orxp
OExp

m Usual form 2, = (

m Observable O,
m prediction Opy,,
m measurement Ogxp £ OBxp

m + correlations, asymmetric uncertainties, etc

m N.B. not for all constraints (e.g. bounds)




Constraints

Shopping list
m day constraints
m Scalar sector
m Fermion sector
m Higgs signal strengths
m H* mediated contributions
m Lepton flavour universality
mb— s, BEILBS mixing
ete™ — putpu=, 777~ at LEP
m LHC searches

m searches of dilepton resonance: o(pp — S)(ggr) X Br (S — €+€7)7
S=H,Aand { =pu,T

m searches of charged scalars: o(pp — Hitb) X Br (Hi — f),
f=71uv,tb
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Constraints: day,

m The anomalies

daP® = —(8.7+3.6) x 10713, 6alP = (2.7+0.9) x 1077,

m The natural da, constraint

9 00 — Ce 2 da, —cu 2
Xo(0ae,da,) = o + o ,

m We impose a stronger requirement

2 _ 07 lf X%(5a€7 6a'u) S l)
X (dac, a,) = {106 x (x3(dae, da,) — i), if x2(dac,da,) > %




Constraints: day,

ot

a, x 10°

L
[]71-5

.
—10

5

ba. x 1013
Allowed da,, vs. da. region




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')

m Fermion sector: perturbative Yukawa couplings

) 0, for |ne| < no,
XPert(nf) = (\nd—no

Tng

2
) , for |ng| > no.

with ng =95 GeV and 0,, =1 GeV
m Higgs signal strengths:

m production X decay signal strengths of the usual channels
m large lepton couplings: also include h — ptp™, e

Te™ information




Constraints

m H* mediated contributions
m Lepton flavour universality: purely leptonic decays ¢; — £xvv,
decays with light pseudoscalar mesons K, 7 — ev, uv and
T — Kv, v
mb— sv, BS*BS mixing
mete” — utp~, 777" at LEP
(cross sections up to /s = 208 GeV)
m LHC searches
m searches of dilepton resonance: o(pp — S)(ggr) X Br (S — €+€7)7
S=H,Aand { =pu,1
m searches of charged scalars: o(pp — Hitb) X Br (Hi — f),
f=7v,tb
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Results

m Importance of LHC searches:
we separate results with/without them
m Scalar potential with exact Zo

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

and thus we introduce soft breaking u, # 0

m Results shown for model I-g¢FC,
in II-g/FC

m same solution [A] regions
m solution [B] regions absent




Results

Model I-g¢FC

T
-- No LHC
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Re (n,,) versus Re (ne)




Results
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Results

Model I-gfFC Model I-gfFC
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Results

Model I-g(FC Model I-gfFC
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Results

my= (TeV)

Model I-g¢FC

Model I-g¢FC

25 T T 25 T
-~ NoLHC -~ No LHC
201 20F ]
Sol. [A]
151 f; 151 B
&

Lo £ 1of g
051 05 | e Sol. [B] B

o L L L 0 L L

10! 1 10 10? 10! 10 102

tan 3 tan 3

Masses of the new scalars versus tan (3



Results

Model I-g(FC Model I-g¢FC
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Results

Model I-g(FC Model I-gfFC
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Results

Model [-gfFC Model [-g(FC
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Results

Model I-g(FC
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Model I-g(FC Model I-g(FC Model I-g¢FC
10° 10* 10°
—~ N LHC — - No LHC _ No LHC
= 3 7 LHC 13 Tev
T 10 El T 0E LHC 13 TeV A 10E
L o ) .,
= = . = W sol (4]
a2 a1 Bl E a \ .
x X X -
BT 3 | 1 Tl
:lT: ET \ F Sol. [B]
, sl AR

B B )1 g0 5N
5 B ! © [N

o 0 25 10 0 05 L0 15 20 2.5

mys (TeV)




Results

Model I-g¢FC
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Conclusions

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

Lepton flavour universality is broken beyond oc mass
Two models, I-gfFC & 11-g¢FC, to address the day, anomalies
Quark & scalar sector as type I, II 2HDMs, softly broken Zs

Two types of solutions in agreement with constraints
“Heavy”, present in both models
B new scalars have masses in the 1-2.5 TeV range,
m vy~ vy,
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,
v K v,
m Jda. from two loop Barr-Zee contributions, da, from one loop
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Backup




Yukawa couplings

Neutral scalars

Ny + N} N; — N

S - ,
Lsir = % f [Rlst +stT +26(f)R337f

2
S - N;—NL Nj + Nf
- fs <R252f + ’E(f)R3STf f

f

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




Yukawa couplings

Charged scalars

Lribng = \}}—_& [VTNU —NIVT 445 (VTNU + NLVT)} u

2v
Ht
+ —a[NLV = VNg + 75 (NLV + VNg) | d
V2v
and
gHiéu = 7£H+ vp UTNZ lr — £I'I éR NTU vy,

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




Loop contributions to day

0 %af S Lai g 0 af” v af o/ 0 af Y4 ¢




One loop contributions to day

Yukawa interactions of the form
my - .
Lsu = —7655((1? + b 5 )

give one loop contributions

AalV) = Lomi Z{ 2 (2Ls(wes) — I3(x)) — [b7]* I3(xes) } »

T 872 2

with z,s = m2/m% and

1-2 1++v1—-4
Lz) =1+ T (it ‘)4 L
2x+/1 — 4z 1—-+v1—-4x 2z

14++1—4x

X
Iy(z) = =+ — + 1 + 1
@) =5+ 2z2\/14xn(1\/14x) 922 7




One loop contributions to day

For x <« 1,

Ii(z) ~x <— = lnx) + 2? (— - 5lnx> +0(2?)

For my < mg,

2 2 2 2
1 _ 1 mymy si2 (7 My s2 (11 my




One loop contributions to day

Yukawa interactions of the form
Low = —C’_E(a? + ib?75)y — C’ﬂ?(af’“ + ib?*%)é

give one loop contributions
1) _ L 2 C2
Aay’ = 32 Ec {lag [* + b71*} H(xec)

where zyc = mf/m%i, and
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Two loop contributions to day

For quarks
m 7 .
Lsir = foSf(a? + lﬁ}g%)f

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

Aaf) =

o2
T 4An2 32 M2 ZZNfo {aeaff ZfS)*be/Bfg(ZfS)}

f: fermions in the closed fermion loop (N colour, Q ¢ electric charge,
zps =m}/md)

S neutral scalars connecting the closed fermion loop with the
external lepton line




Two loop contributions to day loop contributions to day

Loop functions
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