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Recalling the 2HDM Useful equations relating the potential parameters
e With respect to the SM Higgs Sector, a new complex Y = 1/2, SU(2);, doublet Both doublets develop vacuum expectation values (v, v9), where v; = v cos 8 = veg, vy = vsin f§ =
scalar field is introduced, ® — ($1, $5). This leads to 8 degrees of freedom: vsg and v & 246 GeV. From 0p,V|(y, 4,) = O:

3 Goldstone bosons (G*, G) absorbed by the EW bosons, 2 CP-even scalars eql = 2m2 (1 + t% ) — QW%Q(% n t% ) 40 ( A + t% )\345) _ 0
(h, H), 1 CP-odd scalar (A) and one pair of charged Higgses (H*).

e The most general gauge invariant renormalisable scalar potential is given by:
YV = m? 00, + mdld, — [m,010y + hoc] +

eq2 = —2mi,(1 + t3) 4+ 2m3,(t + t3) + v° (3o + tpAsss) = 0.
where A5 = A3 + Ay + \s. Eliminating v*:

eqﬁ — m%Q(—)\l + t%)\z) — m%l (t%)\g + tﬁ)\345) + m%Q (tﬁ)\l -+ t%)\345) = 0. (4)
IV (@10))2 + INg(DID2)? + Ay (D10 ) (DIdy) 4+ Ay(DT o) (DID)) (1
A1) 5Ao( Do) (D101)(P22) (@122)(0y1) - (1) On the other hand, the previously mentioned CP-even eigenstates are obtained by a rotation of the
+ {%)\5(@]@2)2 + [)\G(CPJ{CDD + )\7@;@2)] (DJ{(I)Q + h.c.} . basis (P, $9) via the angle «, which verifies:

eqa = miy(1+13)(ta — tg)(1 + tats) + v7ts (ta(—A1 + t3A0) + t5(1 — £2)A315) = 0. (5)

e CP-conserving 2HDM: {mzzj, A} real.
e Avoidance of FCNCs: softly-broken discrete symmetry Zo = Ag7 = 0.

Alignment limit and the Fine-Tuning in the 2HDM Fine-Tuning computation

The alignment limit is the situation in which the light eigenstate, A, behaves as the SM Higgs: they By the Barbieri-Giudice Criteria, the F'T' in an observable €2 w.r.t. 6; is
both present the same couplings to all the SM fields. By inspection of the normalized couplings to A O dlog€)  6,;dS)
2l = =

AQ = max |AgQ], € is fine-tuned when AQ > 1.

the EW bosons and fermions dlogh;, ﬁd_@@’
Ch — gnvv S50, Ch= { Sg—a + Ot J Cgq, (6) Instead of obtaining expressions €2(#;), which are quite complex (e.g. ¢z verifies a
Ihsy V'V Sg—a —tanp cg_q, quartic equation), we use eql, eq2, eqa and eqg as well as the Implicit Function
we Infer a mathematical characterization of the limit: cz_, — 0. In this situation, several observ- Theorem:

0, 0eql ,0eqp

ables are susceptible of suffering fine-tuning (F'T), i.e. they depend on a fine adjustment of the Apts = Y. / 5
—Z6U2 Z tﬂ 2 tﬂ
fundamental parameters ot the theory. From the fact that cz_, = and
V g ’ v (m2 —m2)(m% — Z?) 0 (Oeql(2) iy (9eq1(2)A / /6’eq1(2)
Zig =Y 0O(\)-terms, \; S 1 i v? 00; 0 Otg I ’
>~ O(mj;)-terms | e e

e Alignment by decoupling: m3, > v* = m7; > v* and we find a FT in v* « & . A — fPTON b 4 et DTN g

& Y plng H j O()\k) 0,Co—a Cha « 8ta 0L =+ 15 tﬁ 0;t6 | >

e Alignment without decoupling: Zs — 0 and we find a F'T in cs_o x Zg = > O(\;)-terms.
deqo

Agitﬁ |

Apart from these two potentially fine-tuned observable, we also take into account the observable ¢ 5, which takes part
in the EW breaking since now there are two vacuum expectation values. Therefore, we look over the observables

{tg, v*, c5_qa}

0; (Oeqa tgdeqo
Ngt, = — |
Z t, \ 00; 0 atg

The final analytical formulas are not shown due to their extensions.

Dependence of the FT on the extra-Higgs masses

We consider a nearly realized alignment, cg_, = 0.01, and that my = myg = mpy+ = mg € As before, ¢z_q = 0.01. We consider tg € [1,40] and we set my = mg = my+ = my =

200 GeV, 2000 GeV|, where we set t3 = 1.1. We only display the most relevant results. 550 CeV.
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Fig. 1: Dependence on my of the fine-tunings in v* and cs_, due to mfj Fig. 2: Dependence of the v* fine-tuning on g
mg —m3,
Regarding v*, Av? ~ —g for mg > my. With respect to cs_q, using its expression and For t5 — oo we find that v* & v & X and m3, v m3. Moreover, m{; «» m?%, mi, «
m 2
h 2 .
the definition of the FT: m%/ts => m3i, > m3, > mi,. This is, for large values of ¢4 the observable v* is not
d 1 fine-tuned. Nevertheless, a hierarchy in the mass parameters is required.
Ng.Co_o = o7 log v* + log Zs — §1og((m%{ —mi)(m3 — Zv) |, ’ | Y P | .
08 Vi The same happens when analysing Atg. Once for example, v is fixed, the vacuum expec-
: - ST ~ 2 . . 2 . . .
implying that A, cs—o has a contribution coming from A, v°. As a result, Ay, cg—q, tation value vy satisfies vy ~ mﬂ}ff?. Again, a hierarchy appears but no FT is found.

Ap,v* > 1 for large masses and A, cs_o > 1 also for small masses. Both FT are "

minimum (in absolute value) for my ~= 550 GeV. t3 seems not to be fine-tuned.

Symmetries and Special Regions in the Parameter Space

In the exact alignment limit ¢, = —1/t3. From the consistency of eqa and eqg:
2 2 2 \/ __
mip(AL = Ao)| = [(mi; — M) [V (AL = Asas) (A2 — Asas) = 0. (10)
Alignment is reached when both terms vanish. Possible symmetries in the Higgs potential accommodating this constraint are listed in the following table:
symmetry transformation law
I, (mirror symmetry) D, — Py, by, — Dy
SO(3)  (maximal Higgs flavour symmetry) D, > Unp®y, Ue€cU(2)/U(1)y
. { ®; — PJcosl + P)sind
GCP3  (generalized CP symmetry) Jfor0< 6 < in
®y — —P7sinf + P;cosd

Table 1: Symmetries in the Higgs potential and their transformations laws.

In practice, these symmetries have to be broken to provide a phenomenologically viable model. Anyway, it is interesting to explore the scalar potential parameter regions where these
(approximate) symmetries appear. We are now working on that and we hope to report soon about it.




