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. HDMimmducton
The 2HDM content & motivations

m Extension of the Standard Model with two Higgs doublets o1, 2

_ (1) _ L (7 +iof _(v2\_ L (m+io
a () B e (D) B
m 8 scalar components :
e 3 SM Goldstone bosons : G° and G*
e 3 neutral scalars : hy, h, and h3
e 2 charged scalars : H*
m Rich phenomenology :
e CP violation
dark matter candidates

[ ]
e new EWSB scenarios
e included in MSSM, GUTs, axions and others BSM theories
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i
General tree-level potential

The most general tree-level potential reads

VO(e1,02) = m (1) + mia(ede2) — [mi(le2) + e

with 14 parameters (6 reals + 4 complex)
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i
General tree-level potential

The most general tree-level potential reads

VO(e1,02) = m (1) + mia(ede2) — [mi(le2) + e
with 14 parameters (6 reals + 4 complex)

(1 and ¢, are gauge-dependent :
» hide symmetries
» make calculations difficult
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e
Gauge-invariant formalism

Definition of gauge-invariant bilinears

Ko = olor + phpa Ky = 901902 I 902901 :
Ko = i(phor — olga), Kz = @lor — plpa

with a one-to-one correspondence between the K's and the physical d.o.f.
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Gauge-invariant formalism

Definition of gauge-invariant bilinears

Ko = olor + phpa Ky = 901902 I 902901 :
Ko = i(phor — olga), Kz = @lor — plpa

with a one-to-one correspondence between the K's and the physical d.o.f.

We note K = (Ko, K1, K2, K3)T = (Ko, K)T such that the potential is

VO(K) = KT¢ + KTEK

m Conditions : Ky >0 & K2 > K?
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. siimearfomalm
Vacuum structure

We can decompose the vacuum structure in 3 types :

m Unbroken electroweak symmetry if Ky =0

m Charge-breaking minimum if K > K2

Charge-conserving minimum (= SM EWSB)

Ko>0 & K:=K? & aﬂvzzu(gk)
n

with u the Lagrange multiplier and g = diag (1, —13)
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S Blnerappliates
Mass expressions

» We need a connection between the physical scalars and the bilinears

We define ¢ := (71,72, 01,02, 73, 73,03,03)" recalling that

_ (e _ 1 (n]+io] _ (w3 _ 1 (mh+ios
Y1 = 0] — 2., 2> Y2 = 0] — 2., 2
©1 V2 \7i +iog 7 V2 \m5 + o3

and KV = (Ko, Kl, Kz, K3)T
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S Blnerappliates
Mass expressions

» We need a connection between the physical scalars and the bilinears

We define ¢ := (71,72, 01,02, 73, 73,03,03)" recalling that

_ (e _ 1 (n]+io] _ (w3 _ 1 (mh+ios
Y1 = 0] — 2., 2> Y2 = 0] — 2., 2
21 V2 \7i +iog 7 V2 \m5 + o3

and KV = (Ko, Kl, Kz, K3)T

Bilinears/scalar components connection

= %Af.j.d)"(zﬂ' and Tt := aa’;l = giK* = A
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S Blnerappliates
Mass expressions

The scalar masses are obtained from
(M3) ; = 00,V
The analogous expression with bilinear is
(M?),, = 0u0,V
Therefore we can write
(M), =0 (T10,V) = DO,V +T1T70,0,V

or simply

M2 = A19,V + TMIT
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Mass expressions

It's useful to define the canonical basis such that

F=url= <05X4>
V3x4

and thus we have

033
— e 7\
2 —
Mg = UCMS Uc - Mcharged
T\
neutral

» Gauge-invariant formalism leads to clear separation of massive scalars
and Goldstones bosons

21 may 2025, Terascale @ Strasbourg
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S Blnerappliates
Mass expressions

Finally we can obtain the complete diagonal form with

Mz = UI\//I\_%UT where U = diag (1, R},3,1, R3x3)
We define
_ _ ~ _ K,
K=RK, &£€=R¢ @ =Rn, E=RERT, ka:?
0

Gauge-invariant mass expressions (CC case)

m Charged sector : mf_,i = 4uKjy for any potential (= at all orders)

= Neutral sector : m2 = 4K [(noo — u) k2 + 2ijaks + Eaa + u]
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The h-expansion principle

Principle

Corrections of the tree-level potential can be obtained from a perturbative
expansion in & of the scalar potential with a Taylor expansion around the
tree-level vacuum where i — 0 corresponds to the classical limit.
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The h-expansion principle

Principle

Corrections of the tree-level potential can be obtained from a perturbative
expansion in & of the scalar potential with a Taylor expansion around the
tree-level vacuum where i — 0 corresponds to the classical limit.

m The effective potential is

Ve = VO 4 kv 4 2v@ 0 with k=
1672

where V; is the tree-level potential and V(1) corresponds to one-loop
quantum corrections
m We assume here that

¢ = O + koM + k263 1.
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- Blnerfemslsmendquenwmeoredtons
Effective potential in terms of bilinears

Quantum corrections modify the potential as
Veff(k) (0)(K) +rVO(K ( )+
with
K=K 4+ xKk® 4

The Coleman-Weinberg one-loop correction is given by

Vi(K, 1) = § 32, mm}(K) [In (%zk)) - Ci]

where n; and ¢; are known constants (which depend on particule-type and
renormalization scheme).
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. Bilnerformalismand quantum corrections
Motivations

m The gauge-invariance is preserved at each order in the expansion

m Precise predictions for mass and vacuum position with
» m=m® + xm®
> K = RO 4 gk
> u=u0 4y

m Study potential stability, vacuum structure and new possible
phenomenology at loop-level ?
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. lesdginotheresus
Vacuum structure

The minimization of the potential requires
9 V(K) = 2u(gK),,
=200 @KO), + 1 [240) (GKD)_ +2u) (gKO) | +

= 0 VO 41 [0,V + KD, 0,V O] + .
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Vacuum structure

The minimization of the potential requires
daV(K) =2u(gK),
= 2 FK®) 1k [ 20 (ZKW) _+ 200 (FKO) } +o
= 9,V 4k [ 9 VO + KM8,0, VO } T
Therefore we have the relations :
20 (gKO) =9,V + (MO — 2uOg)™ K

Kgk=0 = 2KO1gg(M =0
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Effective minimum and masses

We can define

D? :=~?0,
Finally, we obtain
2Kk D,v®
gy V=0 Tat
a mg(o)

1 1

W _ [25 v oL ka(l)]

u o +
4k 2

2y (1) A O /(1) K(l) 2y (0) ax(1), a
(m2)" = D,D,v) + (O)( m3)" + £250)
; _ gk ©)) K ) _ k® 50) _ k0 _ 5" o)
with fi = 8Ky [ (o0 — u®) kO +n] | k) = %55 and §() = k(1) — “45 k().
0 0
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Effective minimum and masses

We can define
D? :=~?0,

Finally, we obtain
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o esdigimethersls
Last step

Recalling that

- gn (55

We obtain

oV — %Z (W)" Ai (A1)

I=1
where A; are one-loop tadpole functions.

» We need to obtain bilinear derivatives of all masses.
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L
Example of corrected masses (CP conserved type | case)

300

~ 200}

Ge

100+

tan(B)

One-loop corrections to scalar masses, dashed lines are tree-level masses.
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Conclusion

m Gauge invariance is manifest at each order of i

m Simplifies vacuum stability studies and spontaneous symmetry breaking
analysis at loop level

m Perspectives :
> Implement these results (and other) in a ready to use code
» Study of the Gildener-Weinberg mechanism

» Other phenomenological applications
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L
Gauge-invariant bilinears

We construct 4 real gauge-invariant bilinears

elor+ ples Ky = 901902 + <P2901 ;
Ko =i(oo1 — o), Kz =plo1 — pheo

Ko

with a one-to-one correspondence between the K's and the physical d.o.f.

We can define our new parameters as

S = % (mfl + mgz) , €=(&) = % (—2Re(mf2), 2Im(m§2), mfl - mgz)T )
Moo = % <%(>\1 +X2) + )\3> ;o m=(na) = % (Re(% + A7), —Im(Xe + A7), %(Al - >\2)) ! ;
1 [ Xa+Re(s) —Im(Xs) Re(Xs — A7)
- (Eab)

—Im(/\5) )\4 — Re(>\5) —Im(>\6 — )\7)
Re()\ﬁ — )\7) —|m()\5 — )\7) %()\1 + )\2) — A3
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L
THDM potential in bilinears

The tree-level potential is then given as
VO(K) = Koo + Kaka + Kgmoo + 2KoKaa + Ko Kb Eap
One can combine the bilinears and parameters as
v _ (Ko :_ (% £_ (Moo N7
K - (K) M € - (E ) E - n E )
so that the potential is written

VO(K)= K¢ + KTEK

m Conditions : Ko > 0 & K2 > K?
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Vacuum structure

m Unbroken electroweak symmetry if Ko =0
Ko=0
m Charge-breaking minimum if K2 > K?

oV
Ko>0 & KZ>K? & in = 0nV =0

m Charge-conserving minimum if
Ko>0 & KE=K> & 0,V =2u(K)
o

with u the Lagrange multiplier and g = diag (1, —13)
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L
Mass expressions

In fact we are really interested in the diagonal congruent matrix of
ME = AP,V + TMIT = 2u (gK) A+ TMIT
w

It's useful to define the canonical basis such that

A 05><4 o [ 05><5 05><3
f= Ul = = fMmiT=
¢ <73><4> <O3><5 ’YM’YT)

and thus we have

O3x3
V2 217 2
MS = UC MS Uc = Mcharged
7\
neutral

» Gauge-invariant formalism leads to clear separation of massive scalars
and Goldstones bosons
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Effective potential in terms of bilinears

Quantum corrections modify the potential as
Verr(K) = VO(K) + s VO (K, 1) + .

with
K=K +xK®

The Coleman-Weinberg one-loop correction is given by

Vi(K, ) = § 3 mimf (K) [In (m—’;(g) - Ci]

where
n=(-1)%2s+1) = n,=

MS scheme == ¢, =

Thomas Guérandel (UGA/LPSC) 2HDM beyond tree-level : gauge-invariant formalism 21 may 2025, Terascale @ Strasbourg



L
Last step

We have

where the functions A; and B; are given by

Ay(x) = Ar(x) = A(x) = x [Iog (%) - 1} L Agx) =x [mg (%) - %} )

Bulxo) = Brleoy) = Bxy) = SIZ20) g,y - DAL,
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L
Example : gauge contribution

Gauge masses are given from

1 1
My =>Ko(el —g2). Mz =35 {Kogi /gt K2+ (KG - K2)gf}
Therefore we have
3
0,V = > {2g, 0w Ay (M) + g2 Ag (M3) )

My <0 M3 2 ~\n
_ Mw cu _ Mz [en =
guww Ko 50 guzz 2K2 [K + cos*(20w) (gK) }

And in the good basis

_ 3
D,V = E{anww Ag (Miy) + 8azz Ag (M3) }

o ) - . 2 -
Zag =TV'guas = Bww =/ - Mjk® and g7z = | — M2k?
KO KO
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