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The general THDM

 Two Higgs doublets carrying hypercharge y = + 1/2

) — o1 (z) :L mi(x) +ioi(x)
e (¢;<x>> ﬂ( %<x>+w%<x>>
) — ©F () :i ma(x) + i05(x)
P2l <¢8<x>> ﬂ( %<:c>+w§<x>>

* The most general potential (tree level, gauge invariant)

Vi (@1, 92) = m21 (9l o1) + m2o(phpa) — m25(plpa) — (m2y)* (when)

1 1 :

+ 5&(9@19@1)2 T §A2(¢§¢2)2 + A3(pien) (o)

1 .
+ )\4(901902)(905901) + 5 [)\5(901902)2 + )\5(905901)2}

+ [Aa(s&’{m) + AZ(@OE%)} (¢]e1) + [M(ds&z) + A?(s&%)} (hep2)

o 14 real parameters: mlzl, m222 € R, m122 € C Ai34€R A567,€C
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Bilinears in the THDM

4 real, gauge invariant bilinears
Ko = o f K = of i
0= P1P1 T Pap2, 1= P1$2 T Y1,

Ky = i(phpr — ¢plpa), K3 = lp1 — phpa.

One-to-one map ¢, , <> K | , 3 (except for unphysical gauge d.o.f)

Inverse relations

1 1 .

901901 =5 (Ko + K3), 901902 =5 (K1 +1K3),
[P - iy o

PoP1 = 5 (Kl — ZK2) 3 PoP2 = 5 (KO — K3)

Most general tree level THDM potential in terms of bilinears

EoRo + &l + 100 K3 + 2K oK + KoFa 5,
/ AN

Linear in K { 5 3 Quadratic in K | ; 5

V’l(“)HDM(K()? Ka) —




4 real, gauge invariant bilinears

T T I T

Ko = p1p1 + 509, K1 = p1p2 + @501,
Ko = Z'(SO;SOI - ¢J{902)7 K3 = 901901 — 905902-

e Most general tree level THDM potential in terms of bilinears

Viiaon (Ko ) ~ RO oI £ 2K Kooy

e 14 real parameters:

Masses &, |, 5 (4)

Couplings £, (6)
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4-component notation

. ~ (K, (K1)
Bilinears: K = | with K = | K,

\ 13

Parameters: £ = :

P

Potential: VTOHDM (K) —

Very simple, real structure! _ _ / \ |
Gauge symmetry manifest Linear in K | ; 3 Quadratic in K) | ; 3

Vidupm (91, 02) = m21(@le1) + miy(ehea) — mia(elea) — (m2y)* (her)

1 1
compare to + 5 (2191)” + Shaphen)” + Aa(wlen)(wheo)

1 ES
+ M@l p2) (phor) + 3 [Aas(w%zf + A5(90J£<p1)2}

+ {A(s(soJ{wz) - Aé(sogw)] (eler1) + [M(dm) + A?(w%wl)} (¢}p2)



EW symmetry breaking
* Domain:

e K, > 0 (obvious car K, = | ¢, |2 + |§02|2)

. Kg — K12 — K22 — K32 > 0 (with Cauchy-Schwarz inequality)
* EW symmetry at minimum:

e Unbroken for Ky =0= V=0

e Charge breaking for K, > 0 and Kg — Kg > 0
oV
CB condition: dﬂV — =0
0KH

« Charge conserving for K, > 0 and K; — K> = 0
CC condition: d,[ V' — u(Kg — kg)] =0
Lagrange multiplier «, minimum at K, K, K,, K5, K, u
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Spaces and bases

Reminder:

Spaces:

¢ ¢ € C?, P, € C?, space of the SU(2); doublets

e ¢ = (¢, qoz)T € (5, grouping the two doublets together which can mix

—~—

e K = (K, K, K,,K;)! € R,, space of the 4 real, gauge-invariant bilinears

¢ )= (7?11, 7T12, 611, 012, 7t21, 7r22, 021, 022)T € Ry, space of the 8 real component
fields



Spaces and bases

° (pl S Cz €02 S C2 (Cﬂl, §02)T S CZ! — (K()a KlaKza K3)T € R4
Q= (71'1 : 72'12, 011, 612, 71'21, 7r22, 0,,0 )T € Ry

* Note that the parameters in the different spaces are linked.

For example consider the mixing of two doublets:
o @' = Ugp with a unitary 2 X 2 matrix U

e The bilinears transformas K, = K, K, = R ,(U)K,

with R € SO(3) a proper rotation matrix defined by
U'e"U = R4(U)o”

* The potential stays invariant under a change of basis of the bilinears
If we S|multaneously transform the parameters:

S0 = S0 5 =R &, 1y =My 1’ =R, E'=RER'
(Can be used to diagonalise the symmetric matrix E)
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Symmetries

e Symmetries straightforward to study (see, e.qg., [1,2])

e Example: Standard CP symmetry
P X / - T .. T
¢1,2(x) — ¢1 z(x) with x = (ta X) , X = (ta T X)
e |n terms of bilinears [3,4]

CP CP
K, > K,, (K, K, K)T = (K, — K,, K3)T

[1] Ferreira, Maniatis, Nachtmann, Silva, JHEP08(2010); [2] Bento, Boto, Silva, Trautner, JHEP21(2020)
[3] Maniatis, Manteuffel, Nachtmann, EPJC57(2008); [4] Ferreira, Haber, Maniatis, Nachtmann, Silva, IJMPA26(2011)
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The complete THDM gauge invariantly

Lohan Sartore, Markos Maniatis, IS, Bjérn Herrmann,
JHEP12(2022)051, arXiv:2208.13719

Up to now only potential considered

How to study gauge couplings, Yukawa couplings?
How to study potential beyond tree level?

Key:

 study mass matrices gauge invariantly

* derive couplings from mass matrices



Mass matrices

* Mass matrix in terms of the 8 component fields

1.2 1.2 1 2 1 NT
¢ = (7}, 7y, 04,01, 7y, 7y, 05, 0;

02

v
00

(My),;; = , ije{l,...8)

e Mass matrix in terms of bilinears K" = (KO, K, K>, K3)T

62
M= (M

) = 6KM8KVVE 0,0,V u,v e {0,...,3)}

e How to change between M7 and .//?



Mass matrices

e Establish first connection between component fields and
bilinears

 Write bilinears in terms of the component fields:

1
K'=—Ap'y),  ije(l...8)

with constants Ag. (four 8 X 8 matrices, depending on basis Ry)

 Connection from (gauge-dependent) components to bilinears:

oK* .
[fM=——=0K= Ag.gbf where [ is a 8 X 4 matrix

l a¢l




Mass matrices

e Now we can write the mass matrix in terms of bilinears:
2N _ U
(M;); = 0,0V = 019, V) = A9, V+TIT}9,0,V
* |n matrix notation:
M; = A*0,V + T MT" with M = (M )

e Use a canonical basis in the space Ry where I ' is very simple
(A rotation in Ry such that bilinears in R, unchanged and where

the first 4 rows in I vanish)

e Diagonalize M> — M-



Mass matrices

® In the charge conserving (CC) case, we find after some non-trivial algebra that
the mass matrix takes a block-diagonal form:

O3%3
MS _ Mcha,rged /\
M?

neutral

® The charged matrix takes the final form
M s = diag (mfgi, m%{i) — diag (4uKO, 4uKo)

® The neutral matrix takes the form with ¢ = diag(l, — 1, — 1, — 1) and the 3 X 4
matrix 73 = (K, 15)1/2/K,

/\2

Mneutral — 73 (M — QU§) 73T

® This can be diagonalised by a rotation in bilinear space R, for any potential V

2 D AA2 T _ 71: 2 2 2
Mneutral — RMneutralR — dlag (mla mo, mS)



Mass matrices: VWhat have we found?

® Mass matrix manifestly gauge invariant
(dependence only on bilinears K )

e Potential V not specified in ./ = 0,0,V

® Valid in any THDM at any perturbation order

® |n particular the charged part reads méi = 4uk,

e K, and u to be determined from stationary point

equation and the CC condition depending on the
parameters in V



THDM couplings

® Compute the couplings gauge invariantly using the mass
matrix. For instance for the scalar cubic and quartic couplings:

k 1% 1% 1%
Nijre = (M) = (A%Fk + AR + A?kﬂ) Muw

kl 14 1% 14
Niju = (0:0;M2)" = (A%Akl + AL AY Ag;Ajk) M, .

® Example (using the tree level potential)

h— H*— H*

1
/1 alj+y+ — SK (7’] ka + ﬂa) — kamg with ka — Ka/K
heH*H \/TI{O ( O\"700 ) 0)



How to deal with Yukawa couplings!?

® Yukawa couplings linear in Higgs doublets, bilinears not
—Ly = {@L U Dg up +Qr Dy 0® dr + L Eg ° eR} + h.c.
with  ($a)' =<7 (1),

U* = (ij) Dy = (yd Gd) Eaq = (ye Ee)

® Under a change of basis in the space (C, the Yukawa couplings transform as

b b
o0 U b = Da%Db(UT) , ga%gb(m) Ut U U

a



How to deal with Yukawa couplings!?

® However,Yukawa couplings are gauge invariant and hence
expressible in terms of bilinears:

(&

1
ar T — Ty a b 1 1
U Z/{b — 2Yu (UM) b DCLDT = §Yd'u (O-,u)ba gagTb — §Y'u (O-M)ba,
1
Similar to K, = ¢} = 5 B (o)

® Explicitly we find 4-component bilinear Yukawa couplings:

[ yuyl +eucl, ) [ yay)+each ) ( yeyg + eee% \
yue’]l: T euyL ydeil + Edyjl Ye€e T €Ecle
Yy = : T T Y Yd — ; T T 7 Ye = ' I I
[ (yueu — euyu> —1 (yded — Edyd) —1 <ye€e — Eeye)
K yuy;& — EuEL ) \ ydyjz — GdEL ) \ yeyl - Eeel )

e They transform in the same way as K, under a change of basis
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How to deal with Yukawa couplings!?

® (Observation: for a neutral vacuum the rank of the bilinear matrix is one
such that it can be ‘linearized’ in terms of a vector «%. In the mass basis:

% 1~ a —Q
K", = iKu (0u)" = Ry

® The Yukawa couplings can then be expressed in terms of the vector K
o B 1 L+ks \  [Ko [ V14ks
2 /14 ks \ k1 +iky 2 \ /1 —ksei©

e For example, the neutral Higgs coupling to up-type quarks: 71 — uZ — Up €an

be written in very compact form:




Conclusions

Mass matrices to all orders computed

Complete THDM formulated gauge invariantly:
Scalar, Yukawa, gauge boson couplings

Program of bilinears completed!
Sartore, Maniatis, Schienbein, Herrmann, JHEP12(2022)051, arXiv:2208.13719

ToDo:

® Phenomenological applications

® Further work out dictionnary between bilinear formalism and
conventional formalism with concrete examples

® Go beyond tree level
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