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1 Pep talk

We consider the extension of the Standard Model (SM) by dimension-6 operators Q;
invariant under the SM gauge symmetries [1}, 2]:

Lsverr = Lsm + Z C; Q. (1.1)

The @); set is assumed to be complete and non-redundant, that is to form a basis. Such
sets are known to consist of 2499 distinct operators; explicit constructions include the
Warsaw basis [2] and the SILH basis [3]. The parameters C; are called the Wilson coef-
ficients. Together with the parameters of the SM Lagrangian, they make the parameter
space of the the SMEFT. In our conventions the Wilson coefficients C; have dimensions
[mass] 2 and they count as O(A~?) in the EFT expansion. Operators with dimensions
higher than six, as well as dimension-5 operators are ignored in this discussion.

The idea behind the Higgs basis [4] was to create a new parameterization of the space
of dimension-6 SMEFT operators satisfying the following properties:

1. Each Wilson coefficient has a simple physical interpretation;

2. Higgs observables at leading order are affected by a minimal set of Wilson coeffi-
cients;

3. Large correlations between the Higgs and electroweak constraints are avoided.

These features are very helpful for global analyses targeting the multi-parameter space
of the SMEFT, see e.g. [0, 6, [7, [§]. The Higgs basis is a realization of the idea first laid
out in [9], and its Wilson coefficients are what is called primary effects in that reference.

2 Definition of the Higgs basis

In Ref. [4] the Higgs basis was introduced as follows. One started with the SMEFT La-
grangian including dimension-6 operators in the SILH basis [3]. From it, a Lagrangian
of mass eigenstates after electroweak symmetry breaking was derived. That Lagrangian
was brought to a more convenient form by a series of fields and couplings redefini-
tions. Finally, the Higgs basis was introduced by identifying a set of independent linear
combinations of SILH Wilson coefficients that fully characterizes the mass eigenstate
Lagrangian. This algorithm permitted to construct a 1-to-1 linear map connecting the
Higgs basis and SILH basis Wilson coefficients.

In this note we follow a different route. We define the Higgs basis via a map My, 1]

s = Mw_uCywa. (2.1)

Here, cyp is a 2499-dimensional vector of Wilson coefficients in the Higgs basis to be
defined shortly. By convention, all components of ¢yg are dimensionless. On the other

I Alternatively, rather than defining the Higgs basis via a rotation of Wilson coefficients we could
define it as linear combinations of gauge-invariant dimension-6 operators. At the operator level, a
definition equivalent to the one in Eq. would be Qup = M{;/'l_THQWB; where Qwsg is the complete
set of dimension-6 operators in the Warsaw basis.



hand, Ciws is a 2499-dimensional vector of Wilson coefficients in the Warsaw basis of
dimension-6 operators [2]. If one uses SMEFT beyond tree level, one needs to specify
at which scale the map in Eq. is defined; in our conventions, Eq. holds at
the scale my. Finally, My _ g is a 2499 x 2499-dimensional invertible matrix. It was
obtained in Ref. [II] and is quote below.ﬂ As we shall see shortly, it depends on the
parameters gy, gy, and gs, which are the SM gauge couplings at the scale mz, and on v
and A, which are the Higgs VEV and self-coupling. Their central values are

gs = 1.2172, g, = 0.6485, gy = 0.3580, v=246.22 GeV, A =0.1291. (2.2)

and their errors can be ignored from the present purpose.
We are ready to write down the map My 5. The vector ¢y in Eq. (2.1 contains
the following Wilson coefficients:

e The Higgs couplings
5027 Cz0, Czz, C’Y’W CZ’W ng7 6A37 6227 6"{’77 5277 Egga 6yu7 6yd7 5ye7 (23)

where the blue parameters are real, and dy are 3 X 3 complex matrices in the flavor

2With respect to that reference, we adapted sign, naming, and flavor conventions to match those of
WCxf [10]. See Appendix |Alfor more details.



space. They are related to the Wilson coefficients in the Warsaw basis as

_ 1 3
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_ 1
9L
4
v_2cgg = C'
_ 1 1
v QC’Y’Y = ( 3 L,DW+ CWB C@WB),
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where Ag, = [C’( )]11 + [C( )] [011]1221 The interpretation of the Higgs ba-

sis Wilson coefﬁ(nents on the left- hand side of Eq. (| as certain Higgs boson
couplings will become clear in Section [4]

The vertex corrections
8g7¢, Sghc, Sgfv, Sghv, Sgf?, og%c, o), dgp (2.5)

which are all 3 x 3 Hermitian matrices in the flavor space, except for 6g£vq which
is a general complex matrix. They are related to the Wilson coefficients in the



Warsaw basis as

oSl = O+ £(1/2,0) = f(=1/2,-1),

gt = 33t
g = —SCW £, 1),
Vgl = S8~ 0w+ F(1/2,2/3),
G = SO - 2O+ f(-1/2,-1/3),
v2gat = _%Ccpu + £(0,2/3),
v 20gat = —% wa + (0,—1/3),
v—2(sg}/%vq _ %de’ (2.6)
where
HT%.0) = {_ %@WB_GC@DJF %AGF) (T3+Qg§g_%gg) }1. (2.7)

The F? couplings ) )
Azy Az Ags Ag, (2.8)

which are all real. They are related to the Wilson coefficients in the Warsaw basis
as

v, = ggLOW, v, = ggLCﬁm
v, = 0—30, v, = C—3G (2.9)
9s gs
The dipole couplings
dGu, dcd, dae, daw, dad, dze, dzu, dza, (2.10)

which are all complex 3 x 3 matrices. They are related to the Wilson coefficients
in the Warsaw basis as

_ 16,
Ve = _?Ova
— 16 * *
v 2dAf = —g—Q (T]fcfw+CfB),
L
1 92
—2 * Y *
vy = _16<n_c ___ N ¢ )
/ T@+g ™" gl +gp) TP
16
v dyy = —g—Qc;W, (2.11)
L

where 7, = +1, g = —1.



e Four-fermion couplings
n @) 1) () S ))
Ci, Cqq 5 Cqq Clq 9 Clq y Cees Cuus Cddy Ceus Ced Cud7 Cud

®n .’ 1) (8 1) (8) 1) (3)
Cle; Cluy Cldy, Cqey Cqu, Cqu, qu7 qua Cledq cquqda Cquqda Clequ7 Clequ‘

(2.12)

which are all 4-index tensors in the flavor space. They are trivially related to the
Wilson coefficients in the Warsaw basis as

U_2CZ' == Cl (213)

The full set of Higgs basis Wilson coefficients is displayed in Eqs. (2.3), (2.5), (2.8)),

2.10), and (2.12)). The map My _p is completely specified by Egs. (2.4), (2.6)), (2.9),
2.11)), and (2.13]). The physical interpretation of the Higgs basis Wilson coefficients will

be clarified in Section [l

3 Lagrangian for mass eigenstates

In order to derive physical predictions of the SMEFT the first step is to recast its
Lagrangian in Eq. in terms of the mass eigenstates after electroweak symmetry
breaking. In the Warsaw basis this exercise was completed in [12], where all the inter-
actions vertices with the corresponding Feynman rule were given. To derive the mass
eigenstate Lagrangian in the Higgs basis one could for example borrow the interaction
terms from that reference and translate the couplings to the Higgs basis using the map in
Eqgs. , , , , and E| Below I quote the part of the mass eigenstate
Lagrangian most relevant for the LHC and Higgs phenomenology.
By definition of the mass eigenstate basis, the kinetic terms for the Higgs, W, Z
bosons, photons, gluons, and fermions are diagonal and canonically normalized:
LD %auﬁauﬁ — %W:VW;V - 1ZWZ,W — 1AWA,W !

. 7 G, Go+ Y ifyduf (3.1)

4 m
feu,de,v

Above, we mark the Higgs boson field h because later we will switch to a more convenient
variable to describe this particle. The mass terms for the Higgs, W, Z bosons, and
fermions are also diagonal:

1 1 -
LD —§mih2 +miy WIW, + §mZZZuZu - Z mysff, (3.2)

f€Eu,d,e

3 In practice, we rederive all interactions using a custom-made computer code.



where in the Higgs basis

. 3@4 392@2 3@4@4 3g2g2
my = 2\’ {1 T2 _LA2 G0~ =3 i et — 2 o 56 T =3 e
91 — 9y 91 — 9y (QL gY)(gL + gy) 91, + 9y

—g5cz+g5)\3—3A],

A A
4 127 200+ gt
(9 + 9% )0? [Az v (91 + 57 1.9y

GyCoy — T5 5 C:OF o1 Cyy

L~ 9 gL — 9y

G- g‘ig% - 3@%&% v, (1 N 9%) A} (3.3)
297.(91 — 9v) 91

and A = dglVe + 5ng“ — %[C”]1221. Above gr, and gy are the SU(2) x U(1) gauge
couplings in the SM Lagrangian Lgy\ in Eq. , 0 is the vacuum expectation value of
the Higgs field, (HTH) = 92/2, and )\ is the quartic Higgs coupling in the SM Lagrangian.
Since dimension-6 operators affect the input observables from which these couplings are
determined in the SM context, in SMEFT one cannot assume the hatted coupling have
the numerical values in Eq. . In fact, their numerical value vary as a function of
dimension-6 Wilson coefficients.

The gluon couplings to matter are given by

~2
~ gs a r a
LD —g, (1 + chg) Ge " Tt (3.4)
f€u,d
The photon couplings to matter are given by
P ~2 ~2
gLy 9r9y £,
ca——————Q+—7—f—c>A Q. (3.5)
o A@G+av) )" feuzd g

The Z boson couplings to charged leptons and quarks are given by
Lo =G+ % > Fu (T} - 5Qr+097) f (3.)
feu,de
where 8 = gy /+\/9? + §% and

~2 ~2 ~2 |~ 2 29
2 9y gL gL t 9y 9L9y
bt =0+ (134 Q) (Lo + BT e ) Qg e,
g -\ 2 1 "2 — @)@+ a2 "
(3.7)
The contact interactions between fermions and the Higgs and Z bosons are given by

o, (2h R -
LD —/G7 + 4% <7+§) Zy Y fwdd"f (3.8)

L Y

feu,de,v
where
A0 ) ) Y P
2 ar 3 9y 9r.9y 91 — 9y 9gr9y
5thf = 5ng+_ <T + ~ ~ Q ) CZD_Q a7~ Ao (sz + N 5 Cx + N ~
o\ g g 72063 - 3?) a+ay (9 (g g%)Q m

)



The cubic Higgs boson self-interactions are given by

1 (2)

. A A
LD =M1+ 6A3)h® + =2-h(0,h)?, (3.10)
v
where
5 1147 1147 G5 n 1147 Gy n 1147 9y
3 = T oGO — = 5~ Czz N n N n C — 5 5 Cz
2(97 — 9%) 297 — 9%) 2007 — 980+ 63> 7 29t +68)
9 5 11
—Z8c, + 263 — —A,
500 T 50—
i@ _ 341 o 303 0% — 301 Gy . 307 Gy .
K Ji — Gy Ji — Gy G -Gt +a3)? " g+t ”
—20c, — 3A. (3.11)

The SM-like Higgs boson couplings to massive gauge bosons are given by

}AL R 92@2 B R (g2 +§]2 ),02
EDE(LM%)ZLﬁ%@+u+&JJ;ZL—@@, (3.12)
where
So sy 0L L GGR+20)  ROVQE+E) ik
2091 — 9v) 2(9% — 97) 2001 — ¥ )(g7 +9v)* T 2001 +4%)
+3A
2 )
S = ey BOL-AGRRY) L ob - @R —gb 9ty oL B
2(9% — %) 2(97 — 9%) 2001 — g9 )@7 +9v)> 7 2Ag +av)
1
—=A
2

The 2-derivative Higgs boson couplings to gauge bosons are given by

hf g B i 9L 4
s a a ~ s a a + — ~ + _
L D E{CQQZGHUG#V + cggZGuyGuy + C“’“’?Wﬂl’wlﬂj + waTW#VW#V

N2 82 ~2 ~2 AA A A
9L9y ~ 9r9y i gLy ~ 9L9y 7
—A l/A v fA I/A v ¥4 —Z VA v z —Z VA v
+CW4(Q%+§%) I “_’_6774(9%—{—%2/) Ay 1 Coy o “urip 1 Cay prip
~2 ~2 ~2 ~2
+ 2+ .
+CZZMZ;U/ZW/ + CZZ%ZMVZMZM }7 (314)
where
253 Jy
Cow = Cupt+ % 5 Cz < < Cry)y
gitor T ()T
N i 2G5 . Gy
Cyw = Cuzt = 5 Cz < N Crry- (315)
g +a T (g



4 New variables

The Lagrangian displayed in Section (3| is perfectly legal, and come used to calculate
physical predictions of SMEFT. However, it has a number of inconvenient features. In
this section, we use equations of motion and field and couplings redefinitions to bring
it into a more convenient form, where the physical interpretation of the Higgs basis
Wilson coefficients is more transparent. We stress that this is purely cosmetic: the
physical observables up to O(1/A?) in the EFT expansion are exactly the same, whether
calculated with the fields and couplings in Section [3[ or the ones in Section

Below we enumerate the redefinitions and briefly discuss motivations for each of
them.

#1 In the SM, the hatted couplings gs, g1, gy, 5\, and the VEV ¢ can be directly
related to input observables. On that basis they can be assigned well-defined numerical
values with error intervals. That is no longer true in the SMEFT. As can be seen in
Eq. and Eq. , the presence of dimension-6 operators complicates the relation
between the SM couplings and traditional input observables such as mz or «. For this
reason it is convenient to introduce a new (unhatted) set of of couplings, related to the
original couplings by

A

Gs=9s(1+6g9s), Ggo=9r(1+6gz), 9gv =gy (1+dgy),

b=v(1400), A=A(1+6)). (4.1)
We choose the shifts as
2
9s
595 - _chg7
bop = — g1 CD_g%(g%ng%)c L 9%y,
2(97 — g% 4(9 — 9%) 49t —gy) "
Soy = grgy . wlitey) g
2(9% — 93) 497 — 9%) Agt —gy) "
Sy — g1 . 9Lg . 919y S NS YN
2(g7 — g%) 2(97 — g%) 2092 —98) (gt +g2)* 7 209t +gE) T 27
2 4 2 2 2 2 4 4 2 2 2
oA = — I 3 G0+ 2ngY2 Czz = 73 2ng§ 5 3 Cvy — szgyz Cary
gr, — 9y ar, — 9y (gL - gY)(gL + QY) g, + 9y
5 3
+ode, — S0M + 24 (4.2)

Recall that A = dglVe + 5gzv” — %[011]1221. In these new variables, the mass terms in

Eq. (3.3)) simplify

2 24,2 2
m2 =202, m% = W, gLZ (1+A). (4.3)
Furthermore, the gluon and photon couplings to matter in Eq. (3.4) and Eq. (3.5

simplify as

£5 -Gy Y Pl f - — 24, S Q. (4.4)

feud V 9L + 9y feu,de



Finally, one can show that the Fermi constant measured in muon decay is related via
1

Gp = ol to the parameter v in Eq. . All in all, the new parameter set g, g1, gy,
v, A introduced in Eq. , at tree level, is related to the input observables oy, o, mz,
Gr, my in the same way as the corresponding parameters in the SM. With these new
parameters the mass eigenstate Lagrangian simplifies considerably, and moreover they
can be assigned the numerical values displayed in Eq. , which are independent of
the dimension-6 Wilson coefficients up to O(qz55z) corrections.

#2 The cubic Higgs boson interactions in Eq. come in two forms: one the
familiar SM-like cubic coupling, and the other a 2-derivative interaction. However, the
latter can be eliminated by a suitable choice of variables, after which its effect is absorbed
into the former, and into other couplings involving two Higgs bosons and gauge bosons
and/or fermions. To this end one can perform the following non-linear redefinition of

the Higgs field:

. 1
h=h+6, <h2 + §h3) : (4.5)
where
5, — 39L . 39i9y . 3919y o 39Lgv
2(97 — g%) 2(g7 — g%) 2092 —93) (9t + 92> 209t +4E) 7
3

This eliminates all derivative Higgs boson self-interactions from the Lagrangian. In the
new variable h the self-interactions take the form

LD =)\ (]. + 5)\3) h3 — 2 (]. + (5)\4) h4 - )\5éh5 - /\G%hfi, (47)
v v
where 4 3. 1 1 1
(5)\4 = 65)\3 - gdcz, )\5 = 1_15>\3 - Z(SCZ, )\6 = §(5>\3 — ﬂ(kz. (48)

We stress that, although the field redefinition in Eq. changes the Lagrangian, it
does not change on-shell S-matrix elements. More generally, on-shell S-matrix elements,
whether tree- or loop-level, are not affected by general field redefinitions, even non-linear
ones or non-gauge-invariant ones, as long as they satisfy certain minimal conditions [13].
Therefore, amplitudes for all Higgs boson production processes will be the same whether
calculated with the Lagrangian in Section |3 using the field /, or with the Lagrangian in
this section using the field h.

#3 In the new variables introduced in this section, the Z boson couplings to charged
leptons and quarks also simplify:

LD\ G +92Z, > . (T} - 55Q8 +697) f, (4.9)

fEu,d,e

where sg = gy /+1/g% + g%. That is to say, the Wilson coefficients g%/ in the Higgs basis,
cf. Eq. , are interpreted as vertex corrections to the Z boson couplings as compared
to the SM prediction. There is a similar kind of interaction in Eq. which differs from
Eq. by the presence of additional Higgs boson fields. Since it is already O(A™2),

10



it remains the same in the new variables, except for the trivial relabeling X = X. Itis
however possible to combine the vertex correction in Eq. (4.9) and the Higgs interactions
in Eq. (4.9) into one compact expression:

h\? .
LD —\/91 + 932, <1 + ;) > Fudg™f, (4.10)

f€Eu,d,e

The motivation to do so is the following. The interaction in Eq. are certainly
relevant for the LHC Higgs phenomenology (in particular in the H — ZZ* channel) and
must be taken into account to correctly assess the parameter space. On the other hand,
there are strong model independent constraints on the vertex corrections dg?/ [7], at
the level of O(1073) for the leptonic vertex correction. Such strongly suppressed vertex
corrections will not be relevant for LHC Higgs phenomenology, where typical accuracy is
O(107'). Eliminating from Eq. all terms not proportional to the vertex correction
0g offers users an option to ignore this class of interactions in the LHC context. In
practice, the elimination can be achieved by adding to the Lagrangian the terms

2h  h? ig .
£eom - (_ + _) {xZBZ,u |:81/B1/,u + TYHTEH + ngZi|

v V2

7 .
+xzw 2, {DVWE# + §gLHTU3§;H + gLJ3:|
= i
+ wawﬁ {DVWIZL + EgLHTUlﬁ#H + ng;:| } (4.11)
i=1

where j¢ and j) are the fermionic currents coupled to the SU(2) x U(1) gauge bosons
in the SM, and

9oy VILt 9y 9igv 9Lt gy 919y 9i9v

C0 Czz + Coyy + Czrvy,

XzB

2(97 — 9%) 2(g97 — 9%) 2097 —98) (91 + 9327 2/ + g2
. _9LVIEF Y, o L9y VIL Iy 919y S
2(g2 — g3) 2(g3 — g%) 200 — )+ @ )PP 2 /PR g
L Y
4 2 2 4 4 2 2
ar, 9r.9y 9.9y 9.9y
Ty = ———s———Cy — - Comy + Comy.- (4.12)
2(g7 — 9%) 2(g7 — 9%) 2097 — 989 +93)* 7 209t +43) 7

Note that each term in square brackets in Eq. vanishes by the SM equations
of motion. Therefore adding it to the Lagrangian does not change S-matrix elements,
whether at tree or at loop level. The role of Eq. is to eliminate all h"V ff
contact interactions that are not proportional to the vertex corrections dg. Of course,
the eliminated interaction do not vanish, but re-emerge in a different (more transparent)
form. In this case, their effect on single Higgs processes is taken over by 2-derivative
Higgs boson interactions with electroweak gauge bosons:

LD CZDg%Z,LLaVZ,U,V + C’yDngYZ/LaVAMV + Cng% (WM_OVWJ;/ + hC) ; (413)

where ¢, is already one of the Higgs basis Wilson coefficients, and the other two pa-

11



rameters can be expressed by the Wilson coefficients as

1 2 2 9y (97 — 9v) 919y }
Cwd = —5 5 9160+ GyCez — — 5 5 Coy — 75— 335C
9 — g { L Y a4k 7 (g +gE)
6o = ! > {2giczm + (2 4 g2)Cae — (g2 — G2 ) 0oy — =2 %g%z Cw} - (414)
g1, — 9y g7 + 9y

The change of variables and transformations described in #1, #2, #3 lead to a
more convenient form of the mass eigenstate Lagrangian, in which the interpretation of
various Higgs basis Wilson coefficients is more transparent. The Lagrangian in these
variables is the one introduced in Ref. [4]. However, we stress again that applying these
transformations is a question of taste. Using the original variables and mass eigenstate
Lagrangian from Section [3| would lead to the same amplitudes for all physical processes
up to O(A~2), that is up to the maximum order for which our EFT is defined.

5 Final Lagrangian

In this section we summarize the SMEFT Lagrangian in the Higgs basis, rewritten in
the variables introduced in Section[d] This is the same Lagrangian as the one in Ref. [4],
up to change in sign and CKM conventions to match those in WCxF. The idea is to
list here all terms that may be relevant for the current Higgs analyses at the LHC. The
complete Lagrangian is available in a custom-made computer code, and any additional
terms can be listed on request.

5.1 Kinetic and mass terms

The kinetic terms are diagonal and canonically normalized:

1 1 1 1 1w -
£ S0uhd,h — §W;VWW = w2 = JAw A — 76, Gl + > ifyduf (5.1)
feu,de,v

4

Here h, Wui, Zy; Ay, G, and f are respectively Higgs boson, W boson, Z boson, photon,
gluon, and fermion fields.
The mass terms are given by

1 1 _
£ —gmih® + my WEW, + om 2,2, — 3 myff, (52)
f€u,d,e

where
my, = V2\v,
V9L + gyv

my = ————,
2
v 1 1 1
my = % (14 6my),  omy, = 5591V;V6 + §5QZV” = gleuhzzn,
Yv 1 1
my = % (A +omy),  omy, = 5[0yslas — 50c.. (5.3)

Note that the neutrinos are treated as massless here.

12



5.2 Single Higgs couplings

The single Higgs couplings to matter are given by

h g21)2 _ g2 +92 ,02
£ 5 2 sa)Biwiwg + o) BT 7,
o Z vafsz(z [(51J + [0y¢lrr) frfr+ h.c.}
feude IJ

2 2
s LW W, + G LW Wi, + cungh, (Wi W), + hc)

9r9y 91 + 9%

2 2 2
9s ~a a 919y
+C§9ZG,LLVG}LV + 077 4(9% + 932/) AMVAIJ«V + CZ’Y ZMVA[LV + Czz

+CZDg%ZM8VZ}U/ + c’ylnggYZual/A,uV

2 2 .2
~ 95 ~a Aa ~ 9Ly
ooy s UL )

9r9y 91 + 9%

9 Z/JJ/A,U,V + ézz

AHVAIW + Cay

(5.4)

Most of the EFT parameters above are identical with the Higgs basis Wilson coefficients,
as defined in Section [2 The remaining EFT parameters can be expressed by the Wilson

coeflicients as

1 1 1
0c, = 0c, +40m,,, OMyy = §5gzve + 5(592‘/“ - 1[611]1221,

2g% 9y
Cyw = Czz + C, C s
g+9t 7 (B4
. N 20y . g9
Cow = Czzt Coy + Cyv,
e 7 7
1 2 2 9y (97 — 9v) 919y }
Col = 5 |2+ gPcs, — P N ILIY o |
g%—g%[L Y g+g 7 (g+gh)2
Go = : 5 [207c.0 + (g7 + 95 )caz — (97 — G5 )y — 29%9%2 cw] . (5.5)
91 — 9y 91 + 9y

5.3 Higgs self-interactions

The Higgs boson self-interactions take the form

.\ A A

D — AU + 3 - = + 4 - 5 - 6 o 3
L Mo (1+0X3) k3 140 A — N\ =R — Ng—=h5
4 v V2

where 03 is one of the Wilson coefficients in the Higgs basis, and the remaining EFT

parameters can be expressed by the Wilson coefficients as

4 3 1 1 1
5)\4 == 65/\3 — 55627 )\5 == 1—1(5/\3 — Z(;CZ, >\6 == §5/\3 — ﬂ(SCZ

13



5.4 Gauge interactions

The gauge interactions have the form

grgy 7 a z a
Lo B 3 Quud 06y Y TS,
gL, 9y f€Eu,d,e feud

% (W:DL'Y;L(I +6g) Yer, + W:ﬂL’yM(VCKM + 5gzvq)dL + W:@R,yu(ggquR 4 h.c.)

Y/ 91% + gxszu

Z Foru(T} = 55Qp + 6g77) fr + Z Fryu(=s3Qs + 59?”}2] :

feu,dew f€u,de

(5.8)

where all the departures from the SM couplings are parametrized by the vertex cor-
rections dg"/. Note that, by construction, there are no vertex corrections to photon
and gluon couplings. Most of the vertex corrections are Wilson coefficients of the Higgs
basis, as defined in Section [2J The remaining EFT parameters can be expressed by the
Wilson coefficients as

g7 = dgr "+ dg7°
592” = VCTKMégguVCKM_éggd- (5.9)

5.5 Dipole interactions

The dipole-type interactions take the form

1 —|— h/v VI my, a
L D / [ Z s ~———2 [0, T dasl s PLf. G,
feu,d

A > VD o ldagl i Prfs A

gL—'_gY feu,de

/T, 1T _
+\/9%+9% Z #flg/w[de}IJPLfJZu

fEu,d,e

+V2g, Y s T U0 [dw] JPLdJW + V21, dIJ;w[de] sPrusw,,

—|—\/_gL ey M é[Ouy[dwe] ]PLI/JWM_V—{—h.C. , (510)

where 0, = % (VY — YY), and dey, dag, dzp, and dyy are complex 3 x 3 matrices.
Out of these, dgq, day, and dz; are already Wilson coefficients of the Higgs basis, as
defined in Section [2] The remaining dipole parameters can be expressed by the Wilson

coefficients as )

g5
nedwy =dzs + —

—dA , 5.11
o+ g2 as (5.11)

where 1, = +1, ng. = —1.
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5.6 Contact Higgs-gauge-fermion interactions

The contact Higgs-gauge-fermion interactions have the form
2

h h
L D —\/ig[, <; + ﬁ) (W:DL’}/#(SQEM@L + W:fLR’}/“(sgg/qdR + W:ﬂR’yuégg/qdR + hC)

h h?
— 24/9i +9v (; + @) Z,

r Z r Z
> fuowdgr fo+ ) fRVu5ngfR] :
feu,d,e,v f€u,d,e

(5.12)

The EFT parameters describing these interaction are completely fixed by the vertex
corrections discussed in the previous subsection.

5.7 'Triple gauge couplings

The triple gauge couplings of electroweak gauge bosons are customarily parametrized
as [14]

. g - — - —
L D —Z\/ﬁ{gy WowW, =W WH A, + grg1.. WLW, — W, W} Z,

+ gy W W A + g WIW, Z + gy RS W IEW, Ay + g k. WEW, Z,,

)"ng + — )‘sz + _ )"ng + - 7 )‘sz + — 5
b W A+ S WL W, Z ot T WL Wy Ayt T m W W, 2y

(5.13)

Above, only A, and ), are Wilson coefficients in the Higgs basis, as defined in Section .
The remaining EFT parameters can be expressed by the Wilson coefficients as

2.2
e = Vg |+ )ea - R+ e + 0 - e+ I e |
N [_gi(g%ﬂtgi)czm_g%ggczz +g%g%2(g%—2 ). 29%92 QCW]’
9r — 9y 2 g1 + 9y (91 + 9v)
Ky = 1+ﬁ[6zz—g%_g}2/0z _—g%g%/ ¢ }
2 giter 7 (gi+e)
5 = @[ 99V, 919y }
2 |77 gitar T (gitad) ]
_— _@{5 _9i—9v. 91y ]
: 217 gitgr 7 (i) Tl
A= A, A=A (5.14)

One can verify that these expression lead to the usual dimension-6 SMEFT relations
2 2

between the triple gauge couplings: «, = g1, — Z—‘g’(li7 —1), k&, = —Z—‘Q’/%v.
L L

)
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5.8 Double Higgs couplings to matter

The interactions between two Higgs bosons and two other SM fields are given by

2 2 2
2 o\ 91 T 9y 2)\ 9L -
D h { (14 0e) 2,2+ (14 0e))) SEWIW

1 _
2 Z VI Mg [fJ[ZJScQ)]JKPLfK + h.c.}
f

1 a a a a
+ 302 { Cog gSG GL, + cgg gSG G ]
1 + @ 9i9%
+ 8’02 2wagLW W y T czz (gL + gY)Z#VZ,LW + 2Cz7 ngYz,uVA,ul/ +c Cyy 92 T 932/ A/J,VA,LW
! 7 . 9i.9% i
+ Q2 (20wngw+ W + sz (gL + gY)Z/U/ZuV + 2Cg?y)ngYZ Aw/ + 7%2 P} L Y2 A/,LVA/LV)
8v 91 t 9y

1
202

+ — (chwD(W+(9 W, +W.0,Wr) —l—chZmZ 0vZ —i—ngyc Z 0, Aw) } (5.15)

The parameters above are related to the Wilson coefficient in the Higgs basis as

6c? = déc., 6ct?) = 4dc, + 6A,
ik

Yy 3[6yslix — dc. 0k,
1(;3;) Cov) 61(3)) = Cy, (S {gawa277}a
CE)QD) - CUD? vE {’LU,Z,’Y},

(5.16)

where the expression of ¢y, Cww, c.0 and cyg in terms of the Higgs basis Wilson coeffi-

cients are given in Eq. (5.5)).

6 Discussion

We close this note with a number of scattered comments.

e Using Warsaw or Higgs basis is totally a matter of convenience, and leads to fully
equivalent results at O(1/A?) in the EFT expansion. One can verify these state-
ments for any particular process, by calculating it in both bases, and comparing
the results using the map in Eq. . Moreover, using the Higgs basis with the
Lagrangian in Section [3], or the one with redefined field and couplings in Section

leads to the same results at O(1/A?).

e The Higgs basis is designed to be convenient for the characterization of Higgs
processes at the LHC. It does not mean it is convenient for any application. One
counterexample is the diboson production. In the Higgs basis, the cubic CP-even
electroweak gauge couplings are described by five parameters c.., c., ¢y, ¢;0, and
A, see Eq. . In diboson analyses it is more convenient to use the standard
TGC parametrization in terms of ¢, ., k, and \,, and only a-posteriori translate
the results to the Higgs basis using Eq. . One could in fact construct another
basis, call it Higgs-TGC basis, where dg; . = g1,.—1 and dx, = K, —1 are defined as
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Wilson coefficients, at the expense of two Wilson coefficients from the original Higgs
basis, e.g. c,, and c,g. Similarly, for the analysis of h — WWW* analysis alone, one
would rather use the dc,, Cuw, Cuww, Cwn variables, and only later translate to the
Higgs basis using Eq. (5.5)). Again, for this purpose one could also construct a new
basis, call it Higgs-WW basis, where dc¢y,, Cuww, Cuw, Cuwn are the Wilson coefficients,
at the expense of e.g. dc., c.., C.., .o

e To reduce the number of free parameters in a SMEFT analysis of Higgs observables
one may take advantage of the fact that some combinations of Wilson coefficients
are strongly constrained by other precision measurements, notably by the elec-
troweak data from LEP-1. A nice feature of the Higgs basis is that it separates
the Wilson coefficients affecting only the Higgs observables at tree level (the ones
in Eq. ) from those affecting also electroweak precision measurements and
thus being strongly constrained (the ones in Eq. (2.5))). In particular, all leptonic,
bottom and charm vertex corrections d¢ are constrained at a level of 1072 or bet-
ter [I5]. The current experimental sensitivity at the LHC not sufficient to probe
the effect of these vertex corrections on the Higgs observables, thus for all practical
purpose one can simply set these dg to zero when analyzing the LHC Higgs data.
Similarly, dm,, is very strongly constrained by W mass measurements, and thus
can be set to zero. This greatly reduces the number of Wilson coefficients that a
typical Higgs analysis has to deal with.

e Some caution regarding the point above has to be exercised, however. First, not
all vertex corrections and dipole couplings have been strongly constrained by prior
non-Higgs measurements. For example, the vertex corrections to the Ztt couplings,
) gffR, for obvious reasons are not constrained by LEP-1, and thus they should not
be neglected whenever they contribute to Higgs observables. Moreover, for some of
the observables the effect of strongly constrained parameters may be amplified at
the LHC. One such case was identified in [16]. In the case of diboson production at
the LHC, the effect of the light quark vertex correction is enhanced by the factor
s/v? at high invariant diboson mass /s, as is not negligible.

A Notation and conventions

This appendix discusses notation and conventions used in this note. Note that some
of the conventions are changed as compared to Refs. [4, [I1] in order to match those of
WCxf [10].

The gauge couplings of the SU(3)c x SU(2), x U(1)y group are denoted by gs, gr,
gy, and the corresponding gauge fields by G, Wﬁ, B,,a=1...8,%=1...3. The
covariant derivatives read [

Dyf = (9, +ig,GoT¢ + igiWiT: + igyY; B,) f. (A1)

Consequently, the covariant field strength tensors are expressed by the corresponding

4Note the sign difference with respect to [4} [11].

17



gauge fields as

B,, = 0,B,—0,B,,
Wi, = 0W.—-0,W;— gLeiﬂfWng,
Go, = 9.G—0,G — g [ GG, (A.2)

where €% and f are the totally anti-symmetric structure tensors of SU(2) and SU(3).

The fermions and Wilson coefficients of fermionic operators in SMEFT Lagrangian
are given in a particular flavor basis . Namely, the basis is chosen such the fields
Pruy, Prdy, Prey and PpL; = (Ppvy, Prej) are mass eigenstates after electroweak
symmetry breaking. Furthermore, the left-handed quark doublets are given by ¢; =
([VgKM] sk Prug, Prdy), where Pruy, Prdy mass eigenstate after electroweak symmetry
breaking’| Note that the definition mass eigenstates may not be RG invariant in the
presence of higher-dimensional operators. By conventions, we choose that we work with
mass eigenstates defined by the Lagrangian at the scale = m.

Repeated Lorentz indices p, v, ... are implicitly contracted using the Lorentz tensor
N = diag(l,—1,—1,—1). Similarly, repeated generation indices I, J, K, as well as
repeated group indices ¢, 7, k, a, b, ¢ are implicitly summed over.

The components of the Higgs double field ¢ are parametrized as

1 iv2G
o=— . % *. , (A.3)
V2 \ o+ h+iG,

where 0 is the Higgs VEV, h is the Higgs boson field, and G are the unphysical Goldstone
boson fields.
The SMEFT Lagrangian is given by

Lsviprr = Lsm + Z C; Qi, (A.4)

where Lgyr is the SM Lagrangian, and (); form a basis of dimension-6 operators. The
Wilson coefficients C; have dimensions [mass| ™ and they count as O(A~?) in the EFT
expansion. We ignore dimension-5 operators, as well as any effects subleading to O(A™2)
(thus in particular, order C? effects are ignored). We work with the dimension-6 oper-
ators in the so-called Warsaw basis [2]. In the original reference the flavor structure of
the operators was not specified. For that, we follow the notation and conventions estab-
lished by the Wilson coefficient exchange format (WCxf) [10]. We also apply the WCxf
convention that all components of 5WB have dimension 1/mass? (thus, the SMEFT scale
A, often displayed explicitly in the literature, is absorbed into C; here).
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