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Teaser

® In HEFT 2022, I showed this fit to Higgs signal strengths:
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In the SMEFT matching to the 2HDM, dim. 8 operators are needed in some regions

Can the HEFT matching do better?
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Motivation 2HDM Decoupling SMEFT HEFT Results

In the last few years, an EFT approach to BSM physics became very popular
For BSM physics affecting the Higgs sector, two common EFTs: SMEFT and HEFT

The SMEFT is a consistent EFT generalization of the SM with a series of higher dimensional

operators which are invariant under SU¢(3) x SUL(2) x Uy(1), usmg solely SM fields:

____________________________________

| In partlcular the observed
d>4 \ Higgs- like boson is embedded
i in the SU(2) Higgs doublet

C(d)

Lsmert = Lsm + Z

By contrast, the HEFT is a fusion of chiral perturbation theory (XPT) (in the scalar sector) with
SMEFT (in the fermion and gauge sector). Just as in XPT:

The 3 Goldstone bosons 7 are imbedded into U = exp )
The remaining scalar (Higgs boson) is a gauge singlet

There is an expansion in the number of (covariant) derivatives. At LO:
LHEFT D %JT" TI‘{D UTD U} —|— 8 h) V(h)

0§ B dyh?
G (o h L V(h) = lmER? (1+d3—+—4—+ )
v

v 4 v?
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Motivati()n 2HDM Decoupling SMEFT HEFT Results
Ultimately, any EFT deviations from the SM should be explained by a UV model

Those possible EFT deviations (both SMEFT and HEFT) can be be matched to UV models

Have the SMEFT and the HEFT ever been matched to the same UV model?

Yes: in a Z2-symmetric real singlet extension of the SM

Here, I am interested in taking the 2HDM as a UV model

It looks like it will be essentially like the singlet model, but with more parameters
As it turns out, it is quite different

I will focus on the notion of decoupling, which is crucial to both EFTs

I will perform the tree-level matching of both SMEFT and HEFT to the 2HDM
I will focus on the tree-level processes WW — hh and hh — hh

The main goal is to compare the performance of the SMEFT and the HEFT matchings
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Motivation %) H DM Decoupling SMEFT HEFT Results

® 2HDM in a nutshell:
take the SM, with its scalar doublet (?1), and add an extra one (Ps)

impose a Lo symmetry, according to which 1 — ®;, &9 — —Dy
allow that symmetry to be softly broken, so that a term proportional to &P,y is possible

both ®; and ®, have vevs: % and 2 \/§ ; then, define 3 such that tan 8 = vy /vq

' An alternative was recently i

rotate to the Higgsl basis: ( i, ) e ( CoE s ) ( ® ) proposed in [Banta et al,

2 B 02 2304.09884]
in that basis, only H; has vev, % = vf/; v) ,and  Loupm D Liin — V', with
Lin = (DuHy)" (D*Hy)+ (D Hy)' (D Hy),
V= VIR S e e <Y3HTH2 i h.c.)

% %
+ 2 (HTH1> it 7 (HTH2) + 2 (H{ ) (BJH) + 24 (H]Hy) (B, )

{ HTH2 Lz (HIHl) (HIHQ) s (HQTHQ) (HIHQ) —I—h.c.}
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Motivation %) H DM Decoupling SMEFT HEFT Results

i caveat: this is not a model, buti
1

simply one solution of the CP E

Then: .

violating model i
GT HT
Hy = . Hy = .
. <%(U + b + zG0)> B (%(h!; + zA))

consider the particular scenario where Y3, Z5, ZG, Z7 take real values

where all states are mass eigenstates but hsh By introducing « , we find:

h e Sp—a CB—a hlf
H e CB—a —SB—a hI; :
where h is the (SM) scalar found at the LHC, and H, A, H' are extra (BSM) scalars

take some of the parameters as independent:

CR—as 57 U, Mhp, Y27 mpg, Ma, My+

(fermions will not be relevant)
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Motivation 2HDM Decouphn g SMEFT EIEESE Results

® In order to build an EFT from the 2HDM, this model needs a separation of scales: A > v
® The effects of the heavy states are expected to be suppressed at low-energies
® This is the essence of decoupling, formalized in the decoupling theorem

® But note: that theorem was formulated for a theory without SSB

This means the masses of the particles are independent of the coupling constants

So, we can take the former to be very large without affecting the latter

= Rendering particles very heavy does not spoil perturbativity NGB sithe Appel quist SEeEeS

1
1
1 1
1 1
1 1
i decoupling assumes perturbativity |
! ping p 4

1
l .
1 1

(as we shall assume here)

® In a theory with SSB, it is more subtle

The masses may just be the product of a (fixed) vev and a coupling constant. In this case,
decoupling is not possible: the only way to render a mass heavy is to increase the coupling

constant, which violates perturbativity

But if a particle gets part of its mass from a Lagrangian parameter, decoupling is possible:

that parameter can be taken very large, without requiring the couplings to be large

06/20/2023 Duarte Fontes 8



Motivation 2HDM Decouphn g SMEFT EIEESE Results

® What happens in the 2HDM?

We want the BSM scalars to be very heavy:  mpyg ~ma ~ mg+ > my = 125 GeV

2 2 2
2 €8—a 2(¢g—a —1)Z1 + o235, Z3as — 225
_ el v, SR 2
Mh e il e deg_, —2 2 e e Y
2 2
_—c .. Cs_o(2Z1 + Z3a5) — Z345 g Z3 o
T e R v S R e vkl my

with 2345 = Zg + Z4 =45 Z5

Clearly, while taking Y5 large and keeping the Z’s fixed, A and H* become heavy

But given Cg—o as an independent parameter, taking Y2 large is not enough: cg_, must
be small, so that i can be light and H can be heavy

Then, the decoupling limit mg ~ m4 ~ mpg+ > my can be obtained in a way consistent
with perturbativity if:
Woy = M2 =SS AmE e im2 = A A m%ﬁ :A2+Ami]+,
IS i m3 ~ O(v?), Amsy, Am5, Am2 . ~ O(v?),

Co—a ~ O(v?/A?)

06/20/2023 Duarte Fontes 9



Motivation 2HDM Decouphn o SMEFT EIEESE Results

This (decoupling) limit can be used to perform expansions. To do that, we introduce §

such that the power-counting that organizes the expansion is:

v /A~ O®),  cp_a~ O()

The expansion is in powers of §. The trivial order, (’)(50) , yields SM couplings for the
Higgs boson: the

Both the SMEFT and the HEFT matchings to the 2HDM will follow this expansion

It is true that the SMEFT and the HEFT are in general different

Yet, if they match a perturbative 2HDM with heavy masses, they follow the same power-counting

Given our choice of independent parameters, that power—counting is in powers of ¢
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Motivation 2HDM Decoupling SMEFT HEFT Results
To obtain the an EFT from the 2HDM, the heavy states must be integrated out
To obtain the SMEFT matching, we must start from the SM before SSB

So, the integration out of the 2HDM states must happen before SSB

Identifying Y5> with the SMEFT heavy scale A?, and making sure the fields are

canonically normalized, we obtain the Lagrangian for the SMEFT matching:

¢ O @)
LsmerT = Lom+ ”(HW) e GlEE (s (D )Y (DPH)+ ... +O(1/A9),
where H is the SMEFT Higgs doublet, and, up to O(£?),
C
T = Ba(VIGRP[A -4 (m] - AmE)| + O@E),
Clys
= 265, (Y20R)° (m] — Ami) + O(8)
G 2 2 3
A}fl 1 (V2Gr)* +0(£%)

Only three operators are relevant for WIWW — hh and hh — hh at tree-level

Even at O(1/A?), there is no dependence on 3 or odd powers of c¢5_,
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SMEFT HEFT Results

Motivation 2HDM Decoupling

® In the HEFT matching to the 2HDM, we also use the power-counting in ¢, but we start

from the mass states

® The 3-point functions are obtained trivially from the 2HDM ones. For >3-point, however,

we need to integrate out the three heavy states:

We write the Lagrangian by separating the light (i.e. SM) fields from the heavy (i.e. BSM) ones:

il il
Loapm D i(auHa)Q - §(M2)abHaHb + Jo + JfHa

_|_J§LbHCLHb gl ngCHaHbHC e JZdeHaHbHCHd,
where Jj, only has light (i.e. SM) fields, and H® only heavy (i.e. BSM) ones:
He = (H, A, Hs, H,), with H* = (H; FiHy)/V/2
Each physical heavy scalar H® is integrated out at tree-level by solving its EoM
Replacing those solutions back in the 2HDM Lagrangian yields the HEFT Lagrangian for the

2HDM. Comparing with the general HEFT Lagrangian,
i Gl

: hoh? .
Cuprr D SF(T{DUTDUY + 30,02 - V(h),  F(h)=1+2a=+b+..,  V(h)=mih? <1 R L )

we ﬁnd the [=UDIEE matching eXpressions: N.B.: the matching in general requires higher order

1
i terms in the derivative expansion. I do not show them. i

_____________________________________________________
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Motivation 2HDM Decoupling SMEFT H EFT Results

o=t 2= — —c%_a,
Am?
Ab=b-1 = -3¢ ,+4G —5" + 0",

IACR I 5 2Am3%, 5 A? h

Ads=ds—1 = _202_am_%b + 5CBa =Gy [ — cot(20) <1 — i ) + 2cg_q cot (26)m—%] + O(&%),
A? 16Am7

Al = da =il N D) R (G—TH - 11)

i o

A2 2Am?
2 2 2 H
+c_, [2cﬁ_a—m% (22 cot®(28) — 17) — 22c5_q cot(2) (1 . > )

Am?2, (2 — Am?2
rioSe (25 )| +oreh.

® We considered the HEFT matching up to O(&?), whereas the SMEFT one up to O(£?)
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Motivation 2HDM Decoupling SMEFT HEFT Results

® For our numerical results, we assume that the heavy masses are degenerate, such that:

_______________________________________________________________________________

| Since Y2 = A? and mi‘ =Y5 + fa(Z;) v?, m?fr = Yo + fu+(Z;) v2, the new

mg =ma=mg+ = A+ AA

parameter AA measures the amount of mass in ma, Mg+ that comes from the vev

® We require the 2HDM to obey theoretical constraints of perturbativity, boundedness from

below and EW precision measurements via S, T, U

What is the impact of these contraints on the 2HDM parameter space?

max

For these large values of A , the 2HDM is Cﬂf“
forced to be close to the 7

0.15F — A =T750QeV
I SCEE N\ = 1TV
Larger values of A (or of tan/ ) would 7
: i f omax 0.10 - == = tany Sl
require even narrower a window of ¢g—, i
tan’ 3. =l
In all curves, the segment with positive 0.05} == tanf =15
slope is constrained by boundedness from
. . oopo——— . . : : AA(GeV)
below, whereas that with negatwe slope 50 100 150 200

by perturbativity

® The 2HDM parameter space is also contrained from experiments, especially Higgs

—————————————————

couplings measurements, 5 meson decays and searches for heavy Higgses == itanf = 1%

_________________
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Motivation 2HDM Decoupling SMEFT HEFT Re SUltS

® We now compare the (tree-level) SMEFT and HEFT matchings to the 2HDM at O(¢?)

Recall that, since we require the 2HDM to have decoupling, the SMEFT and the HEFT

matchings follow the same power-counting

Hence, even if they are structurally different,

their results end up being very similar

For example, the couplings hVV and hff are
the same in both approaches to 0(52) , as are

the one-loop processes gg — h and h — vy

So, the fits to global Higgs signal strenghts are

the same in the two approaches
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Motivation 2HDM Decoupling SMEFT HEFT Results

® We now compare the (tree-level) SMEFT and HEFT matchings to the 2HDM at O(¢?)

Recall that, since we require the 2HDM to have decoupling, the SMEFT and the HEFT

10}

matchings follow the same power-counting

Hence, even if they are structurally different,

their results end up being very similar

For example, the couplings hVV and hff are o)

the same in both approaches to O(f2) , as are

0.5F |
the one-loop processes gg — h and h — vy — ~— Exact 2HDM |
Dim-6, A2
So, the fits to global Higgs signal strenghts are Dim-6, A~
— Dim-8
the same in the two approaches S e ST
) R AN RS O D) 0.0 0.2 0.4 0.6
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Motivation 2HDM Decoupling SMEFT HEFT Results

® We now compare the (tree-level) SMEFT and HEFT matchings to the 2HDM at O(¢?)

Recall that, since we require the 2HDM to have decoupling, the SMEFT and the HEFT

matchings follow the same power-counting 0

Hence, even if they are structurally different,

their results end up being very similar

For example, the couplings hVV and hff are =

the same in both approaches to 0(52) , as are

0.5F |
I ~— Exact 2HDM |

the one-loop processes gg — h and h — vy
Dim-6, A2
: ) ) sl
So, the fits to global nggs 51gnal strenghts are Dim-6, A
— Dim-8
the same in the two approaches sl o o bt s NS T
) R AN RS O D) 0.0 0.2 0.4 0.6

Actually, the tree-level scatterings WW — hh and hh — hh are also the same at O(¢?) !

e e o R S ea s e ]
' j.e. there is a field redefinition from i

i the HEFT to the SMEFT matching i

______________________________________

This holds even if the individual Feynman diagrams different

In the following, we refer to the two identical matchings at O(£%) simply as the EFT matching
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Motivation 2HDM

SMEET HEFT Results

Decoupling

® Let’s start with WW — hh . Using the short notation do = 9% |4_4, , and showing only

the range of (positive values of) ¢s—a allowed by the theoretical constraints, we find:

dO.WW—>hh . dO.WW—>hh

EFT,0(£2) 2HDM %
T

1.0
I Vs =260GeV, 0y =7/8

0.8 tan g = 1.2

067 — A =T750GeV, AA = 125 GeV
i A =T750GeV, AA = 75GeV
. — A =1TeV, AN =100 GeV

0.4
I — A=1TeV, AA =50GeV

0.2

0‘0 | L L | L L | L L | L L | L L L | Cﬁ—a

0.00 0.02 0.04 0.06 0.08 0.10 0.12

The EFT matching reproduces the 2HDM quite well, with relative differences below 1%
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Motivation 2HDM Decoupling SMEFT HEFT Results

The case hh — hh is very different:

dogpr ey — AOHDA .
T
20
I Vs =260GeV, 6, = /8
10 - tan B = 1.2
o 1o — A =T50GeV, AA = 125GeV
o A = T50GeV, AA = 75 GeV
: — A=1TeV, AA = 100GeV
-20, — A=1TeV, AA = 50GeV
-30
—40F
-50 -

There are regions where the relative differences (in modulus) is >40%

In these regions, therefore, (9(52) is not enough in terms of SMEFT operators,

this means that even dim. 8

to faithfully replicate the 2HDM results

(
1
1
1
1
1
|
1
1
1
1
1
1

operators are not enough!

R I ey g
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Motivation 2HDM Decoupling SMEFT HEFT Results

® We can present the results for both WW — hh and hh — hh in a different way:

dO' WW —hh dO’ hh—hh
a0 ’9:90 (pb) a0 |e:90 (pb)
80 |
1.4+ J
/ Vs =260GeV, 6y = /8
s 60 - ‘ A=T50GeV, tg=12
S \ AA = 125 GeV
0.8
40+ by
06 2HDM [
G HEFT,0(&%)
' 20 t
0.2 =  HERB@(S)
S —x SR Y 1 e o)
~0.10 -0.05 0.00 0.05 0.10 o o e e S

The plots show the HEFT matching now, which we performed up to 0(53) , but which
we are only assured of being equal to the SMEFT one up to O(¢£?)

In both plots, the O(¢!) curve does not replicate the 2HDM result away from

But whereas in WW — hh the (9({2) curve does, in hh — hh not quite

For larger values of cs_o in hh — hh, the £ expansion is quite slow
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Motivation 2HDM Decoupling SMEFT HEFT Results

® What happens if decoupling is lost?

dg WW—hh do h—hh
@'0:90 (pb) %‘9:90 (pb)
" 120 r
1.2, 100, \/§:260G6V, 9():77'/8
A=300GeV, t5=12
s Q01 AA = 300 GeV

0.8] o

— 2HDM

0.6
il 40 | HEFT,O(¢&®)
i xE 2
0.2} 20 - HEFT,0(¢%)

‘ ‘ T HEEIEC (e

Cﬁ_a I I I I Cﬁ—a
-0.10 -0.05  0.00  0.05  0.10 -0.10  -0.05  0.00 0.05 0.10

The choice A = 300 GeV is a blatant violation of the decoupling assumption WS

Hence, even if myg = ma = my+ = A+ AA = 600GeV , the expansion does not converge
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Conclusions

I discussed the matching of both the SMEFT and the HEFT to the 2HDM

Requiring the 2HDM to have decoupling (and perturbativity), we obtained an in ¢
which we applied to both the SMEFT and the HEFT matchings

® Choosing ¢ as independent, we must take into account that cg—a ~ O(§)
® I performed the SMEFT and the HEFT matchings to O(¢?) at tree-level...
® .. and found no differences between the two approaches
® I studied WW — hh and hh — hh at O(¢?). Whereas the former replicates the 2HDM
results for all the allowed range of cs_q, the latter does not
® The in ¢ clearly does not converge if decoupling is lost
® For the future:
a) other processes/orders, b) loops, c) other models, d) alternative power-countings
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(Backup slides)

® On the power-counting:

The scaling cg_o ~ O(§) complies with perturbativity in the case of heavy H, A, H"

A scaling like cg_q ~ O(£%) would not comply with perturbativity: even though the latter

would require Cg—a to be small, that scaling would ignore this == bad power-counting

Z

Had we chosen Zg as independent instead of ¢s—a, one would simply require 4—6 S @h)
7T

in which case the would simply be in inverse powers of A?

v? v?

In that case, we would find cg—q = Zg — + @) (—2) ~ QO (f 1) , which justifies the scaiing
Y5 Y;

of Cl—a when we take it as independent

That would be enough to ensure that h is light and H is heavy:

2Y2 + U2(221 + 2345) Sie \/[2 YQ = U2(Zg45 = 221)]2 il 161]4262
4

(my)* =

The two scenarios (taking cg_o or Zg as independent) are equivalent
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(Backup slides)

® The need to scale cs_q can be seen though the h® coupling:

As any 3-point function, it is not affected by the integration out of heavy states

L=_H’+_Hh+_ _HW*W,+... = H=_hr+_W:W, +...

\ J

2-point 3-point 2-point

So, replacing the the solution of the EoM in £ generates at least 4—point functions

Therefore, the h> interaction in the HEFT matching is obtained simply by:
a) considering the h? interaction in the 2HDM,

b) applying the EFT expansion
Now, the h® interaction in the 2HDM has the Feynman rule:

3i csc?(20)

o os(4B)| - 3ch_amy — 263 Yo + (3ch_o + ch_q + 1) mE]
. {35 cos(4/) oMby —2¢5_o Yo + (8¢5_o + 5, + 1) mj;

+c5_, sin(4) [ (e Vi) e, = o QYQ]
=5 [20%_041/2 - cfé_am%[ 4 (cfé_a — C%_a — 1) m%} } :
But since this rule scales with positive powers of my, we can’t just expand in 1/mpy
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(Backup slides)

This is to be contrasted with the Z2 real singlet extension of the SM, where the A3
2

Feynman rule is ; (s3v — cv,)

2004
This leads Buchalla et al to perform an expansion just in powers of the physical heavy mass M
They show that, at least at tree-level, the effective Lagrangian has no positive powers of M

The key seems related with an exact Z2: imposing an exact 72 on the 2HDM would lead to

a similar behavior

In the 2HDM (with softly broken Z2), we really need to scale c¢5_,,
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(Backup slides)

® We considered the HEFT matching up to O(¢?), whereas the SMEFT one up to O(£?).

This is because the HEFT approach is much simpler to implement (for our purposes)

In the SMEFT approach, higher order terms contain the scalar doublet, which includes

the vev. Hence, 2-point functions are in general affected

(which means that kinetic terms and relations between masses and Lag. parameters need to be redefined)

In the HEFT approach, this never happens, for the integration out of heavy states affects

only >3-point functions, as seen before

Besides, 3-point function in the HEFT approach are trivially obtained, but not in the
SMEFT one

For simple processes (as the ones considered here), the HEFT results can be obtained

starting from the Feynman diagrams for the 2HDM, and applying the & expansion
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