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@ Although the Standard Model (SM) is extremely powerful, there is physics beyond it (BSM)
® The Higgs sector was inaugurated in 2012, and BSM physics may be found within it

® How to search for physics Beyond the Standard Model (BSM) within the Higgs sector?

@ The dream: direct detection! But if BSM physics is too heavy to be produced, we resort to

indirect methods — ideally, in a way

[David et al, 1209.0040]

@ A usual approach is the kappa formalism:
[Heinemeyer et al, 1307.1347]

® A set of scale factors k; are defined, such that all decay channels and production x-section
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of the SM Higgs are rescaled by a x;: o Ky, TEVE K3, . o
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® But the kappa formalism was explicitly proposed as an interim solution:

® [t deliberately ignores tensorial structures not present in the SM

(so that it becomes model dependent and cannot be used for kinematic distributions)

® It does not follow from a consistent Quantum Field Theory
(so that it does not allow higher order, different scales, etc.)

® It is not an Effective Field Theory (EFT)

(so that it does not represent an IR limit of an UV sector) [Brivio, Trott, 1706.08945]

@ The theoretical framework that should be used for a approach is an EFT

® General & consistent for heavy BSM

® [t was not mature at LHC Run 1

@ Two main EFT candidates for Higgs physics:

SMEFT Jeh e falE

@ What are these two frameworks?
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e Aecka > Standard Model Effective Field Theory
® The SMEFT is an EFT that takes the SM before SSB and includes higher-order terms:
---» SMEFT (aka Wilson) coefficients

d
c@ & o
Ad—4 ¥t

® dofs and symmetries of the SM

Lsmert = Lsm + :g::

=1

-d >4 ® Higgs belongs to a SU(2) doublet
v
g ceaiicpton and batyeols clear power-counting in 1/A

number are conserved

® [tis by far the preferred EFT framework at the LHC

® Several observables are correlated at dim-6

® SMEFT at dim-6 has seen an impressive development in the last 10 years

@ In particular, global fits:
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[Ellis et al, 2012.02779]

e Significant advances in dim-8 operators have been done in the last ~2 years
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e St > Higgs Effective Field Theory
B BRI o s oo chiral perturbation theory (XPT) (in the scalar sector) with SMEFT (in

the fermion and gauge sector). Just as in XPT:

@ The 3 Goldstone bosons are independent of the Higgs, which is a gauge singlet
WI, b e A (27’ 7TI/v) h (instead of part of an SU(2) doublet)

@ There is an expansion in the number of (covariant) derivatives. At LO:

Lugrr D L F(R)Tr {D,U'D,U} + 1(8,h)2 — V(h)
with: BEcer A 0 SRR ) A > HEFT coefficients
' (0 g T L h o (dgh?
.F(h) =1 + Za}— —H\b,'— —+ T V(h) — §mhh 1 _|_,\\d3)_ TR o

(such that the SM corresponds foRar— 10— d3 = d4 = 1)
® Because the Higgs isea gauge singlet, it has arbitrary couplings: e.g. ds and d4 are independent

(whereas in the LO SMEFT they are

related, since A is contained in a doublet)

® The organization of HEFT is subtle, since ¥PT and SMEFT have different organizations
@ One sometimes includes the NLO term, since the LO one has a poor structure

@ But there is no agreement in the literature on what is LO and what is NLQO [Brivio et al, 1604.06801]
[Buchalla, Cata, Krause, 1307,5017]
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@ Ultimate goal of any EFT framework for BSM physics:

¢ Find a pattern of non-zero deviations in the EFT coefficients

@ Associate (or match) that pattern with a particular BSM (a.k.a. UV) model

® So far, no deviations. But several questions:

@ How good is such association? In particularz

@

SMEFT is usually truncated with dim. 6 operators. Is that enough to reproduce the UV model?
@ What about the HEFT matching? Is it more cumbersome than the SMEFT one?

@ How exactly to compare the two approaches? Which one is better ?

® And are there several types of SMEFT and HEFT matching?

® Note that the discussion SMEFT vs HEFT has been addressed quite often, albeit in a model-

independent (and not so phenomenological) way

[Brivio et al, 1311.1823] [Brivio, PhD thesis, 2016] [Cohen et al, 2008.08597] [Banta et al, 2110.02967] [Ambrosio et al, 2204.01763]
[Alonso et al, 1409.1589]  [Brivio, Trott, 1706.08945] [Cohen et al, 2108.03240] [Kanemura, Nagai, 2111.12585] [Ambrosio et al, 2207.09848]
[Brivio et al, 1604.06801] [Falkowski, Rattazzi, 1902.05936] [Alonso, West, 2109.13290] [Banta, 2202.04608] [Graf et al, 2211.06275]
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® But to address the aforementioned questions, we can look at particular UV models

e EFTS are , model-independent —------ > (bottom up approach)
------------ -+ (top-down approach)

@ Still, by matching to partlcular UV models, one may gain 1n51ght about the approach

@ Tt is a more phenomenological approach

® Here, I take the 2 Higgs Doublet Model (2HDM) as the UV model

@ Very popular model, sufficiently simple (complex) to allow an economic (interesting) analysis

@ I will focus on the notion of decoupling, which is central in both EFTs

&

[ shall perform the tree-level matching of both SMEFT and HEFT to the 2HDM

&

I will ascertain the importance of the different EFT orders

@ I focus on fits to Higgs signal strengths, as well as on the tree-level processes WW — hh
and hh — hh

&

I will discuss other possible (recently proposed) EFT approaches to the 2HDM
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e 2HDM in a nutshell:
@ Take the SM, with its scalar doublet (®,), and add an extra one (®3)

® Impose a Z, symmetry, according to which ®; — &;, &, — —®,

@ Both ®; and &, U22 ; then, define 8 such that tan 8 = vy /vy

i S g o N RN el
Hy —55 Cp Py e y i

FCNC. Yet, an exact Z2

@ Rotate to the Higgs basis:

@ In that basis, where only H; has vev, prevents decoupling. So, we

i allow Z2 to be softly broken i
Loupm D Lyin + Ly =V, REEPR N 6 s e '

Liin = (D, Hy)' (D*Hy) + (D, H)' (D*Hy)

% A
V = ViH]H, + Y, H Hy + (YngTHg + hee )+—1 (HTHl) ] (HTHQ) it (HIHl) (HQTH2)

Z
+ 2, (H{H;) (HiH,) + { e (HTH2) + Zs (H{H)) (HIH2) + 77 (HiH) (B]H,) —|—h.c.},

ﬁy = _)\1(})*HIZ]\LUR_Aq(E)*HgZ]\LUR_)\S)JRHI )\( )dRH;qu )\( )GRHTZL )\( ) RHTZL—}—hC

;____> qr, = —Z'(Tg(ch)T , such that ]J]Jr dr = qr Hj
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@ Extend Z, to the fermions ‘ 4 types of 2HDM: Type-I, Type-II, Type-L, Type-F
V2

R
@ The Yuk t i A SN O
e Yukawa parameters rea f 5 fs ¥ T ¥
Type-1 Type-11 Type-L Type-F

Nu 1 1 1 1

Nd 1 — tan? 3 1 —tan? 3

m 1 —tan® /8 —tan® 1

N > | NB:thisis nora

A 0 : ' model, but simpl !
@ Consider the partlcular scenario where Y3, Z5, ZG, Z7 all take real values. e e

Then:

i solution of the generaﬂy i

GT HT E CP violating model E
ldlis L . ko — 2 R ST )
1 <¢1§(”+h11{ “G())) 2 (Jg(hg +zA))

where all states are mass eigenstates but hIfI, hgl. By introducing o, we find:
G+ yEI T
H1:<L(v+s h+ H+'G))’ HF(L( h— H+'A))
V2 p—or Ch~ 0o /2 \C—a Sp— !
where h is the scalar found at the LHC, and H, A, H are new scalars

@ Take some of the parameters as independent: cg_q, Y2, mp, mpy,, ma, my=+, B, my
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|2A200k2A

® In order to build an EFT from the 2HDM, this model needs a separation of scales: A > v

@ We thus assume that the BSM scalars decouple: mpy ~ma ~my+ > m;, = 125 GeV

¢ But we do not want the couplings constants too large: we want perturbativity

2 2 2
2 €—a 2(cg—o — )21 +cp_oZ345 , Zi3g5 — 225
o R, D 2
- 2¢f_o—1 % Lo 4 ma Lo 2 e
2 2
o] Cs_o(2Z1 + Z3as) — Z3as ka8 Z3 o
. 20%_@—11/27L 4c%_a—2 < e Y2+7U

with 2345 = Z3 i Z4 o Z5

}:\\Q

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

}:\\Q

Besides, ¢s—a must be small, so that i can be light and H can be heavy

}:\\Q

Then, the decoupling limit mpg >~ ma ~ mg+ > my, can be obtained in a way consistent
with perturbativity if:
Yo = A2, il = WSS IA o SR AR GRS VAN 1/ o e = gy
W m2 ~ O(v?), N NG 2y, N gt 0 )

C, AN A
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@ 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

® More than that, the SMEFT and HEFT matchings to the 2HDM follow different prescriptions:
~-» integrate out the physical states H, A, H g

(L doublet H, < SMEFT/HEFT matching to the ZHIEDM:
. | integrate out the heavy dof’s before/after SSB

® Yet, if they match a perturbative 2HDM with heavy masses and with our choice of independent

parameters, they follow the same power-counting

08/28/2023 Duarte Fontes 15
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® To obtain the an EFT from the 2HDM, the heavy states must be integrated out

® To obtain the SMEFT matching, the integration out must happen before SSB:

@ Write the equation of motion (EoM) for the whole doublet H,

@ We want to obtain the matching up to dim-8 operators
(1) (2)
@ Then, assume a solution of the form H,, = H,(" + H;/C + h;icz
2 2

® Replace Hy by H,. in the Lagrangian. The effective Lagrangian reads:

Fg F 1
Leﬂ’—F4‘|‘_+ 82—|‘O< )

Yo Y. Y3

or canonical
and we label both the 'dimension and the effective dimension;
example: Faz Y2

)\f; , Y2 24D, Hy) (D*Hy)
dim. 4
eff dlm 8

then, we have:

Fy = Fyo+ Fygu,

g = g or e W0 S R

My = g s e B

08/28/2023 Duarte Fontes 13



Motivation 2HDM Decoupling SMEFT HEFT Other EFTs

T » | omit leptons
iy = —i4IEEUER ,
n e i o N (1)
Fyy = (D,Hy)' (D"H,) 5 (HiH: ADapgt Hy + 2\ drHlqr, +hc
2

F6,2 = ‘Y3‘ (HTHl) s iy > operators with 4
F6,4 — Yg)\(z) H1QLUR + %A(Q)JRHI(]L -+ Y?,Zék(I—]II—Il)2 -+ h.C., i fermions will not

I be relevant
Feg = (H1THl)[|ZG|2(1LHH1)2 5 {ZG)\( *Higrur + ZeA drHiqr + h.c. } +4F) s

1 b3 1 3 ]

Faa = [GP(DLH) (DY) - (HUH)? (1Y 20 + 30602 + 5(00)°Zs
Fae = {YaZ¢+YsZe} (HH\) (D, H) (D*H)) + {YaZ:(D,H)) Hy 4 h.c.} 0*(H] Hy)

b t . - t
+{Y3*>\q(t2) <Du(QLUR)> (D"Hy) + Y3 AL <Du(dRQL)> (D" Hy) +h-0-}
—(HIH,)? [YaZ34 22 + YaZi Zg + h.c]
_(EE) [HI i (1/3234)\< 4 Y3*Z5)\§f>*) + drHlqr (Y3234A§f> 4 Y3*Z5Aff>) i h.c.] :

Fas = |Zs|*(H{H1)*(D,H1) (D" Hy) + 2| Z6|* (H{ H1)0,(H{ Hy)0" (H{ Hy)

1 * 1 *
~(H{E)* | 202l + 32528 + 32625

—(H1H,)? [Hir LUR <234Zﬁ>\( Fo s N > +drHiqr <ZS4Z6/\22) + Z5Z§)\((i2)> + h.c.]
AT
+{ [Zg)\z(f) (Du(aLuR)) +Z5AY) (Du(dRQL)) } {aM(HIHl)Hl in (HIHl)(Dqu)} +h~C~} A Al
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This is the effective Lagrangian, and has an implicit matching:

- ~<

Foy > (Y3Z3(H{H:)%
e e 22T operator with light fields only

coefficient with 2HDM params. only

Yet, this effective Lagrangian is not convenient to study deviations from the SM
(It is not written as SM + higher order terms)

1 : c Grzadkowski et al, 1008.4884
Besides, for some operators, a basis-change is useful 6o oge el J

(—Aﬁ
i 0 bttt ot el £tk st > SM + dim-6 opers. + dim-8 opers.
. . . ! : \ . « . %"—)
We want to write it in the SMEFT format, and render the matching explicit [Murphy, 2005.00059]
We need to use:
@ Integration by parts © EoM @ SU(2) identities

Finally, the 2HDM doublet H; and the SM doublet # are related via:

Y5

=3 L =

08/28/2023 Duarte Fontes 15
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Identifying V> with A®, the resulting (effective) Lagrangian is:

o Sa 1
Lsmert = Lsm + Al;ﬁ iy AILS + 0O (AG)

Sars = Cu(HH)*+{Cup (H'H) Grun#l + Cary (HH) qudm# + h.c. | +4F

Sas = Cus(H'H)'+Co(HIH)? (DLH)T (D*H)
+{CquH5 (HYH)2qrupH + Coaps (HIH)?qrdrH + 2D2H2F + h.c.} + 4F,

® The explicit matching is:

oLl 1
O = Cl+=H = |Z5]"+ (Y32126+Y3 I o A Y e 7 S Bl b )
cll 1
Cue = OB+ =42 = ZAP4— (Y*Z6>\( ) L Y3 Z AP Y, Za 2D 13*Z5A§>*+3Y126A32>*)

[6] 0[8] * (2)* x4 (1) * (2)* s (2)* xy (2)* x y (2)*
Can = CHL+=2 = 2§ A2( Yo Zg A +¥5 210 Y5 20 Yo 22D 4371 250 ")

1 1

O — el 7 _Ezgzg—525(25)2+2zl|zﬁ|2,

ol =

Cours = —ZaaZedP* — ZsZ30P* + | Zg|* A + 821 2622,

S ) Dl O | 76 P 32 2 AP
()
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® We can rewrite these relations in terms of the independent parameters
(Cﬁ—a) Y27 Mp, Mg, MA, M+, ﬁa Tflf)
@ Write the dependent parameters in terms of them

© Use the scaling in ¢ and expand to O(£?). We find:

Cy

= G (V2GR |A - 4(ml - AmY)| + O(€),

= 2¢2_,(vV2GF)? (mi — AmZ) + O(3),

= g (V2Gr)?+0(&%)

)
® Remarks:

® Among the non-4F dim-6 opers. of the Warsaw basis, only 4 show up in the matching

@ In particular, the hVV interaction only shows up at dim-8
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® Higgs signal strengths: o';!%\\(pp )

——————————————— » prod. modes: ggh, VBF, Wh, Zh, tth

BR(h — f)

Feroho T 0P (pp = h)su

® SMEFT fits, assuming mpg = ma = Mg+

Type-I:
10—

tanf

0.

0.1

08/28/2023

fr — Exact 2HDM |
Dim-6, A2
= Dim -Gl =
Type-1 2HDM — Dim-8
—0.6‘ ‘ ‘—01.4‘ | ‘—(1).2‘ ‘ ‘OiO‘ | ‘0i2‘ | ‘Oi4‘ | ‘0.6
cos(B—a)

Duarte Fontes

==

-» final states: Y7, bg, s W W N

For high tan B, the dim-6 results are poorly

constrained

® the only WCs are the Yukawa ones,
which in Type-I are < 1/ tan 8

The exact 2HDM has more info than Yukawas

> gauge-Higgs interactions

But that info is contained in the dim-8 results

Sans > CUL(HIH)? (D, )T (DFH)

The dim-8 EFT is thus a good reproduction
of the exact model — whereas dim-6 is clearly

insufficient for some regions

18
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® Type-ll and Type-F:

Decoupling

10
— Exact 2HDM
] Dil’l’l—6, A_2
— Dim-6, A~
. — Dim-8
6,
g |
|
4,
2,
’ Type-II 2HDM |
NV ‘—(‘).2‘ B ‘0.‘2‘ o
cos(B—a)

tang

SMEFT HEFT Ol e
et
5l
I
0.5/ ]
I — Exact 2HDM |
Dim-6, A—2
— — Dim-6, A~
Type-F 2HDM — Dim-8
il

TR T ik T

0.1 0.2 0.3

cos(B—a)

@ In these models, there is at least one of the Yukawas scales with tan 3

@ Therefore, even the dim-6 Yukawa operators are constrained for high tan

¢ The dim-8 operators are thus irrelevant in these models

08/28/2023
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® TypelL:
10 T T T T T T T T T T @
Type-L 2HDM
I @
8+ i
. — Exact 2HDM
Dim-6, A~2 S
6. — Dim-6, A~ {
=1 - — Dim-8
= I
+ I
41 i
I @
2t |
(]
0 L 1 L L L 1 L L L L L 1 L L 1 L
-04 -0.2 0.0 0.2 0.4

cos(B—a)

08/28/2023

Duarte Fontes

SMEFT HEFT Ol el

Type-L is still compatible with the wrong-sign

This solution cannot be captured if only linear

effects of dim-6 are kept

But squared-dim-6 does not accurately

describe the full model

(because, in the exact 2HDM, the large
values of cos(8—a) are ruled out by

Higgs-gauge interactions)

Info about such couplings comes with
dim-8 operators

The dim-8 EFT is thus a good reproduction
of the exact model — whereas dim-6 is clearly
insufficient for some regions

20
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® Now the HEFT. Here, we start from the 2HDM after SSB, and only then do we perform the

integration out of heavy states

® We've seen that, given our choice of independent parameter, the HEFT will also follow the

power counting in ¢, such that m3 = A* + Am7, v*/A% ~ O(€), cp_a ~ O(E)

® But Why? Can’t we simply ignore the scaling of cg_o and perform an expansion simply in

inverse powers of the heavy physical masses?

@ Let us consider the A2 interaction

@ Like any other 3-point function, the interaction in the HEFT Lagrangian is

obtained trivially from the same interaction in the 2HDM one:

i R R SR e e EoM: B = R S AR

\ J

2'};0111’[ 3-ploint 2'PIOint
So, replacing the the solution of the EoM in £ generates at least 4-point functions
Hence, a certain 3-point function in the HEFT Lagrangian is obtained simply by:
a) considering the same interaction in the 2HDM Lagrangian,

b) applying the EFT expansion

08/28/2023 Duarte Fontes 2l
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© Now, the h? interaction in the 2HDM with our independent parameters reads:

3i csc2(2)

2 3
- {sBa cos(45) { 3% O — 205 oY2 + (305 o+ CB ot1) mh} + cg_q sin(45)

x [ I ol d ot (3c2n, — 2)lm + 21@} s [zcg_ayQ e el mz} }

¢ But since this rule scales with positive powers of mp, we can’t just expand in 1/mpy

@ Conversely, if we apply the ¢ scaling (according to which cs_q scales), h”® is well behaved
® Hence, we describe HEFT using the power counting in ¢
® Just as h”, all 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:

1 1
Loupm D 5(6MHG)2 — §(M2)abHaHb + Jo + JfHa

+J$°HH + J3**HH H® + J3***H*H H°H*,

where J;, only has light (i.e. SM) fields, and H* only heavy (i.e. BSM) ones:

He® = (H, A, Hs, H), with H* = (Hs FiHy)/V?2
08/28/2023 Duarte Fontes 27
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@ 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,

2

) T i
Lugrr O L F(W)Tr{D,UD,U} + $(0,h)> = V(h), F(h)=1+ 2a— + bv—2 + .. V(h) = +m2h? <1 + d3; + Z4U_2 + )

we find the HEFT matching expressions:
N.B.: the matching in general requires higher order

2 A 3 2
Aa“=a" =1 = _Cﬁ—a ’ i terms in the derivative expansion. I do not show them. i
A B I o — o o R e e b
Ab=b-1 = -— 30%_a S 4cg_a% e
A2 1 2Am? e
Adg = d3 Al = —ZCQ_QW SiE 56%—04 = C%_a [ 5 COt(ZB) <1 s m2H> - 2Cﬁ_a COt2(2ﬂ)W] o 0(54) 5
h h h
e 16Am?
a5 2 2 H
Ad4 = d4 = 1 — _1265 am—% + Cﬂ—oz < mi g 11>

A 2Am?

2 2 2 H
e [20’3_0‘771_,% (22 cot“(28) — 17) — 22cp_ cot(20) <1 — = )
Am?%, (2 — Am?

2 (2252 |+ ore).

h

® We considered the HEFT matching up to O(¢?), whereas the SMEFT one up to O(£?)
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® In what follows, we still assume that the heavy masses are degenerate, but such that:

_______________________________________________________________________________

| Since Y2 = A? and mi‘ =Y5 + fa(Z;) v?, 7ni{+ = 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 tanj ) would
: : o 4+ DL == tanf =1
require even narrower a window of (o7 g |
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 negatlve 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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® 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 0(52) , as are

0.5F |
the one-loop processes gg — h and h — vy — ~— Exact 2HDM |
Dim-6, A2
4 . i W S
® So, the fits to global nggs 51gnal strenghts are Dim-6, A
— Dim-8
the same in the two approaches el AR
) 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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® Let’s start with WW — hh . Using the short notation do = 9% |4_g, , 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 %
o)

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

0.8 - tan g = 1.2

06; — A =T750GeV, AA = 125 GeV
i A =T750GeV, AA = 75GeV
f — A=1TeV, AA = 100GeV

0.4~
I — A=1TeV, AA =50GeV

0.2+

0'0 | 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%

08/28/2023
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The case hh — hh is very different:

ot Oezy — QOO (%)
dogfipif
20 -
f V5 = 260GeV, 6y = /8
10 tan 8 = 1.2
U 01287 = A =7T50GeV, AA = 125 GeV
o A =T750GeV, AA = 75GeV
; — A=1TeV, AA = 100GeV
~20 | — A=1TeV, AA =50GeV
~30 |
—40
—50 "
@ There are regions where the relative differences (in modulus) is >40%
@ In these regions, therefore, O(£?) 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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® We can present the results for both WW — hh and hh — hh in a different way:

do WW —hh

4o ’9:90
1.4¢F
1.2f
1.0¢
0.8}
0.6
0.4 -
0.2 ¢

(pb)

-0.10 -0.05 0.00

0.05

0.10

C—a

do hh—hh

@‘9:90 (pb)
80
Vs =260GeV, 6y = 71/8
60 - | A=T750GeV, tp=12
\ AA =125GeV
407 — 2HDM
HEFT,O(£%)
2 — HEFT,0(&?)
| | | i L@
-0.10  -0.05 0.00 0.05 0.10

@ The plots show the HEFT matching now, which we performed up to (’)(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 O(£?) curve does, in hh — hh not quite

® For larger values of cg_o in hh — hh, the £ expansion is quite slow

08/28/2023
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® What happens if decoupling is lost?

dg WW—hh do h—hh
@le:eo (pb) @‘ezgo (pb)
" 120 r
o . V5 = 260 GeV, 6y = /8
A=300GeV, t5=12
L Q01 AA = 300 GeV

0.8] e

— 2HDM
0.6 -
il 40 | HEFT,O(¢&®)
i xE 2
0.2 20 - HEFT,O(¢%)
‘ ‘ ‘ ‘ LB @)
CB—a ‘ : : ‘ Cl—a
-0.10 -0.05  0.00  0.05  0.10 -0.10  -0.05  0.00 0.05 0.10

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

@ Hence, even if mg =my = my+ = A+ AA = 600GeV , the expansion does not converge
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® Recently, two papers proposed alternative EFT approaches to the 2HDM:

® Banta. Cohen, Craig, Lu, Sutherland (arXiv: 2304.09884)

&

The authors propose a novel basis of the 2HDM, as an alternative to the Higgs basis

&

The new basis — straight-line (SL) basis — is such that (the zero-derivative part of) the

classical solution of the heavy Higgs doublet is a /inear function of the light Higgs doublet

® In the Higgs basis, this is not the case: Y,Hy = —H;Y; — Z6HIH12 — %fRYffL
an

T
non-linear

:\\

The EFT is then obtained by integrating out the heavy doublet of the SL basis

The EFT is both SMEFT-like and not:

:\\

® It is SMEFT-like, in the sense that it is the whole doublet that is integrated out

® It is not SMEFT-like, in the sense that:
a) it has its own power-counting, very different from the SMEFT one

b) the trivial order of the EFT expansion does not correspond to the SM

08/28/2023 Duarte Fontes 30



Motivation 2HDM Decoupling SMEFT HEFT  Qther EFTs

@ In the decoupling limit, the SL-basis EFT and the Higgs-basis EFT are equivalent

@ In general, however, the SL-basis EFT replicates the 2HDM much faster

® Defining Kv as the shift in the hWW coupling, and £ as the shift in the h3 coupling, such that

Ri,BFT — Ri,Uv they find:

0Ki EFT =
kiuvy — 1

105 L

1000 f

|0k v Higes|] 100} |5“A,Higgs|

’ 0.100 f
o1fp

e : ; 0.001 p— . .
0.05 0.10 0.50 1 1074 0.001 0.010 0.100 1 10 100

[0rvsul 6 1]

Yet, since the SL-basis EFT is not SMEFT-like in the sense described above, how can it be
matched to the WCs of a bottom-up SMEFT approach used at the LHC?

And if it cannot, how useful is it?
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® Arco, Domenech, Herrero, Morales (arXiv: 2307.15693)

@ The authors perform a HEFT approach to the 2HDM, but without Y5 as independent

@ Instead, they use mj,, a parameter of the original basis (to which the Z> symmetry is applied):

A 51 S5\ 2
V = m?, 00, + m%,0l0, — ,[m@ci;{% + he. } +5 (cp{cbl) + 3 (@5@2) S (cb{cbl) (cp;@z)

N 2
+ 4 (@f0,) (@l@r) + [75 (2@2) + he ] + |2 (0l@1) (@l@s) + A7 (2f@s) (@]@2) + hic. |

@ With this parameter, the h3 interaction reads:

2 2 2
m m m
Sp—a (14 20%—04) —b _ sﬁ_ac%_ai = C%_a cot 28 [ ma2 — —22
2 SBCp SBCh

so that it does not scale with positive powers of the heavy masses. Hence, one can build a

consistent expansion simply in inverse powers of the heavy masses, without scaling cs_,

@ The result is a consistent HEFT, very different from — and much more quickly convergent to

the 2HDM than — the one proposed above (which was equivalent to SMEFT)

What happens at loop level? Doesn't this scaling lead to an inconsistent expansion?
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@ Conclusions:

t‘\\

N

&

:{\\

:{\\

t;\\

&

&

I discussed EFT approaches to the 2HDM, focusing on the SMEFT and the HEFT

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

Choosing Y3 and ¢g—a 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

For the LHC Higgs signal strength fits, dim-6 operators are enough, except in some regions in

Type-1 and Type-L, where dim-8 operators do become important

I studied WW — hh and hh — hh at O(£?). Whereas the former replicates the 2HDM results

for all the allowed range of ¢g—q , the latter does not

The in ¢ clearly does not converge if decoupling is lost

I discussed recent alternative EFT approaches to the 2HDM
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® 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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