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Motivation 2HDM

JEJEIL

Results

Conclusions

Although the Standard Model (SM) is extremely powerful, there is physics beyond it (BSM)

heavy

The SM Effective Field Theory — SMEFT — is a very convenient description of BSM physics:

It configures a consistent and general description of deviations from the SM

Ciro¢

Conversion between experimental data and theory has to be done only once

Ultimate goal of the SMEFT framework:

Find a pattern of non-zero deviations in the SMEFT coefficients

Associate that pattern with a particular BSM model

How gooa’ is such association?

This can be investigated by looking at particular BSM models

Usually, one truncates the SMEFT expansion with dimension-6 operators

But is that good enoagb?

(il
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There are some scenarios in which dimension-6 operators are expected to be insufficient

[Contino et al, 1604.06444]

Considering dimension-6 squared (without dimension-8) effects is formally inconsistent

C'(6) C(8)
For an amplitude A o ag JSissr Al =rowi it Qo =tk S 7ywe haye:

2
[AJ® o< |ag gsm|” + 5 Re

A2

A4

1
[ap a1 gsm 0(6)] 1 P{Ml 0(6)|2 + 2 Refag a2 gsm 0(8)]} +...

Effects of dimension-8 operators have been considered in very few cases...

[Hays et al, 1808.00442]

[Corbett, 2102.02819]

[Dawson, Homiller, Sullivan, 2110.06929]

.. and the results turn out to be very model dependent

Those effects are expected to be interesting in the 2 Higgs Doublet Model (2HDM):

Dimension-6 operators cannot capture the Higgs—gauge interactions of the 2HDM

[Bélusca-Maito et al, 1611.01112]

It provides & suffieientiy rich description, without being too cumbersome

I shall investigate LHC Higgs signais at leading order (LO)
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® 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 — —D9

both ®&; and ®, have vevs: % and % ; then, define 3 such that tan 5 = v /14

rotate to the Higgs basis:

()=(% 5)(w)
Hs —8g c¢g P,
in that basis, where only H; has vev,
Loupm 2 Lxin + Ly — V.
Liin = (D, H1)' (D*Hy) + (D, Hy)' (D" Hy)

Z 2
= Y1HH1+Y2HH2+(Y3HTH2+hc> —1(H )

7

A (HTHQ)
7

o () () 2 ) (o) {2 o

2
2
HiH, +Z6 (HTHl) (HIH2>
a7 (H;sz) (HlTH2> + h.c.},
i — —)\gl)*H;rZ]\LuR—)\Q(f)*Hg(/]\LUR—)\Eil)JRHIQL—)\?)CZRngL—)\l(l)éRHirlL—)\Z(Q)ERHglL—I—h.C.

;____> qr, = —Z'UQ(CjL)T , such that ]J]Jr = Tly ﬁj
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e

extend Z, to the fermions ‘ 4 types of 2HDM: Type-1, Type-1I, Type-L, Type-F

2
the Yukawa parameters read: )\Sfl) = £m e )\512) == U_f)\gel)
v tan

Type-1 Type-11 Type-L Type-F
N 1 1 1 1
Nd 1 —tan? B 1 —tan? 3
m 1 —tan? 3 — tan? 3 1

e — » ! NB:this is nora |

' i i st s :
consider the partlcular scenario where Y3, 75, Zg, Z7 all take real values. | "¢ Lt SOl s §
' solution of the generaﬂy E

Then: L= ( G+ ) H _( H+ ) E CP violating model i
E o\ SORRREEEIG ) 2 (R RA) )

where all states are mass eigenstates but hlf, h?. By introducing o, we find:

G+ H*
%(U+85_ah125+05_aH0—|—iG0) )’ H2: ( %(Cg_ah125—85_aHo—|—’L‘A) )

where hi25 is the scalar found at the LHC, and Hy, A, H" are new scalars
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write the Z’s of the potential in terms of more convenient parameters:

[m%m + mj;, cot(B—a)?| sin(f—a)?

Bt = ,
Gy — s
£ 2m? + m,%125 + m%,o — 4m%{i + (m%125 = m%,o) cos [2 (ﬁ—oz)}
i 202 ;
£ L) mi + m%m + m%lo + (m%m — m%lo) cos [2 (B—oz)}
2 2 02 ;
, (R — ) sin [2(9-a)
6 ]

2 12
take some of the parameters as independent:

B_aa Mhisss YQ) My, Ma, Mg+, 67 my
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® Assuming H» to be healwy, we want to integrate it out

write the equation of motion (EoM) for Hs

O @)
assume a solution of the form ch = H2£0) + 2c + 202
Yo Y5

(the different Hz can be determined by solvmg the EoM order by order)

replace Ho by Hs. in the Lagrangian
® The effective Lagrangian reads:
i 1
Ee T F o g O
= L'g4+ Y, I Y22 -+ <Y3)

or canomcal

and we label both the absolute/dimension and the effective dimension
[Egana-Ugrinovic, Thomas, 1512.00144]

example: Fg:a; Y32 - ke :
ple: = B,r—é\\;(Dqu) (DNH1>:
}/2 I\\YQ"/} __________________ " abs. dim‘ 4
ff dim. 8
then) we haVe: e 1im
F4 = F4,2 + F474’
Wiy = i ol el i S S
Fs = Fga+ Fye+ Fag,

06/15/2022 Duarte Fontes, BNL 8



Motivation 2HDM EFT Results Conclusions

o » | omit leptons
i = —iA I ,
- e R ) (1)
Fiy = (D,Hy)' (D"H,) 5 (HiH: ADapgh Hy 4+ 2\ drHlqr, +hc
2

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

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

1 b3 1 b3 ]

Faa = [GP(DLH) (DY) - (HUH)? 120 + 30602 + 5%
Fae = {YaZ¢+YsZe} (HH\) (D, H) (D*H)) + {YaZs (D, H)) Hy 4+ h.c.} 0*(H] Hy)

o t ) - |
+{Y3*>\1(L2) <Du(QLUR)> (D"Hy) + Y3 AL <Du(dRQL)) (D" Hy) +h-0-}
S EREERNE a0z e 787 it (o]
e [HI i (Y3234)\( ) 4 Y3*Z5)\§f>*) + drHlqr (Y3234A§f> i 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)* | Zad el + 32528 + 32625

—(H1H,)? [HlT LUR <234Zﬁ>\( ot N > +drHiqr <ZS4Z6/\£l2) + Z5Z§)\((i2)> + h.c.]
AW
+{ [Zg)\z(f) (Du(aLuR)) + 2525 (Du(dRQL)) } {aM(HIHl)Hl ol (HIHl)(Dqu)} +h~0~} A Al

06/15/2022 Duarte Fontes, BNL 9



Motivation 2HDM EFT Results Conclusions

This is the effective Lagrangian, and has an implicit matching:

- ~<

Fsa 2 (YaZI(HIH:)%
X s 527 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

I : : Grzadkowski et al, 1008.4884
Besides, for some operators, a basis-change is useful e o dieta ]

(—Aﬁ
e 7 s el S bt > SM + dim-6 opers. + dim-8 opers.
. . . f . ) . . o %"—)
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 H are related via:

|¥5)°
Hi=H[1-
. H( 2Y2
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® The SMEFT Lagrangian is then:

Sa 194 1
Lsmerr = Lsm + /\1;’6 e Alis + O (A6>

Sae = Cu(H'H)>+ {CUH (H'H) Grur™ + Cap (HH) GrdrH + h.c.} +4F

Sas = Crs(H'H)* + CIHMH)? (D H)T (DHH) + {cqust (H'H)?qrunf
0o pr (D H) (D )G urH + C o [(D,H) ! (D#H)| [arun ']
+C(5H3D2 {(DMH)TH} [QLUR@} + Coaps(HIH)?qrdrH
Cécll)?-ti‘;D? (D H) T (D*H)grdrH + C W,DQ [(DN%)TH(DMH)} [ngRTI%}

+08) s 2 (H' D H) (Gdr D" H) + h.c.} + 4F,

® The explicit matching is:

cl! 1
iy = O = P e AT A G AN e oy N VAR e 0
A2 A2

8]
G C’L,}{—I—ij = ZAD 415 (Y ZeAP +Y3 Z A P* Y3 Za 2P )g*Z5A52>*+3Y126A32>*)

8

Can = Cly+ =8 = 232"+ (Y326A<1)+Y3 Nl O S (g 7O )

A2
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and
Ty — - | A %Zgzg o %Z5(Zg‘;)2 oz
07(112 = —|Z/,
@ s M= N e 7\ RN s 7 7
chllt)”;‘-tz”DQ iy _326)‘1(12)*7
Ctgi)H?’D? a ZG)V(E)*?
@b e — 20 U
Clrn ity e AN~ g o\l AW [N L AN
Chapn = =323,
G ps = =27,
O e hAONe
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® The validity of the EFT approach requires

mi ~ mi]o ~ m%—[i ~ Y2 = A2 P U2, mil% id ’U2,
,02
| cos(B — )| (ST e > thus implies alignment, cos(8 — a) — 0

v
® Hence, we expand the results to quadratic order in cos(8 — «). Examples:

O £ 5 3/2 cos(8 — @) cos(B — a) my (V2GF)3/? Q_Gm% N
A2 i~ \/5 (\/§GF) tanﬁ Ty My, \/§A2 08(6 CE) A tanﬁ
Cyys
Aq'i =2 cos(B — a)?m? (V2GFr)?
® To calculate in SMEFT, we define as independent parameters the set:
GF7 MW7 MZ) mp, M§f (and WCS)
and we rewrite the dependent parameters in terms of them:
P P
3> = (V2G#)Y? 2 My,
e e e O Cosps Cyimy
= m
! 4 T 9V2GrA2 ' 8GLAL T 42 (v2Gr)3/2A%
g Gpm% 3CH 3CH8 C’;_}G)m%

< = +
V2 2/2GrA2  AGZA*  4/2GrA4
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R GRE L EEE TR TR » prod. modes: ggh, VBF, Wh, Zh, tth
® Higgs signal strengths: - h) g BR(h — f)
Hrp==f T 0P (pp > hjsm - BR(h ~Psu

L» final states: ¥, bb, THr—, WtW—, Z2Z

® Pure SMEFT results:

Single parameter limits on WCs:

95% CL Single Parameter limits 95% CL Single Parameter limits
DImension-6 coefficients occuring in 2HDM DImension-8 coefficients occuring in 2HDM

4 . . _
L A ] L ]
I BN ] I ]
2 n 2 n
= . 1 .
0 B - —— ] | [ | — 0 —
-1 B O_ C’r?-(, CC'H - A1 JHS -
0. ] . Czeﬂs Ca ]
T tH @y ! ¢y
3l CM'H _H _ 3 qu'HE’ |

- 10 - Cocns 10
4 _ 40— _|

The inclusion of e effects adds an extra solution in some WCs: the wrong-sign solution
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Two-parameter limits on WCs:
95% CL Limits
[ I T I
04 _
’ — A
02f — 1A* .
;t, —O.Zf _
© 04f N
08f N
.1: | | | | | ]
g 4 2 0 2 6
Cin
Again, two solutions: the SM one and the wrong-sign solution (non-SM)
There is a large correlation between the two WC
Cly is less contrained than in the single-fit parameters
06/15/2022 Duarte Fontes, BNL 15
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® Now, the fits. Type I:

tang

10, -

For high tan 3, the dim-6 results are poorly

constrained

the only WCs are the Yukawa ones

Type-1
@)l A (@l Nu 1
)\f B tanﬁkf Nd 1
Ul 1

Obviously, this does not change with the
squared terms

0.5: *
g — Exact 2HDM | The exact 2HDM has more info than Yukawas
Dim-6, A LIS gauge-Higgs interactions
— Dim-6, A~
Type-1 2HDM e i But that info is contained in the dim-8 results
g = S SR | S NN Surs > CR (312 (D, H)T (D
-0.6 -04 -0.2 0.0 0.2 0.4 0.6 o HO (H H) ( MH) ( H)
cos(B—-a) The dim-8 EFT is thus a good reproduction
of the exact model — whereas dim-6 is clearly
insufficient for some regions
06/15/2022 Duarte Fontes, BNL 16



Motivation 2HDM EFT Results Conclusions
® Types II and F:
10 10—
— Exact 2HDM 5?
gLk & Dil’l’l—6, A_2 |
— Dim-6, A™
. — Dim-8
6,
T | T 41l
o) S
4+ L i
, 0.5 1
I — Exact 2HDM |
, — Dim-6, A2
K , , — Dim—-6, A~
Type-1I 2HDM - Type-F 2HDM — Dim-8
: : [y M L B SRR ! P A e
-0.4 -0.2 0.0 0.2 0.4 -03 =02 -0.1 0.0 0.1 0.2 0.3
cos(B—a) cos(B-a)

In these models, there is at least one |n¢| tan? 3

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

The dim-8 operators are thus irrelevant in these models
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o Type =
10’ o G Type-L is still compatible with the wrong-sign
Type-L 2HDM
8V This solution cannot be captured if only linear
 — Exact 2HDM ] effects of dim-6 are kept
L i . B _2
, D?m 6, A \ ] But squared-dim-6 does not accurately
6 — Dim-6, A~ 1 describe the full model
% Pt ) Dim-8 (because, in the exact 2HDM, the large
Bt g values of cos(8—a) are ruled out by
4? 1 Higgs-gauge interactions)
Info about such couplings comes with
2| J dim-8 operators
The dim-8 EFT is thus a good reproduction
ol - T S ek of the exact model — whereas dim-6 is clearly
-04 -0.2 0.0 0.2 0.4

insufficient for some regions

cos(B—a)
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Conclusions

2HDM Results

Motivation EFT

® What happens if we include the SMEFT predictions for the trilinear couplings?

We calculateihigher—order corrections from Higgs self-interactions jto

T e, e S e B NS g o e

:isingle Higgs production or decays‘i (only in SMEFT, not in the 2HDM)

[Degrassi et al, 1607.04251]
[Degrassi et al, 2102.07651]

The 6415 depend on the Higgs self-interactions, which depend on CH, Cys

10— i s ‘. — -> strongly contrained
5l ‘ | We define the combined signal strength as:
g L ! A b
Vil 131 : M;Om = W + 5,LLj
\ Because C4% is so contrained, the results are very different
1} | There is strong dependence on A
0.5/ This motivates a study of the one-loop matching in
| o T
G =500 GV - 7
B A= T
Type-1 2HDM — Cq, A=2 TeV
01 L L L | . . | | . . ] \ . . ] . . . | . | |
-0.6 -04 -0.2 0.0 0.2 0.4 0.6
cos(B—a)
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SMEFT is very convenient; but Aow good is the usual truncation with dimension-6 operators?

I considered the 2HDM, and described an EFT for it up to dimension-8 operators
After integrating out the heavy doublet, I used several conversions to obtain SMEFT

There are very few dimension-6 WCs for LO LHC : Cunt, Cant, Cryy

The gauge-Higgs interactions appear only with the dimension-8 operator (HTH)? (D,ﬂ—l)Jr (DHH)
They turn out to be crucial for the Type-I 2HDM for high tan 3, where C'ty; are suppressed
Dimension-8 operators are also relevant for the wrong-sign solution in Type-L

For other regions and types, dimension-8 operators are irrelevant

SMEFT NLO Higgs trilinear contributions are quite restrictive
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(Backup slides)

® A note about expansions in power of 1/A:

I'(h — bb)
T(h — all)

expand num. and den. separately
When truncating BR(h — bb) = , one can: or

expand quotient as whole

BR(h — bb);T'(h — bb),I'(h — all) expanded separately BR(h — bb); [['(h — bb)/T'(h — all)] expanded

1.0

101
08f
I — Exact 2HDM
— Dim.-6, 1/A?
Dim.—6, 1/A*
— Dim.-8, 1/A*
— Dim.-8, 1/A8

-0.4 -0.2

1
T'(h — all)

When higher order operators are relevant for ['(h — all) , then does not converge

The correct way is thus to expand I'(h — bb) and I'(h — all) separately

Neglecting squared effects leads to unreasonable results; but:

that is a general consequence of a consistent SMEFT truncation

the regions at stake are experimentally excluded anyway
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