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INTRODUCTION

Recently published interpretation of Higgs combined

measurements within ATLAS

First SMEFT to UV matching results in ATLAS for
2HDM included in the CONF note

This talk:

+ Provide a summary of 2ZHDM matching within the
Higgs group in ATLAS

+ Comparison with k formalism

+ Feedback on SMEFT to UV matching

SMEFT to 2HDM matching within ATLAS

- Introduction
- Two Higgs Doublet Model

- UV matching in ATLAS

+ The Kk framework

+ SMEFT intro
+ Matching

+ Comparison with k

- Gonclusion
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https://cds.cern.ch/record/2870216/files/ATLAS-CONF-2023-052.pdf
https://doi.org/10.48550/arXiv.2207.00092
https://doi.org/10.48550/arXiv.2207.00092

INTRO TO 2HDM

Two Higgs Doublet Model (2HDM):

+ Popular model where one additional doublet is included wrt SM

three generations of matter interactions / forces
(fermions) (bosons)
| | | I I
+5 Higgs bosons are predicted, two of them neutral CP-even, one of mass (= 22Ma N13Gev | 'NmGeV \6G ) (= 125 Gev?
. ] charge | +2/3 200 T2 +2/3 0 0
them being the discovered one at LHC spin {3/ | u> Y2 (€ ) o | ) 1 S
o - light
I
. oup ‘ charm | top It gluon ] ngggs
+Model described by six parameters: the masses of the bosons, the D (TaTmew \[=oomev  J[(=ez2cev [0 ) (= 125 Gev?
< |-isg =7 W 0 0
. . Vi . 47 " ~Eph |I: @ :
ratio of expectation values tan(f/)) = — and a the mixing angle < \ED \j O H
%) ~.| down strange || bottom ! photon ) Illﬁg‘é)s,
between the two neutral CP-even states): =Ostimev | (S loeMev ) (= Lreeve ) (FEOACHER (2
Sl (["CED " |’ @ ' \ag
ele\ctl/ron niudn talj W boson pse'l‘_ﬂOS‘;a'ar
Type | : one Higgs doublet couples to vector bosons, the other to fermions ) &8
<1.0eV <0.17eV <18.2MeV (~012GeV | ?
0 0 . |0 x 0 0
Type lI: one doublet couples to up type quarks the other to down type quarks and leptons Vel || Ppy || vT B E @ o H=x
eléctron ;huo;l \‘tau Z boson charged
Type LS: coupling to quarks as in as in type |, coupling to charged leptons as in type Il neutrino neutrino neutrino | Higgs

GAUGE BOSONS

Flipped: coupling to quarks as in as in type Il, coupling to charged leptons as in type | VECTOR BOSONS
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THE x FRAMEWORK

Run-| style Higgs interpretations for 2HDM model results based on
reparameterising couplings in the k framework:

+ A set of dedicated modifiers k; for Higgs couplings, defined for inclusive
observables and BR

*+ In this framework, the ¢ X BR for the various Higgs production and decay
modes are expressed in the narrow-width approximation as :

<7
0;X B(H - [) = ——0"" x B*(H - f)
K

where K; and Kare multiplicative factors applied on SM production and decay

respectively

SMEFT to 2HDM matching within ATLAS

Production ,
Resolved modifier
Cross section
o (ggF) 1.040 &7 +0.002 k3 — 0.038 k&5 — 0.005 k; k.
o (VBF) 0.733 k2, +0.267 k>
o(qq/98 —» ZH)  «,
2.456 k% +0.456 k> — 1.903 k2K,
o(gg —» ZH)
—0.011 kzkp +0.003 k1 kp
o(WH) K%,
o(ttH) K
o (tHW) 2.909 k? + 2.310 k%, — 4.220 K, kw
o(tHgq) 2.633 k7 +3.578 k3, — 5.211 kekw
I 2
o(bbH) Ky,
Partial decay width
bb 2
I’ Ky,
rww K%V
Iss 1.111 &7 +0.012 k7 — 0.123 k; &5,
| B K‘?;.
YA 2
I’ K7
Iree K2 (= K?)
1.589 k%, +0.072 &7 — 0.674 kw &,
Yy +0.009 kw k+ + 0.008 kw kp,
—0.002 k;kp — 0.002 k; k+
r<r 1.118 k3, — 0.125 kw ; + 0.004 k7 + 0.003 kyy &
| K2 (= Ki)
2
[HH Ky
Total width
0.581 k3, +0.215 k3, +0.082 k3
+0.063 k% +0.026 k2 + 0.029 k2
'y

2 2
+0.0023 «3, + 0.0015 K(Zy)

+0.0004 «7 + 0.00022 &,
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FROM k TO 2HDM

Constraints on coupling modifiers can be rotated into the 2HDM space in terms of 2D limits in the
cos(f — a), tan(f) plane;:

Coupling Type 1 Type 11 Lepton-specific Flipped

u,c,t Sg—a + Cp—q/tan p
d,s, b S,g_a+c,3_a/tan,8 Slg_a—Clg_aXtan,B Sﬁ_a+C’3_a/tan,8 Slg_a—Cﬁ_aXtanﬁ
e, U, T Sﬁ_a+Cﬁ_a/tan,8 Sﬁ_a—Cﬁ_aXtanﬁ Slg_a,—(flg_a,Xtan,B Slg_a+Cﬁ_a/tan,8
W, / SB—a

H S%_a + (3 -2 ) Cé_aSlg_a + 2 cot (28) (1 — m_) c%_a

—
my,
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= )G

ATLAS Preliminary 1 Obe. 85% CL ATLAS Preliminary

VS =13TeV, 36.1 - 139 fb~1 ——- KExp. 95% CL VS =13TeV, 36.1 - 139 fb~! [ k Obs. 95% CL

[o) H —— o,
mp, = 125.09 GeV [0 « Obs. 95% CL (.lnc. Kx) mp, = 125.09 GeV K Exp. 95% CL
=== K Exp. 95% CL (inc. K;) ——— SM-like coupling

+ Interpretation using full experimental likelihood of P Gl Ltk L i
iInclusive cross-sections in different decay
channels

100} 100}

+ Parameterisation from k framework to 2HDM as in |
the previous slide 107 S v 10 — oo

+ Petal structures appear due to “opposite sign”
solutions not being completely excluded by data ATLAS Preliminary ATLAS Preliminary

V5 =13 TeV, 36.1 - 139 fb~! 1 Kk Obs. 95% CL Vs =13 TeV, 36.1 - 139 fo~! 1 Kk Obs. 95% CL
M = 125.09 GeV 77 KExp.95%CL My = 125.09 GeV 7T KExp.95%CL

2HDM Type Lepton-Specific ==~ SM-ike coupling 2HDM Type Flipped === SM-like coupling
o 107} ik X~ o 0% m =
Effect of Higgs self-coupling x; shown for Type | |
10%¢ : i “E 1 100 ¢
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SMEFT Lagrangian:

cltO"

l l
ZLsmerr = Lsu t z A4
1,1

with 7 the dimension, and 1 running on all possible operators for a given dimension

+ "“top” flavour scheme: considering the third generation of quarks independently from the other two and dropping
lepton flavour universality

+ Inputs from the theory community exist for a large class of new physics models where SMEFT parameter is
mapped out to new physics model parameters

+ For this talk I’'ll consider the SMEFT to 2HDM parameterisation in Phy. Rev. D 102, 055012 (2020) - S.Dawson,
S.Homiller, & S.D. Lane
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.102.055012
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.102.055012

SMEFT TO 2HDM PROCEDURE

+ Relevant C, (top flavour scheme) parametrised as function of the 2HDM parameters:

Phy. Rev. D 102, 055012 (2020) - S.Dawson, S.Homiller, & S.D. Lane

SMEFT parameters Type I Type I Lepton-specific Flipped
V2X§H ~Yicp_q/tan ~Yicp_o/tan ~Yicp_q/tan B ~Yicp_o/tan
Vz/C\’z’H ~Ypcp_qo/tan Yycp_qtan B —YpCp_o/tan B Ypcp-qtan BB
Vzc/‘if"zz -Y, cp_o/tan B Y, cp-qtan B Y, cp-qtanf -Y, cp_o/tan B
Vzc/‘if”” ~Y.cp_oftanf  —Yicp_otanf Y:Cp—q tan B ~Y.cp_o/tan B
vch c3_ M2V c3_ M3V c3_ M3V c3_ M3V

with A the SMEFT energy scale , v the VEV, Y, the Yukawa-couplings (Y, = \/Zmi/v) and M, is
the common mass of the heavy decoupled scalars
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.102.055012

SMEFT TO 2HDM PROCEDURE

All measurements are rotated Relevant c¢; re-parametrised as

in the EFT space, info on function of cos(f — «), tan(f), the
nuisance parameters (NP) rest fixed to SM

maintained

+ Results obtained considering the systematics effect of experimental and theoretical

uncertainties for the four types of 2HDM (combined likelihood from different Higgs channels has
large complexity, O(3000) parameters)

+ Formulas valid in the limit of cos(ff — a) — 0 (alignment limit), in agreement with EFT
assumptions
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SMEFT TO 2HDM EXAMPLE: EFT RESULTS
o= )

+ Interpretation using full experimental likelihood of inclusive

ATLAS Preliminary B EFT Obs. 95% CL ATLAS Preliminary
' : - Vs =13 TeV, 139 fb~! —--- EFT Exp. 95% CL VS =13 TeV, 36.1 - 139 fb~1 @ EFT Obs. 95% CL
cross-sections in different decay channels (same = 125.05 GeV = 57 0bs 95% €L (wih i = 12505 GoV -~ EFTExp. 95% L
=== EFT Exp. 95% CL (with cp) --- SM-like coupling
2HDM Type-|, My =1 TeV ——- SM-like coupling _|2HDM Type-I

measurements as the ones used for results in Slide 6) 2

<
S~
~
~
~
~
~
~
~
~
~
~
S
~

+ Parameterisation from EFT to 2HDM as in Slide 8

100

+ Effect of ¢y operator included for Type |

107!

LI
-0.4 -0.2 0.0 0.2 0.4

cos(B — a) | cos(ﬁ - Q)
+ Differences with k constraints:
ATLAS Preliminary ATLAS Preliminary
. . Vs =13 TeV, 36.1 - 139 fb~1 E=0 EFT Obs. 95% CL Vs =13 TeV, 36.1 - 139 fb~1 B0 EFT Obs. 95% CL
_ --- EFT Exp. 95% CL _ --- EFT Exp. 95% CL
e Petal structures are missing mp=209Gev T R iy = 125,09 Gov
X 2HDM Type Lepton-Specific | . 2HDM Type Flipped :

 Type | constraints at high tan f

| inearisation differences

cos(B — a) cos(B — a)
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SMEFT VS k FRAMEWORK: TYPE | CONSTRAINTS

Dimension six results are known not to reproduce full
model results (PhysRevD.106.055012 - S.Dawson, D.

Fontes, S. Homiller, M. Sullivan):

*+ Type | constraints are driven at high tan(f) by the
effect of Higgs Boson couplings to vector bosons

+ These effects are captured by EFT only at
dimension eight

tanf

ATLAS Preliminary
Vs =13TeV, 36.1 -139fb~?!
mp = 125.09 GeV

2HDM Type-l, My =1 TeV

- == K Exp. 95% CL (with k)
— K Obs. 95% CL (with Kj)

— == EFT Exp. 95% CL (with cp)
— EFT Obs. 95% CL (with cp)
— == SM-like coupling
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https://arxiv.org/pdf/2205.01561.pdf
https://arxiv.org/pdf/2205.01561.pdf
https://arxiv.org/pdf/2205.01561.pdf

SMEFT VS Kk FRAMEWORK: PETALS

ATLAS Preliminary
=== K Exp. 95% CL
Vs =13 TeV, 36.1- 139 fb~! —— Kk Obs. 95% CL

] ——- EFT Exp. 95% CL
mp = 125.09 GeV —— EFT Obs. 95% CL

Dimension six results are known not to reproduce full [ ieen
model results (PhysRevD.106.055012 - S.Dawson, D. |
Fontes, S. Homiller, M. Sullivan):

tanf

ATLAS Preliminary o KExp. 95% CL
Vs =13 TeV, 36.1 - 139 fb~?! — EF(_)I_bEs).(s.SE‘;/; ;LCL 100 -
+ For type L,F and Il dimension six is unable to I .
capture the “opposite sign” solution, i.e. the S
: _ . ATLAS Preliminary e st
classical petal structure found in the full model is et I
not present (only one minimum possible). o PO TIRed 7 S
+ Quadratic effects can capture this to a certain
extent |
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https://arxiv.org/pdf/2205.01561.pdf
https://arxiv.org/pdf/2205.01561.pdf
https://arxiv.org/pdf/2205.01561.pdf

SMEFT VS k : CHOICE OF PARAMETERISATION

Additional differences come from the parametrisation of the measurements in terms of 2HDM parameters:

2 2
Kpmd Kdecay K~ 1+ ¢
Kri
I Example of EFT modification to an input measurement
3.0
/’tggF,TT — Kappa
5|7 EFT linearised
—— EFT ratio of polynomial
H—-X /T H 04
o XI' /T° 20
1.5 A

— . Lo-

0.5 -

o [H-X rH 001
1 + Z (Aj F AT A )cj

j —0.5 A

used for published results!

-1.0

- . —6.4 —(I).2 OTO 0T2 Oj4
Ratio of polynomials Taylor expanded cos(f — @) — 0

All three parameterisations are equivalent for cos(ff — a) — 0, difference is in terms of higher powers of 1/A
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EFT AS A INTERFACE

Can EFT be used as the interface between experiment and theory?

+ Experimental likelihood not necessarily gaussian, mainly due to
handling of Taylor expansion in the parameterisation

Gaussian likelihood
!

A

+ Full likelihood results can be different than results obtained Likelihood

constructing )(2 fits around published results

+ Publishing EFT results requires information on underlying
measurements and how to parametrised them in terms of EFT

operators

Full experimental
likelihood

C1
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CONCLUSIONS

Conclusions:

+ SMEFT to UV has been included for the first time in the most recent interpretation of Higgs combined
results

*+ EFT to 2HDM procedure in ATLAS and comparison with x-derived results shown today

Discussion:

+ Limitations of these procedures in the context of Higgs combinations and global EFT fits (effect of
linearisation and choice of parameterisation, dim. 8 ... )

+ Extending UV matching in ATLAS to different models?

+ Bridge between experimental results and theory: can EFT be the interface for this? (Advantages and
disadvantages?)
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K Obs. 95% CL
Vs =13TeV, 36.1-139fb~! K Exp. 95% CL
my = 125.09 GeV, |yn| <2.5 EFT Obs. 95% CL

EFT Exp. 95% CL
2HDM Type | SM
101
=
©
4
100}
101
cos(B — a)
K Obs. 95% CL
Vs =13 TeV, 36.1 - 139 fb~?! K Exp. 95% CL
my =125.09 GeV, |yn| <25 — EFTODs.95%CL
- EFT Exp. 95% CL
2HDM Type Il —— SM
10!

=

© N

o \\§

100 _
-1 N 1 N 1 N N 1 L L L 1
10 -0.4 -0.2 0.2 0.4

cos(B—a)

Taylor

EFFECT OF LINEARISATION

—— K Obs. 95% CL
Vs =13TeV,36.1-139fb~!  --- kExp. 95% CL
my =125.09 GeV, |yy| <2.5 ~— EFTODbs. 95%CL
——- EFT Exp. 95% CL
2HDM Type Flipped ——- SM
10!
e
©
4
100 i |
-1 . 1 . . . 1 . . . . . 1 , ] ,
10 -0.4 -0.2 0.0 0.2 0.4
cos(B — a)
—— k Obs. 95% CL
Vs =13TeV,36.1-139fb~t  --- Kk Exp.95% CL
my =125.09 GeV, |yn| <25 — EFTODS.95%CL
——- EFT Exp. 95% CL
2HDM Type Lepton Specific ——- SM
1
T A
('U \\\\:\
+— ~2s,
100+ i
-1 1 L L L 1 L 1 L L L 1 L
10 —-0.4 -0.2 0.2 0.4
cos(B—a)

expanded
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—— Kk Obs. 95% CL
Vs =13TeV,36.1-139fb"!  --- kExp.95%CL
my = 125.09 GeV, |yy| <2.5 EFT Obs. 95% CL

EFT Exp. 95% CL
2HDM Type | ——- SM
10!
c
©
4
10° r
-1 . 1 .
10 -0.4
—— Kk Obs. 95% CL
Vs =13TeV,36.1-139fb"!  —--- kExp.95%CL
my = 125.09 GeV, |yn| <2.5 EFT Obs. 95% CL
EFT Exp. 95% CL
2HDM Type I ——- SM
10!

c \

m 3

+ \\

100 b
-1 . 1 . 1 . 1 . . . 1 .
10 -0.4 -0.2 0.2 0.4

cos(B —a)

Ratio of polynomials

— K Obs. 95% CL
Vs =13 TeV, 36.1-139fb™1  —-- Kk Exp. 95% CL
my = 125.09 GeV, |yy| <2.5 EFT Obs. 95% CL

EFT Exp. 95% CL
2HDM Type Flipped
o 10!
c
©
4
100 C
-1 . 1 L 1 .
10 -0.4 -0.2
cos(B — a)
— K Obs. 95% CL
Vs =13TeV,36.1-139fb~! --- kExp.95%CL
my = 125.09 GeV, |y4| <2.5 EFT Obs. 95% CL
EFT Exp. 95% CL
2HDM Type Lepton Specific —=- SM
1

% 10 , \X\\\

© RN

+J \\\:‘

100 C
-1 . 1 . . . 1 . . 1
10 -0.4 -0.2 0.2
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SMEFT VS k FRAMEWORK: LINEARISATION

Dimension six results are known not to reproduce
full model results (S.Dawson, D. Fontes, S.

HOmi”er M Su”ivan). Study with simplified likelihood
Vs =13 TeV, 36.1 - 139 fb~! :ig:;;;:;gt Vs =13 TeV, 36.1 - 139 fb~! Tﬁ?f;ssfgf
my = 125.09 GeV, |yu| <2.5 Eggf;g:jgt My =125.09 GeV, |yu| <25 Eggf:g:jgt
+ Effect of linearisation in EFT procedure is cause . .ot meteronseetc - | o DM Tvpo Lepion Spoclle o s
for more differences between k and EFT derived
constraints (effect also known and discussed in
paper above) | . L . |
o XTH=XTH | ] |
/ \ “o04 _ _ 0.2 COSO(_Z Y . . . 0.2 CO;)(.;; _a)
rH-X . ; EFT: Ratio of polynomials EFT: Taylor expanded
L+2, (Aia + 4 )Ci 1+ ) (A;’+AjF — AT )cj
H J
1+ Al
Ratio of polynomials Taylor expanded
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3.0

2.5 -

2.0 -

1.5

1.0 A

0.5 -

0.0 -

—0.5 -

—-1.0

EFFECT OF LINEARISATION

mu_ggf tautau, tan beta=1

— Kappa
— EFT
- EFT ratio

—-0.4 —0.2 0.0 0.2
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0.4

3.0

2.5 A

2.0 A

1.5 A

1.0 A

0.5 -

0.0 -

—0.5 -

-1.0

mu_ggf tautau, tan _beta=10

— Kappa
— EFT
- EFT ratio
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