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Effective Field Theory for Beyond the Standard Model

* Lack of experimental evidence of new physics indicate a mass gap between SM
and BSM scales

+ BSM physics influencing the Higgs sector, two common EFTs: SMEFT and HEFT
* SMEFT Lagrangian

LIMEFT = LM + Z Z Az’k_40k.

« In HEFT, Electroweak-symmetry is non-linearly realized; the Higgs and the

three electroweak Goldstone bosons (GBs) are considered independent and not
part of a SU(2) doublet.




HEFT

Why HEFT? SMEFT| S

* SMEFT presumes that the scalar field manifold is flat, making it unsuitable
for scenarios where the scalar manifold is curved

* HEFT encompasses both linear and non-linear scalar field transformations
under symmetries, making it a more general framework than SMEFT.

* HEFT 1s not just a generalization of SMEFT; it is a necessary framework for
understanding the scalar sector in a model-independent way:.

* Composite Higgs , pNGB Higgs .....

[Alonso et al. " 16, 16 and " 21]
[Cohen et al. 20 and " 24 ]



Higgs Effectve Field theory (HEEFT)

* In HEFT which highlights the Higgs boson as a custodial singlet.

» (GBs can be parametrized as dimensionless unitary matrix U(z“) = exp (i?l'a’t'a/ v)

+ The matrix U(n%) transforms U — L UR" as a bi-double of global symmetry suchalle ot al 1307 5017
alia et ail. :

SU(2);, x SU2)g = SUQ)y Brivio et al.1604.06801
5 o Dawson et al. 2311.16897
. The covariant derivative is givenby D, U = d,U lgW/i?U ig'B,U Y
2
.
. The Higgs-gauge interaction is given by & IiIgFT = TS’T p Ir[D,U "DHU] .

2
h h
.. The “Flare” function is given by &, = 1 + 2(1 + {))— + (1 + {,) (—) + ... .
V V



CP violation in top-Higgs sector (HEFT)

* We ask the question “how sensitive the LHC can be to sources of non-linear CP
violation?”

« The top quark mass arises from  0; = —m, QLU I -

+ This operator can be dressed with a ““flare'" function
G (1)h (2) h2
V 22

* This leads to CP-violating effects
- o L 2 - o 1 25,9
LYHEFT D F,(h) O+ h.c. Dilmc ty’th + iImc tyth + ...,
\/5 2\/\/5




CP violation in top-Higgs sector (HEEFT)

* The phenomenologically parametrization of the HEFT interaction
m m

FPHEFT D — — K, f(cosa + iy’ sina) th — 2—; K, f(cos + iy’ sin ) th?.
V V
* The relative strength of CP-violation for the three and four-point interactions
[ K, sSIna
in HEFT. il - L "y
1—‘fl‘h2 }/S,HEFT Kt Slnﬂ

The Higgs multiplicities remain uncorrelated.




CP violation in top-Higgs sector (SMEFT)

Trie SIVIHEHT siporozdel
¢ 0,4 =|D|°Q,Pt,. This operator in the broken phase generates P-violating
interactions for complex Wilson coeftficients.

* A phenomenologically identical parametrization of

m — .
SZ(%}}/IEFT = — Tt k. f(cosa + iy’ sina) th.

« ¢ - CPphase  k, — strenght of the interaction

» ForSM,a =0, k, =1



CP violation in top-Higgs sector (SMEFT)

* Renormalization of the SM Yukawa couplings, leads to

3m, _ .
SZE%/IEFT D 2v2t f({x,cosa — 1} + ixy>sina) th?,

« The tthh interactions vanish for the SM point, (x,, a)gng = (1,0)

Ffrh _ 1
1"_
th* |,s SMIEFT :

9

* The relative strength of CP-violating tree-level three and four-point irreducible vertex functions

« CP-violation in the top Higgs sector under the assumptions of SMEFT should manifest themselves
predominantly in single Higgs physics—significant statistical pull in a global analysis.



SMEFT vs HEFT

The SMEFT trajectory can be recovered by the HEFT choices
k7 =9(1 — 2x,cos a + k7),

K, S1n o
tan f =

K,.cosa — 1

geftiziiecl CEF-gclel eonitrigtitions wzrritagt in CP-ayen cligtrigtitions, ¢rogs sedtions, tizngyarge
colgenienieuien cligirigtitions, eic,

Interference effects between SM and new physics are resolved through purpose-built CP odd

observables.



Sensitive Processes for tth and tthh interacuons

* Sensitive through rate:

v gg — h production CMS-PAS-FTR-16-002

+ Z boson-associated Higgs production PRD 89 013013 (2014), PRD 92 073006 (2015)

+ tthh & other di-Higgs production PLB 743, 93 (2015), ATL-PHYS-PUB-2022-053
* Sensitive through signed asymmetric variables

+ Gluon fusion h + 2] PRL 88 051801 (2002), PRD 90, 013010 (2014)

« Top-associated Higgs production (tth) JHEP 06 079 (2018), JHEP 01 158 (2022)

* Sensitive through Z polarization
+ Z boson-associated Higgs production PRD 89 013013 (2014), PRD 92 073006 (2015)



Sensitive Processes for tth and tthh interacuons

* Sensitive through rate:

“ gg — h production

“ Z boson-associated Higgs production
“ tthh & other di-Higgs production

* Sensitive through signed asymmetric variables %

* Gluon fusion h + 2] eenll
« Top-associated Higgs production (tth)

+ Sensitive through Z polarization
“ Z boson-associated Higgs production

Ref: PRL 88 051801 (2002), PRD 90, 013010 (2014)
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(CP-odd observables for fth

0.5 | ! ! ' ' ' 0.19 -
— a=0 — a=7/4 —— a=7/2
0.6} 0.18 a=-n/4 ---- a=-7/2
_,_:—’_'_\_\_
wm 0.17 e s
SIS 0.4} 83 hai e - B
—| & e =
™% 016 jfLL - -1
0.2H 1 , _'_:t"r\__'_r_'_,—-‘r_l_ —
| 4 015~ S
] SMEFT tth . — SMEFT tth
. . . . . . 0.14 - 1 ' . n . .
9.0 0.5 1.0 1.5 2.0 2.5 3.0 —3 —2 —1 0 _ 1 2 3
6" Adj;
Collins-Soper Angle Azimuthal angle distribution

The angle between the top quark and the beam AGt —sen [13 (i Xﬁk)] arccos( Bodi  Bodi )
direction in the tt CM frame. tk oA Powil  |Popil

Ref: JHEP 06 079 (2018), JHEP 01 158 (2022)



Non-linear CPV in Top-Higgs sector: y~ Fit

“ The asymmetries and total rates are used to

set CL limits on the parameter space M SMEFT g9 —h
(Kt, a, Kﬂ, ﬁ) _ * pp / /4//.).
12} 99 — h +2;
o SM,\2 _ qgqg — hh
)(2 — Z (]vl Ni ) pp — tthh
o2 s 10 pp — tth |
I ! All
“ Directly probing the top Yukawa coupling 08I ‘
through the tth channel also leads to |
relevant complementary constraints. -l : |
-50 0 50
* highest statistical abundance — most [Bhardwaj et al. PRD" 23] N

sensitive
95% CL limits for the 13 TeV HL-LHC with 3 ab-1 [SMEFT]



SMEFT

VS

HEFT

Multi-Higgs production serves as means to distinguish non-linearity
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95% CL limits at the 13 TeV HL-LHC with 3 ab~! of data for hh and tthh channels

C. Englert,1409.8074, ATL-PHYS-PUB-2016-023, ATL-PHYS-PUB-2022-053



Non-linear CP violation

“ Sets constraints on the magnitude of the _
contact interaction x,, 2

HEFT

ke =1, a =10

+ gg — hh production is very sensitive to k,,
and associated CPV in HEFT

combination

+ The role of tthh production remains critical,
even when only the x,, effects are considered

-1 —" D — LN _-
* SMEFT region selected from a fit to single | Pp > thA

Higgs data

_2 ] ] ] | L 1 1 ] | ] ] ] ] |

-50 0 50
2 2
Ky = 91 — 2Kk cosa + K
it ( : t) [Bhardwaj et al. PRD" 23] b
__ K¢Sinao
tan /6  Kpcosa—1 95% CL limits on k,,, f# for the 13 TeV HL-LHC

for hh and tthh channels in HEFT



Gauge-Higgs sector in SMEF T

2 Ol- Operators Introduce new source of CP violation

C: ~ . .
% Z =ZLg\M+ Z A—;@i : Dim-6 Lagrangian

+ QOperators that affect the electroweak interactions of the Higgs boson

CoB —~
O =3 O'OB* B,

—~—~—

C —
o i i : : :
Op = AZ/ OTOW'H W Higgs-Gauge EW boson interactions

C Ix7 —~—
 _ OWB £t i i UL




Correlation between HEFT and SMEFT Co.

Crp V P2 In HEET, the V'V and VVhh gauge-Higgs
Ny — CoB A2 ChhB — CoB A2 vertices originate
from independent coetficients.
ChWB Vv p*
o h B

. COB x> A2 ChhB = CoB 1, A2

Crw v p2 L SMEET Eege syvo tiigraciions :lie govermecdk
T — CCDWF , Chhw — C(I)WF : oy e gzieie Wilson coaitictan
— C ~— ——— . C e )

y OW A2 W = Cow A2



Correlation across different higgs multiplicity HEFT vs SMEFT (Odd-Odd/Even-

Even)

[Bhardwaj et al. PRD" 24]

[Bhardwaj et al. PRD" 24]
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CP Violation in HEFT vs SMEFT (Even-Odd)

[Bhar'dwaJ et al. PRD 24] [BhardwaJ et al PRD 24]
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For the SMEFT, the WBF di-Higgs measurements do not provide additional phenomenological relevance



95% CL limits for HEFT and SMEFT Wilson Coffiecients
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Conclusion

* We explored CPV in top-Higgs and gauge-Higgs sector at the LHC by combining the
sensitivity of a range of single and double Higgs production processes.

* In SMEFT, multi-Higgs production does not lead to any significant sensitivity gain as
single Higgs processes encompass all the relevant correlations in dim-6.

« But, the paradigm shifts when considering non-linear sources of CP violation.

+ HL-LHC data will be crucial in distinguishing between SMEFT and HEFT, particularly
in multi-Higgs production where HEFT non-linearity can lead to observable effects

* Due to statistical limitations of multi-H study at the LHC, future hadron colliders are
necessary



Back-up

BSM Model

SMEFT Limitation

HEFT Advantage

Composite Higgs

Cannot describe non-linear in-
teractions

Allows non-linear scalar inter-
actions

pNGB Higgs

Misses
specifics

symmetry-breaking

Describes pNGB dynamics ac-
curately

Non-Decoupling New Physics

Ilgnores non-decoupled contri-
butions

Includes non-decoupled effects

Extended Higgs Sectors

Limited to simple scalar dou-
blet

Includes generalized scalar

structures

Electroweak Symmetry Break-
ing (Exotic Mechanisms)

Assumes fundamental doublet

Describes alternative EWSB
scenarios

Table 1: Comparison of SMEFT and HEF'T in capturing different BSM models.




