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Introduction

e The Standard Model (SM) is one of the biggest
scientific successes of our time, but leaves some
phenomena unexplained (massive neutrinos, dark matter...)

e Many New Physics (NP) theories have been proposed,
but it is not clear which is the correct direction.

e Effective Field Theories (EFTs) offer a powerful and
pragmatic approach to the search for NP with minimal UV
assumptions.
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EFT A+ hh plans (Courtesy of R. Gréber)

e Common initiative: WG2 4+ WG4,

e Whoever wants to join is welcome! Please contact the
conveners if interested!


https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG
https://arxiv.org/pdf/2304.01968.pdf
https://arxiv.org/pdf/2304.01968.pdf
https://arxiv.org/pdf/2304.01968.pdf
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EFT A+ hh plans (Courtesy of R. Gréber)

e Common initiative: WG2 4+ WG4,

e Whoever wants to join is welcome! Please contact the
conveners if interested!

Tasks
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EFT A+ hh plans (Courtesy of R. Gréber)

e Common initiative: WG2 + WG4.
e Whoever wants to join is welcome! Please contact the
conveners if interested!
Tasks

Understand the best framework for trilinear Higgs coupling
(SMEFT, HEFT).
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The SMEFT Tasks

4t in hgg

Understand the best framework for trilinear Higgs coupling
(SMEFT, HEFT).

@ Common guidelines for MC generators in hh ([LHC Higgs WG
Public note ,'23]): need to combine it with h.

Conclusions
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@ Understand correlations in theory uncertanties in h/hh.
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@ Understand correlations in theory uncertanties in h/hh.

@ Understand if a reduced set of benchmarks is enough to
comprehend EFT truncations ([LHC Higgs WG Public note ,'23]).
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@ Understand correlations in theory uncertanties in h/hh.
@ Understand if a reduced set of benchmarks is enough to

comprehend EFT truncations ([LHC Higgs WG Public note ,'23]).

INFN @ Understand which operators are relevant and how to treat
them in a fit.
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e ¢, A, 1: SM fields.
e Gauge group: SU(3)r ® SU(2)y @ U(1)y.
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The SMEFT

S. Di Noi e Parametrise heavy NP effects with a tower of
Intro gauge/Lorentz invariant operators:
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Conclusions ) ) 3
e ¢, A, 1: SM fields.
e Gauge group: SU(3)r ® SU(2)y @ U(1)y.
C e The dominant effects in collider physics arise at ® = 6
IIIIIIIIIII I FjliuN (Warsaw basis, ([Grzadkowski,Iskrzynski,l\/Iisiak,Rosiek,'lO])).
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SMEFT: how should we use it?

Effective field theory

Heavy new particle

Wilson coefficient / A

New Physics scale ’

Figure: courtesy of L. Alasfar

e Information on UV mediator from IR dynamics: see
[Altmannshofer, Gori, Lehmann, Zuo, 23]


https://arxiv.org/abs/2303.00781

Status of the Higgs-gluon coupling in the SMEFT

S. Di Noi

Several groups have studied the Higgs-gluon coupling with
Intro
R different subsets of the SMEFT operators:
1 h plans
The SMEFT
4t in hgg ° OtG [Choudhury,Saha,'12].
Conclusions
Backup ° OtG’ thﬁ’ O(bl]/qu [Degrande et al.,'12].

° Otd)/b¢>’ Od)G’ OtG [Grazzini,lInicka,Spira, Wiesemann,'16],

[Grazzini,lInicka,Spira,’18], [Battaglia,Grazzini,Spira,Wiesemann,’21].

geoSMEFT approach: [Corbett,Martin, Trott,'21],[Martin, Trott, 23].

NEN O4t©2 loop in pp — h [Alasfar,de Blas,Gréber,'22] .
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https://arxiv.org/pdf/1612.00283.pdf
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Four-top operators in Higgs-gluon coupling.

S. Di Noi
s e We focus on four-top operators:
h + hh plans
1) 3)
The SMEFT C _ _ C _ _
i Ly = % (Qr7.Qr) (Qu" QL) + % (Qu'7,QL) (Qur'+"Qy)

Conclusions Cgt) _ _ C(St) _ _
s + 35 (Qry Q1) (try*tr) + TQQ (QL T4, QL) (tR TAV“tR)
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Four-top operators in Higgs-gluon coupling.

e We focus on four-top operators:

1) 3)
C _ _ C _ _
Ly = 7;22@ (QryuQr) (@' QL) + T?QQ (Qur’7, QL) (Qur'+" Q)
Col - : Col (- :
+ /TQQ (Qryu@Qr) (trr*tr) + ZTQQ (QL T, QL) <tR TAV“tR)

Cy ~ -
+ 32 (Erutr) (B7"th)

e Direct probes are difficult due to the small cross section.



Four-top operators in Higgs-gluon coupling.

S. Di Noi
s e We focus on four-top operators:
h + hh plans
1) (3)
The SMEFT C _ _ C _ _
win b La = 5 (Qu Q) (@ @) + -5 (Qur' Q1) (Qur'r" Q)

Conclusions C(lt) _ _ C(st) _ _
s + A—QQ (Qry Q1) (try*tr) + [TQQ (QL T, QL) <tR TAV”R)

Cy - _
+ 32 (Erutr) (B7"th)
e Direct probes are difficult due to the small cross section.

e Alternative methods are possible.
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State of the art

S. Di Noi e Indirect bounds from single Higgs production are
| competitive with
ntro

P o Top quark data ([Ethier et. al.,'21]),

The SMEFT e EWPO ([Dawson,Giardino,’22], [de Blas, Chala, Santiago,'lS]).
4t in h
- (A =1TeV)
Conclusions - - (egh e
SRy, ~ O(A%), 6RL" 0.0 10, 10]
Backup SRy, ~ O(A?), 6Re, 01 [
0Ry, ~ O(NY), 4R 02 0.9, 0.6]
3Ry, ~ O(A™), 6Re, 02 [-1.0, 0.6]
top ~ O(A™Y) 0.0 18,19
top ~ O(A2) } -18.0 [F195.0, 159.0]
EWPO fit i 04 [22,14)
-3 = ] 3 1
cy!

[Alasfar,de Blas,Gréber,'22]
e Possible bounds also from flavour observables
([SiIvestrini,VaIli,’lS]).
e Four-top operators affect the extraction of Ag.

<5
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Are the log-enhanced terms enough?

e For every observable we can define (R =T, 0):

R

SR=—"—

Rsm

L,

SR(C,) =

A2

<5Rfm(ci) + SRY5(C,) log ’XR)
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Are the log-enhanced terms enough?

S Di Noi e For every observable we can define (R =T',0):

R fin lo. :uR
T (5R = %_1, 5R(C ) A2 <(5R (Cl) + 5R g(C )log A2
h + hh plans O Fin 2 1o >
he SMEET perator H Process LR SRy [TeVF]  6RZ’ [TeV7]
4tin hgg [geF . 9.91-1073  2.76-1073|
Conclusions h— g9 o 6.08-10 ° 27610 °
ob) h =y h ~1.76-10~3  —0.80-1073
EED tth 13 TeV my  —420-1071  —278.1073
th14Tev ™71 2°  _430.1001  _2.78.1073

[Alasfar,de Blas,Grober,'22]
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Are the log-enhanced terms enough?

e For every observable we can define (R =T, 0):

R 15
SR=———1, 6R(C SR (C,) 4+ JR°8(C;) log ~ L
oL GR(C) = G (0R™(C) + SR, log K

Operator H Process LR 6Réi" [TeV?] (SRZC”f [TeV?]

[ggF mh 9.91-10% 276107

h—gg - 6.08-10 ° 27610 °

ob) h =y h ~1.76-10~3  —0.80-1073

tth13TeV o, —420-1070  —2.78.10°3

tth 14 TeV P2 _430.1000 —2.78-1073

[Alasfar,de Blas,Grober,'22]

qg q

tih h 70 h

e Finite terms are comparable with the log-enhanced
ones if A = O (TeV)!
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Dimensional regularisation and chiral couplings
e Four-top operators enter the Higgs-gluon coupling at
two-loop level.

e In loop computations, the continuation 4 — D space-time
dimensions is required to regularise the integrals.
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e Four-top operators involve chiral vertices: ~5 enters the
computation.
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computation.

e 75 is a purely 4-dimensional object: a continuation
scheme must be chosen.
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Dimensional regularisation and chiral couplings

> Dilo e Four-top operators enter the Higgs-gluon coupling at

Intro two-loop level.

h + hh plans

The SMEFT . ) ] -
dtin s e In loop computations, the continuation 4 — D space-time
Comeluione dimensions is required to regularise the integrals.

Backup

e Four-top operators involve chiral vertices: ~5 enters the
computation.

e 75 is a purely 4-dimensional object: a continuation
scheme must be chosen.

Ll e For the details, see [Di Noi et al.,’23].
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Continuation to D dimensions schemes for 5

¢ Naive Dimensional Regularisation (NDR): assumes
that the 4-dimensional relations hold also in D dimensions:

{’YM’VV} = 2guu s

Computationally fast.

{7u7 ’75} =0.

Algebraically unconsistent (loss
of trace cyclicity).
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S. Di Noi e Naive Dimensional Regularisation (NDR): assumes
it that the 4-dimensional relations hold also in D dimensions:
h + hh plans {’YM? ’YV} — 29;“”/ s {’)/’ul7 ’)/5} = O

The SMEFT

Algebraically unconsistent (loss

4t in hgg Computationally fast. of trace cyclicity)

Conclusions

SasiP e Breitenlohner-Maison-'t Hooft-Veltman Scheme

(BMHV): divides the algebra in a four-dimensional part
and a (D — 4)-dimensional one:

’YfLD) _ 7/(;1) Jr%(LD_4)’

{7/(1,4)5 75} = 07 h/,ELD_Zl)) 75] =0.
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Continuation to D dimensions schemes for 5

S. Di Noi e Naive Dimensional Regularisation (NDR): assumes
it that the 4-dimensional relations hold also in D dimensions:
h + hh plans {’YM? ’YV} — 29;“”/ s {’)/’ul7 ’)/5} = O

The SMEFT

Algebraically unconsistent (loss

4t in hgg Computationally fast. of trace cyclicity)

Conclusions

EED e Breitenlohner-Maison-'t Hooft-Veltman Scheme
(BMHV): divides the algebra in a four-dimensional part
and a (D — 4)-dimensional one:

,nyD) _ %(L4) +,Y'L(LD—4)’
(=0, [P s =0
May break Ward identities
INFN Algebraically consistent. (e.g., [Larin,’93]).
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Higgs-gluon coupling with four-top operators
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’1” ‘ e We compute the four-top contribution to gg — h using
’ NDR and BMHV (reviewing the result in [Alasfar,de
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Higgs-gluon coupling with four-top operators

e We compute the four-top contribution to gg — h using

NDR and BMHV (reviewing the result in [Alasfar,de
Blas,Grober, 22]):

g 9 9
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Poles and Anomalous Dimension |

e The pole in gtt correction is scheme-dependent.

g
2
—h = K x (€4l —3¢5)) droemit i (5 o = plnl?),
g DIV
V2mugs
KtG — 167751) (NDR)
0 (BMHV).

e The anomalous dimension (AD) of O, depends on
the scheme! — log terms scheme-dependent!

g
? L = —41‘7]% (# gk puzpuu> quG _ ¢T¢G;w G

g
dc
167 /"Ldi(z) 4\[ghttgs( C taQ +KtG <C( ) - *C( )> >
: 1L

2L, new
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Poles and Anomalous Dimension |l

e The scheme-dependence of the LO AD involving
(LL)(RR) is known (e.g., b — sg, Y, [M. Ciuchini et al.'93]).
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K;; can be computed via a one-loop diagram:
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Intro

A e ldea: the coefficient of the chromomagnetic operator

- O, = Qro™ TAthﬁG;?V (which enters at one-loop)

pr— depends on the scheme :

Conclusions dc 1 1 8
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5
Cia

C,:» Kic depend on the scheme, C,: does not.

K;; can be computed via a one-loop diagram:

t W _108 c
g \U_L/{X Q' iCq! Kig x ¢ \mn/< m< -3 V2uTAcH p,,.
INFN t

e 0,., 0, enter at the same order [G. Buchalla et al.,'22].
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Finite parts
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Finite parts

e O, and O, have a non trivial interplay and
shouldn’t be treated in isolation.

e Can the scheme-dependence coefficient give a
scheme-independent result for the finite part?

9 9

. -—-h
g g

1 C
= [CtG + (C(l) _ C(8)> th] PMtG|FIN A[; M |FiN

e ... Yes.



SMEFT in NDR vs BMHV

S. Di Noi e With this set of redefinitions, the two schemes give the
Intro same result (both for the finite parts and the AD).
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SMEFT in NDR vs BMHV

S. Di Noi e With this set of redefinitions, the two schemes give the
Intro same result (both for the finite parts and the AD).
h + hh plans
e SHET CNPR _ cBMIV _ C(l) _ 7C(8) V20947495
4t in hgg Q 6 167'('2 9
Conclusions
2
sl NDR BMHV . (1) (8) ( — 6m;)
P Irie = Gnee — Init (C + C > 16#21\2 )
3
NDR _ ., BMHV 1) (8) my
me s <CQt " 3CQt> 8w2A2”
e Computed via one-loop diagrams.
e Validated by a matching with a UV model (top-down
<R
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ approach).
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e Documentation of continuation and renormalisation
scheme choices in EFT calculations and fits is
recommended.
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Finite parts and AD are scheme-independent if
XNDR — xBMHV L A X X = Ccor Ontes M-

O, and O, shouldn’t be treated in isolation.
Evident in top-down approach.

In the bottom-up approach, a connection between
NDR and BMHYV is crucial for global fits.

Documentation of continuation and renormalisation
scheme choices in EFT calculations and fits is
recommended.

Other possible sources of ambiguity: operator basis, input
SCheme...([Corbett,Martin,Trott,’21],[Biek6tter et
a|.,23],[Aebischer,Pesut,Polonsky,'23]...).
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Conclusions

Finite parts and AD are scheme-independent if
XNDR XBMHV + AX X = CtG’ Ghits M.

O, and O, shouldn’t be treated in isolation.
Evident in top-down approach.

In the bottom-up approach, a connection between
NDR and BMHYV is crucial for global fits.

Documentation of continuation and renormalisation
scheme choices in EFT calculations and fits is
recommended.

Other possible sources of ambiguity: operator basis, input
SCheme...([Corbett,Martin,Trott,’21],[Biek6tter et
al.,23],[Aebischer,Pesut,Polonsky, 23])

Not onIy four -top: other operators show this interplay

(g 05 = Quyu@u (611D"0) ).
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EFT notation

S. Di Noi
Lp—¢ = Lsm + Lat + Lot + Ls,
Intro
1 1 1 -

h + hh plans ESI\/T = ZG';?V GA/‘“’ - i WI{V WI'L”/ - ZBMI/BMV + Z ¢1mw
The SMEFT ) ¥

. 1 4
e + (D) (D) = A (as* ¢ - 5#) ~ YuglupQr + He,
Conclusions

Backup

Ciop , — ~ Cr - -
Lo = [@(Qmmw o+ x5 Qo Tro Gl + H.c.] ,
C
L =25 016G G,

(6.1)
e In unitary gauge ¢ = (1/v/2)(0, (v+ h))T:

2 Ct¢
INFN . . mt:L(Yt—%p
C Lp_g D —mylt — guphit, V2 .
9ht 2
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Renormalised matrix element

e The renormalised matrix element is:

4 1
Mg = (C&) 70(8 ) Az M:,I,,+m, [Czc + (C(l - ’C(g;) K(G:| FM/,G‘FIN

1 OMQM

+[1+(c + C )\thtt] Msm(mmwn:)+(cm+ C ) 2 Km

o We define:

aom,

. 1

oo = Cop + (cgg - 7c$3> Kig,

~ 1

Tnte = Inie { (C(l) + C(8>> 2 Khtt:| ;

1
my = my {1 + <C<1) + C(S)> FKW} .

en 1 A
M%OT = (C + C ) FMghIZﬁmt

Cic o
—|—ﬁMtG‘FIN+MSM(ghita me) +

A2

Mo

1
X my + CQ(,M,M
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Matching with a UV model: & ~ (8, 2)

o=

e We can test the relations between the parameters in NDR
and BMHV matching the SMEFT with a UV toy model:

Lo = (D,®) D'D — M2OTD — Y (@A’Tng’ Tty + H.c.) .

e Tree-level matching (in both schemes):
) avz ¥ gy
t _ e QL ° 79

A2 9M2 A2 6ME
e One-loop matching + Fierz identities ([Fuentes-Martin et
al., 22]\?.
Gt _ 1 YiV2gwgs G
A2 1672 M2 4 A2
e Using the tree-level matching for Cgt’s), we can verify:
CNDR CBMHV (C(l) _C(8)> \[ghttgs'

=0.

6 1672


https://arxiv.org/src/2211.09144v2/anc/resulttable.pdf
https://arxiv.org/src/2211.09144v2/anc/resulttable.pdf
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h — bb rate in the SMEFT

&) (®)
c _ - C _ -
Ly =~ (QuQc) (brr*br) + 5 (QuT*9uQ1) (P T"9"br)

C _
+ %(gﬁw)gmbﬁﬂ.c} .
e The one-loop amplitude depends on the scheme:

NDR,1L ~BMHV,1L (1), 4,(8)
e Ui Cart5Cq (m2 —6m2) + O ()
SM 812 A2 h b AL/

h—bb
o Using 71" o (g% )2, X = NDR, BMHYV.
AR = g — a1z (C) + 40G)) i
1 8
e S - o) + 0 ().
h—bb
FI;IEE};TL + FIZEE};IL is scheme-independent!



2-parameters fit results

S. Di Noi
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https://arxiv.org/pdf/2202.02333.pdf

4-parameters fit results
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https://arxiv.org/pdf/2202.02333.pdf

Is the SMEFT general enough?

S. Di Noi e The SMEFT assumes a SM-like Higgs boson:

Intro B v + h 7TI7-I

h + hh plans (807 SO) = \/5 : U7 U = eXp <Z v .

The SMEFT

T e The Higgs EFT (HEFT) instead assumes a more general
Conclusions scenario: U and h are treated separately.

Backup

e SMCSMEFTCHEFT.

e Less correlations between coefficients in HEFT: (e.g., in
SMEFT gs55, = vggp, but not in HEFT).

e Measure correlation— insights about EW SSB.
INFN
C e More about this topic in [Brivio, Trott,'17].

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu
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RGESolver

e A C++ library that performs

RG evolution of SMEFT coef-
ficients ([S.D.N.,Silvestrini,'22]).

General flavour structure (as-
suming L, B conservation).

Numerical and approximate
solutions of the RGEs with un-
precedented efficiency.

Back-rotation effects easily
implemented.

e Authors:
o Stefano Di Noi,

o Luca Silvestrini.


https://arxiv.org/pdf/2210.06838.pdf
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