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Introduction

® The discovery of the 125 GeV Higgs boson “completes”

v We have all the particles predicted by the SM...
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Introduction

® The discovery of the 125 GeV Higgs boson “completes” the Standard Model...

v We have all the particles predicted by the SM...plus the measurement of the
Higgs mass completes the list of inputs needed to compute all interactions in
the SM Lagrangian...

s 1 A ~a pv | a pv 1 v A
Loy = — ZGMVG — ZWMVW — ZB,WB +

+ i i Pl + quii P qri + eriiP eri + upi i ug; + dr; 1.0 dr;i+

+ (D,u(/b)Jr DFo -V (¢) — (?ij éRi¢le + Q% CZRII;¢QLJ' + ﬁ% ERZ-(ETqu + h.C.)
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The crucial question is:
Do all interactions predicted by the SM agree with the EXP measurements?
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® The discovery of the 125 GeV Higgs boson “completes” the Standard Model...

v We have all the particles predicted by the SM...plus the measurement of the
Higgs mass completes the list of inputs needed to compute all interactions in
the SM Lagrangian...

s 1 A ~a pv | a pv 1 v A
Loy = — ZGMVG — ZWMVW — ZB,WB +
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+ (D,u(/b)Jr DFo -V (¢) — (@fj éRi¢le + Q% CZRII;¢QLJ' + ﬁ% ﬂRi(ETqu + h.C.)
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The crucial question is:
Do all interactions predicted by the SM agree with the EXP measurements?

Several of the SM particle interactions have not been measured
directly yet, in particular, those entering in the scalar potential

(" N
V(p) = —p2 19" + Xg [9|" — V(h) = 3mih* + Asvh® + I A.h*

MM =AM = 2, = Sk~ 0.129
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Introduction

® Why are these self-interactions important?

v It characterises the structure of the Higgs potential

= Does EWSB follow from a Ginzburg- Landau ¢* potential?

v Test the validity of the SM. If not SM-like = Access to information about
new physics (BSM)

» Naturalness? AM, = - @ ------- e New)e ~ 0

» Sizable deviations expected, e.g., in models of composite Higgs or
models with Higgs portal interactions

v Control the properties of the electroweak phase transition (EVVPT)

» (Electroweak) Baryogenesis!?

» Models predicting strong |st order transition typically predict O(l)
deviations from SM

e OK,so how can we learn from the Higgs self-coupling at the LHC?
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LHC probes of the Higgs trilinear coupling

e How do we measure these self-interactions at the LHC?
v The obvious way.... Direct Higgs pair production
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LHC probes of the Higgs trilinear coupling

e How do we measure these self-interactions at the LHC?
v The obvious way.... Direct Higgs pair production
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LHC probes of the Higgs trilinear coupling

e How do we measure these self-interactions at the LHC?
v The obvious way.... Direct Higgs pair production

~37 fb

o(pp — HH + X) [fb]
M, = 125 GeV
PDF4L.HC15

gg > HH(NNLOyp, ) —

But these are complicated processes
and new physics could enter in many places,
affecting their interpretation as probes of A3 !
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LHC probes of the Higgs trilinear coupling

¢ How do we measure these self-interactions at the LHC!?
v The indirect way....Via loop effects in single-Higgs processes *

M. Gorbahn at al., JHEP 10 (2016) 094; G. Degrassi et al. , JHEP 12 (2016) 080
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for a similar approach using off-shell H production

* First suggested in the context of future e+e- Higgs factories by:
M. McCullough, PRD 90 (2014) 1, 015001 (PRD 92 (2015) 3, 039903 [erratum]), arXiv: 1312.3322 [hep-ph]
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LHC probes of the Higgs trilinear coupling

¢ How do we measure these self-interactions at the LHC!?
v The indirect way....Via loop effects in single-Higgs processes *
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(even more than hh since these are NLO corrections...),
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LHC probes of the Higgs trilinear coupling

® Two main ways of extracting the Higgs Trilinear at the LHC

Higgs-pair production Via loop effect in single Higgs

t

g - h I
Haqron , @ g S e
Colliders g ho s ;

t

How to interpret these measurements/determinations?
It depends on what you want to learn...

The answer sets the interpretational theory framework
and that always requires some assumptions...
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LHC probes of the Higgs trilinear coupling

® Two main ways of extracting the Higgs Trilinear at the LHC

Higgs-pair production i Via loop effect in single Higgs
g g EEv
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LHC probes of the Higgs trilinear coupling
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e Everything is assumed to be SM-like except for deviations of the Higgs
trilinear parameterised by:

— A3

e Used in most experimental analyses due to its simplicity
e Useful to test of validity of SM hypothesis...

e ...but, without extra info, not so much from the point of view of BSM
interpretation:

Vv e.g. using single-Higgs processes: Are there models that can predict large
deviations in 43 WITHOUT introducing large corrections to other single H
couplings?
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e Everything is assumed to be SM-like except for deviations of the Higgs
trilinear parameterised by:

— A3

e Used in most experimental analyses due to its simplicity
e Useful to test of validity of SM hypothesis...

e ...but, without extra info, not so much from the point of view of BSM
interpretation:

Vv e.g. using single-Higgs processes: Are there models that can predict large
deviations in 43 WITHOUT introducing large corrections to other single H
couplings?

The answer is YES e.g. Higgs portal models...
but this interpretation does not apply to other models (if bounds are weak)

For instance, composite Higgs models predict, generically,
both single and triple Higgs couplings ~ vZ/f?

Similar considerations apply to other models motivated by
“naturalness” unless in very particular limits
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LHC probes of the Higgs trilinear coupling

® Two main ways of extracting the Higgs Trilinear at the LHC

Higgs-pair production Via loop effect in single Higgs
g ) Eryniy
Hadron , __‘/ " tH @ __ &
Colliders hooN i
9 ~h : ;
di-Higgs single-H

exclusive

global

It is better to try to be more “Global”
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LHC probes of the Higgs trilinear coupling

e A natural extension of the “exclusive” x; approach that is being adopted by the

experimental group in single-Higgs analyses adds coupling modifiers for the
other SM Higgs interactions (in analogy to the x framework used in Run I)

BSM
o (kx — 1)
o 2 () = 7= (k3 —1)6Zn
BR]?SM B H}% + (kx — 1) A

pe(kx, kf) = =
BRZY 30, BRIM [42 + (sy — 1)C]|

See S. Manzoni’s Talk on Wednesday

e Doing this consistently from a theory point of view, without introducing a
particular model, leads to the use of EFTs...

v Model independent (within assumptions)

v Well-defined way of computing things (though not without issues, e.g. EFT
truncation uncertainty, ...)

v It may help in clarifying in which cases the “exclusive” x, approach is a
good approximation
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Effective Field Theories

e The philosophy of Effective Field Theories:

o —

A

We don’t need to know this to describe the physics here

® We are interested in exploring BSM deformations without being “attached” to
any particular model (no reason to do so)... What is reasonable to assume?

v QFT

v At low-energies the particle content seem to match the SM one

» No new particles with masses ~ vew showing up in direct searches

(Though this possibility cannot be completely excluded and much
lighter particles also possible)

v Similarly, SM gauge invariance seems to work well...
(With respect to current precision... )

e This is actually enough to build an Effective Field Theory, which provides a robust
theory framework to interpret experimental indirect tests of new physics
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Effective Field Theories

e EFT provide a phenomenological tool to parameterise BSM deformations in a
model-independent way (consistent with some general assumptions)

e Two EFTs consistent with the SM particles and symmetries at low energies,
differing in the treatment of the scalar sector:

v The non-linear/Higgs EFT (HEFT): / singlet and not related to GB of EVWSB
v The SM EFT (SMEFT): 4 part of a SU(2). doublet

SM c SMEFT c HEFT
e |n short;

v HEFT: when there are light BSM states (compared to EWV scale) or BSM
sources of symmetry breaking

v SMEFT: when heavy new states (compared to EWV scale)

See: R. Alonso, E. E. Jenkins, A. Manohar, JHEP 08 (2016) 10, arXiv: 1605.03602 [hep-ph]
T. Cohen, N. Craig, X. Lu, D. Sutherland, JHEP 03 (2021) 237, arXiv: 2008.08597 [hep-ph]
for a geometrical interpretation of the differences between HEFT and SMEFT
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https://arxiv.org/abs/1605.03602
https://arxiv.org/abs/2008.08597

Effective Field Theories: SMEFT

e SMEFT: SM particles and symmetries at low energies, with the Higgs scalar in an
SU(2). doublet + mass gap with new physics (entering at scale A)
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e LO SMEFT Lagrangian (assuming B & L) = Dim-6 SMEFT: 2499 operators
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Effective Field Theories: SMEFT

e SMEFT: SM particles and symmetries at low energies, with the Higgs scalar in an

SU(2). doublet + mass gap with new physics (entering at scale A)

Luv(?) — Legg=)> ., = —Laq = Lsm + 155 + 3 L L+ -

EFELA
L,=Y,CLO; O]l =d — (%)d—‘l

e LO SMEFT Lagrangian (assuming B & L) = Dim-6 SMEFT: 2499 operators

Operator Notation Operator Notation Operator Notation Operator Notation

-
Only a relatively small subset is relevant for the description

of Higgs measurements
~0(20-30) operators depending on flavour assumptions

(h3in SMEFT: Ky =1—2 Cgbj;z +... with  Z2(gtg)® )

Warsaw basis operators
(Neglecting flavour)

Higgs part of doublet = SMEFT Higgs interactions depend on (v+h)"

= Correlation of single and multi-Higgs couplings, e.g.

oS (ptp) G, G* — “2E (2vh + h?) G, GM

by same operator

hgg and hhgg couplings controlled

N

-
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Effective Field Theories: HEFT

e HEFT: SM particles and symmetries at low energies, but does not assume relation
between the Higgs scalar and the Goldstone bosons of EWSB (non-linear EVWWSB)

e Leading order HEFT Lagrangian (L=0 in chiral (y) dimensions):

Li0 = =3 Tr (oG] = LT (W, W] — 1B, B o o
o — e - . T . [¢¢]x — [a]x — [gweak]x =1
+iqrIPqr + i€ DLy + iugPug + idrIDdg + i€rDer [AL], = 2L + 2

+% Tr [D,U'D*U] (1 + Fy(h)) + 18,h8"*h — V (h) U = exp(2iCT,)
—% [qLYu(h)UP+qR —+ (jLYd(h)UP_qR -+ ZLYe(h)UP_ER -+ hC} V(h), Fy(h), Yy (h)
polynomials in 4

* Terms relevant for
single and double Higgs processes
) ,. Modifications of SM couplings
ALk — 2 WHW—+ 4+ L;m2 7 zZ» h h b h h (like x framework)
("= 2 (i W W 4 3m3 2,27) (ev o evv g ) = X mod (ev +en g
mj, - ingle and double 4
tennngih® = (k3 in HEFT: K = Chan ) Sing

couplings unrelated
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Effective Field Theories: HEFT

e HEFT: SM particles and symmetries at low energies, but does not assume relation
between the Higgs scalar and the Goldstone bosons of EWSB (non-linear EVWWSB)

e Leading order HEFT Lagrangian (L=0 in chiral (y) dimensions):

Li0 = =3 Tr (oG] = LT (W, W] — 1B, B o o
o — e - . T . [¢¢]x — [a]x — [gweak]x =1
+iqrDqr + i€ Pl + turPDur + idrIPdr + i€rPer [AL], = 2L + 2

+% Tr [D,U'D*U] (1 + Fy(h)) + 18,h8"*h — V (h) U = exp(2iCT,)
—% [qLYu(h)UP+qR + qLYd(h)UP_QR -+ ZL}[e(h)UP_eR -+ hC} V(h), Fy(h), Yy (h)
polynomials in 4

Modifications of SM couplings

h h? _ h h i
Aﬁig()fbh_ 9 (mww+W B mzZ Zu) (CV_ + CVV—2> — 3, My <C¢_ + CW_z) (like ¥ framework)
(Y (Y (Y (Y
A - ingle an ]
+Chhhﬁh3 _’(h‘? iIn HEFT: k) = cunn ) Sing e and double &
couplings unrelated
2 h h2 2 h h2
ALTS Is Tr [G ., G*] (cg_ 4+ ng_> 4 € F,, Fr (Cv— + C'w_> +... NLO local terms to properly
1672 v v?2 1672 v v2

parameterise corr. to
SM rad. processes
(Different than x framework)
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new physics in k; via hh
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Double Higgs in the SMEFT
® More than just modifications of SM Higgs couplings, e.g. gghh

4 C C C )
¢D 2 ¢ PG v
ALgghn = Az W’ + 5 (@19) + T eTeG, G
Cu
+ ( o ¢T¢qL¢ Ry Ca @} po* TatrGA, + h.c. )
J
L
_-—— ]
‘ 3
X
(@)
Not in SM' o:
o)
@
e
5
g \Qgee ,h g \{G{Q _h ~
Not in SM! — }9} - 5}}}} :
g “h g \\h
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Double Higgs in the SMEFT

® More than just modifications of SM Higgs couplings, e.g. gghh

4 C C Y
AESMEFT ¢D “¢| + _‘5(¢’r¢)3 GA pv

gghh _

[ %

Cu¢ 33 Cic

¢T¢qL¢ R+ —qcha*“’TAtRG 4+ h. c

% %ot in SM'
g h g P
g \\h g )

Directly accessible at LO in single-/ processes
Related to the same operators = Directly accessible at LO in single-/ processes

Model-independent extraction of trilinear requires a combination of i1/ with h
(A full global fit, however, requires also combination with EW and Top)
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Double Higgs in the HEFT
® More than just modifications of SM Higgs couplings, e.g. gghh
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Double Higgs in the HEFT
® More than just modifications of SM Higgs couplings, e.g. gghh

HEFT g; v h h* - h mh, 3
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Directly accessible at LO in single-/ processes
Not correlated with operators entering at LO in single A... LO only in hh!
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Double Higgs in the HEFT
® More than just modifications of SM Higgs couplings, e.g. gghh
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Directly accessible at LO in single-/ processes

Not correlated with operators entering at LO in single A... LO only in hh!
Need to extract /3 together with the #hh and gghh couplings from Ah...
= Use differential information/Explore kinematics ?

Statistics may be a limiting factor here...
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Double Higgs in the HEFT
® More than just modifications of SM Higgs couplings, e.g. gghh

2

h h? _ h h? 2
[AﬁgghhHEFTD 193 Tr [G .. G*] (cg; + C4q ) — mytt (ct— + ctt—> + chhhﬁh3 J

672 v2 v v?2
é )
o C Cyc )
ALggnn "= — 5 ¢'e0¢16 + + 5 bleG,GA
C. -
+ ( bl bai bt h.c.> m
> : /3
g “h 9= R “h py
g SMEFT C HEFT )

HEFT includes a “sibling” of this SMEFT operator but is NLO:

9sYt 4 UV A h

Note, however, that SMEFT operator is only expected to be generated at
1-loop by BSM, and could have also been neglected here by NDA

ALL SMEFT effects are in HEFT
+ decorrelation of Higgs couplings (already at LO)

Even if NLO, including dipoles in HEFT analyses would facilitate

projecting “shape” studies into SMEFT

\ J
otatisiics may be a limiting ractor here...
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new physics in k; via single h and interplay
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x; from single Higgs in the SMEFT

® Some results from VWednesday’s talk by S. Manzoni:

@ Fit simultaneously several coupling modifiers:

@ Test of BSM models that can modify at the same time k) and other H couplings.

< 8T LA BN B ] < ST ]
= - ATLAS Preliminary . = - ATLAS Preliminary .
N 75\6:13 TeV, 27.5-79.8 fo! E o 7?@=13T6V’ 275798 10" E
6 —_— Ky Kz, Ky, Ky, K Profiled —| 6}Expected (i, =1) —_= Ky Kz, Ky, Ky, K Profiled —
5i —— K, -only model ] 5i — = K;-only model j
C C | -
. 4;77\ ‘¥ fffffffffff IILI*
£95% CL\ | 1]
3F \\ I -
: \\ /9 ]
L \\ i
r \\
Veewol N 4
C X
0 l 1 1 1 1 l 1 1 1 N-L‘ 1 1 1 1 l 1 1
-10 -5 0 5 10
Ky,
+1o +1o +1o +1o +1o +1o 0
Ay Kz 17 Kt ' 1o Kb 10 Klep 1o KA 1o k) [95% C.L.]
) . . . . 46732 | [-2.3,10.3]
1.0753 | [-5.1,11.2]
1.0379% 1 110799 | 1.0079%2 | 1.03793% | 1.067318 | 55135
+0.08 +0.08 +0.12 +0.21 +0.16 +7.6
1'00—0.08 1'00—0.08 1'00—0.12 1'00—0.19 1‘00—0.15 1’0—4.5

e A step towards results that are interpretable in larger class of BSM models...

e Even more general studies available in the literature (from the theory side)
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x; from single Higgs in the SMEFT

e Several theory paper have studied the extraction of k) from “semi-global” fits in
the SMEFT including the different couplings that enter at LO and combining

h+hh:
0.6
- 95% (Credible Intervals
— Global Fits
7 R FE T TRE T RPRTE ARTRR
B/ e S P | R B B B e | B B | e B e R
@
; g Ll
\))
~ 00 1 | } H ‘L W Ly |H I | I
— |H H H [ ‘H IJ H N I I [l L [ 1 ]
=
Do
0 4[ — 2020 Data | | b
’ ' This Analysi .
i | ZLT T EWPO Bosonic Yukawa
. @ ‘{\0 G\\' R N R W o \\‘(\0‘ @‘3@‘ Q@» N OQ\ *2»0 Q\G \& ‘28’ C)@ CG \‘,;\ Gg» 0«0‘2‘ C)CX\ O@‘ O’\G
AN O A N RS

Anisha et al., arXiv: 2111.05876 [hep-ph]

See also S. Di Vita et al., JHEP 09 (2017) 069 [arXiv: 1704.01953 [hep-ph]]
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x; from single Higgs in the SMEFT

e Several theory paper have studied the extraction of k) from “semi-global” fits in
the SMEFT including the different couplings that enter at LO and combining

h+hh: — _
( Individual fit ~[-25, 15]  ~2x reduction in
0.6 _ Global fit ~[-35,40] sensitivity in global
- 95% Credible Intervals
: Global Fits
e I L R e
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Only single A

Anisha et al., arXiv: 2111.05876 [hep-ph]
Crv?
S (PTd)®  Ira~ —2.85

2A2

See also S. Di Vita et al., JHEP 09 (2017) 069 [arXiv: 1704.01953 [hep-ph]]
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x; from single Higgs in the SMEFT

e Several theory paper have studied the extraction of k) from “semi-global” fits in

the SMEFT including the different couplings that enter at LO and combining

h~+hh: — - ~
Individual fit ~[-9.6, 6.9] _
Dominated by /i

0.6 , Global fit ~[-11,7.0]
- 95% Credible Intervals
: Global Fits ] ]
0.4 H keeps single (and double) H couplings under control
i = only small reduction in sensitivity in global fit
B R T /
A
= 00 il } ‘! |! ‘! . !I ) R
< L . | | |
T N I s
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Only single 7 Anisha et al., arXiv: 2111.05876 [hep-ph]
With hh

Cu(ptp)®  Ora~ =205

See also S. Di Vita et al., JHEP 09 (2017) 069 [arXiv: 1704.01953 [hep-ph]]
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x; from single Higgs in the SMEFT

e Several theory paper have studied the extraction of k) from “semi-global” fits in

the SMEFT including the different couplings that enter at LO and combining
h+hh:

WARNING: Model-independence of x; from global fits to single Higgs ops.

Even if these global fits include the LO contributions to single Higgs

This is NOT enough for a model-independent extraction of k, in the EFT

c/A[TeV?]

This Anal
) | s EWPO | | | Bosonic Yukawa | |
| ¢ O\ W Ay oF Re R o o W o o S o8 G" . (‘ﬂ\* RN
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Only single Anisha et al., arXiv: 2111.05876 [hep-ph]

Cu(ptp)®  Ora~ =205

See also S. Di Vita et al., JHEP 09 (2017) 069 [arXiv: 1704.01953 [hep-ph]]
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Single Higgs probes of h3: Model Independence

® The extraction of the Higgs Trilinear at the LHC can be “contaminated”
by other poorly constrained SMEFT operators not entering at LO...

e.g. 4-Top operators enter in ggF, tth, h—bb and h—yy @ NLO
(same order in perturbation theory as Higgs trilinear)
and experimental bounds are weak

i )
ra) n ra) A n A
L s F(QL%QL)@R’Y%R) + F(QLT VuQr)ErRT "tR)
(1) (8)
t A __H C tQb ~ . —T C tOb /= . —T
—a- (@Qutr)ioa(Qubr) + —355 QT tR)ioa(Q, T br)
Lq,wuuu 3 e
O A=1TeV e
, ) 2 gy T e
H 1F Cot
________ ’y g)‘ E C¢q
< NN E 0; Cgt)Qb
b H —1F Coran
————————— AT —c,
v - T
ANNNNN _3;/ | | | | | | | | | | | | | | | | | | | |
—1.0 —0.5 0.0 0.5 1.0
&

ttH: A simple estimation of the Leading Log
L. Alasfar, J.B., R. Grober, In preparation contributions via the RGE shows the
contribution of 4-heavy quark operators
can be significant
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Single Higgs probes of H3: Model Independence

® The extraction of the Higgs Trilinear at the LHC can be “contaminated”
by other poorly constrained SMEFT operators not entering at LO...

We computed the full NLO effects to LHC Higgs processes coming
from 4-heavy-quark operators...

Ci fin log M%:z
IR(C;) = 2 5RC¢ + 5Rci log 2

Operator H Process LR 5Rg" [TeV?] 5Rlc"f [TeV?]
ggF uos 9.69 - 1073 2.70-1073
h — gg - 5.92-1073 2.69-1073
(982 h — vy h ~1.77-107%  —0.80-1073
tth 13 TeV Lo 420 10t 224.1073
#h 14 TevV 7T 72 —4.29-1071 2.24-1073
ggF Th 1.29-1072 3.61-1073
h — gg - 7.91-1073 3.59-1073
o®) h — vy h ~2.36-107%  —1.07-1073
Qt
© th13TeV o, 653:107  4.41.10°°
cC tth 14 TeV tT 2 7.30-1072 4.41-1073
E ggF pos 2.75-1072 8.91-1073
o h — gg 1.48-1072 8.74-1073
T) oW h = vy mp, -152-107%  —0.90-1073
bt Qb h — bb —-6.94-107"  -1.53-107"
a tth 13 TeV Lomy 304 1073 0.88-1073
#h 14 Tev ™72 _292.1073 0.88 1073
ggF Db 5.23-1073 1.70 - 1073
h — gg 2.82-1073 1.67-1073
O® h =y mp -0.29-107%  —0.17-1073
QtQb h — bb -1.32-100Y  —2.91-1072
tth 13 TeV Lomy  —L61-107F 067107
#h14Tev ™72 _110-1073  0.67-10°3
(1) tth 13 TeV m, ~ 1.89-107° 1.12-107°
Q0 fTh 14 Tev ™t 72 2.31-1073 1.12-1073
(3) tth 13 TeV m,  0.64-107° 0.31-1073
O%a tth 14 Tey ™t 72 0.43-1073 0.31-1073
tth 13 TeV - 7.50-1073 3.64-1073
O fth 14 Tev ™77 720 g44.1073 3.64-1073

L. Alasfar, J.B., R. Grober, In preparation
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C,-1072 Cy (A =1TeV)
ggF/ gg — h -0.31
tth 13 TeV -1.64
tth 14 TeV -1.62
h — vy -0.23
h — bb 0.00
h— WHW- -0.34
h— ZZ -0.39
pp — Zh 13 TeV -0.56
pp — Zh 14 TeV -0.95
pp — W*h -0.48
VBF -0.30
h — 4/ -0.38

Relative contribution from operators
modifying H trilinear
Degrassi et al. ‘16




Single Higgs probes of H3: Model Independence

® The extraction of the Higgs Trilinear at the LHC can be “contaminated”
by other poorly constrained SMEFT operators not entering at LO...

We computed the full NLO effects to LHC Higgs processes coming
from 4-heavy-quark operators...

in Lo,
Operator H Process LR 5Réi [TeV?] RS [TeV?] SR(C) = g SRIT 4 5B log %
ggF mh 9.69-1073 2.70 - 1073 : A2 Ci Ci A2
h — gg 5.92-1073 2.69-1073
oY) h = yy " ~1.77-1073  —0.80-1073
tth 13 TeV e —4.20-1071 2.24-1073
L TeV 2 —4.29-10" ; =3
uos 1.29- 1072 3.61-107° .
7.91.10-3 2T <
E‘ og) h— vy i ~236-10%  —1.07-1073 tth 13 TeV -1.64
® tth 13 TeV Lom,  6:53-107% 441-107° tth 14 TeV -1.62
E 1] et ST eedd . 103 h — ~y -0.23
E goF s 2.75 - 10*2 8.91-1073 h — bb 0.00
» — P—r > qq 1.48 10~ + — _
T, oW h— vy Mh =T52.10 °  —0.90-1073 h— WTW 0.34
e QtQb h — bb —6.94-10"1  —1.53.107¢ h— ZZ -0.39
o B th13TeV o, ~3.04-1073  0.88-1073 pp — Zh 13 TeV -0.56
¢ .+ M g -
tth 14 TeV 2 —2.2-1073 0.88-1073 pp — Zh 14 TeV ~0.55
hggF e 5.23-10:2 1.70 - 10:2 pp — W*h -0.48
— g9 2.82- 10 1.67 10
O®) h — vy mp, —0.29-1073 —0.17-1073 VBF -0.30
QtQb h — bb -1.32-107"  —291-1072 h — 4¢ -0.38
tth 13 TeV m, ~— —1.61-1073 0.67-1073 ) ) )
gh14Tev ™ T2 _110.103  0.67-10-3 Relative contribution from operators
oW tth 13 TeV Lom, 1891070 1.12-1073 modifying H trilinear
QQ tth 14 Tev Mt T2 2.31-1073 1.12-1073 Degrassi et al. ‘16
(3) tth 13 TeV m 0.64-1073 0.31-1073 . . -
A e e O R Sizable effects in ggF (dominant at LHC)...
o tth 13 TeV Lomy 7501077 3.64 1073
t th 14 Tev "7 2 6.44.1073 3.64-1073
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Single Higgs probes of H3: Model Independence

® The extraction of the Higgs Trilinear at the LHC can be “contaminated”
by other poorly constrained SMEFT operators not entering at LO...

We computed the full NLO effects to LHC Higgs processes coming
from 4-heavy-quark operators...

Operator H Process LR 5Rg_” [TeV?] 5Rlcof [TeV?] SR(Cy) = g SRI™ 4+ 6R 1o %
ggF ma 9.69 - 1073 2.70 - 1073 ’ A2 Ci i 108 A2
h 5.92-1073 2.69-1073
(1) 9 mp -3 -3
Oy h oo =L77.10°°  —0.80-10
tth 13 TeV m,  —420-1071  224.10°
fth14Tev ™12 4991071 2.24-1073
ggF = 2910 3.61-1073
h — gg 7.91-1073 3.59-1073
- 05 | _hooy 236003 107107
© [dnisTev ., 653-107  441.100 °
C {th 14 TevV T 2 7.30 - 1072 4411023 h — vy -0.23
E goF L 2.75 - 107 8.91 - 10*? h — bb 0.00
T h — gg 1.48 - 10~ 8.74-10~ A — i
T, oW h— vy mp, ~-1.52-107%  —0.90- 1073 h— W*W 0.34
e QtQb h — bb —6.94-10"1  —1.53.107¢ h— ZZ -0.39
o B tth 13 TeV Lom 304 1073 0.88-1073 pp — Zh 13 TeV -0.56
tth14Tev ™72 _22.107%  0.88.1073 pp — Zh 14 TeV 2055
ggF T 5.23-107% 1.70-107* pp — W*h -0.48
h — gg 2.82-1073 1.67-1073
OB h — vy mp, —0.29-1073 —0.17-1073 VBF -0.30
QtQb h — bb ~1.32-100%  —291-1072 h — 4¢ -0.38
tth 13 TeV m, ~— —1.61-1073 0.67-1073 ) ) )
Fh1aTev ™T 20 _110.1073  0.67.10-3 Relative contribution from operators
oW tth 13 TeV Lom, 1891070 1.12-1073 modifying H trilinear
QQ tEh 14 Tev T 2 2.31-1073 1.12-1073 Degrassi et al. ‘16
(3) tth 13 TeV m 0.64-1073 0.31-1073 . . -
O |mnmey ™FF gaz0 031107 Sizable effects in ggF (dominant at LHC)...
0 Gh13TeV w750 1073 3.64-1073
* |lanamey ™ 644100 3641070 ... and tth (strongest dependence on Cy)...
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Single Higgs probes of h3: Model Independence

® The extraction of the Higgs Trilinear at the LHC can be “contaminated”
by other poorly constrained SMEFT operators not entering at LO...

We computed the full NLO effects to LHC Higgs processes coming
from 4-heavy-quark operators and studied impact in the extraction of /3

. (1) C
Example: fit to LHC run-2 data of Co (0,7,Q1) Ertr) & Cy ((/5%)3 Skiy = —2 ;b
A2 LY L)\LRY IR A2 m2 A2
Ch)=[-0.9,1.2]
LN ELEREREL BUNLNLUNLN RN | | (Cy) 95% CI
ORy, ~ O(A7?) 1 LHC Run 1II
2. LHC Run-II @ 95% CI C((Qt)7 6Ry, ~ O(A7?) -154 [-34.5, 3.7]
© A=1TeV
C Ch), 6Ry, ~ O(A™) 6.2 [16.3, 4.2]
E single param. fit 6R), ~ O(A7?) -13.0 [-25.3, -0.9]
e - - | - Oy= [-34.5,3.7] single param. it Ry, ~O(A™))  Pemem—H 7.9 [-16.6, 1.4]
a p=—T1% : ATLAS hh 139 fh! _ e 34 [12.2, 5.3
oL B perturbative unitarity
; ; T ) Rt T/ R RS VN
O -15) . Co
) :
b s
Oyl Cy

L. Alasfar, J.B., R. Grober, In preparation
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Single Higgs probes of h3: Model Independence

® The extraction of the Higgs Trilinear at the LHC can be “contaminated”
by other poorly constrained SMEFT operators not entering at LO...

We computed the full NLO effects to LHC Higgs processes coming
from 4-heavy-quark operators and studied impact in the extraction of /3

_ (1) 9 Cyv?
Example: fit to LHC run-2 data of | “o: ~ . ¢ (4f 433 )
| o (@Qu)Enta) & 75(010) [f R = =2 a7
Ch)=[-0.9,1.2]
L L B L B (Cy) 95% CI
ORy, ~ O(A7?) LHC Run 1II
- LHC Run-II @ 95% C1 Coyl. 0Ry, ~ O(A™?) b4 [1345,37]
© A=1TeV
E (;837 SRy, ~ O(A™%) 6.2 [16.3, 4.2]
E single param. fit 6R), ~ O(A7?) -13.0 [-25.3, -0.9]
T, o I C= [~34.5,3.7) single param. fit dR), ~ O(A™%) -1.9 [16.6, 1.4]
= e : S S —
Q. o= —T1% | ATLAS hh 139 fb~! = 34 [12.2, 5.3
ok b perturbative unitarity
; | QT Ry ) R | R T) R?
S-15F ] Co
_ 30k ] ]
; : Sizable NLO effects from 4-top!
— 45k | Ll P I

R e ey e s Em | S = Non-negligible correlation

Cor Co = Poor bounds on 4-top operators
complicates extraction of the Higgs trilinear
L. Alasfar, J.B., R. Grober, In preparation from single-Higgs at LHC
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Single Higgs probes of h3: Model Independence

® The extraction of the Higgs Trilinear at the LHC can be “contaminated”
by other poorly constrained SMEFT operators not entering at LO...

We computed the full NLO effects to LHC Higgs processes coming
from 4-heavy-quark operators and studied impact in the extraction of /3

Example: fit to LHC run-2 data of | Co! " YU | P
s Az (@rn@r)(trytr) & F((b ®) AT TN

Chl=[-0.9,1.2]

95% CI

“““““““““““““““ (Co)

(Y)‘R,\3 ~ O(/\_2>

LHC Run-II @ 95% CI -154 [-34.5, 3.7]
A=1TeV

Model-independent extraction of in SMEFT requires including,
not only operators entering at LO,
but also those contributing at NLO and that are poorly constrained

Preliminary

complicates extraction of the Higgs trilinear
L. Alasfar, J.B., R. Grober, In preparation from single-Higgs at LHC
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Single Higgs probes of h3: Model Independence

® The extraction of the Higgs Trilinear at the LHC can be “contaminated”
by other poorly constrained SMEFT operators not entering at LO...

We computed the full NLO effects to LHC Higgs processes coming
from 4-heavy-quark operators and studied impact in the extraction of /3

Example: fit to LHC run-2 data of | Co! " YU | P
s Az (@rn@r)(try'tr) & F((b ®) AT TN

Chl=[-0.9,1.2]

5By, ~ O(A72)

LHC Run-II @ 95% CI
A=1TeV

Model-independent extraction of in SMEFT requires including,
not only operators entering at LO,
but also those contributing at NLO and that are poorly constrained

Preliminary

The same applies to HEFT

(in fact, even worse there: 1h XX enter in e.g. Higgs WFR...
...which only enter at LO in 4h...)

complicates extraction of the Higgs trilinear
L. Alasfar, J.B., R. Grober, In preparation from single-Higgs at LHC
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Conclusions

e Exclusive x; studies: simple but restricted use
Y ... can learn more (model-independence) by considering more “global”
BSM deformations of the processes...

v ... plus one can always go from the global case to the exclusive one
whenever it applies

v Under which circumstances it can be considered a good approximation?

¢ Global model-independent studies of BSM deformations on h and hh
processes = Effective Field Theories

v Allow a proper combination of 4 and /44 (and other processes)
v HEFT or SMEFT?

» SMEFT c HEFT so a fully global HEFT analysis (matching the different
power counting) could always be projected into the SMEFT...

» ...but HEFT seems to have too much freedom for such a study with

LHC data... SMEFT correlations between processes facilitates things
considerably...
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Conclusions

® Interplay of LHC / and /4 processes:

v Single & (from a global fit: H/EVV/Top) needed to constrain interactions
entering in i1 production
» SMEFT: Enough to single out modifications of /3 as the only “free”
d.o.f. to be determined from ih = exclusive k; approx. seems OK for

hh (given current precision)

» HEFT: Not so simple... 714-SM interactions are also free d.of. ... and
only enter (at LO) in 2A... = Use kinematics!?

v Single Higgs determination of /3 can be useful as a consistency check
with ik results:
» But 44 typically outperforms this determination

» Careful with “model-independence”: being a NLO effect in single
Higgs, one needs to make sure all EFT d.o.f. entering at NLO and that
are not properly constrained are included
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