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c UAPP Physics motivation

= sV ® Measuring the Higgs-boson self-couplings is a crucial validation
j/ = - ’7’_ 1\'{t . of the Brout-Englert-Higgs (BEH) mechanism.

- L e The self-couplings determine the shape of the potential, that is
~+ < W? Y + %S dinked to many open questions of particle physics and
cosmology, like the phase transition of the early universe from

4 Y, o ({/V¢ + L. . theunbroken to the broken electroweak symmetry.

2t Ly g2

e The Higgs-potential low energy expansion around its minimum includes triple and quartic terms:
2

_ M0 3 4
V(H) = : H +@1/H + A, H
o In the SM, the Higgs field is fully determined by only two parameters, v = (\/5 Gﬂ)_“ > ~ 246 GeV, and A.

e In the case of extended scalar sectors or in presence of new dynamics at higher scales, the trilinear and

quartic couplings typically depend on additional parameters and their values can depart from the SM

predictions.

e New physics effects can be parameterised via a single parameter k, i.e. the rescaling of the SM trilinear
coupling, /1§M : S N
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https://arxiv.org/abs/1607.04251

c UAPP Physics motivation

Study a BSM scenario where the dominant effect of an unknown new physics (NP) is
concentrated on the modification of the Higgs potential.

‘4r‘6‘6‘6‘6‘6‘6‘6“ e

A5 can be probed at the LHC using:

e production of Higgs-boson pairs (tree level);  ;
;‘ g"6‘6‘6‘6‘6“6‘6‘

e alternative strategy: exploit hlgher prec1s1on IR
measurements, e.g. smgle-H1ggs processes or ,_ ; // S
electroweak observables-> loop level § "o
corrections (one/two loop). | e
O _g. 0 Oy O
Opsm = Osm (14 (kx — 1)C1 + (k5 — 1)Ca) | | W Fond 1o aanh
e (0 is a generic observable defined in the BSM scenario or " v

in the SM respectively;
e C;and G, are finite numerical coefficients, i.e. their
values do not depend on Ayp.

The constraint on A5 can be strengthened by combining the public measurements available for the double and single-
Higgs processes with the information coming from the EWPO ( my, and Sinzﬁelj‘fjf, the leptonic effective Weinberg angle).
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https://arxiv.org/abs/1902.00134
https://www.sciencedirect.com/science/article/pii/S0370269321002471?via=ihub

UAPP

Higgs pair production
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e Main production mode (90%): ggF

ggF
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— destructive interference betwee

e Rare process of the Standard Model: -

-o(HH)/o(H) = 0.1 %
HH — bbbb

LHC HIGGS XS WG 2014

Di-Higgs decay modes and relative
branching fractions:
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diagrams

Highest BR, large multi-jet background

HH — bbr ™7~ Relative large BR, cleaner final state

HH — bby~y
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small BR, clean signal extraction
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HiggsEuropeanStrategy

c UAPP Higgs pair production
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The amplitude of the process can be expressed as: M [GeV]

Ak, k2) = K%@"‘ Kt K3
e The &/, amplitude is proportional to the square of the Higgs boson coupling to the top-quark,
and the &/, amplitude to the product of the coupling to the top-quark and the Higgs boson self-

coupling.
e Information on k, can be obtained from both the total and the differential cross section.
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https://arxiv.org/abs/1607.04251
http://arxiv.org/abs/1910.00012
https://arxiv.org/pdf/1401.7340.pdf

cUAPP Single-Higgs production

Theoretical framework * G. Degrassi, P.P. Giardino, F. Maltoni, D. Pagani
mainly described in ¥ F. Maltoni, D. Pagani, A. Shivaji, X. Zhao

Single-Higgs processes are sensitive to 45 via loop corrections.

NLO EW k;-dependent corrections can be divided into two categories:

e a universal part, quadratically dependent on A;, which originates from the
diagram in the wave function renormalisation constant of the external Higgs field.

o a process-dependent part (C;) linearly proportional to A; which is different for
each process and kinematics. g

Universal part | "~ ¢ N
NLO EW k;-dependent corrections atfect: A
e inclusive cross-sections (ttH, ggF,ZH, WH, VBF);
: : : . ‘/ﬁl )\‘ < 20
e Higgs-boson branching fractions; ~
e (kinematics properties of the event (differential distributions)).
Examples of process-dependent part: o

“000000Y >

N00/0/0/0/0) <
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https://arxiv.org/abs/1607.04251
https://arxiv.org/abs/1709.08649

cUAPP Single-Higgs production

Theoretical framework * G. Degrassi, P.P. Giardino, F. Maltoni, D. Pagani
mainly described in ¥ F. Maltoni, D. Pagani, A. Shivaji, X. Zhao

Single-Higgs processes are sensitive to A5 via loop corrections.

NLO EW k,-dependent corrections can be divided into two categories:

o a universal part, quadratically dependent on A;, which originates from the
diagram in the wave function renormalisation constant of the external Higgs field.

o a process-dependent part (C;) linearly proportional to 1; which is different for
each process and kinematics.

JHEP 1612, 080 (2016)
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https://arxiv.org/abs/1607.04251
https://arxiv.org/abs/1709.08649
https://arxiv.org/abs/1607.04251

c UAPP EW observables

Theoretical framework — *
mainly described in *
o In the MS formulation of the radiative corrections the theoretical predictions of my, and Sinzﬁel]f]’f , the
leptonic effective Weinberg angle, are expressed in terms of the pole mass of the particles, the MS

Weinberg angle and the MS electromagnetic coupling, defined at the "t-Hooft mass scale u, usually
chosen to be equal to m,,

( 1/2\

A9 2 G Ta(my) R Q
m 4A ZE 1+ Afw),  almy) = -
m2 =2 ) 1 2 ar Ay S VT s ) = T Aa(m,)
2 mz :0 . om3 1
| Lo A A g P2 T 1Yo
sin 0 ¢ = ke(m3)§%,  ke(m2) =14 0ke(m?),
The two-loop diagrams in the W self energy
that are sensitive to a modification of the Higgs
e The modifications of the scalar potential affect the radiative  Self couplings
parameters A7y, and Y3z at the two-loop level while Ad and

G

w H

5kf(mz) are going to be affected only at three loops. W W W
o Recalling that the present knowledge of my, and smzﬁlep in the )

b1

SM includes the complete two-loop corrections, only the

?1

Enigniess Eleonora Rossi


https://link.springer.com/article/10.1007/JHEP04(2017)155
https://www.sciencedirect.com/science/article/pii/S0370269321002471?via=ihub

c UAPP EW observables

Theoretical framework x*

mainly described in *

e In the MS formulation of the radiative corrections the theoretical predictions of my, and sinzeé;]{’ are

expressed in terms of the pole mass of the particles, the MS Weinberg angle and the MS electromagnetic
coupling, defined at the "t-Hooft mass scale y, usually chosen to be equal to m,

.o i2 1/2)
2 =Pz - 21+ Afy)| p Ge malmy) °
Mw =5 m2p W Vs " amzg LHATW)alma) = yRae
\ / o m%‘, B 1
sin? Hieff = ko(m2)§2,  ke(m2) =1+ 8ko(m?), R

e The latest SM theoretical predictions for my, [1] and sinzeel]f]’f [2] were used to refine the

calculation of the coefficients.

e As SM predictions my, = 80.359 + 0.06 GeV and Sinzé’eljfj’f = 0.23151 + 0.00006 have been
employed:

e the errors reported are obtained combining in quadrature the parametric uncertainties with
our estimate of the missing higher order terms. | C: | Cy

562 x 107°% | —1.54 x 10~
—1.56 x 10~° 4.55 x 106

My,

[1]1]. Erler, M. Schott, Prog. in Part. and Nuc. Phys. 106 (2019) 68 2 glep
sin
eft

[2] I. Dubovyk, A. Freitas, J. Gluza, T. Riemann and J. Usovitsch, JHEP 08 (2019) 113
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https://link.springer.com/article/10.1007/JHEP04(2017)155
https://www.sciencedirect.com/science/article/pii/S0370269321002471?via=ihub

cUAPP Data and input measurements

Double Higgs-boson production (ATLAS data)

Channel L[fb™1]
pp — HH — bbyy HH combination 36.1 JHEP11(2018)040
pp — HH — bbbb Phys. Lett. B 800 (2020) 135103 27.5 JHEP01(2019)030
pp— HH — bbrtr— 36.1 Phys. Rev. Lett. 122, 089901 (2019)

Single Higgs-boson production (ATLAS data)
Decay Channel Production Mode L [fb~™1]
H — ~y e, VBF, WH, ZH 139
H— Z77 goF', VBF, WH, ZH, ttH 36.1 - 139
H S WHw-— ooF, VBF, tLH 36.1 ATLAS-CONF-2020-027
H— 7171~ ool VBF, ttH 36.1
H — bb VBF, WH, ZH, ttH 24.5 - 139

Precision electroweak observables

Observable Value Reference
muyy 80.379 + 0.012 GeV PDG World Average  Review of Particle Physics - PDG
sin’ Qi%p 0.23151 4 0.00021 LEP/SLD/Tevatron /LLHC Prog.in Part. and Nuc. Phys. 106 (2019) 68

o The sinzefp measurements are slightly inconsistent due to a discrepancy at the level of 36 between the
LEP and the SLD most accurate measurements.

e In order to not underestimate the error on the average, from combining discrepant measurements, and
to be conservative, we assume that the discrepancy is due to an underestimated systematic error that

affects all measurements Sinzﬁéjf]{’ =0.23151 + 0.00014 -> Sinzﬁel]f]’fz 0.23151 + 0.00021
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.089901
https://link.springer.com/article/10.1007/JHEP01(2019)030
https://www.sciencedirect.com/science/article/pii/S0370269319308251?via=ihub
https://link.springer.com/article/10.1007/JHEP11(2018)040
https://cds.cern.ch/record/2725733
https://doi.org/10.1093/ptep/ptaa104
https://arxiv.org/abs/1902.05142
https://www.sciencedirect.com/science/article/pii/S0370269321002471?via=ihub

cUAPP Data and input measurement

Double Higgs-boson production (ATLAS data)

Channel L1
pp — HH — bbyy HH combination 36.1 JHEP11(2018)040
pp — HH — bbbb Phys. Lett. B 800 (2020) 135103 27 5 JHEPO01(2019)030

pp — HH — bbr 7~

360.1 Phys. Rev. Lett. 122, 089901 (2019)

Enigmass

< 8:I | 71T 71T | T 1T | T 1T | 1T | 1T | TTTT | TTTT T

- B 1

— 7t — HH combination (exp) —

< - —— HH combination (obs) -

6_ ]

5_ _

ab -
"95% CL

3 ]

o E

| W N A —
"68% CL

O_I | | | | | | | | | L1 1 L1 | L1 11 | L1 11 | I_

-20-15-10 -5 0 5 10 15 20

K,

e The likelihood shapes have been taken from
arXiv:2010.05252 and Il Nuovo Cimento C43 (2020) 95 .

e The shape of the expected and observed likelihood of the

combination HH — bbbb, HH — bbyy and bbt*t~ has
been first scanned and then interpolated using a third
degree polynomial.

e Continuity of the first and the second derivative has been
imposed at each point of the scan.
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https://link.springer.com/article/10.1007/JHEP11(2018)040
https://www.sciencedirect.com/science/article/pii/S0370269319308251?via=ihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.089901
https://link.springer.com/article/10.1007/JHEP01(2019)030
https://arxiv.org/abs/2010.05252

cUAPP Data and input measurement

Single Higgs-boson production (ATLAS data)

Decay Channel Production Mode L [fb™1]
H — vy gel'. VBY, WH, ZH 139
H— ZZF geF, VBF, WH, ZH, ttH 36.1 - 139
H— WtTW- goF, VBF, ttH 36.1 ATLAS-CONF-2020-027
H— 7171~ ool VBF, ttH 36.1
H — bb VBF, WH, ZH, ttH 24.5 - 139
ATLAS-CONF-2020-027
o Y X jiy was used in the fit procedure, i.e. the Wi X g oo VBF 7H HH
product 6 X BR normalised to its Standard vy 103 =011 131 £025 1.3240.32 -
Model xpectation o |eeran pmeee dmaim o
e the uncertainties on the signal strengths have Tfi_ 102 + 0.58 i)(l)g i (1)22 1.0z f 0.18 (1);3 i ?gg
been symmetrised by averaging the squares of
the positive and negative uncertainties;
* to avoid double counting between this_channel - : o ALCLSNET U S E—7 S—
and the pp - HH — bbyy channel, ttH — yy geF
was excluded from the fit. g | oa 0.28
WHw- -0.08
e Correlation matrix of the signal strength ik o
measurements used in the fit: ek 0.07
e only elements larger or equal to 0.05 are used in the 24 -0.07
fit. WHw- -0.42
bnigmass
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cLAPP Data and input measurement

Single Higgs-boson production (ATLAS data)

Decay Channel Production Mode L [fb™1]
H — v ool VBF, WH, ZH 139
H— 22" ooF. VBF, WH, ZH, tiH 36.1 - 139
H— WTWw- ooF. VBF, t{H 36.1 ATLAS-CONF-2020-027
H— 7171~ ool VBF, ttH 36.1
H — bb VBF, WH, ZH, ttH 24.5 - 139
Wi X fig ggF VBF ZH ttH

Yy 1.03 £0.11 1.31 £0.25 1.32 £ 0.32 -
27" 094 £ 011 1.25+£046 1.53 £ 1.03 -

W+W_ 1.08 £ 0.19 0.60 = 0.35 - 1.72 £ 0.55
bb - 3.03 £1.65 1.02 £ 0.18 0.79 £ 0.60
Tt~ 1.02 = 0.58 1.15 &= 0.55 - 1.20 £ 1.00

Assumptions adopted:
e x, # 1 affects differently the WH and ZH cross sections; the VH signal strength is assigned to ZH:

o the sensitivity of the VH result is dominated by the H — bb channel where ZH provides the most
accurate measurement of the VH signal strength value.

e the impact of this assumption has been tested assigning the VH signal strength of the yy channel to
WH and decoupling the WH and ZH signal strengths in the H — bb channel using inputs from Eur.
Phys. ]. C 81 (2021) 178 -> the impact on the result has been found to be negligible.

e The signal strength relative to ttH + tH of the original paper has been assigned to tfH being the tH

contribution negligible, and the VV channel has been assigned to W W~ that dominates the sensitivity.
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https://cds.cern.ch/record/2725733
https://link.springer.com/article/10.1140/epjc/s10052-020-08677-2
https://link.springer.com/article/10.1140/epjc/s10052-020-08677-2

CAPP

Fit procedure

The fit procedure is performed by building up a likelihood function as a product of the likelihood

function associated to each experimental measurement; A(k;) = L(k;)/L(k,) is used to extract the

best fit values and confidence intervals:

minimisation

ﬁzLHXEHHXEmWXE

2 plep
eeff

sin

o w7 is a fifteen dimensional vector containing the
measurements 4; X yi-and their theoretical
expectation as a function of k.

® The matrix C (1</1)_1 is the inverse of the covariance

matrix C(k;)) = C theO(K/l) + C*? where C%? is built
from the uncertainties and the correlation matrix,
while C"°(k,) is a diagonal matrix containing the
square of the theoretical uncertainties on y; X Ky due

to missing higher order terms.

Enigmass
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g e mET ()
mw XmW 2 exp 2theo]2

2

.. 2 nlep,exp -2 plep,theo
. , [sm O — sin® 0 g (kx)
—<1n sin? 65}? T Xsin2 9;? o [ 2 exp

2
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sin? Geff

1.2 plep
sin Geff

e the kx,-dependent uncertainty associated to missing

higher orders, i.e. O(Kj’az) terms, have been

included in the theoretical uncertainties for both
EWPO; a very mild dependence on this
uncertainty has been found.
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c UAPP Results (observed)

< 8:““““\““\‘“‘\““\““\““\““
e For positive k; values, i.e. when the interference between the box and the KCI £ TS o E
. . . . . . | - — Double-Higgs (HH) up to 36 fb” ]
self-coupling diagram in the pp — HH process is destructive and brings to oF —HHH M, + Sire, E
a sensitivity loss of the double-Higgs channel, all the three measurements :
(HH, single-H and EWPO) show a comparable constraining power, with a :
- 4-
stronger impact of the EWPO for low values of k. | ool
e For negative k, values, the higher statistics of the single-Higgs analyses ,
allows to reach a better constraint on x; while the EWPO have a smaller
impact on the result. T e8% oL
0711111111111111‘1111 h
e The impact on the fit of the two EWPO has been obtained disentangling  ~20 -1°-10 -5 0 5 1015 KZO
. . A
the likelihood functions of my, and smzﬁel]‘ﬁ]’f from the my + Slnzﬁel]f]’f
o < T
combination. I
C}l " —sin? eff E
e The sensitivity of the EWPO is dominated by the my, measurement that 6l _g.ngTeS.'f.ggs (140 15") + Double-Higgs (36 1)
represents an important addition to the single-Higgs and double-Higgs 5 E
combination.
47
observables best fit 68 % CL interval 95 % CL interval - \os9% cL
sin? 6P 0.2 -12.8 — 16.2 -18.5 —[> 20] 3t
mw 1.8 -3.9 — 7.6 -8.4 — 12.1 of
my +sin? 6P 1.8 3.9 — +7.5 -8.2 — 11.8 i
HH 5.2 -1.2 — 4+9.2 5.0 — 11.9 T
single- H 4.6 +0 05 — —|—8 8 -3.0 — 11.8 oL \ .
Combination € 4.0 07 = 6.0) R N $6 1510 5 0 5 10 15 20
LS
bnigmass
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c UAPP Results (expected)

 In order to investigate if this result is due to the intrinsic sensitivity of the EWPO, the likelihood scan has
been performed setting all the fit parameters to their SM expectations.

e For the single-Higgs analyses and the EWPO, it has been assumed that the correlation matrix and the
fractional error on the fitted parameters don’t change when the parameters move from their observed values
to their expected ones.

e The constraining power of the EWPO is expected to be lower than what observed in data, in fact the full
combined -2InA doesn’t show large differences with respect to the combination of only the single-Higgs and

doub].e Higgs -21nA- < 8_I T | T T | T 1T | T T | T T | T 1T | T 1T | T I_
c [ L, §
— - — M, + Sin _
o/ — Single-Higgs (H) up to 140 fb” ]

' - — Double-Higgs (HH) up to 36 fb™ :
6 —H +HH up to 140 fb” ]
N —H + HH + M,, + SinZ, .
- I J I
s ) e
IS W | IS 4
95% CLy | \\\_ FNEE
3 ” 'I ]
- \ \ 1\ | / ]
: v\ b -
2F v\ b1 -
: R\ N
YeswcL N\ A7
O_|||||||||||||>MK|||||||||||_
-20 -15 -10 -5 O 5 10 15 20

K,
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c UAPP Conclusion

e ATLAS data analyses of the single-Higgs and double-Higgs processes have been combined with
the information coming from the EWPO in order to constrain the Higgs boson trilinear self-
coupling modifier k;.

e Under the assumption that NP affects only the Higgs potential kappa lambda values outside
the interval —1.8 < k; < 9.2 have been excluded at 95% CL.

e The inclusion in the fit of the information coming from the EWPO my, and Sinzeel;]{’ gives rise to a

stronger constraint on k,, in particular on the positive side of the CL interval.

* At the moment, the information coming from EWPO gives an indication for A values closer to 1°*
than the single and double-Higgs analyses.

e [t is interesting to see if, in the future, with the LHC collaborations analysing larger set of single
and double-Higgs data and with possible improvements on the measurement of the my, from
LHC, this different indication will remain in the data.

e Many updates, on all different fronts mentioned, are foreseen with the analysis of the full Run2
dataset.

e Several interesting ATLAS and CMS results are currently coming out showing more and more
power in constraining k, exploiting the HH analyses.
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c UAPP BSM Models

The maximal self-coupling deviation from its SM value in different BSM theories.

Model Aghhh/g}?’%
Mixed-in Singlet —18%
Composite Higgs tens of %
Minimal Supersymmetry —2%* —15 %’
NMSSM —25%

e Mixed-in Singlet Model: a theory with an extra singlet where the singlet
mixes with the SM Higgs through a renormalisable operator.

e Composite Higgs Model: composite Higgs models are speculative
extensions of the Standard Model (SM) where the Higgs boson is a bound
state of new strong interactions.

e Minimal Supersymmetry Model: the Minimal Supersymmetric Standard
Model (MSSM) exhibits an extended Higgs sector with two Higgs boson
doublets, Hq and H,, which couple to down- and up-type quarks,
respectively.

e NMSSM Model: extension of the MSSM adding a mass term u in a way
similar to the generation of quark and lepton masses in the SM.
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https://arxiv.org/abs/1607.04251
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cUAPP Single-Higgs production

e The production cross sections o; and the branching fractions BR; normalised to their SM values, i.e. y;
and /;, are parameterised as functions of k;:

if\Ky) = UK ) =
owy;  DBR
. e CSM,i BRBSMSM’f ) ot
° BSM = DG i ki + (g — DG
° EW f ZJ. BRM [19-2 + (k; — 1)

o k; and k; represent multiplicative modifiers to other Higgs boson couplings for initial and
final states, parameterised as in the LO k-framework;

o Kpy = ajf[fé‘/afgl” accounts for the complete NLO EW correction of the production cross
: : .. Eur. Phys. J. C (2017) 77: 887
section for the process in the SM hypothesis (i.e. k,=1). 016 | |
JHEP 1612, 080 (2016) 014} " O
z OF AR B A A KL £ o010 13 TeV LHC
E 1.04F 1.04F —BR,,/BR,, BRW/BR%M % 0.08 |
~  F - —BR,,./BRSM  BR;/BRg S 006l
« 1.03F 1.03— M \O
5 F - —BRyy./BRM. = 004}
1.02 1.02 0.02 +
1.01f 1.01f 0.00
| | e e ———
- - 16 | Differential —— 1
0.99F 0.00 14 _I_l_l_‘—l_l_‘ Inclusive ——
C - : 127 .
08, 098 g é_ ag ] ]
- E = 0.6
097} 097¢ . ° 0.4
0.96}/ 0.96F = 0.2
- r . 0.0
I T ST I P T AT I o.g5br bbb b o o 3 8 S S S S
2 2 -1 0 1 2 3 4 5 6 7 8 0 50 100 150 200 250
Ka K, pr(H) [GeV]
Enigress Eleonora Rossi


https://arxiv.org/abs/1607.04251
https://arxiv.org/abs/1709.08649
https://arxiv.org/abs/1709.08649

cUAPP Single-Higgs production

e The t7H production mode represents the process receiving much larger corrections (~10% at x, = 10)

with respect to the others, due to the fact that, being able to interact with another final-state particle,
like WH and ZH production processes, it receives a Sommerfeld enhancement in the non-relativistic

regime. 0.09 o
5 Eur. Phys. J. C (2017) 77: 887 °%| 063
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 LAPP Higgs self-coupling via precision measurements

JHEP 1704, 155 (2017)
e The effects of NP at the weak scale are parameterised via a single parameter, x,;

e the effects induced by an anomalous Higgs trilinear coupling at the loop level in the

predictions of my, and sinzeel;;’ , i.e. in the two-loop W and Z boson self-energies which

are the relevant quantities entering in the two-loop determination of my, and sin’6'”

eff ’
are computed in the unitary gauge.
Ax?
\ "“ | ==== goF+VBF
O = O0M[1+ (x,— DC) + (ki — 1G] \ O M +Sing
\ ““ 8; = goF+VBF+M,,+Singg
C1 C
My 6.27 x 1079 | —1.72 x 107°

sin? 0P | —1.56 x 107° | 4.55 x 10°

Combination of precision observables + gglFF+ VBF 20 interval : — 8.2 < k; < 13.7

ggF+VBF 20 interval : —9.4 <k, < 17.0
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c UAPP HL-LHC prospects

e HH analyses currently are very limited by statistics also in its systematic uncertainties (eg. bkg
systematics), therefore at HL-LHC they can gain (obviously) a lot in sensitivity.

reduced.

e The gain for single Higgs is not so enhanced by the increasing of luminosity since at a certain
point it becomes limited by systematic uncertainties, that in the HL projection are not so much

e Differential information has a great impact on the measurement.

HL-LHC prospects, Yellow Report results CERN-LPCC-2018-04
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