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Is the observed Higgs boson the one predicted by the SM?

e  To find the answer, we need to measure its properties.
° The mass of the Higgs boson m,, has to be measured accurately because:
o its value is not predicted by the Standard Model (SM) and it determines the Higgs boson production and decay rates,
o it is input for global fits that measure electroweak observables,
o it determines the stability of the electroweak vacuum.
° Why do we need to measure the width of the Higgs boson?
o Because it is sensitive to the potential presence of BSM Higgs boson decays that are not covered by dedicated experimental searches.
e  Why shall we search for CP violation (CPV) in the Higgs sector?

o To find an additional source of CPV that can contribute to explain the matter-antimatter asymmetry observed in the Universe.

° This presentation will show the most recent ATLAS analyses targeting the understanding of these three Higgs boson properties.

e All the analyses presented here were performed using the full Run-2 dataset recorded by the ATLAS detector during the years 2015-2018 (unless
the opposite is specified).
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Higgs boson mass measurements




Higgs mass measurements

° The Higgs boson mass is measured via H—yy and H—-ZZ*—4{ decay channels as the Higgs can be fully reconstructed with high resolution.

H—yy analysis H—ZZ*—4¢ analysis
(Phys.Lett.B 847 (2023) 138315) (Phys. Lett. B 843 (2023) 137880)
° m,, determined from the position of the peak in the diphoton invariant . m,, determined from the position of the peak in the four-lepton
mass distribution m, . invariant mass distribution m,,.
° Perform profile likelihood fit over 14 analysis categories with different ° Perform profile likelihood fit over four analysis categories (4u, 4e,
S/B ratios, m, resolution and photon energy-scale uncertainties. 2u2e, 2e2u).
° Main |mprovements with respect to previous measurement: ° Main improvements with respect to previous measurements:
o Reduced the impact of photon energy-scale uncertainties by o Improved momentum-scale calibration of the muons.
four times — JINST 19 (2024) P02009. o DNN for signal vs. bckg discrimination.
o Larger data sample o m,, resolution estimated for each event — Output for
o Improved e—y extrapolation. quantile-regression NN.
o More optimised event categorisation strategy. > T T AT AT e e
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https://iopscience.iop.org/article/10.1088/1748-0221/19/02/P02009
https://www.sciencedirect.com/science/article/pii/S0370269323006494?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269323002149?via=ihub

Higgs mass combination

Davi

I Phys. Rev. Lett.

131 (2023) 251802 |

The two previous Higgs mass measurements were combined together, and also with the corresponding Run 1 measurements.

Combination scheme:

o m, correlated.

o  Signal strengths in each decay channel and run period uncorrelated.

o Nuisance parameters (NPs) correlated following Combined Performance (CP) groups recommendations.

ATLAS e Total Stat. only | Combination The most precise measurement of the Higgs
Run 1: /5 = 7-8 TeV, 25 fo—1, Run 2: /s = 13 TeV, 140 fo~! mass at the LHC!!
Total (Stat. only)

Run1 H — vy F———e&—1 126.02 + 0.51 (+ 0.43) GeV
Run1 H — 4  —— 124.51 + 0.52 (+ 0.52) GeV / - -
RUN2 B = vy o) 125.17 £ 0.14 (£ 0.11) GoV Sq(lrce Systematic uncertainty on my [MeV]

| - B e/y Et-independent Z — ee calibration 44
Run2 H — 4¢ —e— 124.99 + 0.19 (+ 0.18) GeV /y Er-dependent electron energy scale 28
Run1+2 H — vy =i 125.22 + 0.14 (= 0.11) GeV H — vyvy interference bias 17
Run 142 H — 4¢ —e—i 124.94 £ 0.18 (+ 0.17) GeV e/ photon lateral shower shape 16
Run 1 Combined —e— 125.38 + 0.41 (+ 0.37) GeV ¢/'y photon conver.sion EEEOnSHuERan 15

| e/y energy resolution 11
Run 2 Combined F’I-'l 125.10 £ 0.11 (+ 0.09) GeV H — yy background modelling 10
Run 1+2 Combined e 125.11 + 0.11 (+ 0.09) GeV I/ Muon momentum scale 8
Ol | : L L. . All other systematic uncertainties 7

123 124 125 126 127 128
my [GeV]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.251802
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Higgs boson width determination

° The SM predicts the Higgs boson total width, ", to be only 4.1 MeV (for m , ~125 GeV).
° Due to limited detector resolution, ", cannot be constrained via direct measurement of the Higgs boson line shape or flight distance.
° However, the combination of on-shell and off-shell Higgs production measurements can probe T"..

° The differential XS for Higgs production as a function of the invariant mass of its final state is given by the Breit-Wigner function:

2 2 2,2
do _ 8ism8fsm*iky This term becomes negligible in the off-shell regime. Thus, the off-shell XS does not depend on T .
dm? (m2 _ m%{)Z +@'/'

where i represents the Higgs production mode, fthe Higgs decay mode, g, the (effective) SM coupling and k the corresponding coupling
modifier (k=1 for SM). Signal strengths are then easily expressed as:

22 T This expression assumes that the couplings are the same at
— 2,2 _ iV f Hoft-shel _ 1H | diff t |
Hof-shell = KiK', Mon-shell = ST = —svi ifferent energy scales.
Ty / T " Hon-shell r H

° The ATLAS collaboration probed T, in two independent channels (details in next slides):

o  Combining the on-shell H—-ZZ* and the off-shell H*—ZZ productions. The ggF, VBF and VH production mechanisms are considered. One
needs to assume that the ggH effective coupling and the VVH coupling are the same in the on-shell and off-shell regimes.

o Combining on-shell-Higgs ttH production and the off-shell-Higgs four-top-quark production.
One needs to assume that the Higgs-top Yukawa coupling is the same in the on-shell and
off-shell regimes.

g
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Higqgs width constrains via H(*)—>ZZ(*) production | Phys. Lett. B 846 (2023) 138223 |

° This analysis (apart from probing I",) targets the observation of off-shell Higgs production.

° Signal and main Feynman diagrams for ggF production are (also VBF/VH production is targetted):

° Cleaner backgrounds (signal has no neutrinos).

4 VA
Irﬂ Z2Z—4%8 Use two Neural Network (NN) observables: one for ggF signal and one
H* < for EW signal.
;}——-— |
L“\-\_ ) Larger branching ratio.
8 z

& - 775202 e  Backgrounds: WZ, eu, Z+jets, etc

\/ ° Use transverse mass of ZZ as observable.

T T T T

2 10°f amas Sow T 2 a0 ae Cloesmony
Notice that the interference between signal and £ gL B=13Tev, 13008 = il NP S 18?_ATLAS  omes ]
background diagrams must be taken into account. I i Eifh;%;;é}g_s ] 6;?3?6\? f:;: fbl.'fomb'"ed v
10° El:::;-:)zz = 14; Obs-Stat. only: 1.1t:'§ Exp-Stat. only: 1.0fg§ E
g H > 2242] I Obs-Sys: 1.1*22; ’ Exp-Sys: LOig: -
e  Find evidence of off-shell Higgs boson production 10° . . o E
(3.30) and, after combining with on-shell Higgs 10 ]
measurements, a total width T', = 4.5 +3.3 -2.5 MeV = E
is observed, in agreement with SM. 107 = E
102 = 3
e  The observed (expected) upper limit on the total g 15, e : : = I SO P -
width is found to be 10.5 (10.9) MeV at 95% CL. 9 e ' o 4 AWDE E
= g R ¢
< F - 1+0gF I/Exp. -~ 1+EW I/Ex AN DR T B
e  Results are consistent with the analogous CMS O oL iiiFsiEh itENs/Ep E e
. . -1 -05 0 0.5 1 1.5 15 2 25 3 35 4
analysis (arXiv:2409.13663). - M
o YTy
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https://www.sciencedirect.com/science/article/pii/S0370269323005579
https://arxiv.org/abs/2409.13663

Higgs width constrains via four-top-quark production | htps./anivoraians/2407.10631

° This analysis combines the observation of four-top-quark production (Eur. Phys. J. C 83 (2023) 496), as off-shell Higgs production, and the
measurements of on-shell Higgs production published in Nature in 2022 (Nature 607, pages 52-59 (2022)).

° All measurements are parametrised in the k framework with T, left as a free parameter.
° Full statistical combination of the input analyses with the appropriate correlation of systematic uncertainties.
° The observed (expected) 95% CL upper limit on T, is found to be 450 (75) MeV i.e. 110 (18) times the SM prediction.

° Assuming that only SM particles contribute to the loop-induced ggF, H—yy, H—Zy processes, the observed (expected) upper limit decreases to
39 (13) times the SM prediction.

° The tension between the data and the SM prediction is 2.0c in both scenarios and it is driven by the 1.8¢ difference between data and SM in the
four-top measurement.
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https://arxiv.org/abs/2407.10631
https://doi.org/10.1140/epjc/s10052-023-11573-0
https://www.nature.com/articles/s41586-022-04893-w

CP violation in the Higgs sector




CP violation in the Higgs sector

e  The SM predicts the Higgs boson to have J°” = 0** i.e. SM Higgs interaction terms are invariant under CP transformation.

° How do we look for CP violation? — Look for CP-odd interaction terms in addition to the CP-even SM-like terms.

° Pure CP-odd scenario has been thoroughly excluded. However a mixture of CP-odd and CP-even states could indicate CPV in the Higgs sector.

° The most recent ATLAS measurements look for CPV in:
o Higgs to vector bosons (VVH) and

o Higgs to fermions (ffH) couplings.

ttH and zzH coupling
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CP violation in the Higas Yukawa sector

ttH(H—bb) CP analysis
(Phys. Lett. B. 849 (2024) 138469)

H—zr CP analysis
(Eur. Phys. J. C 83 (2023) 563)

David Munoz Pérez

by

Benefits from large H—bb branching ratio.

Large tt + = 1b bckg — its modeling is the main unc. in the analysis.
Single-lepton (6 jets, 4 b-tagged) and dilepton (4 jets, 4 b-tagged)
channels are defined.

In each channel, two BDTs are trained: one for reconstruction of the
ttH system and one for signal vs. bckg separation.

Fit CP-sensitive observables:

T 40
[ ATLAS
Vs =13 TeV, 139 fb~'

K sina

_ (P1x2)-(P2x2) Single
|p111p2] lepton
b BL2)(P2-2)
4=""""15 75
[p1llpal
where p, and p, represent the 0
momentum of top and antitop.
In the single-lepton channel, an
additional boosted SR is defined
by requiring a high-p.. Higgs
candidate (identified by a DNN). 2
New BDT score is fitted in this SR.

Dilepton 1

|

% Bestfit a=11",k=0.84
% SMCP-even: a=0",k/=1
CP-odd: or=90",k;=1

L L L B LB B |

N Lo v vy ey by
o —_
o

Results agree with the SM: -35 = 5 i
a= 11°i'%: K = 0'84t%.§1()6 K; COs o

and are consistent with the previous ttH(H—yy) CP analysis (Phys.
Rev. Lett. 125, 061802 (2020)) — || > 45° was excluded at 95% CL.

Fit CP-sensitive observable (pCP*, which is the signed acoplanarity
between the 7 decay planes.
There is a direct relationship between (pCP* and the CP-mixing angle

7r *
dlg—r- ~ 1 - b(E+)b(E—)E cos(¢cp — 2¢7)

Perform profile likelihood fit over different categories based on 7z
decay mode, VBF/ggF production mode and Higgs mass estimator.
No strong correlation observed between signal strength ¢ and ¢.
CP angle is found to be 9° £ 16°, in agreement with the SM.

T
- ATLAS

F Vs=13TeV, 139 fb"

— Observed: ¢** = 8:16° (68% CL) |
------ Expected: ¢ = 0=28° (68% CL) |
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https://www.sciencedirect.com/science/article/pii/S0370269324000285?via%3Dihub
https://link.springer.com/article/10.1140/epjc/s10052-023-11583-y
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802

CP violation in the VVH interaction

VBF, H—4€ CP analysis VBF, H—yy CP analysis H—r XS analysis w
(JHEP 05 (2024) 105) (Phys. Rev. Lett. 131 (2023) 061802) (arXiv:2407.16320)
. Clean experimental signature. ° Clean experimental signature. ° Differential cross-section measurement in
° VVH coupling present in production and decay. e Mainly constrains c,,,_as HWW dominates a VBF-enhanced phase space (also CP).
. Use CP-sensitive Optimal Observable (OO): VBF production. ° BDT to separate VBF from ggH/Z—17.
2R (M Mpsy) ° Uses the same CP-sensitive OO as H—4{. ° pT(H)_reconstruction usin.g a NN that
00 = —= 5 e  Two BDTs are used: VBF vs. ggF and VBF vs. exploits E.™*% and 77 variables.
|MSM| i H si neTj H :
. o continuum background. ) Fit A¢.5'9"¢° observable in two p_(H) bins
° OO is symmetric in the absence of CPV. : L . i T
Fit m__ distribution in six OO bins. (below and above 200 GeV).
. NN to separate VBF from ggF events. irai . . .
h . Constrain on the CP-odd coupling c . _ e  Constrains on CP-odd couplings agree
. Constrains on CP-odd couplings agree . HW .
. agrees with the SM. with SM.
with the SM. - .
° C,w-~ constrain is the most stringent to
. _ S _ date from any channel.
ATLAS R z % ATLAS E
H— ZZ* — 4l Pl Obs::ad; s:::*Q:; j 82— s=13 TeV. 139 f5' _f (s =13 TeV, 140 o™ Exp. Lin. Exp. Lin.+Quad.
Vs=13TeV, 139 fb"_ o E ’ E H-tt, A" " vsp" - Obs.Lin. - Obs. Lin.+Quad.
SMEFT CP-odd couplings 75 VBF H— vy | es%CLinteval | . i
c . - @ :;; - 65 e 6;_ -------- Exp. stat. + syst. ; c H
" § 5 —— Obs. stat. + syst. = (] ol
L. E - 3 -0.017  [-0.97,0.98] - E i
95%CL4_—_ ___________________________________________________________________ —: 7‘ """""""""" Bl
CNW & s 3 0.6 [-0.81,1.54] = 3 - :
5 5 i: 3 x10 -0.003 [-0.026, 0.025 ] 3? E CH'Q |—.—|'
EZZ F——a——3 078 [-12,1.75] 2;_ _; * ,,,,,,,,,,,,,,,,,,, —
El_r b—% 0083  [-0.84,083] 68% CL 1; """""""""""""""""""""""""""""""""""" "g . I . |
¢, %n—]l . ‘ . ro.oolss [70.99,‘0.93] ot _11 L ._0 é e 5 : 5 5‘ L : - HiB '_°_| PV SMEFT model
05 0 05 1 15 2 25 ' ' B e e S S R )
Parameter value Cuw

Parameter Value

David Munoz Pérez 35th Rencontres de Blois on Particle Phxsics and Cosmoloax 22" Qctober 2024 13


https://link.springer.com/article/10.1007/JHEP05(2024)105
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.061802
https://arxiv.org/abs/2407.16320

Summary: is the observed Higgs boson the one predicted by the SM?

° It definitely looks very much like it!
° Higgs mass measurements — Reached 0.09% precision!

° Higgs width determination — ", = 4.5 +3.3 -2.5 MeV. However, current measurements rely on off-shell to on-shell cross-section ratios i.e.
model-dependent measurements.

e  Search for CPV in the Higgs sector — Currently no signs of CPV in Higgs-boson interactions.

° What about the future? — We need more data from the LHC and future machines: HL-LHC and e*e" collider mainly.
o Need to fully map the Higgs potential and understand stability of the electroweak vacuum.

o Need to measure Higgs boson width using complementary methods (maybe more model-independent than the comparison of the on-shell
vs. of-shell Higgs production).

o We need to keep looking for CPV in the Higgs sector: cannot leave any stone unturned!
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Higgs width constrains via off-shell H—>ZZ production

° Signal and background Feynman diagrams:

8 V4
8 z

(@) (b)

Figure 1: The leading-order Feynman diagrams for the (a) ggZZ signal and (b) background processes. In the signal
process the quark loop is dominated by top and bottom, while for the continuum background it is mainly light quarks.
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Figure 2: The leading-order Feynman diagrams for (a) the s-channel vector-boson fusion signal, (b) the z-channel
vector-boson fusion signal, (c) the vector-boson associated production signal, and (d) the vector-boson scattering
background.




