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Measurements of Higgs boson properties are one
of our most promising windows into new physics
mass
width
CP
Property measurements require clean signatures
H—-ZZ7—4%
Hoyy
ttH associated production decaying to bb
VBF H->WW-—evpv
Sensitivity can be greatly enhanced by combining
results
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Chapter 1: Mass
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313 candidates in 115<m <130 GeV
additional discrimination with DNN
based on p; & n & ME discriminant
estimation of per-event resolution using
quantile regression neural network
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160

Systematic Uncertainty | Contribution [MeV]

Muon momentum scale +28
Electron energy scale +19
Signal-process theory +14
ATLAS — éotalo |
* tat. Only
E =_1> SZTEV,?ssaA;L" S Sys. Only
i de ~e— 12451+ 0.73 (+0.73 Stat-)_
i 2u2e -»- 1 125.33 + 0.50 (+0.49 Stat-;
] 2e2u —— 125.01+0.29 (+0.29 Stat-;
i 4y ——1 124,93 £0.29 (+0.28 Stat-)_
] Combined I—L—l 124.99 +0.19 (+0.18 Stat.)_
muniez  Fed 124.94 £ 018 (+0.17 Stat)
m, [GeV]
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Measuring the Higgs mass with H—-yy

e event selection based on cross-section measurement [2207.00348]
refined energy photon calibration —/eading wncertainty!/
reduction of E_-dependent systematic

(@)

O

e/y calib: CERN-EP-2023-128

Category ogg[GeV]

U, Central-barrel, high p}7 1.10
U, Central-barrel, medium piy 1.38
U, Central-barrel, low p}7 1.47
U, Outer-barrel, high pJ/ 1.24
U, Outer-barrel, medium pi{ 1.52
U, Outer-barrel, low pi{ 1.75
U, Endcap 1.90
C, Central-barrel, high pn 1.17
C, Central-barrel, medium pJy 1.51
C, Central-barrel, low pJ{ 1.68
C, Outer-barrel, high p7 1.44
C, Outer-barrel, medium p‘-}Z 1.82
C, Outer-barrel, low p:}l’ 2.10
C, Endcap 2.23
Inclusive 1.82

Source Imp&Ct [NIGV] > — T [ T T T T | T T T T [ T T T T [ T T T T [ T T TT
Photon energy s © 18001 E
gy scale 83 = ¢ 7
Z — eTe calibration 59 (2 1600 ATLAS Data ]
Er-dependent electron energy scale 44 ; E Vs=13 TeV, 140 ! Background .
et o v extrapolation 30 <1400 :_ . —
Conversion modelling 24 _5) - H-oyy Signal + Background .
Signal-background interference 26 é) 1200 m All categories B
R, soluti 15 _ obs ;~0bs § ]
Background modl 11 %5 1000E In(1+ S35°/B5") weighted sum
Selection of the diphoton production vertex 5 £ 800F —
Signal model 1 (?) C 9 .
Total 90 600 E
400 -
e Improved event categorization for mass 200 >
i 1 1 o :l I 1 | 1 1 | 1 1 1 I 1 1 1 1 | 1 1 1 K :
measurement, precision increased by 17% T TR TR T 20
m,, [GeV]
5
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signal modelled using double-sided CrystalBall
shape fixed from simulation & parametric in m,
background model chosen empirically between
exponential, power law, and exponentiated
2nd-order polynomial through ¥°>1%

shape parameters fit directly to data

Comparison of ATLAS H—yy and H—4£ on 140 fb™"

Run2 H — vy I'—IO—'I
Run2 H — 4 F—e—

taken from arXiv:2308.04775
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125.17 + 0.14 (+ 0.11) GeV
124.99 + 0.19 (+ 0.18) GeV

rprrrrryr 7 rrr Ty T T T T T T T T T T T
I l l | l

ATLAS —Total DStat. DSyst.

Total Stat. Syst.

Run1H—-yy —— e ——126.02+ 0.51 (£ 0.43 £ 0.27) GeV
|

1
ATLAS + CMSRun1 —&—
Hoyy, H>ZZ*—4]

125.09 £ 0.24 (£ 0.21+0.11) GeV

Run 2 H—yy e 125.17 £ 0.14 (£ 0.11+ 0.09) GeV
|
|
1
1

Run1+Run2 H—yy 1o 125.22 + 0.14 (£ 0.11+ 0.09) GeV
I

1 1 1 1 1 1 1 1 IlII|I\II|II

I|J I|I I|[: I|I I|
123 124 125 126 127 128 129

m,, [GeV]
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Combined mass measurement

e likelihood-level combination

1 2 T T | T T T T T T T T ‘ T T T T ‘ T i T T
Combination Run 1

- ATLAS 1

L Combination Run 2
10-H—>ZZ*,H—- yy
[ Runi:{s=7-8TeV, 25"
- Run 2:{s = 13 TeV, 140 fb" .

-2InA

Combination Run 1 + Run2 —
------ Stat-Only B

1 ‘ 1 1
126 126.5
m,, [GeV]

Source

Systematic uncertainty on my [MeV |

e/y Et-independent Z — ee calibration
e/y Et-dependent electron energy scale
H — vy interference bias

¢/ photon lateral shower shape

e/ photon conversion reconstruction
e/ energy resolution

H — vy background modelling

Muon momentum scale

All other systematic uncertainties

44 =asin Run 1
28 =30% better
17

16 =3x better
15 =3x better
11 =2x better
10 =4x better

8 =220% better

7 > 5x better

T I T T T T | T T T T l T T T T | T T

T

T I T T T T I T

ATLAS e+ Total Stat. only | Combination
Run 1: /s =7-8 TeV, 25 fb~!, Run 2: /s = 13 TeV, 140 fo~!
Total (Stat. only)
Run1 H — vy F———e——1 126.02 + 0.51 (+ 0.43) GeV
Run1 H — 4/ e 124.51 £ 0.52 (+ 0.52) GeV
Run2 H — vy e 125.17 £ 0.14 (+ 0.11) GeV
Run2 H — 4/ I—O—II 124.99 + 0.19 (+ 0.18) GeV
Run 142 H — v I~ 125.22 + 0.14 (+ 0.11) GeV
Run 1+2 H — 4¢ —e— 124.94 + 0.18 (+ 0.17) GeV
Run 1 Combined —e—— 125.38 + 0.41 (+ 0.37) GeV
Run 2 Combined P—OI—I 125.10 +£ 0.11 (+ 0.09) GeV
Run 1+2 Combined }-l-i 125.11 £ 0.11 (+ 0.09) GeV
ol b PR TR N N AR P
123 124 125 126 127 128
my [GeV]

technische universitat
dortmund

7

arXiv:2308.04775



Chapter 2: Width




cross-section for on-shell Higgs boson production scales with width I,

the same is not true for off-shell

2 2 2 2
o-on-shell N 8 eeHSHzZ y off-shell _ SggnSHzz
gg—H—-ZZ ) gg—H—-ZZ 2
mg I H m

measure on- and off-shell signal to infer width
decompose cross-section in off-shell SR into signal
and background

C= o-bkg + lJoffo-sig + \/“offo-int

combined with on-shell for measurement of y__and p_,.
use H—4f and H—2f2v events for enhanced sensitivity
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Width measurement in H—-ZZ

o select off-shell H—4{ events with e select off-shell H—2{2v events

m,,>220 GeV (180 GeV for CRs) based on ETmiSS & lepton angles
o ggF, EW and mixed SR o ggF, EW and mixed SR

i- ; ZZ
o multi-class NN Ox = log Pg o mass-variable m.
. - . = 1 S —
with probability-like Pg + Pnp u,
. . £ 10°s amas e Datla -
output to construct discriminant 2 E Genrevrmon I Syt cstanios
” 10 § ggF Signal Region Cwz
= 6 ' ‘ ‘ o Dam | E W oo (H ) 2Z
g 10 ATLAS (2] I:S)y(l mati rtainties 104 E B t-ww
D 105k '5-13Tev,130.01' T aao 2z S T Zjets
" ggF Signal Region I 9o (H )2z 1 03 E [ Other Backgrounds
10 % O(hev(BHa.ckginZ);n:‘s E [ qa— (H*-) 2Z+2j
103 —:;%H'HZZ j 102Er —ggaH:aZZ !
> ——qq> H'— ZZ+2j —— qq— H" > ZZ+2j
10 10
10 =
15
1= E
101 s 10"
E 3 . E } I } =
10725' F L% 1.5E® Data/Exp. 3
e‘ 1.5 Fe Data / Exp. E ~ 1 c
= + 4 T 8 RRLEE U A sl Y
o | PR R 3 S 0.5F __14goF 1/Exp. -~ 1+EW [JExpr-f---~ E
s L+ ogF /s o 1 2 EW 1B R E 0 E =1+ 96ES/Bxp. —1+EWS/Exp. ! A E
05——‘*199F5’EX°-0—“EW%’EXP- 75 : S 0 500 1000 1500 2000 2500 3000

mz? [GeV]
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Direct measurement of off-shell-higgs
95% CL upper limit at y = 2.4 (exp. 2.6)
significance observed 3.3 (exp. 2.2)

Combination with on-shell analysis
correlate experimental uncertainties
decorrelate theory uncertainties between
on- and off-shell

measured [, =4.5 2 _ _MeV
95% C. L interval O 5<F <10.5 MeV,
expected 0.1<[" <10.9 MeV
1/20 intervals determined with toys
asymptotic approximation not valid

all findings compatible with SM
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Chapter 3: CP
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Previous ATLAS results on Higgs CP from LHC Run 2

Plethora of CP measurements already available

top-yukawa coupling: ttH—yy, ggF H->WW

t(t)tH associated production decaying to bb (CP)

. Phys. J. C 83 (2023) 563 ¢, [degrees]

- F T E
z 9 ATLAS E
x 8 Vs=13TeV, 139 fb' E
e E
7k VBF H—yy -
6;_ -------- Exp. stat. + syst. ;
5K —— Obs. stat. + syst. =
95% CL 4;, ___________________________________________________________________ _é
3
68% CL 15_ _________________________________________________________________ _f
o e e 1T
0 -1 -0.5 0 0.5 1
Phys. Rev. Lett. 131 (2023) 061802 (o

SR S e e s s s

°
o HW coupling: VBF H—-yy
o Hrt coupling: H-T1t
e new highlights:
o  VBF H->WW (EFT)
o H-ZZ—41 (CP)
(@)
e B B B B B S o
= 1 8L + Bestit —16
16 * M 2o 3
14b E
1.2F 3
1 @ Voo
0.8 f— I"\,\ ‘ -
0.6?— e _
8:: 2Zﬁ?fev 139 fb™! Hom _
08060 4020 0 20 40 60 80

—_ = — — — ——T— T 1
2 Lamas | yoww % SM prediction
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3 [ PARET RS --- 95% CL
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L 5
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L lnn o0 | o 7wy [ i |
-1 -0.5 0 0.5 1
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leptonic W decays (trigger), select 1 DF OS pair
2 BDTs to enhance s/b: select VBF, reject top+VV

exploit VBF topology
using m; and Ay
bin SRs in both
classifier outputs
independent ggF CR
using third BDT
profile LH unfolding
to 13 observables
signed Aq)jj
measure 3 CP-odd
Wilson coefficients
no deviation found

]

do'YdAg_[fo/rad]

Pred. / Data
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H—ZZ—4f CP measurement

e Optimal observable based on matrix elements

Operator Structure Coupling
2R (MM
O — ( SM BSM) Warsaw Basis
2 o~
IMsm| Ogw cI>’fcI>W’~ WL g
| Ogwp Q@ TTOW. B*  cyws
e EFT-approach, targeting various CP-odd operators Oos qﬂcpgw BHY s
o only interference sensitive to CP Higgs Basis
o one OO constructed for each operator — —
Onzz hZ,UVZ'uV Czz
Oz hZu,,/i“" Czy

6 '
LsmerT = Lsm + Z 0( : Opai hA, AR Cyy
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H—ZZ—4f CP measurement

e Main background ZZ* (~30%)
> normalized from data outside m,, window
e 22 jet: 3-class NN to distinguish VBF, VH and ggF
o 2 regions high in ggF, 2 high in VBF
e Searching for CP violation in
o production only
using SR1-4
o decay only
using inclusive SR
o production + decay
using SR1-4 + depleted

ATLAS Simulation
H—-ZZ*—4l
Vs =13 TeV
115 GeV < m, < 130 GeV
N 22, m, > 120 GeV

=== VBF+VH,C,, =50
= VBF+VH SM
+=0 VBF+VH, &,, = -5.0

Normalized to unit area

BSM/SM
T
-k
b

Composition [%)]

my [GeV]
A

160 T

130

115+

ATLAS

Inclusive SR

VBF
SR 1-4

0, 1 jet(s) or

m;<120 G

eV

2 2 jets and
m;2120 GeV  Selection

Jet

ATLAS

H—ZZ*—4l
Vs =13 TeV, 139 f

o V
2z cr nc/us% Sgp'dep/ VB,

[MggF
ot EtHH

VBF+VH
mzz

HZjet, WZ | ttV,VVV

(577

b bon b

S, /Sy Sy Sy
“ "egio n
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H—-ZZ—4{ CP

e results from combined fit
o compatible with SM

e competitive with H—yy & H—-TT,

STXS, CMS
all meacured CP-odd coeffic

en fe

ATLAS

H— ZZ* — 4]
Vs=13TeV, 139 fo™!
SMEFT CP-odd couplings

Expected: Stat+Sys
—&— Observed: Stat+Sys
[m] Observed: Stat-Only

Best Fit 95% CL

Cs ‘*P— 0.078  [-0.61,0.54]
Cuive %ﬂ—] 0017  [-0.97,0.98]
Cuiv {—-—3 0.6 [-0.81,1.54]
d AH x10 20.003 [-0.026,0.025]

Ezz E—a—3 078 [-1.2,1.75]
Ezy b—-—] 0083  [-0.84,0.83]
¢, &.—3 -0.0083 [0 99,]0.93 1

05 0 05 1

15 2

Parameter value

2.5

ATLAS

H— Z7* — 4]
Vs=13TeV, 139 fo''
SMEFT CP-odd couplings

Selected Comparicpne

........................................ PO RN

— 008  [-0.42,031]
_;_ 000  [-0.37,0.37]
- 006  [-0.22,0.09]
........................................ i e
_,l_ 000  [-0.69,0.69]
P 025 [-0.82,0.31]
........................................ f"'""'""'""'”"'""'""'"“'""“4”"“'""'"6:66"'"“'f:6:65;3f6§i‘”"""'
A - A +060  [-1.50,1.50]
—_ 026  [-0.15,0.67]
° 023  [-0.75,0.28]
s RO ... i et 4 T
. e x 10 001, [-0.01,003]

Expected: Stat+Sys
—— Observed: Stat+Sys - this result
—&— Observed: STXS
—¥— Observed: Hyy
—k— Observed: Hyy + Htt
®— Observed: CMS

Best Fit 68% CL

2 3 4

Parameter value
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t(t)H—bb CP measurement

Dilepton I+jets
° mUItl'Jet Wlth b_tags § - ATLAS 1 Other B fi+21b W Bkgd+[fiH+tH] (k{=0.84,0=11°) 1
Moo Vs =13TeV, 139 fo! 3 dixlight 7777 Unc. === [ftH+tH]"(ar=07)
o O fis21c * Data .. [fEH + tH]t(or = 90°) E

e many MVAs at work :
o NN: boosted Higgs L
> BDT: associate jets |

= Higgs vs. top 107

o BDT: sig/bkg classes

= SRvs.CR N

e regions w. high/low true

b-jet fractions through
tight/loose tagging

e define CP-sensitive |

 normalised to total data yield

Ratio to Bkgd.

Observable per regiOn oW fH(=1,0=0°  mEm tH(=1,0=0°)
. miss 0.1 W fiH (kj=1,a=90°) WM tH (k;=1,0r=90°
e infervp; fromE_ g

S/B

i i j i 6], 24b
CRISOJ,24b CHS{,ZAb CR1ze/,z4b Cﬁzzs/,zab SR 26 L= ——

3j,3b 24j,3b >4j,3b 24j,24b CR 2% 240 24j, >4b 24j, 24b
CF’,"- CR,‘7 CR,,,- CHno - reco S,:11 SRZ

. ) o 18
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t(t)H—bb CP measurement

boosted NN score, A”a as well as b2 and b A constructed as
CP-sensitive observables

_ (p1x2)-(p2x2)
1P1llp2l

b

* normalised to data yield

= 6000 T T ; , -
k] r ATLAS [ Other 7777 Unc. (Total) -
H [ Vs=13TeV,139fb™! [T fi+light == fH+tH () ]
= 5000/, jets 3 ft+21c ftH+tH (90°) ]
el ' SRbcosted i+ 21b e Data -
~ r B HtH .
£ 4000— -
S L P, ]
> F 1 i ]
w . I i I
| i ]
- i ]
1 ]
| ]
i ]
ok - |

s 15— . . :

T2 E " ks 7
Sl 1.0Fw o /,;.%///////%/g%///%%
055—%5% 0.1 02 03 0.4

Boosted BDT score

(P1-2)(p2-2)

1p1lp2l

* normalised to data yield

ATLAS

I+jets
SR26i 24

Events / bin width

2 Unc. (Total) —
—— {H+tH' (0°)
ftH +tH' (90°)

Vs =13TeV, 139 fb™'

v b b by

ars 15 |
8t 1.0F “ 543
0575 05 1.0
b

- - - :
° [ ATLAS [ Other  #~/ Unc. (Total)
3 I Vs=13TeV,139fb! [ fislight ——= fH+tH' (0)
c 200~ pilepton O3 fe21c ik + tH! (907)
a r gR2% 2% mm fe 210 e Data
- r 1 . HtH
}Q .
= —
S 150 o
> -
L L
100 S
1.5F T T =
i} 'S = =
8IE 1.0Fmnt 4 i
0575 05 0.0 05 T.
by
* normalised to data yield
< r : : .
k] L ATLAS [ Other 7777 Unc. (Total) _|
2 I Vs=13TeV,139fb" [ fislight == fiH+tH' (0) -
= 200 pilepton = f+21c iH + tH' (90°) ]
a B gR2% 2% m ft+21b e Data ]
S L 2 . fH e tH ]
@ L ]
[ = — —]
S 150 - .
> [ -
x¥] L i
100~ 7
1.5 T =
oo e |
=13 E E
SI& 1.0 § ) t buid
0575 05 0.0 05
by

1 normalised to data yield
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t(t)H—bb CP measurement

% Bestfitt a=11", k]=0.84
8 SM CP-even: a=0", k; =1
¢ CP-0odd: ar=90",k; =1

5 a0
& [ATLAS 1l -
e extracted via combined fit [ IBTe e 7
> coupling strength k= 0.84%3_ |
> mixing angle o = 110+52° e 1|2
e compatible with SM (k=1, a=0) 1 I 4
o compatibility with cross-section 17 -
measurement tested within 1o 0 —l 20 ZC]
| (a\]
|

IIII|I|II|IIII|IIII|IIII|

e g

N

K; cos o

. ) o 20
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ATLAS has produced a wide range of property measurements in LHC Run 2
mass: H—-ZZ—4{ and H—yy
width: extension of H—ZZ to 2{2v final states & into off-shell regime
CP: wide variety of channels, new: H—-ZZ—4t, t(t)tH—bb, VBF H—->WW
So far, no deviations from SM expectations observed
is it just a “boring old Higgs” after all?
don’t despair, many other interesting talks ahead
Many great opportunities still untapped
off-shell measurements in other channels (e.g. H-WW, last done in Run 1)
combined CP interpretation, maybe with our colleagues from CMS
powerful new analyses including Run 3 data
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Why measure the mass?

Higgs boson mass is free parameter of the theory
o only unitarity constraints based on the WW

cross-section

several of the open questions of particle physics

are intimately linked to the Higgs boson mass

o quantum stability of the vacuum
o hierarchy / fine tuning problem: how large are

radiative corrections?
Production cross-sections and decay branching
ratios depend on the mass

state of the
art 2012

[GeV]

pole
t

o (pb)

182
180
178
176
174
172
170
168
166
164

103

102¢

10

wwr — ww*

TT |
mi<1.5
. WoWno Higgs

10*
Eew (GeV)

arXiv:1412.8367v2

120

122

124 126 128
My [GeV]

130

132

https://doi.org/10.1016/7j.physletb.2012.08.024
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Where we are coming from

Extensive efforts during LHC Run 1 from

both ATLAS and CMS

boson mass up

Most precise measurements of the Higgs

to that point

L e e e e e e e B .S B s B S s s S B s B S B S S s ey
ATLAS and CMS —e— Total Stat. 1 Syst.
LHC Run 1 Total  Stat. Syst.

ATLAS H—-yy B 126.02 £ 0.51 (£ 0.43 £ 0.27) GeV
CMS H-yy ——— 124.70 +0.34 (+ 0.31+ 0.15) GeV
ATLAS H—ZZ—4l | e | 124.51+ 0.52 ( £ 0.52 + 0.04) GeV
CMS H—ZZ —41 = 125.59 £ 0.45 (£ 0.42 £ 0.17) GeV
ATLAS+CMS yy I—EIE—| 125.07 £0.29 (£ 0.25 + 0.14) GeV
ATLAS+CMS 41 |_|-E—I 125.15 £ 0.40 (£ 0.37 £ 0.15) GeV
ATLAS+CMS yy+4i = 125.09 +0.24 ( +0.21+ 0.11) GeV
PRI S (NN S SR ST S N ST SO ST (NN TN SN ST (NS S TN S SN S S S NN TN SO SR S ST
123 124 125 126 127 128 129

doi.org/10.1103/PhysRevLett.114.191803 m,, [GeV]
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® H—-ZZ—-4l: m, approximate as m,,
o golden channel, low background
CMS fs=7TeV,L=51f";Vs=8TeV,L=197f"
2 BRI SRR L Nt )RR > LT [ e
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Width measurement in H—-ZZ 2 L L A

55 g ATLAS sk e

o allow for separate signal strengths I ZT; 1Zi ¢ v —om amshs 3

for EW and ggF Ab ’ © SM B

e assume equality for width I ’

measurement 3l B

Process ggF SR Mixed SR EW SR : e . ]

gg — (H* =)ZZ 341+ 117 42.5+14.9 11.8+4.3 2 I -

gg — H* — ZZ 32.6+9.07 3.68+ 1.03 1.58+0.47 ]

gg — ZZ 345+ 119 43.0+15.2 11.9+4.4 : ! .

qq — (H* —)ZZ +2j 232+1.0 2.03+0.16 9.89+0.96 1 - i B

949 — ZZ 1878 + 151 135423 22.0+83 o ]

Other backgrounds 50.6+2.5 1.79+0.16 1.65+0.16 0 ke S e re I P P T
Total expected (SM) 2293 +209 18129 45.3+10.0 0O 05 1 15 2 25 3 35 4 45

Observed 2327 178 50 ggF
uoff—shell
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