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Introduction - H—77 analysis

e Largest leptonic branching ratio of 6.3%. Unique opportunity to study Yukawa mechanism ATLAS T;Zf; N

e Reduced SM backgrounds requiring final states with hadronic or leptonic 7-lepton decays —Total —Stat. = Theo.Pg, =95 %, Iy,| <2.5
©  Higgs boson mass peak and p_(H) easily built from di-z system Tot. (st Sy )

e High purity final states + sizable branching ratio give a powerful channel for measuring Higgs 107 5 (o )
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Previous H—77 Run-2 results (JHEP 08 (2022) 175) : —e—— 261 15 (55 120
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e 9 Parameter of Interest (Pol) measurement using Simplified template cross-sections (STXS)

+0.65 ,+0.45 +0.47
0.57 -0.66 (—0.45 —0,48)

o Phase space partitions using kinematic properties of the Higgs boson and associated objects |

+0.65 ,+0.39 +0.52
0.37 -0.64 (—0.39 —0,51)

e Inclusive measurement for ttH and VBF

. . . 0. 8 +0.97 +0.5; +0.78
0 H—7r provided most precise VBF production measurement (Nature 607 (2022) 52) 1 JENTTI Y \6?. I"?‘é(.*i's.lg's?).
o ttH limited statistically, but sensitivity for high p_(H) bins i (0xBY™*/ (oxB)
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New H—77 Run-2 legacy analysis (HIGG-2022-07) 8 e g x )
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e Based on previous round and focused on VBF and ttH §'° -‘t;MMCe%msm GeV mm Oter backgrounds ]
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e Improvements via new MVA techniques and strategy for statistical fit 1wk 7
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5 -
in a VBF enhanced phase space . , ]
ol 1y, F— e
o JE T e T
[ia] = 777 E
P -
S SE e

orr

100 200 300 400 500 600
p¥ [GeV]
Improvements in the measurement of VBF and ttH production with H—7z in ATLAS | Enrique Valiente Moreno | Higgs Hunting 2024 | 23/09/2024


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-09/figaux_18c.png
https://link.springer.com/article/10.1007/JHEP08(2022)175
https://www.nature.com/articles/s41586-022-04893-w
https://arxiv.org/abs/2407.16320

H—1t legacy analysis - Improvements in ttH

Stage 1.2
Higgs boson coupling to heaviest fermions — Highly sensitive process to new physics P

Due to limited data statistics, ttH measurement only extended to three STXS bins in pT(H)

=}

60

0< pT{H) < 200 GeV
120
e Previously: two BDTs trained to separate ttH from main backgrounds, Z(zt) and tt
200
o  Signal and Control regions (SR, CR) defined combining both scores }200 < p,(H) < 300 GeV
300
o BDT trainings inclusive in p_(H) o }pT{H)>300 GeV
®  NEW p_(H) reconstruction via Neural Networks (NN) o4f L AL A B
o  Reduces event migration between STXS bins and improves resolution " ATLAS Simulation P
| VBF Higgs py(H)

compared to the previous method
o Input variables for NN:
m  AR_,A¢_:angular distances between the two 7-leptons
m  E™%:missing transverse energy

B p’Te°°(H) resolution: 0.13 GeV
0.3 - plN(H) resolution: 0.06 GeV

Events/0.025

. 0.2
[ | pT": built from the four-momenta of the two z-leptons and E.™*

[ | m“°°II : di-z invariant mass in the collinear approximation
o  Trained using ggF events, performance checked for other production modes ~ 0-1 o
.. '.

|
—

|
o
(6]
o

%

0.5
(PUe(H) - pIPH)PIS(H) 3
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H—1t legacy analysis - Improvements in ttH

e Legacy analysis: Multiclass classifiers trained using simultaneously the three processes (ttH, Z(rr) and tt)
o  SRs and CRs defined combining the three different scores produced - s BOT(signal)
o Two trainings performed for p_(H) < 200 GeV and p_(H) > 200 GeV o 1
m The relative contribution from main backgrounds varies as a function of pT(H)

m  Taking advantage of new p_(H) reconstruction method

e MC distributions of BDT scores for pT(H) > 200 GeV :

BDT(2) BDT(tt)
To} 2AARBRERE ALY AERNA f OSSN RARAE RAAEE PR BRI SR o] BT S RAASE BAGEE PARLA) s o LR - oo RR S LGS I RS R RS paa s | AN LRSI REARC
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= - Vs=13TeV e Zow 1 = - Vs=13TeV e Zow % = A ]
§ b TOUH- Ty PY>200GeV  — Top I 8 05[ HOUH— T PH>200Gev  — 0 3 £ g5 —Top ]
> r ] & E E > ]
S = 1 - © 04 I = S 04 _:
§ o0af ! - § | : 1 & :
g o l—» 1§ 03, :—» 4 § 03 3
T o2 =3 1 £ :
B | ] 0.2 | ! — 0.2 =
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H—1t legacy analysis - Improvements in ttH

30p T T T T

) . . Q\EJ C gLffsTevlmofb‘l ¢ Data Misidentified é

® 6 SRs defined, based on the multiclass scores and the di-z system £ e — Rl R R
. . . . . Q P PostFi To| =
invariant mass (using the Missing Mass Calculator, MMC) o 20F P ]

o “Window” regions with MMC around the SM Higgs mass
and “Sideband”
e Inclusive CRs also defined for Z(zz) and tt in order to constraint

the main background sources

Window Sideband Window Sideband Window Sideband

pH <200 GeV 200 GeV < p! < 300 GeV pH > 300 GeV
T — T —

Signal regions  ATLAS Simulation <
( T ) ¥5 =13 TeV, 140 fb", H > 1t 100 °:
: ttH, pt' =300, Window| 0.3 | 9.8 , 0 =2
LB oo oo iy | ttH, p" > 300, Sideband [ 4.1 1616 , 3
[ pi <200 Gev,sideba-nd ) ZTT NF ttH, 200 < p? < 300, Window 6.7 gg T
( ttH ] [ 200 = p# <300 GeV, window | ( ttH ) ttH, 200 < p:_‘l < 300, Sideband 141 . : o %"
Top NF [ 200 < p4 < 300 GeV, sideband ] ttH p-I}-J < 200 W|nd0W I 92 _I 30 g
§ = eV, window ' . : - 20 4=
(__pf = 3000y, wncew ) ttH, p!' < 200, Sideband | EENS _ _ 0 8
[ p¥=300Gev,sideband | S g
w

p.(H) : [0, 200] [200, 300] [300, <)

ttH
®  Highly pure SRs obtained in ttH(z7) events for each STXS bin in p_of the Higgs boson candidate STXS binning
e Improved by 25% expected sensitivity in the Pol ¢ = (0 x BR.;)/(0 x BR:-)sar of (14092
compared to the previous result (11124 5

Improvements in the measurement of VBF and ttH production with H—7z in ATLAS | Enrique Valiente Moreno | Higgs Hunting 2024 | 23/09/2024


https://doi.org/10.1016/j.nima.2011.07.009

H—77 legacy analysis - Results for ttH

ttH measurement from 4-Pol fit

ATLAS Hott Vs=13TeV, 140 fo’
—=Tot. JSyst. \:Theory p-value = 99%
Tot. (Stat. Syst.)
tH | ¥ o i 50 Lo il
PR N T T R A 1 PORE T (NN T W SN TN NN TR TN WO SO (N TN N N1
0 1 3 4 5 6
(oxB)™*/(oxB)™M

ttH measurement from 18-Pol fit

ttH, p¥ < 200 GeV

ttH, 200 < p? <300 GeV

ttH, p' > 300 GeV

e Binned maximum likelihood fits performed using MMC as discriminant to

measure the Pols

4-Pol fit: dedicated Pol for each production mode
18-Pol fit: no significant deviations from the SM in ttH STXS bins
o Limited sensitivity obtained in the fit due to poor statistics.

o  Upper exclusion limits at 95% CL were computed:

o  Expected (u=0): ranging between ~3-5xSM prediction

o  Expected injecting u=1: ~4-6xSM prediction

O  Observed: ~2-9xSM prediction

p? <200 GeV

3.4 (exp)
4.3 (SM prediction)
5.4 (obs)

200 < p;' < 300 GeV
3.6 (exp)
4.6 (SM prediction)
2.2 (obs)

pH> 300 GeV
.
5.4 (exp)
6.5 (SM prediction)
9.2 (obs)

Vs =13TeV, 140 fb™

IIIIIIIIlIIII|IIIIIIIII|II
ATLAS Hott fs=13TeV, 140 b
=Tot. @Syst. \Theory p-value = 6%
Tot. (Stat. Syst.)
2.1 +1.8 (+1.5 +0.8 )
et . -15 13 -08
22 57 (Y os)
3.6 t2.9 (t2.6 +1.3 )
IIII .llIII.III|112-13I|I2.1II?.9|II
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---- Expected (SM prediction)
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H—7t legacy analysis - Improvements in VBF

. . . St 1.2 =
e Aim to extend the VBF measurement to more refined regions of phase space e - KR P Fe
through new STXS bins
o From inclusive measurement to 8 STXS bin measurement in pT(H) and
m; (invariant mass of di-jet system associated to Higgs boson production) = | ] e
H p¥ 0,200 7 [200, 00
e Event selection strategy: same BDT from previous round (VBF vs ggF and V(qq)H60 o
Z(z7)+jets) used to define VBF_1 (signal enriched) and VBF_0 SRs, optimizing cuts ! =] 700
350
to enhance VBF sensitivity in each STXS bin O ligﬁg
. P70 25 o 0 2 oo
(N J
BDT score in all VBF SRs merged ATLAS Simulation v
JHEP 08 (2022) 175 15 =13 TeV, 140 fb", H - ¢ VBF
© LA L L [N L L L Y L LB L LB oy - —_—
S 10°F ATLAS ¢ D VBF_1, m; > 1500, p}' >200 0.4 4.0 5.0 100
[=) ata 5 S i ; T ; o
I et W LR R— 2 0 3
=i R Bl ) S o ® 5
Y10 = Other backgrounds e e 08 31 02 5, 44 0 &
. [ Misidentified Vgg;& ngo_sm%ﬂ :?83 g&;;gg 7.2 05 ; 60 <
10 VBF_0, 350 <m; < 700, pi >200[ 35 0.3 0.2 50 <
, VBF_1, m; 21500, pf < 200 0.1 3 .00
10 VBF_0, m, > 1500, pl' < 200[ 0.4 0.3 0.3 ) 40 uv
VBF_1, 1000 < myj; < 1500, p? < 200 13.0 2.0 2 30 he)
10’ VBF_0, 1000 < m; < 1500, pi! < 200[ 0.5 111 1.1 A 20 9
VBF_1, 700 < my < 1000, pf < 200[ 124 ESCYES 0.3 o
10° VBF_0, 700 < my < 1000, pt! < 200[_10.0 0.1 10 o
VBF_1, 350 <mj; < 700, p? <200 L>LJ<
107 VBF_0, 350 <m; < 700, p!! < 200 [ 0 0.1 . . .
ts 22 >2
o TR [0, 200] [200, =) |
é mjj 1[350,700] [700,1000][1000,1500][1500,) [350, 700] [700,1000][1000,1500][1500,) ;
g STXS binning
e b e b by
0 -0.4 -0.2 0.0 0.2 0.4 0.6 7

VBF Tagger Score
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H—7t legacy analysis - VBF results
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thers.

g oo o B oo mm SR G ol TS0 e B o) e SR e No significant deviations from the SM
° 250—\;555;“"'”“00058\/ Top k! L% :\;toa:‘.,;“mpmooeav Top . o . . . .
*r High precision results in the hlgh—pT(H) and/or hlgh—mﬂ regions due to
" the reduced SM backgrounds
. o  First measurement for the higher—pT(H), and the most precise one
. in the Iower—pT(H) region
5 5 : e Differential cross-section was measured for the first time in H—zr in a
R i ey (GeV] fiducial phase space optimised for VBF production
L I L I T T T T | L l LI I T T . . .
VBF measurements ATLAS Hoste {5213 TeV, 140 " e Measured in bins of 4 variables

N 70 H B H
from 18-Pol fit =Tt SYE §Theory.  pryalus=6 sensitive to VBF kinematics: Adjj, P> Prs Adjj Vs pr

Tot. (Stat. Syst.)
ad-Had, > 26t 350 <m <700 GV, ! <200 GeV | 1y -0.96 *HIT (1083 w08t e Good agreement between measured cross-sections and SM expectations
0.79 0.63 +0.49
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® Presented latest improvements in the measurements of VBF and ttH production processes in the
H—77 channel in the ATLAS experiment
e STXS: Improvements mostly driven by new MVA techniques and strategy for statistical fit
o Improved resolution in reconstructed pT(H) thanks to new developed NN-based approach
o for ttH process, using a multiclass identifier compared to the previous binomial BDT
o  for VBF optimizing cuts on MVA score for each of the STXS bins
® Results mainly limited by size of analyzed data sample
o  ttH measurement improved by 25% with respect to previous analysis K = 1-063:32
o Reached most precise measurement of VBF Higgs boson production pypr = 0.98f8:}§
o Higher precision achieved for VBF in higher p_(H) and higher m, regions

Obtained first unfolded differential cross-section measurements for VBF in H—zt
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Previous analysis - Highlights

e Measured global u for pp—H—77, by production process (ggF, VBF, VH and ttH)
and in 9 STXS bins (according to sensitivity) JHEP 08 (2022) 175

. . . 180 LU LU LU T 1T T 1T LI
o F separated in p_." (expected better purity at high p_" > °F | l l l l ]
ggF sep p; (exp purity at high p." ) 8 o[ ATLAS 4 oma E
o VBF, VH and ttH are split using BDTs © TF s=13TeV,139fb~" 777 Uncertainty .
_ T : _ o ~ 140 [-All VBF_1 SRs B {7 {0.83 2 SM) -
e Di-tau system mass distribution considered in the statistical fit £ F SN 2 ey ]
g 120 O’ghgr bqqurounds__
e Achieved a relative uncertainty on global u of 14% “ ook B Miskertiied s 3
ATLAS | How  (s-13Tev, 189" £ A ot o o crose saclons [, <257 80 - -
—Total —Stat. = Theo. <25 @ L Py =9%% — Expected [ Theo. unc. . 60 = =
Tot. (Stat, Syst) v F 3 C ]
HOUHEG) | e 1:02 55 (055 035) 10° - - 40 3
VihadH| et 082 95 (4% ©%) k- 3 20 - =
+0.26 +0.10 +0.24 E E »-y
Boost [Sr. 0.99 %51 (%40 o9 ) el I : } : 1 o 0 F T e |||]||| =
VBF v 0.82 017 (700 o1 ) 5 4 E % S0 4 b =
. 007 S oF _— T | E @i /ﬁ&‘;ﬂ.m P
Comb. o 0.93 4(;11: (4?3; 4?113 ) S:‘_B' o ! ! (] ] s : ; L : { 3 © 0 ___' @ “f—'/ X srriin o - @ a.;
P PRI SR BRI RS S E" t L= 1 L I 1 I ] © E 3
0 ! 2 8 meas 4 SM5 p(H),\fg?\sl)]i [5021120] [1120 zzog] [20020300] [gozoow[ [022%0] E 22 22 é o _50 :—I 11| | | I T l | I I | I I | | I | E
(oxB) / (oxB) "m, [GeVI: (0,350 [0,350] (850, [ | [60,120] (350, e | 50 75 100 125 150 175 200
gluon fusion + gg — Z(— qa)H ! VBF+V(oqgH ' tH
mMMC [GeV]
—Measured ygr with uncertainty of +22%, -19%
—From Higgs combination has been seen that 7z channel is one of the most powerful and
sensible to VBF production mode 12
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Previous analysis - Highlights

o  General ATLAS Higgs combination: reduced ttH(WW) and ttH(zz) anti-correlation from -45% to -32%.
Attempted improvement in new legacy analysis

Nature 607 (2022) 52

ggF -0.10 0.02 :0.04 0.00 -0.02 001

0.01:003 010 0.01 001!

*
=

VBF |-0.10
=

tTH+tH | 0.02

VBF | 0.00

VH[-002 001 0.01 -033 0.08

,YY VV* 1t bb tTH+tH| 0.01 0.01 -0.32 §—0.02 0.01 -0.02
: T T T T
{TH+tH EREIL N I
: X X it
: L~ =
ww* T :
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ttH event selection

q

MMC: (~) invariant mass of the di-T

Signal topology: fully hadronic top-antitop decays
® 6 jets, 2 of them coming from b-quark hadronization

e  Only considering hadronically decaying tau-leptons

Event selection criteria:

Number PT [n] Other
Tlisd > 2 > 20 GeV | < 2.5 | opposite charge, medium RNN identification
Jets >5(6) | >20GeV | <4.4 anti-k;, R=0.4
b-jets | >2(1) | >20GeV | <25 70% efficiency working point

° Plays an important role: first separation of signal against main background can be

— made applying cuts on this variable
system (missing mass calculator) e  Signal-to-background enhanced regions can be defined out of this variable
Higgs mMMCwindow
(100 GeV< mMMC < 150 GeV)
Signal enhanced region.
High mMMCsideband
(mMME = 150 GeV or mMM€=0)
DominaNtlslci by tt events. g Z ; q 2 ;
Low m;" -sideband e q
(0 < mMMC < 100 GeV) 7 . ;
Dominated by Z(77) production. Qm<5 g 9 st 14
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Input variables for MVA trainings

Variable VBF ttH multiclass

Invariant mass of the two leading jets
pr(jj)
Product of n of the two leading jets
Sub-leading jet pr
Jet properties n of the 5 leading jets
Scalar sum of all jets pt
Scalar sum of all b-tagged jets pt
Best W-boson candidate dijet invariant mass
Best top-quark candidate three-jet invariant mass

A¢ between the two leading jets
An between the two leading jets
Angular Minimum AR between two jets
distances Minimum AR between a b-tagged jet and a Tpad._vis
|An(7,7)]
AR(7,T)

7-lepton pr(77)
properties Sub-leading 7 pr
Leading 7

H candidate plus  pp(Hjj) °
jets system

pe Missing transverse energy EMss

Smallest Ag (7, p.1%) 15
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Background Estimation

e  For this new round, background estimation strategy is mostly inherited from previous analysis
e Z—1r is the largest background. Object-level-embedding is employed to build control regions out of Z—{{ events.
o  Kinematic cuts are applied on embedded 7 objects that are created by splitting the { into a visible and a neutrino
component
o Each signal region has single bin Z control region to constrain the Z contribution. MC is used to model the m
contribution in the SR.
o Fake leptons background estimation: same Matrix Method (MM) in the 7, channel as before, and a fake factor derived

forz,r, andz, 7, channels.
x10° x10°
% 20"_] T I | . O l L 2 LI l zl I" T T I l_‘ % W | T LI l LI T L Zl I" | . | B R
~ ATLAS Simulation 4 =1 [ ATLAS Simulation w5 ]
O I %-13Tev, 130" e 22 © \5 = 13 TeV, 139 fo" o heddedz 41 1
o 1 o 15— ]
~— '1 5_ Tiep Thad - ~— L TigpThad -
B r Boost + VBF + V(had)H selection 1 E - Boost + VBF + V(had)H selection ]
o - o L ]
E 100 ] £ 10— =
c c r N
w C ] [iT] C i
- E 5 . 2
0 C il e e 0 C ol
q) 1 1 T T | SRR T | | A | { F ] l LI T I T q) 1 1 T T LI l LI T l LI B I § l | g | 3
§1 051 = E:lg:f?;ﬁ?yz—»“/z‘)ﬂ w/){y .I_ §1 051 /—//gr_nnf.i:-i%%iyz-»uuan
o S = .Ww;‘%/ﬂ//// O et ,,.Wmﬁ/ww
©0.95 A 00.95 =
09 PRI TN TR ST S N TN N U T AT SN SRS N A 09 coo by by by
50 100 150 200 0 200

16
P, (Thed) [GeV] ET® [GeV]
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STXS Statistical fit - Fit setup

e Binned maximum likelihood fit using TRExFitter. A total of 3 differents fits are carried out, for different combination of
parameters of interest (Pol):
o  1-Pol fit: inclusive H—77 production combining main Higgs production modes
O  4-Pol fit: dedicated Pol for each production mode i.e ggH, VBFH, VH, ttH. Targets 0.xBR _for each mode
o  18-Pol fit: nominal STXS fit, with setup optimized to measure the maximum number of possible STXS bins

. N .
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STXS - 18 Pol fit

Pre-fit signal purity in each reconstructed category (per bin)

ATLAS Simulation
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STXS - 18 Pol fit
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STXS - 18 Pol fit

ATLAS Simulation
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Unfolded differential measurement

ATLAS Simulation (5=13 TeV, 140 5", H > Tyt VBF_1

ATLAS Simulation Y5=13TeV, 140 16", H— 7, ., VBF_1 ;
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18-Pol unblinded fit results

o Limited sensitivity for ttH obtained in the fit due to poor statistics, compared to other channels like H—bb.
Upper exclusion limits at 95% CL can be also computed for the three Pols on signal strength

H—bb (HIGG-2020-24)
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