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Why the Higgs Boson?

The Higgs boson is the most It’s completes the SM and Precision measurements of its
recently-discovered particle of the is crucial to making it work properties test the limits of the SM
Standard Model (SM). as well as it does.... and could reveal signs of new physics.
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How Can We Study the Higgs Boson?

We need to produce it = Only possible at one place in the world: the Large Hadron Collider (LHC).

Large Hadron Collider (LHC):

27 km circumference ring

Two beams of protons are LHC
accelerated in opposite directions to

COM energy of 4/s = 13 TeV.

ATLAS Detector: S P S

7,000-tonne detector

40M proton-proton collisions
per second at its centre

Data collected by the ATLAS detector
from 2015 to 2018 is analyzed for
signs of the Higgs boson.
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Higgs Production and Decay

Investigate Higgs production by two modes: gluon-gluon

fusion (ggF) and vector boson fusion (VBF).

This talk:

Focus on VBF production followed by H - WW ™ decay.

» Never previously observed by ATLAS.
» Theoretical importance:

The Higgs boson decays before it reaches the
detector, so we look for its decay to two W bosons.

o Diagrams needed to prevent unitarity violation in W*W- scattering.

o Sensitive to Higgs—vector boson coupling, a parameter predicted by the SM.
» Ultimately we measure Higgs production in both the ggF and VBF channels.
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The branching ratio
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H - WW* is the second-
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ATLAS

EXPERIMENT

Run Number: 337705, Event Number: 1829797121

Date: 2017-10-10 20:23:52 CEST

|dentifying VBF H - WIV*
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e 2 leptons, different flavour, opposite charge.
* = 2jets, pr>30 GeV, m;>120 GeV

e Background rejection: No b-jets, and
m., <m, — 25 GeV

e Central jet veto: no jets with pt>30 GeV
between the two leading jets.

e Qutside lepton veto: no leptons outside the
two leading jets.



Separating Signal from Background

After applying selections that target VBF H — W W™, background events still dominate by a factor of 60!
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Separating Signal from Background

After applying selections that target VBF H — W W™, background events still dominate by a factor of 60!
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ggF and VBF Cross-Section Measurement

» Categorize events into 7 DNN
bins, increasingly enriched in

VBFH - WW™:

>

Separately apply
cuts that target ggF
H-WW*:

» Apply a profile likelihood fit to measure the
cross-sections for both production modes
simultaneously.
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Beyond Inclusive Cross-Sections

We observe a process in a signal region
defined by our detector’s geometric
coverage and our kinematic cuts...

... But we aim to measure a cross-
section for the total phase space.

What's in-between?
» Extrapolation introduces uncertainty.

We reduce uncertainty and increase sensitivity by minimizing extrapolation.

> Measure cross-sections in (close to) How dées this look for VBF and ggF?
the regions we can actually see. > Define subsets of phase space,
measure a cross-section for each one.
» Also enhances sensitivity to Beyond
the SM (BSM) effects that might

show up only in one part of phase

Total OVBF

. .
.
''''''
""""""
"""""
. .

space. I,
YT
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Beyond Inclusive Cross-Sections

We measure cross-sections for ggF and VBF Higgs boson production in 11 kinematic regions.  ~,pination of all other Higgs

results from ATLAS so far.
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Conclusions

e Studying the Higgs boson with the ATLAS detector
allows us to probe the type of fundamental
interactions that are possible in the universe, and
perform precision tests of the Standard Model.

* This measurement of the VBF and ggF H » WW*
cross-sections is the most precise to-date, and so far
shows consistency with the SM.

e Future measurements will benefit from a larger
dataset and improving understanding of
measurement uncertainties to further test the limits
of the SM.
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Unitarity Violation in W*W- Scattering

s > myy,: cross-section of W*W- scattering grows proportionally to s, and unitarity is violated.
W+ W= W~ W- i T
X > TE
W- W+ W+ W+ e L
Restore unitarity by including new diagrams that modify the W*W- scattering vertices and introduce some
cancellation:

w-

wW-

If the H-W coupling isn’t as predicted by the SM, this could again violate unitarity = Higgs-W coupling is a
sensitive observable to new physics.
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VBF

ATLAS

EXPERIMENT

Run Number: 357713, Event Number: 2513407472
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Further DNN Details (1)

Technical Details

* Feedforward network, 8 dense layers
* Infrastructure: keras + TensorFlow

* |nputs written out at b-veto stage, weighted according to

their fraction of total background at b-veto stage (except VBF,
weighted to contribute to 4%, and ggF, assigned weight*10)

Variable configuration

e Performance estimated with quadrature sum of bin-by-bin significance

“=-xgpgTm"mmp o>

Training ID

DNN A

DNN J
DNN B

DNN G

Variables

combOfMasses, DPhill, DYjj, mjj, mll, mT, ptTot, sumOfCentralitiesL (8)

combOfMasses, DPhill, DYjj, mjj, mil, mT, ptTot, sumOfCentralitiesL, mL*J* (4) (12)
DPhill, DYjj, mjj, mll, mT, ptTot, sumOfCentralitiesL, mL*J* (4), ptJ1/2/3 (14)

DPhill, DYjj, mjj, mll, mT, ptTot, sumOfCentralitiesL, mL*J* (4), ptJ1/2/3, HTSoft (15)
DPhill, DYjj, mjj, mil, mT, ptTot, centraliyL1, centralityL2, mL*J* (4), ptJ1/2/3 (15)
DPhill, DYjj, mjj, mll, mT, ptTot, sumOfCentralitiesL, mL*J* (4), ptJ1/2/3, (16)

DPhill, DYjj, mjj, mll, mT, ptTot, sumOfCentralitiesL, mL*J* (4), ptJ1/2/3, METSig (15)

DPhill, DYjj, mjj, mll, mT, ptTot, sumOfCentralitiesL, mL*J* (4), ptJ1/2/3, MET (15)

DPhill, DYjj, mjj, mil, mT, ptTot, sumOfCentralitiesL, mL*J* (4), ptJ1/2/3, centralJetpT
(18)

PoissonPoisson Significance

9.5 4

9.0

8.51

8.0

7.5

N\

0

2

3

4
Identifier

5

Bins chosen:
[0.0, .25, .59, .73, .83, .89, 0.93, 1.00]

.

Binning optimization algorithm

Combine bins until Signal = 10 events,

Bkg > 10 events, BkgUnc < 20%.
Then set bin boundary once Signal>20

events.

Significance, Z, of observing n events

given b background events with
uncertainty o on the background.

E \/2 (nln

-\/2 (rin |

n(b+o?) b2 o n=b) :
sl (P b S
bl4no? ol In ll + b(b+o2) ) if n 2 b
n(b+o?)

bl4no?

|—(’—i—ln[l+

a(n-b) s
b”mr:)]) ifn < b.
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Background Processes in Couplings Signal Regions

ggF Oj

[ 99F Niet=0 SR

Events / 10 GeV

2000

1000

*

S o e B
L ATLAS Preliminary 4-pata  \\ Uncertainty |
30001 s =13 TeV, 139 fb™
b H— WW* — evuy

Bh,  Wre
Wother v Twt

Bww  Wzn

Mis-id  [lother vv

Data / Pred.

Total - Bkg.
IS
8
3

ggF 0j

250
mr [GeV]

Events / 10 GeV

Data / Pred.

Total - Bkg.

ggF 1j

2000 T T T
t ATLAS Preliminary 4-pata  \\ Uncertainty -
[ Vs=13TeV, 139 fb" 1
Fhe ooy W Wi

1500(-9gF Niet = 1SR

1000

500

S

Boter v rwme
B Wz

¢
¥ Mis-id [l other vv

1.4
1.2

0.8
0.6!

T

s

\L;\»V«:‘*‘%\‘W*T l

300

200F
150F
100E-

50E-

50

12 S ——

100 150 200 250

ggF 1j

Events /10 GeV

Data / Pred.

Total - Bkg.

gsF 2j

B AR R S
1200 ATLAS Preliminary+4pata  \ Uncertainty|
[ Vs=13TeV, 139 fb" ]
prezioleviont  Wa, WA ]
1000[H = WW* = evuv B B
[ ggF-enriched Niot = 2 SR Woter  me 4
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VBF
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{5=13TeV, 139 fb" W WA
H—= WW* — evuv Mother v wt
VBF-enriched Nj,= 2 SR Bww Wz
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0.6 L L L L : -
4 ' '
0 b5 ass]m'ss' o 73/[0'73' ‘7-83/[0'83' ‘7-891,059' 0-9311093' v
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Results: Total

OgeF " Baww+ = 124+1.5pb Source MggFf"ﬁWW* [Go] AT Dumww: [q]
= 12.4+0.6 (stat.) £ 0.9 (exp syst.) "0/ (sig theo.) = 1.0 (bkg theo.) pb Teel THoWW? TR T W
+0.19 ’ Data statistical uncertainties 5 13
over - Bu-ww+ = 0.79 Zj;5 pb Total systematic uncertainties 11 18
0.11 0.06 0.13 (; 0.08 Foti it
= 0.79 T o (stat.) T (exp syst.) ©o7o (sig theo.) T o (bkg theo.) pb, MC statistical uncertainties 4 32
Experimental uncertainties 6 7
Flavour Tagging 24 0.9
— e — Jet energy scale 1.4 33
2 L . . ] Jet energy resolution 2.3 1.9
S [ ATLAS Preliminary — oewcl ] miss
- — 9s%cL ] E7 1.9 5
ER Vs =13 TeV, 139 fb! * Best fit ] Muons 2.1 0.7
rL " —— SM68%CL | Electrons L5 0.3
mI 18__ H ww evuy + SM ] Fake factors 2.4 1.0
W[ ] Pile-up 2.4 1.3
x> 16/~ 4 1A= Luminosity 2.0 2.1
B 1 1% Theoretical uncertainties 8 16
1l b4 geF 5 4
- e VBF 0.7 13
C 115 Top 4 5
12~ 110 VAT 2.0 2.1
- 1 IS ww 4 5
— J = Other VV 3 1.2
10 S
B ] N Background normalisations 5 5
il I T ST RS B ww 3.1 0.5
0.4 0.6 0.8 1 1.2 1.4 Top 2.4 )
Oygr’ BH—> W [pb] VA% 3.1 4
TOTAL 12 22
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-014/

Results: STXS

Value Uncertainty [fb] SM prediction
STXS category (07 X Bww)
[fb] Total Stat. Exp. Syst. Sig. Theo. Bkg. Theo. [fb]
H-0j, low pH 900 400 600 300 600
88 " / Pr 7000 g0 oo 2500 2300 500 5900 + 400 e
pr <200GeV Q 80— —]
~ C P Statistical Unc. 3
ggH-1j, very low pf! 1190  +820  +3% 4380 +70 +550 1400 + 200 z [ ATLAS Preliminary mmmm Background Theory Unc.
pH < 60 GeV -840 -390 —380 —60 —380 - L 70~ (s=13TeV. 139 fb mmm Signal Theory Unc. —
T _ u 2 = S= e* ’ mmmm Experimental Unc. 3
ggH-1j, low pr 710 +510 429 +270 +30 +340 970 + 150 3 . H—> WW”" - evuv SM Unc. 3
60 < pH <120 GeV -510  -290 -260 -30 ~340 - 60— —
ggH-1j, med p¥ 130 490 60 10 60 - =
120 < p’II:I <200 GeV 230 t120 t90 t60 th tSO 160+ 30 50 - ]
ggH-2j, low pf! 800 +350 400 90 550 40 —
pH <200 GCVT 1560 Zgo0 350 Z400 T80 a0 1010£210 = ]
ggH, high pi! 100 +70 40 30 50 30~ B
pH 200 Gov 270 T o o o o 122+ 34 - -
. 20 B —
EW qqH-2j, low mj;-low py! 20 +60  +40 +30 +10 +20 109+ 14 - 0
350 < mj; <700 GeV, pH < 200 GeV —60 40 -40 -20 -30 B C 7
10
EW qqH-2j, med mj;-low pg! 0g 33 427 +12 +10 +11 56+ 6 = 7
700 < mj; < 1000 GeV, p! < 200 GeV =30 -24 -13 -8 -1 - = -
L &w &w & Sy &l bty . ok, oM. ok, )
EW ggqH-2j, high m;;-low p% sqg #2623 8 +7 7 S+ s .21 10, 7772, P2 2 P2 Yo Y ey Yo ) e Y o 0
1000 < mj; < 1500 GeV, pH < 200 Gev 4 20 -8 -5 -7 . Y o e:@/, oy g, i, 01 Wou Cr
0 LH pnH y‘/ow
i ; T r r 4
EW gqH-2j, very high m;;-low p{:I 48 +19 +17 +5 +5 +4 50+ 4
mj; > 1500 GeV, pH < 200 GeV -7 -15 -5 -3 —4 -
EW gqH-2j, high pH 36+ 413 +3 +4 +3 32+ 3
mj; > 350 GeV, pH > 200 GeV -3 -2 -3 -3 -3 -
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Branching Ratios

10! : : , ' ,
— WW
t 1__I T T T T T | T T T T T T | T T T | T T I__g _
8 = E§ 10O ™  CC | e e et ce e e e e e e e ee e o
5 f — ZZ
C__.g B ‘% I H™ T |oscsammminessssnmesiivswenssamsee fibssssssssis s gl srs s smssm
I
—107 2z 3 —_ Iy
+ ] L~
o . % 102 | B8 laiciiie avniiiss gl B oo
?) ) % - i .----;--- 5 Z------:------i
102 — S 103 == b | e . e s —
':I—: E = : . : :
_| >
| ©
. § 10
10°
10° |
10-4 1 1 1 | 1 1 1 | 1 1 1 i 1 1 1 | 1 1 1 1 1 1 10—6
80 100 120 140 160 180 200
M, [GeV] , : : : :
10‘ 1 1 1 1
80 100 120 140 160 180 200
Higgs mass [GeV]
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG Table A1-14, https://arxiv.org/pdf/1307.1347.pdf
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