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SM Higgs boson production

gluon-gluon fusion: ~89%
largest production mode,
challenging for high-background
decay modes
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vector boson fusion: ~ 7%
two forward jets enable
event triggering and
background reduction

associated production

with a W/Z boson: ~3% AN
low cross section,
but excellent options ¢
for triggers and event- /

tagging

g W/2*
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associated production with a pair of top
quarks: (~1%) low cross sections but

excellent triggering/tagging
options




SM Higgs boson decay

All four production modes and many decay modes have been observed at
the LHC (circled below.)

The branching ratios still have large enough uncertainties for new physics
to be lurking in the system.
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Run 1 ATLAS + CMS Combination

Run 1 (Vs =7 TeV and 8 TeV) analyses showed the
Higgs boson looking very standard model-like...
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Outline

* A tour of Higgs boson coupling measurements to fermions

t, b, and c quarks, taus, and muons

* Aglimpse of the future, with the HL-LHC

* The hunt for lepton flavor violating Higgs boson decays
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Coupling to top quarks

CMS and ATLAS established the coupling of the Higgs boson to top quarks
via the ttH production mode in the spring of 2018.
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b-tagging

Approximately 58% of the 125 GeV SM Higgs boson decays are to b-quarks. But
these objects pose challenges for the trigger and in terms of efficiency/purity.
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Higgs boson decays to b quarks

Excellent tracking resolution helps identify secondary vertices.

Tracking information is not available in the first level of the trigger decision
at ATLAS and CMS, so other event information is needed to get these events.

The VH production mechanism provides the W or Z boson for triggering,
and can deliver the H->bb events for study. The ttH production, with an even

lower cross section, can also provide a clean and efficient trigger.
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CMS: H->bb

mass separation between VH and VZ
77.2 7 (13 TeV)
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CMS: H->bb

<51f"(7TeV) +<19.8fb" (8 TeV) +<77.2fb" (13 TeV)

CMS e Observed
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stat  syst
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ZH | - 0.88 +0.24 +0.16
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ATLAS: H->bb

See today'’s talk by Claire David for details!
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CvsB Discriminator

charm tagging

charm tagging is more challenging than b-tagging, but significant progress has been

made with the help of machine learning.
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Higgs boson decays to ¢ quarks

charm tagging is more challenging than b-tagging, but significant progress has been
made with the help of machine learning.
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At ATLAS, a 95% CL upper limit on the XS x BR is placed at 110 times the SM prediction
, . . 13
Phys. Rev. Lett. 120 (2018) 211802 See today’s talk by Claire David



Higgs boson decays to taus

ATLAS and CMS use the both the leptonic K
and hadronic decays of the taus. T**—{/
1, e,u,d
The hadronic tau decays can be faked by W <V:;rﬁ
e "

guark- or gluon-initiated jets, while the
decays to e or u are difficult to untangle
from prompt e and u.

Both experiments use multi-variable techniques to untangle the taus from jets,

using the objects’ interactions in the detectors.

Jets

X GeV Tau X GeV Jet

Shape of Energy Deposit
in Calorimeter

123456738
# Tracks

Track Multiplicity

Taus
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Phys. Rev. D 99 (2019) 072001

The ATLAS analysis takes advantage of the plentiful gluon-gluon fusion events with
boosted categories (left) and benefits from the jets in vector boson fusion (VBF) events
to define VBF categories (right).
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ATLAS and CMS each show results as a function of the production mode
(this slide, ATLAS) and decay mode (next slide, CMS)

ATLAS Vs=13 TeV, 36.1fb""

—total —stat. —SM exp.
total (stat., syst.)

Boosted e +1.54 +0.79 +1.32

- 4.02 -1.33 (—0.78 '’ 1.07 )
VBF Y +1.61 +0.90 +1.34

3.34 -1.41 (—0.85 ’ 112 )

Combination D 377 +-06 (+0.60 +O.87)
) -0.95 —0.59 ’ -0.74

O 2 4 o6 8 10 12 14 16 18 20
GH—)TT[pb]

The Run 1 + Run 2 combination gives a significance of 6.40
Phys. Rev. D 99 (2019) 072001
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NN predicted event class
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Both ATLAS and CMS use many event categories to optimize sensitivity, and
rely on multivariate techniques to observe H->tt beyond 50.

example confusion matrix for
NN classification

eu (2017) CMS Simulation Preliminary
0.20 | 0.05 : 0.12 ; 0.06 ;: 0.01 . 0.1 : 0.08 : 0.03

_026. 013 | 0.06 | 0.16 : 0.09 : 0.07 | 0.17

_026 0.03 | 052 : 0.24 : 0.00 : 0.16 : 0.07 : 0.01
0.07 | 0.03 : 0.1 ; 045 : 0.03 | 0.18 : 0.05 : 0.04
0.02 | 0.07 : 0.02 : 0.03 | 055 @ 0.05 : 0.05 : 0.27
0.07 | 0.02 | 005 i 0.1 : 0.02 ;| 0.24 : 0.07 @ 0.05
0.08  0.02 : 0.03 . 0.04 | 004  0.10 . 0.46 : 0.12
0.03 | 0.04 : 0.01 ; 0.02 : 019 : 0.06 : 0.14 : 0.30
T 3 8 3 = g 8 7

True event class

Events / 0.15 units

signal purity vs log(S/(S+B))
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The signal strength measurements for various tau decay
combinations are shown for CMS below.

7741 (13 TeV)
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Higgs boson decays to muons

ATLAS and CMS have excellent w identification and momentum resolution capabilities...

CATLAS =02
P EXPERIMENT s = “mosew

Run Number: 152221, Event Number: 383185
Date: 2010-04-01 00:31:22 CEST

W-pv candidate in
7 TeV collisions

The measurement of the SM Higgs boson branching ratio to muons remains a challenge
because the branching ratio is so low! We currently set upper limits.



CMS puts the limit on XS x BR at 2.92 times the SM prediction
at the 95% confidence level.
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20



The ATLAS upper limit on XS x BR is at 2.8 times the SM prediction
at 95% confidence level.
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Summary Plots



With Run 2 data, the uncertainties are shrinking, and there are fewer places for new

physics to hide.
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High Luminosity LHC
(HL-LHC)



High
Luminosity

LHC / HL-LHC Plan

LHC
) LHC
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Detector improvements include:

* new silicon tracking detectors extending to higher eta

e tracking information available in trigger at earlier stage

* increased trigger bandwidth capabilities

* new timing detectors (central for CMS, forward for ATLAS)
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Projections: HL-LHC

A suite of physics projections were carried out as input to the European Strategy
process for particle physics, including the predicted sensitivity to Higgs boson

coupling measurements.

The benefit of the expected
3000 fbtand the importance

of theory uncertainties can
be seen in this ATLAS + CMS
Higgs coupling combination.

Full suite of reports can be found
here:

https://twiki.cern.ch/twiki/bin/view/
LHCPhysics/HLHELHCWorkshop

Vs =14 TeV, 3000 fb™' per experiment

Total ATLAS and CMS

— Statistical HL-LHC Projection

—— Experimental
—— Theory Uncertainty (%]
: Tot Stat Exp Th
Ky B 1.8 08 1.0 1.3
Kw = 1.7 08 07 13
Kz = 1.5 07 06 1.2
Kg = | 2.5 09 08 2.1
Ki = 3.4 09 1.1 31
K, | 37 13 13 32
K = 1.9 09 08 1.5
Ku —— 43 38 10 1.7
Kz, B= 9.8 72 1.7 6.4
0 002 004 006 008 0.1 0.12 0.14

Expected uncertainty *’



Searches for
Lepton Flavor Violating
Decays of the Higgs boson



With the Higgs looking so SM-like, there is a suite of searches that uses the Higgs
as a probe for new physics. Within in this program are lepton flavor violating searches.

Lepton flavor violating Higgs boson couplings would allow T -> w and T -> e decays via a
virtual Higgs boson.

Vector boson fusion signatures
gluon-gluon fusion production are included when the additional
provides high statistics and particularly two jets are present.
sensitive boosted categories.

q q
0000000
g
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@6(?666@ q q
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Vi . . :
r‘/ Both the fully-leptonic and semi-hadronic
q decay modes are used for the searches
u
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Events/bin
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A BDT discriminator is used in categories defined by ggF

(with 0, 1, or 2 jets) and VBF (with 2 jets). The VBF category
for for ut, is shown below. The 95% confidence limit on the
BR for H-> ut is shown on the right.
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Results: CMS

Upper limits are placed on the allowed lepton flavor violating decays of
the Higgs boson to ut and et at fractions of a percent.

CMS 36.0 fb” (13 TeV) CMS 36.0 fb” (13 TeV)
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Events/0.10

Data / Pred.

The BDT score for signal and backgrounds are shown in the et,
categories of non-VBF (left) and VBF (right).
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Events/0.10

Data / Pred.

4 [T T[T T T[T T T[T T[T I rrrrr1
10 = ATLAS Preliminary 4-Data [ |Sig. (B=1%) x103
C \s=13TeV,36.1fo" Misid BlZ-1
[ LFVer " Top [ Other
10° et, VBF 7~ Uncert.

10

1

125 Q 4 - XA %
1 Ot Ao "440’ ;4 0://20/:’0(‘//‘,40’%
0.75
0.5 - - - - - ' - - -
-1 -0.8 -06 -04 02 0 02 04 06 08 1
BDT Score

ATLAS-CONF-2019-013

33



€T,q VBF
0.97 (exp)
0.84 (obs)

ert, non-VBF
0.61

0:80 (o8
€Ty,q NON-VBF

985 (on)

035 (558
et

037 (588

Results: ATLAS

IIII|IIII|IIII|IIII|IIII|IIII

ATLAS Preliminary — Observed

Vs =13 TeV, 36.1 b Cxpectad t X
S = ev, 36. Expected + 2c

— Excluded Run 1
n=0.07

+1.72
-1.24

H
.
H
cvc v v v b b

0 1 2 3 4 5 6
95% CL upper limit on B(H — et) in %

new this week!

non-VBF

L5y

(LA non-VBF

0.57 (ex
0.49 Eobgg
uT,
0.66 (exp)
0.44 (obs)
o

.44 (ex
0.41 Eobgg

ut
638 (65%)

1T | 1T 17T | T T | T T I T T I T 17T
ATLAS Preliminary — Observed
s PR TP Expected *+ 16
s=13 TeV, 36.1 fb Expected + 26
— Excluded Run 1
| L=-128"%
| i=-0.0972
K H=-02473
: i=-02175,
| i l i =-038707
E I i =-0.0710%
I Q0220
I-I 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |‘I 1 1 1
0 1 2 3 4 3

6
95% CL upper limit on B(H — pr) in %

34

ATLAS-CONF-2019-013



Summary

 ATLAS and CMS continue to improve our understanding of
the Higgs boson production and decay mechanisms.

* With the Higgs boson behaving very SM-like, we can use it
as a probe for new physics

* Looking ahead, we will have an order of magnitude more
data and extremely powerful detectors in the HL-LHC era.
Our Higgs boson measurements will be pushing the theory
predictions as we better characterize this particle and use it
to hunt for new physics.
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