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line shape

Higgs boson width:
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4'h July 2012: a Nobel birthday!

» We are going to celebrate

> 10000f— =
8 Selected diphoton sample ] h
L] L]
qY] . Data 201142012 = ¢ t
S o QUOSZ enoey | Ee7TOVL=sAB'iE=aTev L 100" the 7" Higgs birthday soon
T [ 2 Thegg  eeeeesess Bkg (4th order polynomial) = ‘ I ° Daté U
Q  e000f— ATLAS Preliminary —
w B n
r Hyy Z+X
4000 |—

C us=7Tev.det=4,8rb"
2000 — -
r |s=8TeV.del=20.7fb" . |m, =126 GeV

» Peter W. Higgs and
Francois Englert: the 2013
Nobel Prize in physics

Events - Fitted bkg
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The Higgs boson in the SM

» By interacting with all the SM particles, the Higgs field

gives them mass
= Two different types of tree-level couplings
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The Large Hadron Collider, LHC

» Proton-proton collider with four interaction points:
ATLAS, CMS, LHCb and ALICE
B et > Peak Luminosity:
2:103% cmst

» 27-km ring of
superconducting magnets

> Two phases at /s:
= 7,8TeVRunl
= 13 TeV Run 2
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» Two-magnet detector:

The ATLAS detector = Solenoid 2 T (tracker)

= Toroid 0.5T (MS)
LAr ELECTROMAGNETIC CALORIMETER

MUON SPECTROMETER, MS

Y
)

LAr HADRONIC
CALORIMETER

» Multi-purpose detector with onion shape
» During the shutdown before Run 2, initial design completed
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From the detector to the paper

» The typical HEP detector layout:
= Tracking detectors to reconstruct
charged particles and the
production and decay vertices
Electromagnetic and hadronic
N calorimeters to measure energy of
g g e, yand jets
Muon spectrometer to detect
muons trough the detector

IDEAL PHYSICS OBJECTS:
» Electrons, photons and muons:

CHALLENGING PHYSICS OBJECTS: = good resolution and
> Jets, Missing Transverse Energy (v,) : reconstruction efficiency
= Low resolution and recon. efficiency * Good vertex matching

= Partial vertex matching
e
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Higgs physics at LHC

Exceptional performance in Run 2!

| T I T T [ T | T I

- ATLAS

. — u Sy Vs =13 TeV
> At the Large Hadron collider Z140Preliminary TP
i ) ) 2450 IILHC Delivered pocordes: 1401

the delivered luminosity was: - [JATLAS Recorded P¥5cs: 1401

[ | 28 fb'l at 7/8 TeV ; | |Good for Physics
Higgs discovery! :
= 158 fb'lat 13 TeV

N
o
T

llllllllllllllllllllllllll

| 1 | | | 1 | 1 |

[} 0 l
» 1 Higgs boson produced every 10 2 318 010 (8 T AT 1B g0

« o Month in Y
10%° proton-proton collisions —
» ATLAS recorded 149 fb!

= 140 fb! are GOOD for physics

» We successfully reached
the Run-2 goal of 150 fb!!

17/06/2019 L. Marchese Higgs width at LHC 8



Higgs physics at LHC

Exceptional performance in Run 2!

T | @ [ W 1 W& ] =™ ] ]
- ATLAS

> At the Large Hadron collider Z140—Preliminary " PT
: : : 2100r. HILHC Delivered  pecorcec: 1ao b
the delivered luminosity was: - [JATLAS Recorded P 10
] 28 fb-l at 7/8 TeV ; DGood for Physics
Higgs discovery! 5 f
= 158 fblat 13 TeV ;

: MS and
» Higher C.
juminosity ~>more

» 1 Higgs boson produced every

10 proton-proton collisions
» ATLAS re

= 140

» We successfully reached
the Run-2 goal of 150 fb!!
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LHC pp collisions

» QCD background dominant
= 5 orders of magnitude
higher compared to

single boson production
Higgs boson decays
involving leptons or
photons in the final
state are our smoking
gun against abundant
background

17/06/2019

proton - (anti)proton cross sections
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Higgs boson production at LHC

gluon gluon Fusion Vector Boson Fusion

How should |
show up at LHC
this time?

~ 530k Higgs

VH: 4% (™ ttH: 1%

Higgs strahlung \ r Top Fusion

~ 320k Higgs ~ 70k Higgs

*Higgs candidates in Run 2
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Higgs boson decays

» Various decay channels

772* ¢C2.9%

T, e vy 0.23% = Analyses ongoing in
6.3% “ all the main channels,
gg \ | directly or indirectly
8.2% \ |
» Combination of all the
[ . .
O\ | channels is crucial
| = to increase sensitivity
» No couplings
WW*/§ .
, measurements without
21.4% .
theory assumptions
- 58.2%
MU ‘
Zy
0,
0.02% 0.15%
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Good mass

, \ ob resolution
ZZ cc 2.9% * Ideal for precision

Higgs to Bosons

TT 0.23%
0 2.6% | XY ’ measurements since
6.3% |
| well modelled
gg \ background and
8.29 \" clear signatures

Low BR, especially
ZZ*,0.012% in 4l

High BR, but
reduced in the di-
lepton mode, 1.1%

Low mass
resolution because
of v, in final states

\
Ww* 58.2%
21.4% &

TIT A"
0.02%0.15%
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Higgs to Fermions

T
6.3%
g8
8.2%
WWw*

W
0.02%

17/06/2019

ZZ* cq2.9%
2.6%

Zy -
0.15%

vy 0.23%

58.2%

L. Marchese

Significant BR
* Allow direct probe
to fermions

Low S/B, challenging
measurement

It allows couplings
measurements to
2"d generation

Very small BR
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H->Z2Z* Golden channel

Because of the extremely good mass resolution, H>ZZ*-4l:
= was one of the golden channels for the Higgs discovery
" js now used for precision measurements (Higgs boson mass ...)

Let’s compare it with

the so popular Hbb .. H o 77k L 41
Branching Ratio 0.012%
Mass resolution 1%

S/B DO

—————————————————————————1
e L L T L T )

y More 1is not always better!/
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The Run-1 lesson
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T =]

— Data

PRI Y

s JP=0+

-~ F=0

In(1+S/B) w. Events / 1

Weighted (Data-Bkg.)

What did we learn in Run 1?

Narrow resonance with a
mass of 125 GeV (ATLAS
with CMS 1.9 permille)

and Spin/Parity O*

=  Two production modes

observed: VBF and ggF

5 10 15
e Data
oul 1 wovor ribusted  — H(125) (u=1.4)
F \s=7TeV,45fb" &ha
60— 1s=8TeV,203f0" Fakes
I Uncert.
40/
20—

Q=e-e=T .
20F ! &
[ — H(125) (u=1.4)
[ s H(110) (u=1.6)
10 -+ H(150) (u=6.2)
Or
50

mMMC [GeV]
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Decays observed:
E vector bosons and

T, (ATLAS+CMS)

Couplings agree
within 10%
with SM
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Higgs boson mass

Extraction

from a fit to the
di-photon inv.mass +

xtraction from a fit

Vs =13TeV,36.1fb" ]
In(1+S/B) weighted sum -

- —— Signal + Background

Y weights / GeV

Y weights - fitted bkg
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T ] | R OO L ] ] | 5 G |

[ T 1 T 1 I T T T T T T T =
- ATLAS ¢ Data :
- (s=13TeV, 36.1 fb" — Fit :
- H>ZZ'— 4l [ |Background

Events / 2.5 GeV
BN
o

to the
4] inv.mass

llllllllllJlllll l+:

O"l (SIS U L
110 115 120 125 130 135
m,, [GeV]

ATLAS

Combination
with Run 1: Run-2 result based

m,, = (124.9720.24) Ge /b
In Run 1 the 1.9 permille dataset
precision was achievable only
when combining with CMS results!
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https://www.sciencedirect.com/science/article/pii/S0370269318305884?via%3Dihub

* VH,H->bb
* VBF(+ggF), H >bb
e ttH, H ->bb

Run-1 and Run-2 analyses:

B e R o s e B S L S
ATLAS Preliminary Vs=7TeV,8TeV, and 13 TeV
47" 20.3fb", and 24.5-79.8 b’
—Total Stat.
( Tot.) ( Stat., Syst.)
| VBFggF| e 168 417 (43, 057)
NEW . +0.56 +0.28 +0.48
\‘\) tH| i 1.00 "o, (Jo27» 046 )
+0. ; :
VH|  ke4 098 37 (%044 016 )
Comb.| wps 101 98 (92,558
NSRRI N ST | U S WU N NN ST S ST NN N SN ST SN SN T SN ST SO SN Y TN S W
0 1 2 3 4 5 6 7
arXiv:1808.08238

VH combination

Run-2 analyses:

* VH, H->bb
* VH,H-yy
e VH, H->Zzz*

Significance :
5.30 obs. (4.80

K New &
LV

arXiv:1808.08238
exp.)

Observation of VH production !

17/06/2019
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https://arxiv.org/pdf/1808.08238.pdf
https://arxiv.org/pdf/1808.08238.pdf
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From partial widths ...

» The Higgs boson is unstable
= We just observe its decay products in the LHC detectors

» The rate for each open decay is defined by partial widths:

with BR(H — bb) = -t

[tot
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... to total width

» The Higgs boson is unstable
= We just observe its decay products in the LHC detectors

» The total width is the sum of all the partial widths:

-—— + - - ‘l‘ cos — FtOt
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What can we measure at LHC?

» Assuming a narrow width for the Higgs boson, we can write:

> At LHC:
"= we only have access to couplings ratio
" measurements of individual channels require the total
width measurement =P global information
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What can we measure at LHC?

» Assuming a narrow width for the Higgs boson, we can write:

> At LHC:

"= we only have access to couplings ratio

" measurements of individual channels require the total
width measurement

" How can we measure the Higgs boson width?
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The Higgs boson width

10°

10°

I, [GeV]

10

107
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L. Marchese

The SM expectation

for I'y for my ~ 125
GeVis
... extremally small!
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And the other EW bosons?

103§ [

I, [GeV]

LHC HIGGS XS WG 2010

We have long

experience with heavy
EW bosons (W and 7).
However, their width

100
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» As said, the total width is the sum of all the partial widths

E’ 1= | | Iwwl ag
S5 i » The Higgs bosons prefers
§10_1 - j decays to b quarks
+ 1 » Doing some rough math ...
% |
_%0'2:
L
2
[, ~—2b T
H 2 EW

Mmew

| I180l | l200
M, [GeV]
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A How can we measure I, at LHC?

» On the contrary of LEP or ILC, at LHC only o - BR can be measured

* | The measurement of [, is extremely hard at LHC |
" [y cannot be inferred from measurements of Higgs boson rates

» Direct and indirect strategies have been considered
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, ') How can we measure I, at LHC?

» On the contrary of LEP or ILC, at LHC only o - BR can be measured

* | The measurement of [, is extremely hard at LHC |
" [y cannot be inferred from measurements of Higgs boson rates

» Direct and indirect strategies have been considered
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What’s happening on my Ham & Cheese pizza?
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ﬂ Direct strategies

From the on-shell mass peak [
L M 389 3Ty

» Convolution of natural width e

(4.1 MeV) and experimental L S

mass resolution (~1.3 GeV) [
> Excellent mass resolution is 6 1
required: H — yy and H — 4l 4: .
T . B . .. - —|
Channel Obs (Exp) [GeV] [ : i
s | R
ATLAS yy 222 0(; 05 N R e '—
ATLAS 41 2.6(6.2) Iy, (GeV)

CMS 41 1.1(1.6)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.052004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.052004
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-041/

‘ Direct strategies

From the on-shell mass peak [
s 0 3591 (13TeV)

» Convolution of natural width §1°? | | | .xl"'“
(4.1 MeV) and experimental R —— 5
mass resolution (~1.3 GeV) [

» Excellent mass resolution is 6 _

required: H - yy and H — 4l

Channel Obs (Exp) [GeV]
at 95% CL

g Lower Pr =
ATLAS yy 5.0(6.2) 0“5 Limited bY \ L)
ATLAS 41 2.6(6.2) experimenta eV)

tion
CMS 41 1.1(1.6) resolutl
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.052004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.052004
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-041/

K Direct strategies
----------------------------------------------

Ty (um)

CMS.Runl: cty <57um - I'y > 3.5 -1073eV at 95% CL

I

1

1

1

i cws wwew.siwery | 3> Using the Higgs lifetime we can |
1 18 — — . 1
| - — Observed : set a direct lower bound i

16~ . .

| b Expscteasw 1| > Ty =h -1ty withcty = 48fm |
1 o . 1
i iat = Far away from the exper. i
I - cpe I
I PR sensitivity of ~10 um |
A SR » H — 4l ideal channel to |
I - . . . !
i o extract the lifetime using the i
i N flight distance i
1 1
: g ‘ = Displacement between the :
i OOV 20l | |40] | IGOI | éO‘ ‘110(‘)|1‘26,1’4O’1lG(|)|‘iB(I)’?’_00 production and decay vertices i
| |
1 1
1 1
1 1
1 1
1 1
1 1
1 1
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.072010

.l How can we measure I, at LHC?

» On the contrary of LEP or ILC, at LHC only o - BR can be measured

* | The measurement of [, is extremely hard at LHC |
" [y cannot be inferred from measurements of Higgs boson rates

» Direct and indirect strategies have been considered

" From couplings

" From off-shell to on-shell production ...Best proxy to-date! |
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= 1 On-shell Higgs production

» Constraints on the total Higgs boson width, I'y, can be
determined using the relative on-shell and off-shell production

» Let’s consider the ggF production:

: Production cross section
g f -
d0gg-r-rr _ 9i9f
2
dm (m2—m%)2+m%T%
g f

» No way to measure the Higgs couplings and width separately
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sl

= 1 Off-shell Higgs production

» Why off-shell production?

: f Production cross section
g ~ —
H Ogg—H—ZZ _ 9i 9r
2
dm (m2—m%)2+m%T%
g f

i gi 9%
9g—H =>ff  (m2-m%)?

» Width-independent: width-couplings ambiguity resolved

» Unfortunately, the off-shell contribution is expected to be
extremely small ...
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@ On-shell vs Off-shell Higgs production

1252 m?[GeV?]
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@ On-shell vs Off-shell Higgs production

dO-L—>H—>f gizgjzf
/ dm? (m” —mf)?
1252 m?[GeV?]
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@ On-shell vs Off-shell Higgs production

do
dm?, ﬂ

__—~ ZZ,of f — shell
Higgs production

1252 m2,[GeV?]
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@ A camel-shaped mass-line

There is so much physics in a camel hump!

do

1252 mZ,[GeV?]
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https://link.springer.com/article/10.1140/epjc/s10052-014-2866-7

Once upon a paper ...

|
10000 g9 — H — ZZ — t8virp, My=125GeV 12
L { N
(i | 2B v =8I o H|2+|cont|2 &
= — H+cont]2
[} I —
&) P L offshell i
e |
E, . ZWA
N 0.01
N
E L
= 0.0001 Interference
5 | :
le-06 !
1
]
le-08 !
i
1
1
1
]

1
1
100 200 300 400 000 600

» In 2013 Kauer and Passarino pointed out that a significant
enhancement in the off-shell production exists with two jumps
* atthe ZZ — threshold
= atthe tt — threshold
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http://inspirehep.net/record/1232506?ln=en

Interference

» Production of two Z bosons in fusion of two gluons can
occur either directly or through the Higgs bosons

» The two amplitudes interfere destructively in the SM

» The same considerations apply to the WW final state

8 8

g g ]

2 2 *
| Mzz% = | My + Mprg|™ = |Myl? + [Mprg|” + 2Re(MyMigy,)
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Interference

» Production of two Z bosons in fusion of two gluons can
occur either directly or through the Higgs bosons

» The two amplitudes interfere destructively in the SM

» The same considerations apply to the WW final state

8 z 8 Z

8 V4 g /

Uoff—shell — independent
| Mzz]% = |MH+MBkg| | My |* + |MBkg| + 2Re(MyMpy4)
~HUoff—shell N\/.uoff shell
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ﬂ  Analysis idea

» Using the relative on-shell and off-shell production, we can
indirectly constrain the Higgs boson total width
99F

9ggF o Goff—shell _ )2 .
Hoff—shell = _ggF = Rgoff-shell " RV, off-shell
of f—shell, SM
F 2 2
ggF _ Uagf_sheu _ kg,on—shell . kV,on—shell
Hon—shell = 9ggF _ Iy
O-on—shell, SM —SM
I'y
| > This strategy is assuming :
| Hoff-shell I'y 47, identical on-shell and off-shell |
| —rsM [ 1 i i
| Hon—shell FH couplings i . |
] . ,’d P = No new physics alters the Higgs |
B i e couplings in the off-shell regime |
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2 ) Analysis strategy

» Two decay channels*, H* - ZZ - 4land H* —» ZZ — 2l2v
» Analysis performed inclusively, ggF+VBF

220 < my < 2000 GeV

T L L R AR S S 1 RL M Lo,
= ATLAS Preliminarye Data

=\s =13 TeV, 36.1 fb” gg+VBF—(H'—

H* — ZZ — 4l [ ] gg+VBF—(H*~

B q9-22
[l Other backgrounds

S Unowrtany » NLO corrections finally
available for Interference
and background for

gg = (H") » ZZ as a
function of m(Z2)

\E&) Theory Corr.

>
)
©)
o
Y
~
)
2
c
o
>
L

o 1
Ek i » Significant improvement

mﬂa é*;*#\ S RN
300 400 500 600 700 800 900 100011001200 Wrt the Run'l rESUItS, Stl”

o leading systematics at 20%

ATLAS 4l invariant mass

Events / SM
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https://journals.aps.org/prd/references/10.1103/PhysRevD.92.094028

q' Background contributions

» In both the channels, the leading background is qq—>272Z

Background composition in 41 Background composition in 212v

3%:Reducible Z+jets

. 1%: Reducible 1%: Reducible VVV
2% Reducible: 1% Reducible: WW,Z-1t1, top
Z+jets, top quark VVV abnd EtV, \ ’
pair and WZ MIC base \

Data driven

28%: Reducible WZ

97% Irreducible gg-ZZ . .
MC based 67%: Irreducible qg-ZZ
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a Discriminants

» Maximum likelihood fit to the Matrix-Element (ME) based discriminant
distribution (4l) and the transverse-mass, my(ZZ), distribution (2I2v)

————————————————————————
> L T LT T v [ & ]
3 - ATLAS Preliminarye Data N R EAAARaASA kst A AN RAAS A AR R
= -_E =13 TeV, 36.1 fb’ ,,,,, 99+VBF‘“)(H"")ZZ(PO"_shOfS)_— S - ATLAS Pfehmm?ry. Data
10 - H* - ZZ — 262V [ ] gg+VBF—(H*—)ZZ(SM) Ny i) - Vs=13TeV,36.1fo! - 0g+VBF(H')ZZ(n . =5)
b e " Bl 2z ] B 300 H* - 2z > 4 [ ] gg+VBF—s(H*—)ZZ(SM)
c 55 i wz &= i Bl qq-7Z
L%) [ Other backgrounds 250 Il Other backgrounds

Uncertainty Kibcaitainty

200

|I|IIII]IIII]IIII

Iscriminan

100

lll|l|l||llll|ll

50

Illllllllllllllll

IIII[IIIIIII

IIIlIIIIlllIllI|Ill||ll|ll|||ll||ll|

2e2vd

\

Jousrpmpmt

400 600 1000 1200 1400
m# [GeV]

ol (R =
1-‘v\\\&\-\\k&\\\\‘\\\\‘.\\\%‘.\\%\‘:\\’x\\\\\\\\%{\\\\ QAN \‘Q

0.5 ]
=45 =4 -85 -8 25 -2 =15 =1 05 0 0.5
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Events / SM
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Analysis combination

» Two-step strategy:

Off-shell signal strength constraints
» Combination of the 212v and 4l channel fixing the ratio

I-
|
|
:
: of the signal strength in ggF and VBF to the SM
|
|
|

ull hell
prediction: —E—" = 1

Higgs boson total width constraints

i

i
o : : l
» Combination with the on-shell result assuming the same |
9ggF 0
i

i

i

i

i

i

= on-shell signal strength in VBF and ggF: ”3’,;;5’"’” =1

Hon—shell

= on-shell and off-shell couplings
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Run-2 results

Hypothesis testing for a parameter of interest
» Confidence intervals based on the profile likelihood ratio

S S S S S :
i TH<9.16 MeV obs. (13.7 MeV exp.) Ii T,< 14.4 MeV obs. (15.2 MeV exp.) |
: 51t (7TeV)+19.7tb" (8 TeV) + 77.5f" (13 TeV) | : :
RN D (UL UL L T LN L RSN i R G I I LT TR 1 = T T S T T 1
: - CMS Preliminary 11} £ 14 ATLASPreliminary ~ EwectedsSatony 1 |
-~ L — Expec ]
: - — Observed Y troszosa2ey o Observed-Stat. only | |
I --- Expected 11 : 12[-13Tev, 36.1 fb" = C0ameG ] :
I 1ol — Observed, 2016+2017 T E i i . 11
: --- Expected, 2016+2017 1] 10 Gl TN s i
i - - I
2 1 -
| 5 | 77Z.5fb~' + Run1 _:i 8 36.1fb1! i
1 N - 11} ‘
i ’ 6 SM 1 |
: % Tw/m ;
I [ i 4"" """"""""""""""""""""""""""""""""""" -1 1
11 | 1
: 1} [ I
: 1h 20 [
I ' : I
i : : s J L 1 i
| k Hn o 1 2 3 4 5 |
I I
| Only 4] channel " 1 2/2v+4] channel r/r |
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Run-2 results

Hypothesis testing for a parameter of interest
» Confidence intervals based on the profile likelihood ratio

FesssSSSSSSE—————————————————RESSSSSERE S SRSSSNE S S SENESNES |
i TH<9.16 MeV obs. (13.7 MeV exp.) Ii T,< 14.4 MeV obs. (15.2 MeV exp.) |
: 51fb (7TeV)+197fb (8TeV)+775fb (13 TeV) |: :
| ! REAS LA N < LI B ™ |

! | CMS Preiiminary 11} £ 14 ATLASPreliminary ~ EwectedsSatony 1 |

— [ — Expec -

: - — Observed Y troszosa2ey o Observed-Stat. only | |
I . --- Expected 11 : 12[-13Tev, 36.1 fb" NG ] :
I 1ol — Observed, 2016+2017 1) E o 11
: --- Expecrtas =2 i | 10 o oY |
= | It i :
=t a 1l 8 36.1) approvedont™® /- |
: e 4 Pub\'\Shed g | : I : ) Holy ThursdaVr I
: ' ! Janl 2:; ’ ; : i 6? FH /l"} during Easter - i
| durl H ] SE— 2018! 2] |
' n ’* 3 1
' 1h I
' T I
= HEERESGE i i
: I (MeV) :| 0 1 2 3 4 o i
e | I

i Only 41 channel " 1 2/2v+4] channel n/
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e R, interpretation

» |In a second combination, ATLAS considers a
gg-interpretation of the results

2 B, AL B \ B AL 5 R LR L
. . £ 14-ATLAS Internal o Zgzgzg‘s'a‘- o
> The pa rameter Of Interest IS y -H* > ZZ — 41,212y - Observed-Stat. only
12[-13 TeV, 36.1 fb" = Obaerves -
k 2 Ky, on-shell = Kv, oft-shelb I/T'sm=1
g,0f f—shell i
R = 10
99 k2 :
g,on—shell 8
» The total width is assumed to of
be the SM prediction Al
: 2
» We are assuming the same :
on-shell and off-shell coupling %
scale factors ky, Rag
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whil Conclusions

» The current results for the Higgs total width measurements have
been presented

= Because of experimental resolution, direct measurements will
be challenging even at HL-LHC

" The current best results based on the off-shell strategy, under
well-defined assumptions, are (CLs method):
ATLAS 36.1 fb~1: Ty < 14.4 obs. (15.2 exp.)MeV

CMS 77.5 fb~1 + Run 1: Ty < 9.16 obs.(13.7 exp.)MeV

= ATLAS HL-LHC prospects for the off-shell strategy with 3 ab™!:

[y = 4.2%12MeV
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Wil Conclusions

» The current results for the Higgs total width measurements have
been presented
= Because of experimental resolution, direct measurements will
be challenging even at HL-LHC
" The current best results based on the off-shell strategy, under
well-defined assumptions, are (CLs method):
ATLAS 36.1 fb~1: Ty < 14.4 obs. (15.2 exp.)MeV
CMS 77.5 fb~1 + Run 1: Ty < 9.16 obs.(13.7 exp.)MeV
= ATLAS HL-LHC prospects for the off-shell strategy with 3 ab™!:
[y = 4.2%12MeV
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whil Conclusions

» The current results for the Higgs total width measurements have
been presented

= Because of experimental resolution, direct measurements will
be challenging even at HL-LHC

" The current best results based on the off-shell strategy, under
well-defined assumptions, are (CLs method):
ATLAS 36.1 fb~1: Ty < 14.4 obs. (15.2 exp.)MeV

CMS 77.5 fb~1 + Run 1: Ty < 9.16 obs.(13.7 exp.)MeV

= ATLAS HL-LHC prospects for the off-shell strategy with 3 ab™!:

[y = 4.2%12MeV

» At ILC the accuracy achievable is 1.7%
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Higgs boson mass in the 4l channel

* Event selection and categorization as in other HZZ" analyses:

2 same-flavour opposite-sign leptons organized in 4 categories
4u,2e2p,2n2e and 4e

Strategy: BDT(p#l, n*! D,;.) to distinguish H>ZZ* >4l from zZ*->4l,
(dominant background) with D;,. = log|my_zz.|/|mzz7.|)

» Higgs boson mass determined from a simultaneous profile likelihood fit to 16
data categories:

4 final states x 4 BDT bins

25
ATLAS Preliminary

F \s=13TeV,36.1 10"
20 77+ 2u2e

“ 4n m & 2e2uH ? 2u2e 3
W# WJM | uL

" n =T . P - i
130 135 1 130 135 10 130 135
m,, [GeV] m,, [GeV] m,, [GeV]

25 | > 25
 ATLAS Preliminary ~*Data
L \s=13TeV,36.1 1b" — Fit

20: H—2Z"— 4, Background |

L ATLAS Preliminary ~* Data

- ATLAS Preliminary ~* Data
b 1s=13TeV,36.1 " =r PR

F \s=13TeV,36.1 o’ — Fit

20 U H=ZZ'> 4e | Background ]

Events / 2.5 GeV

[ H»2ZZ*— 2e2u Background

Events/ 2.5 GeV
Events/ 2.5 GeV
Events / 2.5 GeV

PR Al P
115 120 125 130 135
m,, [GeV]
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— Current measurement (stat)

Systematic

Run 2 expectation!

" 4

I

|llll|llll

Systematic effect

Muon momentum scale
Electron energy scale
Background modelling
Simulation statistics

Uncertainty on mlziz‘ [MeV]

40

20
10
8

iy
150

Improvements on the reconstruction performance

of muons/electrons
\ J

6mH =

17/06/2019

\/NSig events

L. Marchese

Ldt [fo ]

 Statistically limited

Systematics breakdown (2015-2016)

 O6my scales linearly with
resolution improvements
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Higgs boson mass: performances

ID DISTORTIONS
ID Deformations induce

— - ] .
e - local scale biases and
= B — Current measurement (stat) ] d d luti .
EI S00f~ ---Current measurement + perfect allingment (stat) | égraae resoiu IO{‘I Ina
R Run1 rescaled to {s=13 TeV . charge asymmetric way
400\, Systematic —]
-~ Significant performance work on muons: -
300 |\ —
Z000] SO R -
100{— =
: : “ EATLAS Preliminary ul
0 B 1 1 | 1 1 1 1 | 1 i 1 I I 1 1 1 | | 1 1 L ! I— g 1::,1"01\/333,'0‘, rad al G} u(+) Unco
50 100 150 200 250 1o 2o — e Syst urcan.
Courtesy of G.Barone f Ldt [fb]

Key to precise Higgs boson mass measurement is
the calibration of the ATLAS detector

DataMmC
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» Using the Higgs lifetime we can

e L set a direct lower bound
=. . ¢ Observed i m o~
%.) - [ ] SM signal i > At = —4l (AF{ . pT) RN
= b iereto0um — DT
6 ] _|
p— - [ gg—4¢ bkg. | — —
§ [] ao—4/ bkg. > < At > Ty ﬁ/FH
L - -]Z+X
ol = A7 Displacement between the

| JJ :f' ; production and decay vertices in
it ikah! the transverse plane

catwm) | » Observables: |

At and Dy 4(my; and D)

: Lifetime of each H candidate i
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Y Indirect strategies: from couplings
/

» Using the coupling analysis framework we can constrain I'y:

kZ-TeM

35.9 fb” (13 TeV)

Fi=FiSM°ki2andsoFH=1B |

—_ 10T e e
. . . BSM 7 - CMS BBSM > O and|kW,Z| S 1 |
Two possible interpretations: | e— £

| —— Observed ]
7F e SM Expected .

Bpsy = 0
u BBSM > () and |kW,Z| < 1

Effective
Production Loops Interference scaling factor Resolved scaling factor

o(ggH) v bt X2 1.04 k2 +0.002 - k2 — 0.038 - K,

o(VBF) - - 0.73 - k3, +027 - x5 ]

o(WH) 2 .

r{qq/qg ~+ ZH) - X7 -]

o(gg — ZH) v Z—t 2.46 - k% + 047 &7 — 1.94 - xzx, 1

o(ttH) - - K 5

o(gb — WtH) Wt 291 - x% + 240k} — 422 xyxyy ]

o(gb — tHq) - Wt 2.63- k7 +3.58 - xfy — 5.21 - xyxyy .

o(bbH) % -

Partial decay width

re L i 1

ww = 2 55 3

rm v Wt x2 1.59 - k%, + 0.07 - k2 — 0.67 - Ky : : :

4 . - r/r

it - - X2 SM
p— - - *

Total width for BRpgy = 0

- 058 k% + 022 - 13y + 0.08 - k24
F0.06 - k2 +0.026 - x5 + 0.029 - k24
+0.0023- k2 + 0.0015-x3, +

+ 0.00025 - x2 + u.urn)z’.’w;

)
Iy v - Kiy
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Interference

» Negative contribution of the interference term

; T I T I I I T I I I T I I I I I I T I I
8002~ ATLAS simulation T
B - ggF/VBF ZZ — 4l — gg—H-ZZ .
o [ Vs=13TeV = === gg—H—ZZ (Interference) |
5001} .
O : |
S~

b = -
U -

lIlIIllllIlII

IIIT]IIIIIIIII

1 l 1 1 1 I 1 1 | l 1 1 1 ] 1 1 1 I | 1 1 ]
200 400 600 800 1000 1200
m, [GeV]
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Off-shell: analysis selection

212v channel

Event Selection

4] channel

Two same flavour opposite-sign leptons (e*e™ OR u*u™)

Event Selection

Veto of any additional lepton with Loose ID and py > 7 GeV

QuaprurLET - Require at least one quadruplet of leptons consisting of two pairs of same-flavour

SELECTION opposite-charge leptons fulfilling the following requirements:
- ,;AT xh.msholds for three leading leptons in the quadrullal.el: 20,15 and 10 GeV 76 < M(g < 106 GeV
- Maximum one calo-tagged or stand-alone muon or silicon-associated forward per quadruplet
- Select best quadruplet (per channel) to be the one with the (sub)leading dilepton mass .
(second) closest the Z mass E™ss 5 175 GeV
- Leading di-lepton mass requirement: 50 < mj2 < 106 GeV z
- Sub-leading di-lepton mass requirement: 12 < myy < 115 GeV
- AR(£,¢') > 0.10 (0.20) for all same (different) flavour leptons in the quadruplet AR{( < 18
- Remove quadruplet if alternative same-flavour opposite-charge
di-lepton gives my; < 5 GeV .

IsoLATION - Contribution from the other leptons of the quadruplet is subtracted A¢(Z, E-I]Euss) 2.7
- Muon track isolation (AR <= 0.30): Xpy/pr < 0.15
- Muon calorimeter isolation (AR = 0.20): LEy/pr < 0.30

- Electron track isolation (AR <= 0.20) : £Ey/Er < 0.15 Fractlonal Pr dlfference < 02

- Electron calorimeter isolation (AR = 0.20) : ZE;/Er < 0.20
ImpACT - Apply impact parameter significance cut to all leptons of the quadruplet . miss
PARAMETER - For electrons: dy/og, < S A¢(]et(pr > 100 GﬁV), ET ) >04
SiGNIFICANCE - For muons: dg/oy, <3
VERTEX - Require a common vertex for the leptons: miss >
SELECTION - x%/ndof < 6 for 4y and < 9 for others. ET /Hr >0.33

b-jet veto
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, ' Off-shell: analysis strategy in 4l

» On-shell event selection used as a baseline in the off-peak region:
220 GeV < my; < 2000 GeV

» Shape fit to ME(Matrix Element)-based kinematic discriminant:

ME is based on 8 variables which defines the event kinematics in the
centre-of-mass frame of the 4/-system

Py = matrix element for on — shell gg > H - ZZ* — 4l

* Pyq = matrix element for qq - ZZ — 4l

* B,y = matrix element for gg > H* - ZZ — 4l

¢ = 0.1, empirical constant
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) lIrreducible background in 4l

> qq - ZZ background
1. Simulated with Sherpa 2.2.2(0, 1 jets at NLO, 2, 3 jet at LO)

2% 2. NNPDF3.0 NNLO PDF set, Sherpa PS with MePs at NLO prescription
Reducible 1(y 3. NLO EW corrections applied as a function of m,,
0 Systematic uncertainties
Other 1. Theoretical: QCD scale variation (10% in high mass),
PDF variation (2%), additional syst. on EW correction (<2%)
2. Experimental: mainly from lepton reconstruction

efficiency (few percent)

> gg— ZZ background
1. Simulated with Sherpa 2.2.2, merging with Sherpa PS using MePs at NLO
prescription
2. Normalisation from MCFM with NLO or NNLO QCD corrections applied
Systematic uncertainties

0,
97A’ 1. Theoretical: From QCD HO corrections (20%), PDF variation (2%)
Irreducible 2. Experimental: negligible

> Predictions are checked using two data Control Regions:
RegionA: 160 GeV < my; < 220 GeV and RegionB: 220 GeV < my; < 1200 GeV and ME < —1.5

» Overall good agreement with data 1.10 above expectations
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4 Reducible background in 4l

2%

Reducible
1%
Other

97%

Irreducible

17/06/2019

>

Data-driven estimation
n except for tribosons and ttV contributions

Contributions from Z+jets (light and heavy flavour
jets), tt and WZ processes, entering the SR due to
fake and non-isolated leptons

Z + ee: misidentified electrons from light jets,

photon conversion or heavy quark
n Background yields from data and shape from MC

Z + pp: non prompt muons from tt and Z decays
= Normalised in data and shape from MC

Analysis channel | Estimated reducible background events

| de 1.14 £ 0.18 |
|2e2,u 1.49 + 0.19 '
1 44 0.42 +£0.04 |

L. Marchese Higgs width at LHC
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, 0 Off-shell: analysis strategy in 212v

» High-Mass-H — ZZ — llvv-analysis event selection used as
baseline in the off-peak region with further re-optimisation :

= METcut 120 GeV — 175 GeV
* MET/H; cut 0.4 — 0.33 with Hy scalar sum of lepton and

jet pr
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i
3

A

o 3%
1A Red. Z+jets
Red. ep
1%
Other
28%
Red. WZ

67%

Irreducible

Irreducible background in 2|2v

qq - ZZ background

1. Simulated with Sherpa 2.2.2(0, 1 jets at NLO, 2, 3 jet at LO)

2. NNPDF3.0 NNLO PDF set, Sherpa PS with MePs at NLO
prescription

3. NLO EW corrections applied as a function of m,

Systematic uncertainties

1. Theoretical: QCD scale variation (10% in high mass),
PDF variation (2%), additional syst. on EW correction (<2%)

2. Experimental: mainly from lepton reconstruction
efficiency (3,4%) and JER(3%)

gg— ZZ background

1. Simulated with Sherpa 2.2.2, merging with Sherpa PS using
MePs at NLO prescription

2. Normalisation from MCFM with NLO or NNLO QCD corrections
applied

Systematic uncertainties

1. Theoretical: From QCD HO corrections(20%), PDF variation (2%)

2. Experimental: negligible

17/06/2019
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) Reducible background in 212v: WZ

» WZ,W - lv,Z - llis the second leading background
» Third lepton not reconstructed or outside the acceptance,
hadronic T decays contribution
» Normalised to data from a 3/ Control Region
= MC prediction corrected with a normalisation factor
» MET shape from simulation NF

. CR— SR transfer factor

]V 3ICR N 2(SR
N 2(SR = N 2(CR | WZ data = N 3 lr("R | WZ MC

WZ data WZ MC ICR WZ data N 3(CR
e e L W7 .MC W7 .MC

1.29 + 0.03 (stat.)

systematics on TF assessed from
1) QCD/PDF variations (negligible)
2) exp. uncertainties (~4%)

3l Control Region

1

1

1

1

:

1 * ee uu+ additonal e, u with pr > 7 GeV
i e my~mgzasinSR

ie mp(W) > 60 GeV

i
1
1
1

* non — WZ background subtracted from data | ee || 32.76+1.30+1.62 |

I
_______________________________________________ | pp || 34.94+1.36+1.73
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4 Reducible background in 2I2v: ep

> Contribution of tt, WW, Ztt and Wt events
=  estimated from ep events by exploiting the flavour
symmetry ee:uh:epn=1:1:2
» Data driven estimate with MC shape
» Due to lack of statistics, we release MET cut down to 120
GeV, Loose Control Region

3 1 " l 1 non—ep
SR __ data sub SR _ data sub . 7 MC
N(‘(-' = — 4» Nt‘l N w = — X =X N(‘l where IV(.I”’”'\“’ = Nfll{(l _ Z N:”(
2 1 H 2 £ el eu i
i
, N

< ee € accounts for e/u
E = difference in
N it trigger/reconstruction/
ID efficiency

» Since it was introduce a Loose CR, the m{(ZZ) shape was
extrapolated to the SR through a m-Transfer Function

; 1 Systematics breakdown
" Data Estimate | Binned (pr,n) |
I | MC closure | shape | Transfer Function | Total

7 5+05 1 [ [ '
I Nee L3 £05+10.5 | |ee| 12 10 38% 41
1 -
| Nup 1.3£05+0.5 : p 129% | 10% 389% 419

I
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. Reducible background in 212v: Z+jets

——
—

» Z + jets background has no real MET

1. Events passing the II+MET selection due to jets
mismeasurements

2. Data driven estimate (expected at 2-3%)

» Normalisation taken from data CR, built inverting MET/HT
cut

» Extrapolation to SR through MC-based transfer factor

» Due to low statistics, shape is taken from MC, but DD
shape extracted and used to assess shape systematic

r ------------------- ‘

'd ac ; ACCEDP c€ Ir'ac ] v : . N
I HI\_M_ ctor \}(‘V“LL]C 1[{?11!.&. Factor | Channel Sideband estimate MC expected !

rMC ) £ [ N A

. u N / I(A SR /N SR-AO( jet MET -bveto) ‘ I -
Ng =Ngp' X|—=21= A’Vé’.‘,‘{'“ X : ;l‘( ) | ce | 4321.9(stat)0.8(sys.) | 3.0£1.2(stat)=0.4(sys) |
’\’m NFR | ) 1
———— i L 1.7+0.8(stat.)+1.1(sys.) l,81-().7(\(:1(.)f().(x(syx.)l
L N B _§B &8 &8 § § &8 §B & §B §B §B §B §B §B §B § | J
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/5 On- Off- shell: combination

» Determination of [, r7_sneny When fixing the ratio of the signal

9g9F
”0 —sne
strength in ggF and VBF to the SM prediction: V’;’; el =1

Hoff—shell

 We can define the coupling ratios

R . ké,off—shell kl%,off—shell

g9 — 1,2
kg

Ryy = 12
,on—shell V,on—shell

* The relationships between the on- and off-shell signal strength
are:

ggF —R.__.R.. .y39F I'y VBF — R2 . VBF I'y
'uoff—shell — 99 vV " Hon—shell rsM Hoff—shell = vy * Hon—shell SM
H H
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/5 On- Off- shell: combination

ggr — R R, ., 99F Iy
Hoffr—shett = Bgg " Bvv * Hon—shell SM
H

VBF — R2_ . ,VBF I'y
:uoff—shell = Ryy * Uon—shell FSM
H

. 1 — 9ggF _ ,,VBF _
We can assume Rgg =1= RVV and .uon_gheu = Uon-shell=Hon—-shell
Iy
* We scan —TR our Parameter of Interest, POI
r
H

* We profile the common Uon—shel
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-~ ATLAS Internal

| 13 TeV, 36.10 fb”!

—u

off-shell

exp

| | | l
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Run 2 — Run 1 results

» Using the CLs method, we derive the Observed (Expected)
limits at 95% C.L.

i Run-2 results: i 1 Run-1 results: i
i (ZZ only, 4l only for CMS) (ZZ+WW) :
i i

" ATLAS: Ty < 144(15.2)MeVY | = ATLAS: Ty < 22.7(33) MeV/ |
CMS: Ty <9.16(13.7)MeV! | = CMS: Ty <22 (33)MeV |

» Similar strategies
» More data for ATLAS:
= 203fb 1\s=8TeVvs36.1fb 1ys=13TeV
» Less assumptions on HO QCD corrections for ggZZ
* NLO k-factors for gg — (H* —)ZZ available for
Signal, Background and Interference

————————————————————————————————————————————————————————————————————————————————

|§ Improvement on Run-1 expected limits by almost a factor 2 ! i
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Physics case for the ILC

ILC: the future Higgs factory? axwinoozex

'H ¥
W

Ao
%

G4
GGy be measured W measurement of 'y

¥H Nt » Depending on /s different production modes

71 o | » The Higgs-strahlung production is
. : Sl maximum at 250 GeV
2300 —wwiision 4 » 2000 fblin 20 years of data
S 72 fusion acquisition (H20 program):
200} = ZH m ~500 K Higgs
; = WW-fusion ™ ~15 K Higgs
2100} [ressssssssssssssssssssssssssssssssassssssassss :
= , { » ZH cross section measurable at 1.0% 1

. . . . Z T ' > From the HZ sample, measurement E

200 250 300 350 400 450 500 |  of guzz:[o(eTe” > ZH) « gt

t \s @Gev)
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ﬂ ‘ ' Measuring the HZ coupling at ILC

» Unique opportunity for a model-independent measurement of
the HZ coupling from the recoil mass distributioninete™ - ZH

% ; T e ] Miee = (s = E=lpul?
Ll>.l 400 |- —— signal+Background .
; Signal 1 > Higgs events are tagged
300 | * Background 41  with the Z boson decays,
; esespn+x@2s0cev | independently of the
200 X Higgs decay mode
100 {4 i T
i v » From the HZ sample,
b eenae . measurement of gy

110 120 130 140 150

Recoil M Vv
ecoil Mass (Ge /c | ;e e~ > ZH) I
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8,77 - key to the ILC scientific program

» From the ratio of the Higgs-strahlung and WW-fusion cross
sections for the same exclusive Higgs boson final-state H —» XX :

et
7z 2 2
M 9HzZ * 9HXX
e Z l_‘H

I » ghww

2 2
eYV gaww * 9Hxx
rrrrrrrr H [y
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