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* ATLAS and CMS used the full potential of RUN1 LHC data for an

accurate Higgs boson characterization

—Is the boson discovered the SM Higgs boson?

* Several properties studied (i.e. mass, signal strength, couplings, spin and
parity... )
* This Talk: Higgs Boson Width
— Direct limit on the Higgs boson width
— Lower bound exploiting the Higgs boson lifetime
— Indirect limit through Higgs boson offshell production
— HL-LHC prospective
* Complementary to the direct searches for Higgs boson to invisible decays

and constraints coming from the Higgs boson coupling tests




Direct width measurement: upper bound
* In the Standard Model the I'}; g, prediction is ~4.1 MeV for my=125 GeV

* Direct measurement using m, and m,, spectra

o . _ EPJ C 75 (2015) 212
— Limited by experimental resolution (~1-2%) Phys. Rev. D 90(2014) 052004
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Lower bound: Higgs lifetime

* Possible to set a lower bound on the Higgs width using its lifetime
* In the SM the Ty ~ 4.8 10% um/c (far from experimental sensitivity)
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Limit on I';; through off-shell production

* High mass region of H— VV above the 2m,, threshold sensitive to the Higgs boson

production through off-shell and background interference etfects

— characterize the properties of the Higgs boson through off-shell signal strength and off-shell Higgs

boson couplings

— Sensitivity to new physics that change interaction between the Higgs and SM particle in this region

onshell dOCS

2 My

— In terms of couplings modifiers S E—— T .
ping A i N.Kauer, G.Passarino
gg—H"—ZZ | ! JHEPO08(2012)116
off-shell _ _ 2 2 [ 0
gg—H—zz — Hoffshell = Ky offshell * Kvoff-shell 107! N

T off-shell, SM 0o - § Tev

O o fishell ~gg2gV2 and doesn’t depend on total width [ as o

gg—H—-Z7 2 2 Lt
on-shell _ _ Kg,on—shell KV,on-shell 0=
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HTO powere d by complex - pole - scheme
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* Assuming the on-peak and off-peak couplings

do
vV aMZ,,
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are the same, we can reinterpret the limit on

Hoenen » combined with p_ ., measurement, as [
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Interference effects and MC generators

* In the high mass region off-shell Higgs production and
non resonant gg— VV background (box diagram)

9 % g v
H
'R B EEEEE q
g \%4 g |4

* Interference between the two processes sizable and

negative in SM
* Similar for qq—VV+2j and VBF production
ggF production mechanism
* MCFM and gg2VV (LO, uy=p=m,,/2)
* oo (H¥— ZZ ge—H*— 27, go—77
* Sherpa (0j+1j) for py(,, description (ATLAS)
VBF production mechanism
* MadGraph and Phantom used
* Other production mechanisms (VH,ttH) negligible
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qqZZ background
* Powheg NLO QCD + corrections NLO EW

@ * also NNLO m,,., k-factor in ATLAS
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Mo erhen dependence and K-factors

* Possible to obtain a sample with an arbitrary value of p g, combining the SM expectations

for gge—H*— 27, ge—(H*—=)Z7Z and gg—77. :

Mng_>(H* —)Z7Z (,Uoﬂ"-shell) =

K™ (mzz)

u MC

H*
Hoft-shell — Ky,

(mzz)|

+ [KE (mzz)|-

go—H*— 77

VMG, + MCyy iy

A

B

+ [KE (mzz)|-

N

RB

— 20-30% QCD scale uncertainty

process
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by higher order QCD corrections )

* K*(m,,) : NNLO/LO K factor for the signal

— Includes contribution from qg qq initial states

* K™ (m,) : NNLO/LO K factor for the gg initiated

— Only gg contribution and larger uncertainty wrt K (m,,)

H* | Hoff-sheu)

SM
: #Oﬁ-shell) : Mng_)H* —77

SM

X MCcOHt

— Calculated inclusively (integrated over jet py and p(ZZ) induced

gg—22°

.G..Eassar.ino. e
Eur. Phys. J. C (2014) 74
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@— K-factor for gg— ZZ unknown



Z.7—41 analysis

.4lanal SiSdeSi nedtObemOStl inclusivewrt (\! il|I||II|‘|III|III||I|IIIII|I|||II||III|||II|III\
.. Y & .. y 2 50: ATLAS 's=8TeV: [Ldt=20.3 fo"
additional QCD activity 2 L. o oa
[ —_ D (stat @ syst)
L|>J 40 - -~ Total (uoff—shell=10)

gg+VBF—(H*—) ZZ

Background qg— ZZ
9 99
Background Z+jets, tt

* Selection similar to the one used for the on-shell
coupling results both for ATLAS and CMS 30

— 2 opposite-sign same-flavour pairs of isolated and

prompt leptons

N
o
| T T T | T 17T I

— Signal region m,>220GeV 10

= F

¥5-4-35-3-25-2-15-1-050 0.5

* A leading order matrix element based discriminant

used to enhance the sensitivity to the gge—H —77 o
ME Discriminant
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* M 19.7 fo' (8 TeV) + 5.1 fb™" (7 TeV

(ATLAS) Or gg% (H %) ZZ (CMS) -E —Cl T Sl I T T 71 I T T 71 I L l( T Ie T ) T T I T f T |e I—)
f 10 | e Data N

p Ptggt 0 L -- All contributions (', = 10xISM, u = 1) 4

ME = log,, ( H ) Dgg = gg—oqq S [ EEogrVWV 22, =T u=1) .
Pyg+c- Pyg Prot T Ppig o 8 EHaa—2zz -

. - B z4x MELA D, > 0.65 i

* m, m,, m,, and 5 production/decay angles used to .5 E
calculate the ME for the different processes with [ i
MCFM 4 — ------ —

* Fit to the ME discriminant shape (ATLAS) or
m,-ME (CMS) to extract the limitonp gy = Blese 157 |

700 800
m, (GeV)
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17— 1lvv
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* Similar sensitivity to the 41 analysis & 30 ATLAS oo8Tev: fLato203m

) 3 E H - ZZ — 2i2v %E:‘f“@ t E

— Profit from factor 6 higher BR ~ o5 7 S e o h

"g C 9g+VBFos (H's) 22 7

* Selection cuts: 2 20[ i oo 22 ]

~ Z(—ee/pp)+ets -

— High E. ™5 m, compatible with Zboson mass 150 " o E

within £15 GeV ol i

* Signal region: - ]

g 8 50 E

— ATLAS: 350GeV<m,<1TeV 4]
CMS: 180GeV 1TeV 400 500 600 700 800 900 1000

- : eV<m<lle
T pitiee]
. . e
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) ) f B All c\(/)\r}tfuzt?rzlg (1:,41_=s a1 0><1“_E,M13 p=1)7

— qq—27Z, WZ: MC based estimation £ 10°g o 72 T E

(O] C I Z+jets ]

. . . . = B | +j .

— WW/tt/Z7T: estimated inclusively with ep events oL o 1

1008 3

assuming lepton flavour symmetry - :

— Z+jets: data-driven with ABCD method - —
(ATLAS),from y+jet control sample (CMS)

* ML fit to m.#%

| IIIlIIl
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WW —evuv

e Based on inclusive on-shell H—WW*—Ivlv

analysis but inclusive in jets

Events / 25 GeV

— eu final state is most sensitive and orthogonal with
/27— 212v final state

* R, variable that combines the m; and m.

information 1s used in the analysis

3

ATLAS

2X\I/I\|I|\|||\|I|\|II||III|IIII

H->WW-oevuy WW CR
/'s=8TeV, 203"
o Data
%4 SM (stat @ sys)
---- Total (u_  _=10)
[Jgg+VBF— (H*—>)WW
[ 1Top Background

Il 00— WW
[ ] Other Backgrounds

150 200 250 300 350 400 450

R, [GeV]

Rs = \/mg,f - (a-m}rwv)2

* Ry cut and « value optimized for off-shell signal

Events / 25 GeV

sensitivity and rejecting on-shell H—WW*

1504 7

* ML fit observable: yields in the signal region 10

(Rg¢>450 GeV) and top, WW control regions

ATLAS

H-WW-—evuv SR
/s=8TeV, 203"
e Data
%4 SM (stat @ sys)
---- Total (uoﬁ_she”=1 0)
[ 1gg+VBF— (H*—)WW
[ ] Top Background

Il ag—> WW
[] Other Backgrounds

RL(GeV]



Systematic uncertainties

* Systematic uncertainties dominated by theoretical uncertainties
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)

— QCD scale uncertainty for gg— (H*—) VV and qq—VV
— PDF for qq—VV and for gg—VV processes
— Uncertainty due to unknown NNLO k-factor for the gg—VV

* ATLAS: gives the result as function of the ratio between gg—VV and signal NNLO k-

factors RP, [0.5-2]

* CMS: assumes same signal NNLO K-factor for the bkg and adds a 10% syst

uncertainties.

* Experimental uncertainties are

subdominant for both ATLLAS
and CMS

— Luminosity, lepton efficiencies, JES

— Data driven background estimates

— Additional 30% uncertainty considered for the interference terms for ATLAS

Systematic uncertainty ATLAS

95% CL lim. (CLs) on fioff—shell

Interference gg — (H* —)VV 7.2
QCD scale K? (myv) (correlated component) 7.1
PDF ¢4 — VV and g9 —» (H* =)VV 6.7
QCD scale gg = VV 6.7
Luminosity 6.6
Drell-Yan background 6.6
QCD scale KZ; (myv) (uncorrelated component) 6.5
Remaining systematic uncertainties 6.5
All systematic uncertainties 8.1
No systematic uncertainties 6.5

Ha
Ha
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Results: limits on Wy fechell

[ CombiﬂatiOl’l Of ZZ%L"I) ZZ%HW WW%CVMV 40 I|A|7-|LAS.| L I T Hi'_1'6| LA B B
35 H->ZZ+WW off-shell [ J+2c
PITT OV VBRI Sg e Expected limit (CLs)

off-shell off-shell

/s =8TeV: JLdt = 20.3 fo!

* Provided by ATLAS under different

assumptions

—— Observed limit (CLs)

* 1 single B e €quivalent to assuming the gg—
H to VBF production as predicted in the SM 15

95% CL limit on Hoft-shell
N
(@)

10
0 B — 5
uoffshell<6’2 @ 95 /0 CL fOI’ R H*_l | | | | | | |
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
. 0 0.6 0.8 1 1.2 1.4 1.6 1.8 2
(expected: p ¢rp o1 <8.1 @ 95%CL) o Kiggow)
H* 7 K(gg—H*—=VV)
; 40 T I T T T | T T T I T T T T T T I T T T I T T T I T T T
. . . _ I+ 1c
* VBF production fixed to the SM prediction % 2 35 i’;’;ﬁﬁ off-shell [ J+20
o u:”f‘?_zh':l_)w=1 ------ Expected limit (CLs)

while just the w_g,  Of the gg—H*—=VV

process is considered.

/s=8TeV: [Ldt=20.3 fo! —— Observed limit (CLs)

— interpreted as constraint on offshell coupling

95% CL limit on w
)
o

strength of the gg— H* production mode.

- N
9]} 9]
TTTT | TTTT | TTTT | TTTT | TTTT | TTTT

-
o O

Moftshell(gg— H*—vv)<0-7 @ 95% CL for RP .=1
(expected: p g1 <9-1 @ 95%CL)

1 I 111 I 111 I 111 I 111 I 111 I 111 I 11

0.6 0.8 1 1.2 1.4 1.6 1.8 2
RE’P _ K(gg~VV)

o

= Klgg=H—=VV)



Results: limits on the Higgs width

.. . .. CMS 19.7 fb" (8 TeV) + 5.1 o' (7 TeV)
* Limits on I'y; obtained by combining the on-shell 41(Ivlv) 2 ;[ senes
. < Femmnnne 4] expected
and off-shell signal strength measurements o~ [—— 2i2v+a, observed
g 8
' [-eeem 2i2v + 4l , ., expected
_ L Combined ZZ observed
MggF and “’VBF pfOﬁlCd on data Leesnens Combined ZZ expected
£ — assumes same on-shell and off-shell couplings 6 W 77
g i P
- A= f J T eskoL |
5 CMS - 7
g T, <22 MeV @ 95% CL S
~N i 68% CL
c (expected: I'; < 33 MeV @ 95%CL) A
.: |-h-\b".—:l—:‘:l:-;‘l l 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 | I 11 1
% 0O 10 20 30 40 50 60
S ATLAS I, (MeV)
% B % I 40_ T I T T T |S| T T | T T T | T T T | T T T I T T T I T T T _]
- 0 = ’T [ ATLA - o -
Z FH <227 MeV @ 95% CL for R H* 1 ~ 35 H->ZZ+WW off-shell+on-shell [_1+2c —
[ - Xgvonshel=Kgvoftshen mmemes Expected limit (CLs)
Zl (expected: FH < 33 MeV @ 95%CL ) = 30;_ ls=8TeV: [Lat=20.3 1"  — Observedlimit (C'-S)_;
o st - ]
2 E 25 =
© . . . . -_— - |
z * Assuming I/} =1, interpreted as limiton 3, F E
(] . . o C ]
2 ratio of the off-shell to on-shell couplings to § 15E =
v -
§ gluOIlS (ATLAS) 10

R, < 6.0 @ 95% CL for RB =1 | | 1 | | | |
O||||||||||||||||||||||

(expected: Rgg <9.0 @ 95%,CL ) 0.6 0.8 1 1.2 14 1.6 1.8

RB _ K(gg=>VV)
H* K(gg—H*—VV)
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Limits on I';; allowing anomalous couplings

@ Roberto Di Nardo — INFN Laboratori nazionali di Frascati

* Updated analysis by CMS including the possible anomalous coupling in HVV

— Additional term A Q depending on the Higgs boson invariant mass can be probed with

arXiv:1507.06656

offshell analysis (cannot be distinguished in the on-shell region)

A(HVV) X Z(PAQ (qu + qu) I(PAI (qV1 + qVZ) m%fetlleiklz
(Ag)* (A1)”

1 1) 7+
o | ' . 4 azf;é )f*(Z),}lv +a *( f 2),uv
e [.imits as function of effective cross-section

fraction due to the N\ term _ _
Q CMS 19.7 b (8 TeV) + 5.1 o' (7 TeV)

T I T T T ‘ T T T I T T T I T T T I T T T |
| Observed, f AQcos(q)m) unconstrained

mi‘_i/A‘(l2
fag = la1|? + m$ /A2
1 H Q

20__ --- Expected, qucos(q)AQ) unconstrained
I Observed, fAQ=0

* Anomalous coupling in both production and decay 5[ ™~ Expected, f, ;=0

for VBF and VH

— Sensitivity enhanced introducing a 2-jet tag category oL

-2 A InL

|||T'\|||1'"-.||||

[ ;1 < 46 MeV at the 95% CL [

(fpq left unconstrained,
expected: I';; < 73 MeV @ 95%CL)

[ T S|

95% CL

[ 1y < 26 MeV at the 95% CL 020 40 60 80 100 120

(faq = 0, expected: Ty; < 41 MeV @ 95%CL ) Ty (MeV)
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Prospects for run2 and HL-LHC

* With the increase in statistics, it will be crucial to have the g AT ]
o imulation ]
. . .. & = .
most accurate possible theoretical prediction s | gmuoze .
) . . < 6 lga>77(B - T4
— To reduce the dominant theoretical uncertainties on cross- 3 8es (8 zz sm + ;
3 s 1 =
sections and shapes of the different components 2 % Beae ]
© [ = —= == ]
A : 4 = .
© — Essential to move from LO to NLO MC development for i s ]
L = —— —Y— i
S B, v M ]
S goe—H*=)VV and gg—VV processes (for less “QCD- S ]
g : T : 2::'__v_ —:
s  inclusive” analysis ) s e e e L e
~ 300 400 500 600 700 800 900 1000
© m,,
=* Equally important is the development of MC generators for
S R ,1 ™
2 the main qq—VV background SIS e orstomaton i
e - : ng:mfsyhs;;r::xtsematics .
g — pp—WW/ZZ at NNLO cross sections and NNLO MC 050 ‘ E
Z -
Z  development o E
I L :
o e 0 . -
B* At HL-LHC g, measurement sensitivity (@ 20% without 1.5 -
= . . .. C ]
= theoretical systematic uncertainties (ATLAS) R NS VRS £ AS— 4
O C
5* Under well-defined assumption and combining with on-shell 0.5 ATLAS .
o - Simulation
@] [
o

111 | L1l ‘ L1l | [ ‘ 1 (i | L1l | 111 | L1l ‘ 11 I:[
measurement — probe I 02040608 1 12141618 2

- i u
— off-shell uncertainties dominate (on-shell ~5%b) ATL-PHYS-PUB-2015-024
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Prospects for run2 and HL-LHC

* For gg—H—Yy the interference with the gg—yy f°°§1305'3854

background induces a distortion in the m., mass shape and , =

1Y

AMy; / MeV

. Destructive Interf. (SM)
. Constructive Interf.

depends on I'y

— Needed to know the apparent mass shift induced

m,, [GeV]

* Interference effects are different depending on the p¥

— Possible control mass with m,, for events with py>30GeV or using H—Z7*—4]

=

8 0 5 10 15 0

E Ty/l,

!"_‘ < p  ATL-PHYS-PUB-2013-014

E § a5 ATLAS Simulation Preliminary Py, <30 GeV :

o . = Apparent mass shift r,=1xT 100-

c * Possible to extractan ¢ :

o 3 Iy=10x Ty gy I

'~ 8 25 —rH=100X I‘H_SM < 50.

P~ . g . e Ty =1000 X I"

c indirect limit on I' . f e

e S I

) s I

+—

m . . g: :

S ¢ In the SM the shift 1s = I

o 05 S I

A -

S~ _60MeV o |

[T X P -100

= -0.5 B [ .

= 1 1 1 | , ) 12495
B Ve b L L

| 110 115 120 125 130 135 140

(@)

©

| -

M

=2

=)

(@)

+—

| -

(]

o]

(@)

o

— In the H(—vyy )+2j channel, VBF and ggF contributions generate shifts of opposite

SigﬂS — gOOd reference mass

* Expected limit by ATLAS at ~40 I'; g, for 3000fb™!
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Conclusions
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* With RUNT1 data, both CMS and ATLAS set first limits on the Higgs boson width

* Exploited both direct and indirect methods
— Direct measurement will be challenging also with RUN2 and HL-LHC statistics
— Indirect methods (under well-defined assumptions) provide already today limits @ 5
times the SM width
* Off-shell production of the Higgs boson gives interesting extra information
about the coupling structure of the Higgs boson
— Very interesting measurement to perform with RUN2 data (and HL-LHC)
— W, prane Measurement sensitivity @ 20% level with 3000fb! (no theoretical uncertainties)

— Very important the theoretical knowledge of the gg—(H")—VV process and the
backgrounds at higher orders in QCD
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Observed Median expected

RY.

0.5 1.0 2.0 0.5 1.0 2.0
ZZ — 4¢ analysis 6.1 7.3 10.0 9.1 10.6 14.8
ZZ — 2¢2v analysis 9.9 11.0 12.8 9.1 10.6 13.6
WW — evpuv analysis 15.6 17.2 20.3 19.6 21.3 24.7




