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Introduction

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

production through off-shell and background interference effects

— 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

* Oomnen ~8g gy~ and not depends on total width I'};as o

— In terms of couplings modifiers

g9g—H*"—Z7Z
off-shell _ _ 2 2
gg—H =77 _ Hoff-shell = Ky off shell * KV off-shell

O off-shell, SM

g9—H—ZZ 2 2

on-shell _ _ Kg,on—shell ) KV,on—shell
“gg—H—zz _ Hon-shell = Iy /oM
on-shell, SM H

* Assuming the on-peak and off-peak couplings
are the same, we can reinterpret the limit on
Hoenen » combined with p_ ., measurement, as

a limit on I}

— direct limits with H—ZZ*—41 and H—syy
I, <600 I};3M
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Interference effects and MC generators

* In the high mass region off-shell Higgs production and = 10'e—r+++1++ 77+
. 3 - ATLAS Simulation Prelimi =8TeV
non resonant gg— VV background (box diagram) e i B
= 102%4] b E
5 = m — gg— H* = ZZ (S)
£ H r‘ LL;, ..... 99— ZZ (B)
g v 9 9 Q. 1% % e 5. — - gg- (H*=) 22 ]
s g S . S 10° 2L CL 90> (H') Z 1y, 10) 5
2 i
8 9 14 9 Vv 4.4
L= 1074
o _ :
% °* Interference between the two processes sizable and |
<
'é negative in SM i
£ . . . 10-6_‘1...1.1111.11117'-1
S — Taken into account in the analysis 200 400 600 800 1000
© . . . m,, [GeV]
g ¢ Similar for qq—VV+2;j and VBF production 10"
3 . _ s 03—
=z ggF production mechanism & [ ATLAS simulation Preliminary 1s=8Tev -
E é 02: 88 — ZZ — 2e2n 1
| * MCFM and gg2VV (LO, pRuF=m,,/2) & oq 1
S 5 E
E * gg—~HN—= 22 gg—H*— 727, gg—77 $ ok
5 * Sherpa (0j+1j) for py,, description . 11 5 LT ]
@] -0.1- pe-e —
3 VBF production mechanism oo |
o) eem E
[ o —gg H - 22 (8)
* MG5 and Phantom used 03| 72 o)
* Other production mechanisms (VH,ttH) negligible 0 4:1 T
~ 200 400 600 800 1000

m,{GeV]



Mo erhen dependence and K-factors

* Possible to obtain a sample with an arbitrary value of p_g . combining the SM
expectations for gg—(H*)— ZZ gg—H*— ZZ and gg—727Z

Roberto Di Nardo — INFN Laboratori nazionali di Frascati

g

MCyy— @ —)zz(Hoft-shell) =
+

+

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

— Includes contribution from qg qq initial states

— Calculated inclusively (integrated over jet py and p(ZZ) induced
by higher order QCD corrections )

— 20-30% QCD scale uncertainty

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

process

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

— K*(m,,) scale uncertainties applied correlated for KH'(m,.) and

KA (mzz)|- Hoft-shell KSZ (mzz) | \/ Ry - ,Uoff-sheu) : Mcglgv[_, He—77

KZJ (mzz)|- \/ R, - Loff-shell - Mcglgv[_,(H*_))ZZ

Klgqg* (mzz)| (RZ* - \/RZ* : ,uoff-sheu) - MC;Z“LZZ,
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Morenen d€pendence and K-factors

* Possible to obtain a sample with an arbitrary value of p_g, . combining the SM
expectations for gg—(H*)— ZZ gg—H*— ZZ and gg—Z7Z

Roberto Di Nardo — INFN Laboratori nazionali di Frascati

g

MCyy— 1 —)zz(Hoft-shell) = (KH (mzz) - Hoft-shell — Kglg (mzz) = Ry 'Hoff—sheu) . Mcglg\iHmzz

+ Kl (mzz)-

+ Kl (mzz)-

* RPyy. : KB/KM, (my,)

— Kfactor for gg— 27 unknown

— In soft collinear approximation ~1 with 10% uncertainty on K

» Studied in Phys. Rev. D88 (2013) 034032 for WW process

\

B
RH*

B
RE,

— ATLAS result given as function of RP, [0.5-2]

SM
" Hoff-shell * Mng—)(H*—))ZZ

N

N
RH*

* Additional 30% uncertainty considered for the

interference terms

— Uncorrelated with of RP,, (otherwise cancellation between the

negative interference and positive gg background )

cont
',uoff-shell) -MC =225
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ATLAS Higgs off-shell production

measurement (ZZ final state)
ATLAS-CONF-2014-042




41 analysis

* 4] analysis designed to be mostly inclusive wrt additional QCD activity
* Selection similar as the one used for the on-shell coupling results

* 4 leptons (/) with p>20,15,10,6(7) GeV

=)
& * m;>50GeV and compatible with m,, > _ T IR RN RN IR R
i o 70 . -
5 0] g ATLAS Preliminary ]
3 Measurement of the p_gy.. performed 3 ol N E
2 in the region 220 GeV<m, <1 TeV P | is=8TeV: [Lot=203" 7
= c 50 ]
Fa . () ata .
g - Main backgrounds (gg— ZZ and qq— > -~ ng:-VBFe(H*—>) . :
8  Z7Z) from MC simulation Bl B=cground g 22 E
8 - Background Z+jets, tt E
; — NLO EW and NNLO QCD correction - === All contributions (n___ _=10)
T (m.,,,,) available for qq— ZZ E
E — Reducible background (Z+Xtt) <0.5% of g
g the total background — neglected _E
o S . X : I Y TS
§ ° Sensitivity improved by using ME 300 400 500 600 700 800 900 100C
* 4 channels combined (4e, 4u, 2e2u, m,, [GeV]

2u2e)
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ME discriminant for 41 analisys

' é S) Roberto Di Nardo — INFN Laboratori nazionali di Frascati

* A LO ME based discriminant used to enhance
the sensitivity to the gge—H —77 signal

— Wrt the gg—77 and qq—2ZZ backgrounds
* m, m,, m,, and 5 production/decay angles used

to calculate the ME for the different processes
with MCFM

Ph
ME =1
Oglo(ng +C: ch?)
* P= ge—H —77—4]
* P,,= gg—H) 224
* P ,~qq =Z2—=4]
— ¢=0.1 to balance the SBI and qqZZ xsec

* MLE fit to the ME discriminant shape to extract

the limit on W g

Events /0.2
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Pl
r'! =1
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T | T T T T | T T T T ‘ T T T T | T T T T ‘ T T
" ATLAS Simulation Preliminary (s=8Tev |
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ATLAS Preliminary \s=g8Tev: [Ldt=2031" -

—&— Data
g9+VBF—(H*—) Z2Z
- Background qg— ZZ

- Background Z+jets, tt
s | ===+ All contributions (u

H > Z7Z — 4l
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41 analysis Results

Process 220 GeV < mygp < 1000 GeV | 400 GeV < mygp < 1000 GeV
* Event yield expected and observed g9 > H' = ZZ () 22£0.5 1103
g9 - ZZ (B) 30.7+7.0 2.7+07
for m,>220 GeV and for the signal 99— 0 )22 2261 23+06
99 = (H* =)ZZ (Uofe-shen = 10) 402192 9.0+25
. region (m,>400 GeV) VBFH* — ZZ (5) 02 %00 0.1£00
= VBF ZZ (B) 22+0.1 0.7 0.0
O . *
a Deficit observed wrt SM VBF (H* —-)ZZ 20+0.1 0.6 £0.0
o’ VBF (H* -)ZZ (of.sher1 = 10) 3002 14+0.1
5 expectations 93 - ZZ 168 + 13 213221
= Reducible backgrounds 14+0.1 0.1+0.0
5 Total Expected (SM) 200 + 15 243+22
N Observed 182 18
c
§ ¢ lelt On Moffshell glven aS funCtlon Of the % 40_I | LI | 17T | L I L | LI | LI T I_
[ c - ]
= : _ B £ [ ATLAS Prelimi [O: ]
g relative gg— /7 background K-factor R” |, -5 35 rliminary [+ o -
— L c - H—ZZ >4 e Expected limit (CLs)
=z — Limit observed lower than expected S 30 _ obeonedimit (CLs) —
L = [ (s=8TeV: [Ldt = 20.3 " -
1 — Pootly dependent on RP |, —, 25F E
o O - .
S - .
o B — . . . . o - ]
s — RP~1in the soft collinear approximation % 20; f
[a) . . - ]
2 * Small impact of the experimental BE .
@ . e i
S uncertainties 10 e .
~ = ]
Observed Median expected 5;_ _;
Rz* 0.5 1.0 2.0 0.5 1.0 2.0 O_ c o v b b b b b 0 T
06 08 1 12 14 16 1.8 2
cut-based | 10.8 12.2 149 | 13.6 15.6 19.9 5 K(gg—Z2)
ME-based discriminant analysis | 6.1 7.2 99 | 8.7 10.2 14.0 H* = KlggoH'—22)




Systematic uncertainties in 41 analysis

' ég} Roberto Di Nardo — INFN Laboratori nazionali di Frascati

* Impact of systematic uncertainties considered (theoretical and experimental) on the
95% CL limit on p_gyq KPp=1)

— Limit worst by 17% due to the systematic uncertainties
* Negligible impact on the limit of the experimental uncertainties

* Main impact of QCD scale systematic uncertainties for gg— 77 and gg—(H")—
/27 —4l interference

Source of systematic uncertainties 95% CL on Uof_shell
QCD scale for gg — ZZ 9.5
QCD scale for the gg — (H* —)ZZ interference 9.2
QCD scale for gg — ZZ 8.8
PDF for pp — ZZ 8.7
EW forgqg — ZZ 8.7
Luminosity 8.8
electron efficiency 8.7
u efficiency 8.7
All systematic 10.2
No systematic 8.7

10



212v analysis

> FT T T ‘ T T T T | T T T T ‘ T T T T | T T 3
. Qe - : > | o ]
Similar sensitivity as the 4l analysis O 255 A1 AS Proiminary e USEI
} ™ L a9 ]
— Profit of factor 6 higher BR ~ _ [foamae w2 ]
..9 20 — Z(—ee/pp)+jets —
c - \s=8TeV: [Ldt = 20.3 b WWTop/Z_sce .
_* Selection cuts: > r Other backgrounds
s w - All contributions (poﬂ_she"=10)
8 . 15 B Stat.+syst. uncertainties |
& — Em5>150 GeV, 76<m;<106 GeV - .
L - u
T — Signal region: 350GeV<m, <1TeV 10F E
(g0) - i
c . . i ]
2 * Simple cut based analysis S5C I E
N A
© ,
5 * Main backgrounds i
= 700
2 — qq—2ZZ: MC based estimation m; [GeV]
—l
Z — WZ: MC based estimation Zofsil* S 7Z(S) 43 +1(;O(;T+ 15
=2 S+0.04 + 1.
= . . . : 77 (B 9.2+0.8+27
| = WW/tt/Z7T: estimated inclusively with ot H*( —z)zz P
© *
o gq — (H —))ZZ(/.lO[f_Shell = 10) 347+02+104
2 €u events VBF H* = ZZ (S) 0.5+ 0.07 £ 0.02
5 o : : VBF ZZ (B) 1.8+0.1 0.1
o - Z+]ets data—drlveﬁ Wlth ABCD methOd VBF (H* —)ZZ 14+0.1+0.1
t VBF (H* —)ZZ(ttofr—shent = 10) | 3.7£02£0.1
5 * Slightly more events observed in the 49 — ZZ 54.4£09+57
o |4 21.1+£0.7+£23
signal region wrt the SM expectation WW, i, Wt,and Z — 77 28+1.7+02
ey Z — ee, uu 9.6+3.5+4.0
, Other backgrounds 33+£0.8+04
Total Expected (SM) 100+4+10 |
Observed 104 11




212v analysis result

1zionali di Frascati

off-shell

95% CL limit on pn

O-14'"'""I""I""I""I""I'"'

v ATLAS Simulation Preliminary
\s=8 TeV

* FEvent selection for the 212v indirect

influence on jet emission and p(Z7) 0.121

. . 0.1
— Additional acceptance uncertainty

— LO vs 0j+1] (Sherpa+Openl.oops)

= PowHeg+Pythia gg—H—ZZ m, =380 GeV
¢ gg2VV+Pythia (power shower including ME)
— gg2VV+Pythia (power shower without ME)
= gg2VV+Pythia (wimpy shower without ME)
* gg2VV+Herwig+Jimmy
v Sherpa+OpenLoops

0.08

0.06

* Knowledge of signal and bkg processes at higher 0.04
order is crucial '

0.02

Events normalised to unit area/ 8 GeV

IR R . YVt x 2 —
00 50 100 150 200 250 300 350 400

40_| | T 17T | T T°T | T 1T | LI | T T T | LI T T |_
- ATLAS Preliminary [ ] P, (Z2) [GeV]
35—— + 20 . . . .
r Ho2z-202v E;:pemd mic] ¢ Limit on g g from 212v final state given as
S0 \s=8 TeV: det—ZO 3fb"' —— Observed limit (CLs) ] . .
S ] function of the relative gg— 27 background
25 ]
: - K-factor RP
20F =
150 ]
e 1 o < 113 at 95% CL for RB =1
5 E — Expected: p < 9-9 @ 95% CL
O:| | 1 1 1 | 1 1 1 | 1 1| I 111 | 1 1 1 | 1 1 | | 1 |:

06 08 1 12 14 16 1.8

B _ K(gg—Z2)
Ry = Klgg—H"=27) 12

N




Combined result

* Uprnen < 6.7 95% CL for RB . =1
— Expected: p g, 1< 7.9 @ 95% CL

E) 40_I | 1T | T T | 1T | LI | L | T T T T T I_
¢ | ATLAS Preliminary £t ]
j? 35 2[2v +4] combined [ 2 . =
el : det=20.3 o T Expected limit (CLs)
S s0f- Vs=8TeV —— Observed limit (CLs) -
E _f ]
2 E
@) C _
2 20 -
8 - .
15 -
10 E
5 -
0:1 | I 1 1 l 1 1 | I 11 I 1 1 | 11 1 | 111 | 1 1 |:
06 08 1 12 14 16 1.8 2

RB _ _ Klgg—Z2)
H = Klgg=H =22)

Source of systematic uncertainties

95% CL on lof—shell

QCD scale for gg — ZZ 6.7

QCD scale for the gg — (H* —)ZZ interference 6.7
QCD scale for qqg — ZZ 6.4

Z BG systematic 6.2

Luminosity 6.2

PDF for pp — ZZ 6.1

Sum of remaining systematic uncertainties 6.2
No systematic 6.0

All systematic 7.9

* Limit on p_gy, Obtained with the

combination of the 4l and 212v analyses

* Main theoretical uncertainties from QCD

scale for the qq and gg initiated processes

* Main experimental uncertainties:

— Luminosity

— Z bg estimate for the 212v channel

13




Limit on the Higgs width

* Obtained by combining the on-shell 41 and off-shell 4l-llvv signal strength

Di Nardo — INFN Laboratori nazionali di Frascati

%} Roberto

measurements

— measured p__ 4 =1.5 with

H—77*—4]

Limit valid under the assumption that
on-peak and off-peak couplings are the
same

— Assumed W/ ypp=1

— Other approaches possible i.e. profiling
Moor and pypp from 8 TeV coupling

measurement

— <6 @ 95% CL for RB =2
— Expected (R® 1, =1, b =1.5 )
« I /T su< 5.8 @ 95% CL

SM
H

95% CL limiton ',/ T

* Iy /Ty < 4.8 at95% CL (RB ,=1)

- = DN N W w H
OO O OO0 o O o O o

L L L L L L B I
- ATLAS Preliminary =10 .
T 212v+41+41, ., combined [J+2 o -
T Alternative hypothesis: 777 Expected limit (CLs) -
C FH/I‘*aM:-‘ THoN ”=1.51 —— QObserved limit (CLS)_—
F \s=8TeV: |Ldt=20.3 fb" :
Colvv v v v bvv v v v v v by g by 07

06 08 1 12 14 16 18 2

B _  Klgg—Z2)
H = Klgg>H"—>22)
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RUN 2 needs

' é S) Roberto Di Nardo — INFN Laboratori nazionali di Frascati

* Precious lesson from Run 1 analysis

* During Run 2 same sensitivity will be reached with ~10fb!

* With the increase of the statistics, it will be crucial to have as best as possible
accurate theoretical prediction
— Theoretical uncertainties on cross-section and shapes of the different components

* Essential to move from LO to NLO MC development for gg—VV process
— Introduce less “QCD-inclusive” analysis
— Might help if category for VBF and VH-like production modes introduced

* Equally important the development of MC generators for the main qq—VV
background

— pp—WW/ZZ* at NNLO cross sections and NNLO MC development

15



Looking forward...

— INFN Laboratori nazionali di Frascati

%‘) Roberto Di Nardo

* Increasing integrated luminosity — high statistical power of the measurement

* Simple scaling of the current 1o stat only uncertainty at 14 TeV assuming ~2.7

higher xsec for the signal

< 1 4 [ T 1T | T T T | T T T | T T T T T T R T TT T T T |
c [ i
* Wogren Measurement @ 20-30% level (stat @ 4o ATLAS Preliminary .
1 ith i q | 22v+4{ combined o
on Y) with 3000 10l Vs=8TeV: fLdt=20.3 fb™ R
[ ... expected with syst. ,"' ]
8 IEEEEE expected no syst. ',' ]
¢ 1 : b - R4 .
 “differential” knowledge (ME,m,,,m ) of o — observed -
the signal and background processes will
, A e -
be more and more crucial - -
— Shape analysis solve the two possible 2r R
solution from simple cut and count analysis o) = N BN AR B N WP
0 2 4 6 8 10 12 14
— i.e. higher order EW corrections need to be u
off-shell
taken also into account
16



Conclusions

' é S) Roberto Di Nardo — INFN Laboratori nazionali di Frascati

* Off-shell production of the Higgs boson gives interesting extra information of
the coupling structure of the Higgs boson
* Analysis performed by ATLAS using the 8TeV data (20.3 fb™!) with the 41 and llvv
final states
— Similar sensitivities
— B < 6.7 95% CL for RB =1
* Studied also as function of the RP [, [0.5, 2]
* With theoretical caveats, this might interpret as a limit on the Higgs width when
otf-shell and on-shell measurement are combined together
— I, /Ty < 4.8 at 95% CL
— ~2 order of magnitudes better than direct limits on the width
— Similar limit for CMS
* Very interesting measurement to perform with RUN2 data (and HL-LHC)

— Uy srney Measurement sensitivity @ 20-30% level with 3000fb! (stat only)

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

17



18

backup

[jeasesd Ip l|euoizeu 1ioyeloqe] N4N| — opJeN Ig 01agoy @



B
©
O
(%]
©
—

L

©

“©
c

Re;
N
©
c

=
@]

+—
[
—
o

o)
©

-l

=

L

=

I
®]
©
| -
©
=

a
o]

o+
| -
()

o)
@)

o

-2InA

1T | T T | T T | T T T T R T T T
1oL ATLAS Preliminary A
| 212v+41 combined o
10} Vs =8 TeV: fLdt =203 fb" -
L --- expected with syst. ," ]
8? ---- expected no syst. ‘ |
| —— observed ," i
6 §
s i ALCEREEE e R,
2r B
O[I L¢ " | 111 | 111 | 111 | 111 | Il i

0 2 4 6 8 10 12 14
Hott-shell

-2InA

14r

12

10

i ATLAS Preliminary

| 2i2v+4i+41 ., combined

| Vs=8TeV: [Ldt=20.3 fo" e
- === expected with syst. .
¢
ICIEEE expected no syst. o7
* ’
*
|~ —— observed RO
L . . |
o i
. ¢ _
- +* g .
- : " —
- >
| ..’ . -
- K3 »* —
[Fommmmmmmmmmmmm e et A L
I~ ‘4’ .* -
- "’ " —
0 -
— £ 4 —
.'D “
— 4 £ 4 p—
+ .’
- ot Pid -
0.' J'
femmmmm o "‘:::’;'o"' """"""""""""""""""""""""" -
L L.J'*T‘_I —I | 11 | 11 | 11 | 11 | 11 | 1
SM

r/T

H

19



