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Overview

e Introduction
e [he Higgs boson
e How we see it

e Off-shell production

e Data analysis
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e [ heoretical considerations

e Summary and outlook
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A FEW SLIDES OF HISTORY



July 2012: Observation of a New Boson

e Observation of a New Boson on CMS: 50 excess
X — ZH) Z()

Events /3 GeV

e Probability of background
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July 2012: Observation of a New Boson

e Observation of a New Boson on ATLAS: 50 excess
X — ZK) z(x) X — vy
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The Higgs Boson Signal on CMS

o Excellent signal  — ZZ, WW ~~, 757, bb
6.8, 4.3, 3.2, 3.2, 210
(6.7, 5.8, 3.9, 3.7, 2.10 expected)

The Nobel Prize in Physics 2013
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Discovery of a Higgs Boson

e Discovery of a Higgs Boson

— absolutely new form of matter-energy
— consistent with fundamental J¥ = 0"
scalar excitation of a vacuum field

e It would be foolish to stop here

— mass (is Universe stable, are EW data consistent?..)

— width / lifetime (are there missing final states?)

— quantum numbers (is there CP violation?..)

— coupling strength in production and decay (is it the right Higgs?..)

e It is also a triumph of predictive power of scientific knowledge

— we knew where to look
— but a discovery was not guaranteed, also true for the next steps
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The Higgs— ZZ — 44 Signal on CMS

CMS \s=7TeV,L=51f0";{s=8TeV,L=19.7fb"
> : [ | [ [ [ | [ [ [ | [ [ [ | [ [ [ [
8 39 * Data —
™ ] zex .
(\I) 30— . . —]
E 2y ,2Z :
3 2F m,=126 GeV

20(- —
151 i =
10— —
51

100 120 140 160 180
m,, (GeV)

Andrei Gritsan, JHU VIII May 29, 2014




The Higgs— ZZ — 44 Signal on CMS
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The Higgs— ZZ — 44 Signal on CMS
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TOPIC FOR TODAY



References for Today Presentation

e " Constraints on the Higgs boson width
from off-shell production and decay to Z-boson pairs”

CMS-HIG-14-002 (Moriond - 2014), arXiv:1405.3455 [hep-ex]
submitted to PLB on May 14, 2014
e "Measurement of the properties of a Higgs boson
in the four-lepton final state” (CMS H — ZZ Runl "legacy”)
CMS-HIG-13-002 (Moriond - 2013), arXiv:1312.5353 [hep-ex]
published in PRD,89,092007 on May 14, 2014

e "Higgs Working Group Report
of the Snowmass 2013 Community Planning Study”

arXiv:1310.8361 [hep-ex]
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The Large Hadron Collider
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The CMS Detector

e Complex detector

to sort collision debris out
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The CMS Detector
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The Experiment
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Detection of Major Objects

e Leptons: /= in Si Tracker: ¢* (EM Calorimeter), ;= (Muon System)
e Photons: 7 (EM Calorimeter)
e Quark ¢ & gluon g jets — "Particle Flow” thru Hadronic Calorimer

e Neutrinos v = missing energy ("MET")
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Production and Decay of a Higgs Boson

o Excite vacuum: gg, VBF,.. — H — ZZ%, WW W, ~~ 7777, bb,..
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Signal and Background

e At LHC might have produced > 200000 Higgs bosons / experiment

gluon fusion weak boson fusion associated production

e The challenge is to distinguish signal from backgrounds, examples:

qq — 225 (™) qq — Z(7)+jets gg— tt

Andrei Gritsan, JHU XIX May 29, 2014



Track / Mass Resolution
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Fit mass and width of Higgs— ZZ — 44
e Employ a 3D fit

M4y — INvariant mass
Dy, — MELA (matrix element likelihood) to suppress background

0myy — per-event error estimate on invariant mass
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Test with 27 — 44

e Excellent candle 7 — (0 ~* — (0070~

myz = 91.12 £ 0.37 GeV (compare PDG 91.19 GeV)

Iy =3.6T5% GeV (compare PDG 2.50 GeV)
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Mass H(126)

e Employ a 3D fit

mpg = 125.6 £ 0.4 (stat.) £ 0.2 (syst.) GeV
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Width H(126)

e Employ a 3D fit

Iy =0.0"05 GeV < 3.4 GeV at 95% CL
expect M = 0.00415 GeV at my = 125.6 GeV
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CAN WE DO BETTER?



Off-shell effects
o my = 125.6 GeV < 2m, = 182.4 GeV

= H — 7" 7" with off-shell Z* = suppression

e Higgs boson remains on shell 4, s .
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Higgs off-shell effects

10|

1072 |

[ pb]

do
YV dMiy,

107° |

106

1073 I

107 |

8 TeV

e Sizeable off shell H

gg — H — ZW 7>

HTO powered by complex - pole - scheme -g On Shel I H’ Su ppressed Z*

gg - H* — 2/
suppressed H*, on shell Z

N. Kauer, G. Passarino
arXiv:1206.4803 [hep-ph]
MC: gg2vVv, LO in QCD

1000 Tot [pb] mzz > 2myz[pb] R[%]

gg — H — all | 19.146 0.1525 0.8
gg — H — ZZ | 0.5462 0.0416 7.6
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Higgs boson width from off-shell production

2 9
doggn—2zz 9seuI9H77
Y,
2 2 22 21 9
dmz, (m%, —my)? +myl'y

e On peak (myz ~ my) and off peak (mzz — my > I'y)
F. Caola, K. Melnikov: arXiv:1307.4935 [hep-ph]

2 2
onpeak L t gggHgHZZ offpeak L t/ 2 2
OgosH—77 — COLS T, OgosH—77 — CONSL GooyyIHz7

— measurement of [

e Complication: signal - background destructive interference

q

g t H 7 g - VW7,
'R T S — @Zj; q4 14
g t 74 g

M7,

Naly)
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Higgs boson width from off-shell production

2 2
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e Given the signal strength at the peak © = o/ogm

= off-shell signal o< 'y, interference ox v/I'y

CMS simulation (unpublished) 8 TeV CMS simulation (unpublished) 19.7 fb" (8 TeV)
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Monte Carlo Simulation (off shell)

I S S T S S S

o gg — 27 /7y gg2VV and
MCFM: J. Campbell, K. Ellis, C. Williams

arXiv:1312.2397 @

arXiv:1311.3589 [hep-ph] 08
— LO in QCD, Pythia shower I oo
— running QCD scale pugpr = mzz/2 "

— uncertainties ur p € \mzz, mzz/4

— signal K-factor ~ 2

—_ bkg K—factor p— Slgnal K :I:lo% 100 200 300 400 500 600 700 800 900I 1000

H virtuality [ GeV]

(soft-collinear approximation arXiv:1304.3053 for gg — WW)
e No references for width studies in VBF: V*V* — ZZ()
use Phantom: A. Ballestrero et al., arXiv:0801.3359 [hep-ph]

e Generate sig, bkg, sig+bkg+interference = extract interference
match signal on-peak cross-section to best known
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Monte Carlo Simulation

e On-shell signal MC 1 arXiv:1309.4819
0.1H |

— NLO QCD production POWHEG

- H — VV — 4f decay JHUGen

005/ | .
— anomalous couplings with JHUGen R :

spin-0, 1, 2, qq, gg, VBF, VH, H2y |
0‘ - ‘50‘ B EI.C‘)d 150'00 - 0
e Dominant q7 — ZZ background P, [GeV]
fw (%)
— NLO QCD POWHEG ]”
NLO EW re-weighting “'_"T:ef,-”uhi
—10 o i g g
follow arXiv:1307.4331, arXiv:1305.5402 ctes]
—(5—10)% in 220 — 500 GeV range
~ 40% uncertainty on the correction | |

Mg
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Use Kinematics to Suppress Background

e One challenge is the dominant ¢q¢ — ZZ background

q
g WWWW-Z,
q q
£.0000000. WWWWW-Z,
q

q

q

q

~VVWWWWWW— 7/,

SNVVWWWWWW\~ /7,

e Follow the same approach as at the Higgs discovery

MELA technique

(Matrix Element Likelihood Approach)

to suppress qq¢ — £ 4
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Matrix Element Likelihood Approach

D
Do

Wy,
,

May 29, 2014
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Matrix Element Likelihood Approach

A ‘: N
W o N
Y e - \

Mass
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Mass
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Matrix Element Likelihood Approach

q
MWW~ 7,

g t H 7 £..0000000 WWWW-Z, q
zzb fffffffffff i i vS. q
g t Z g WWWW\-Z, q SV 7,

q

e Optimal discriminant to separate gg — ZZ vs q@ — ZZ

—1
731;01; {1 7Dbkg

D + 0
9 7Dtot 7Dbkg 10 x Ps‘ig + v 10 X nt —|_ 7Dbkg

MCFM - continuum, JHUGen - onpeak signal, analytical

e Higgs discovery:

: P
kin 0+
Dbkg Py + P
: : : o P
e Higgs spin-parity: D
Dyp = ——=
& Po+r +Pyr
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Kinematics

e MELA D,,(mzz, mz1, Mz, cos by, cos by, cos 0%, &, )

CMS 19.7fb™ (8 TeV) + 5.1 b (7 TeV)
O L L L I L L I R L
o 20 | e Data ]
o -
= - - All contributions (T, = 10xT", 1 = 1) 1
g i gg+W - ZZ (=T u=1) ]
o 15 Bl qi—2zz ;
> - m,>330 GeV |
o - Z+X ]
101 =
5 ]
0.2 0.4 0.6 0.8 1
MELA Dgg|
CMS (unpublished) 19.7 o' (8 TeV) + 5.1 b (7 TeV)
T T
%) o e Data -
G - - All contributions (T = 10xTSM p=1) -
2‘ - 9g+WV > ZZ ([, =TS = 1) .
60— _ _
~ | Bl qi-2z i
2 | Iz m,>330 GeV i
o L i
>
w
X
o\

2 x Events /0.1

Events/0.314

CMS (unpublished)

19.7 o' (8 TeV) + 5.1 fb" (7 TeV)

30F T T T T T T T T T ]
| e Data i
L - All contributions (= 10xI5¥, u=1) |
L g+VWV - ZZ (I, =T u=1) ]
- Bl a2z .
o0 [ z+x m,>330 GeV

15

10

CMS (unpublished)

0 0.5 1
cos 6, ,

19.7 b (8 TeV) + 5.1 i (7 TeV)

T
e Data

- -2z
- [ z+x

- All contributions (T, = 10xTS, u = 1)
1 gg+VV - ZZ (rH=r§M,u =1)

m,>330 GeV

Events / 0.1

Events /0.314

20

CMS (unpublished) 19.7 b (8 TeV) + 5.1 fb™! (7 TeV)

B g5 - 22
B z-x m,>330 GeV

Data
All contributions (T, = 10xT", 1 = 1)
gg+WV > ZZ (I = Mu=1)

0-1 -0.5 0 0.5 1
cos 0*
CMS (unpublished) 19.7 b (8 TeV) + 5.1 fb (7 TeV)
— T 1
B e Data 1
15+

10

All contributions (I, = 10xI5", = 1)
i gg+WV - ZZ ([ = u=1)

- -z 1
| - 74X m,>330 GeV

Andrei Gritsan, JHU

XXXVI

May 29, 2014



H* = /7 — 4¢ Mass after Kinematic Selection

e Optimal use of kinematic information

before after D,, > 0.65

CMS (unpublished) 19,7 1o (8 TeV) + 5.1 fb" (7 TeV) CMS 19.7 16" (8 TeV) + 5.1 o™ (7 TeV)
C LI | LI | LI | LI | LI | T T T T C FT T°T1 | LI | LI | LI | LI | LI I—
o « Data o) —
~ 50 gg+VV — ZZ (I, = 10xT 3", ., =1) = 1o °* P& .
12 gg+VV — 77 ’ %) Al contributions (T =S,JI OxIEM, u = 1)
S 0 gq —» Z2Z S gg+W »ZZ(r, =T u=1)
Lﬁ 5 - Z+X Lﬁ 8 - a0 — 77

B z+x MELA D, > 0.65

300 400 500 600 700 800 500 600 700 800
m,, (GeV) m, (GeV)
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Semileptonic Channel H — ZZ — 202v

e Partial reco, but x5.5 higher branching

= comparable to 4¢ sensitivity at high mass
but no hope at low mass (overwhelmed with Z+jets background)

2 2
miss? — —mi
\/ Pr.oc® + Mo + \/ EFST 4 mgg?| — [pT,% + B SS]

my =

CMS 19.7 o (8 TeV)
|

Al contributions (T = 10T, = 1)
9g+VWV - ZZ ([, =Ty u=1)

~

Events / bin
2,

= qg— ZZ =

C - Z+J etS ] CMS Expafimeant at LHC, CERN

- . - Data recorded: Wed Nov 14 2001221 2012 CEST
[ top/W+jets/WW Rur/Event. 207269 1219613713

Lumi section; 181

Muon
> - - wZz Muon
— ] D=
10 E 3 n=-0.8 p=280.5 GeV
- 3 =183 n=-0.60
- - @ ==\ p=1.35
1 0 E Particle flow E,; ™=

] E=402.0 GeV
- @=-1.597

10

200 300 400 500 600 700 800 900 1000
m; (GeV)
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Semileptonic Channel H — ZZ — 202v

e Partial reco, but x5.5 higher branching

= comparable to 4¢ sensitivity at high mass
but no hope at low mass (overwhelmed with Z+jets background)

2
2 _ 2 2 miss 2 2 — miss
mp = [\/Pr20e” + Mag” + | EF™" +moe*| — |Proac + Ep
CMS 19.7 fb™ (8 TeV) CMS (unpublished) 19.7 b (8 TeV)
'_% | | "o Data | | ] _c% 10* * Data _:
— B Al contributions (T, = 10xT5" , w = 1) - gg+VV — ZZ (SM) 3
0 103 gg+VV—>ZZ(FH=FaM,u=1) ] i2) qo— ZZ i
T E oG- ZZ 3 c
o - I Z-jets . o 1 0’ vz =
kT - [ top/W-jets/WW . T [ top/Wjets WW 3
i [ WA 7] B Z+jets _
1005 E 10° E
] 10 =
1 0 oo _E E
. 1 ]
1 i
10 =
10" 102
200 300 400 500 600 700 800 900 1000 57810 20 30 40 10 20108
m; (GeV) ET™® (GeV)
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Look at enhanced signal region

e For illustration purpose define the enhanced signal regions

H— 77 — Al
mue > 330 GeV, D,y > 0.65

19.7 b (8 TeV) + 5.1 o (7 TeV)

CMS (unpublished)
1

(@]
O)
()]

0.15
0.1

0.05

400 600 800
m,, (GeV)

H— 77 — 202v

mr > 350 GeV, EX > 100 GeV

CMS 19.7 b (8 TeV

_II|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_
- e Data E

--- All contributions (I, = 10xIS" , w = 1)
gg+VWV > ZZ (T = Y, u=1)

qg— ZZ

I Z+jets

[ top/W+jets/WW

| Emwz

Events / bin
3,
[

—
o
™

-1
10 200 300 400 500 600 700 800 900 1000

m; (GeV)
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Enhanced signal H — ZZ — 40 and 202v

A0 202v
(a) total gg (I = I'3M) 1.84+0.3 9.6+1.5
gg signal component (I'y = I'}M) 1.3+0.2 47406
gg background component 2.3+0.4 10.8£1.7
(b) total gg (g = 10 x THM) 99+1.2 39.845.2
(c)  total VBF (D = I'SM) 0.2340.01 0.9040.05
VBF signal component (I'yy; = I'3M) 0.114:0.01 0.3240.02
VBF background component 0.354+0.02 1.2240.07
(d)  total VBF (Iy = 10 x I'SM) 0.77+0.04 2.40+0.14
(e) qq background 93+0.7 47.6£4.0
() other backgrounds 0.05+0.02 35.14+4.2
(a+c+etf) total expected (I'y = I'tM) 11.440.8 93.246.0
(b-+d+e+f) total expected (I'y = 10 x I';M) 20.1+£1.4 12494£7.8
observed 11 91
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How to Extract the Width

e Relative size of low and high mass Higgs signal

— analysis at high mass = ¢..11 gnzz (88— H) or guvv gnzz (VBF)

— must relate to on-peak to measure I'
e Composition of production: gg— H vs VBF
— need to know to describe the shape

e Is the coupling givy(mzz) running (anomalous)?

CMS (unpublished) 19.7 fb' (8 TeV) + 5.1 fb' (7 TeV)

> 25 —_ T T T T T T ]
8 B e Data _
- - = gg+VV —» Z2Z .
£ 20 E z+X ]
D = _
= - |
L N 7
15 — —
10 — —
° il | |!" LI E
R e .

> il II||||||I|||||||| I UH\ e

0 ”” uuuuuu :||;‘.'u‘IHIHHHHHHI\HH\HHHHHH [ H ‘ I

100 200 300 400 500 800
m,, (GeV)
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Extracting the Width

e Determine strength and production composition from the peak
— ptggm and pypr provide both (ratio to SM = o /osy)

Pt (®) = nggn % [PE(T) + PL (D) + pver x [P (F) + P (D)

7Dbkg( ) 7Dbkg( )

e Relate to high mass

— ' is the only free parameter remaining

Pto(i’shell ( ) _
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CONSTRAINTS FROM THE LOW MASS



Constraints from the low mass

e Employ a 3D fit and 2 jet tagging catetories
M4y — Invariant mass
Dt — MELA (matrix element likelihood) to suppress background

if at least 2 jets: D — to identify VBF or VH (m;;, n;,)
if <2 jets: pr(40) - to identify VBF or VH

9 CMS (s=7TeV,L=5.1fb";{s=8TeV,L=19.7fb" CMS Vs=7TeV,L=511fo"; Vs=8TeV,L=19.7 for CMS Vs=7TeV,L=5110"; {s=8TeV,L=19.7fo'
L() : . _ 2 :T T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ Tt ‘ T ‘ T T: > :\ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T \:
=} - 121.5 < m,, <130.5 GeV Data -5 8F - & 8f1215<m,<1305Gev 5
o 8 - S - e Data - - ® Data ]
~ - .Z+X - : . IO C ) ]
i) 7i I:leZZ - Viw I:IZZ,Zy - : 75 I:Izz!z«{ —
C o , - C Z r ]
w6 | |my=126 GeV- - - o CH i ]
E : . [ | ggH+ttH (m,, = 126 GeV) - 3 . [ ] ggHetiH (my = 126 Gev) ]
5 - S - Sf -]
C - VBF+VH (m,, = 126 GeV) - C - VBF+VH (m,, = 126 GeV) ]
4i |- 4o - 4fe el —
3r B 3 1215<m, <1305GeV - 3:“|_ "1 1 E
of SRR: of - ofl ..—LLL E
1 | 1 = 1= .
C : il . c T c ]

00 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 - 00 02040608 1 121416 18 : OE) 20 40 60 80 100120 140 160 180 200
Dike D, P (GeV)
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Constraints from the low mass

e Employ a 3D fit and 2 jet tagging catetories
my4y — INvVariant mass
Dlg{f}g — MELA (matrix element likelihood) to suppress background

if at least 2 jets: D — to identify VBF or VH (m;;, n;,)
if <2 jets: pr(40) - to identify VBF or VH

cMS Vs=7TeV,L=5.1f";Vs=8TeV,L=19.71b" CcMS Vs=7TeV,L=5.1fb";{s=8TeV,L=19.7fb" cMS (s=7TeV,L=51fb";Vs=8TeV,L=19.71b"

OEliuy, iuiﬂ ' i
120 130 140 150 160 170 180 120 130 140 150 160 170 180 120 130 140 150 160 170 180
my; (GeV) my, (GeV) my; (GeV)
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Production Mechanism Results

Pt N (&) = nggn % [PE(T) + PLT (D) + pver x [Py (F) + P (D)

sig S1g 518
7Dbkg( ) 7Dbkg( )
thger = 0.807(30 osm(ggH + ttH) = 14.99 pb + 0.085 pb
pver = 1.7757 osm(VBE + VH) = 1.214 pb + 0.896 pb
p=o/osm = 0935035068
i 80“”35”“.68/0:“9'7” R
= o Hoswce
4; :r::nstfit B
2 E : .
0 |
-4 : ]
M oh, best fit
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CONSTRAINTS FROM THE HIGH MASS



High Mass: H — ZZ — 44

offshell
7Dtot

+ |UVBF X ——

(T) = |pggn X

'y
L'

I'
I'

H
— L % P

0

PVBF

sig

s1g(f) + J“QQH X T

'y

L'y

(@ )_I_\I/LVBFXF

— x P
FO int

X PI(Z) +

VBF (f) 4+

[y =197 MeV < 33 MeV at 95% CL
expected: 4.27173 MeV < 42 MeV at 95% CL

7Dbkg( _))

VBF
7Dbkg

(7)

CMS 19.7 6" (8 TeV) + 5.1 fb! (7 TeV)
CMS 19.7f6" (8TeV) +5.11b" (7 TeV) |y — N CMS (unpublished) ~ 19.7 fb™" (8 TeV) + 5.1 fb™! (7 TeV)
-% 1 0 : T T |. I |D|at|a| I L I L I 1T T 7T I L I: g 20 _— . Data SM — i 1 Oi 4l Observed
~ — — e — _
[ All contributions (T, = 10X, p = 1) —~ I All contributions (T, SM1 OxIy i =1) «
qc) - T gg+VWV > 727 (FH - FE{M: w=1) -.(2 a& - gg+VV 77 (F FH U= ) 1 o 4] expected
i ° = B B -
Lﬁ g a2z — G>) 1 5 - qa - 22 m..>330 GeV — - 4 no systematics
- Bz MELA D, > 0.65 AT C B z+x “ I ¥
L pE
6
L H>2ZZ v
|- . ///,’
______ 4 /S # ewmoL |
.'/(
________ [ /
2 o
e O e [ 1 A es%wCL |
---------- i v
O L&J"(\\‘\\ \‘\\\\‘\ \\‘\ \\l\\
700 80C 0 10 20 30 40 50 60
my, (GeV) T, (MeV)
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IDFitin H—= 22 — 44

CMS (unpublished)

19.7 o' (8 TeV) + 5.1 fb (7 TeV)

Events / bin

300 400 500 600 700 800

CMS (unpublished)
0

e Data oM

gg9+VV > ZZ (FH = 10xI'} ,uVF=1)
gg9+VV > ZZ ’
qg— ZZ

B Z+X

m,, (GeV)

19.7 fo™ (8 TeV) + 5.1 fo (7 TeV)

40

Events / 0.05

20

| Egi-2zz 1

L L L B L
e Data _
All contributions (I, = 10xTEY, = 1)
9g+VV - ZZ (T, = rMu=1)

m,>220 GeV

-2 AlnL

-2 AlInL

CMS (unpublished)

19.7 b (8 TeV) + 5.1 fb (7 TeV)

L 4l(m4l) observed

....... 4l(m4l) expected

68% CL

0 ) 20 40 60 80 100 120

T, (MeV)

CMS (unpublished)

19.7 b (8 TeV) + 5.1 fb (7 TeV)

L 4](D ) observed
i a9

= _ [ S _95%CL _|

ol

. S e8%0L |

074"'\"\\\\\\\\\\\\\\\\\\\\I

0 20 40 60 80 100 120
I, (MeV)
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High Mass: H — ZZ — 202v

e Combine H — ZZ — 2{2v at high mass and 4/ at low mass

[y =185 MeV < 33 MeV at 95% CL
expected: 4.271%° MeV < 44 MeV at 95% CL

CMS 19.7 o™ (8 TeV) CMS (unpublished)  19.7 o™ (8 TeV) + 5.1 fb' (7 TeV)
_| ||||| |||||||||||||||||||||||||||||||||||_ —CI . "l
- Data £ 10 212v + 4l . observed
B Al contributions (T, = 10><1“f|"’I w=1)7 a
1gg+WV — ZZ (T, =TS u=1) o~
1

qgq— ZZ

I Z+jets

[ top/W+jets/WW
Wz

Events / bin
3,

| =
L 111l |

—
(@)
o

3 S 9s%CL

1
S 88%CL

-1
1077500 300 400 500 600 700 800 900 1000 50100120
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Combined Result

=181 MeV <22 MeV =54 x M at 95% CL
expected: 4.271%° MeV < 33 MeV = 8 x I'?M at 95% CL

CMS 19.7 o' (8 TeV) + 5.1 b (7 TeV)
— o
C 10— 4l observed
< - 4] expected
(\Il f—— 212v + 4l ., observed
[ 2i2v + 4l . expected
8 | on-she
L Combined ZZ observed
T EELEE Combined ZZ expected
6 -
4= e 95%CL |
2 -
I Rt 68% CL
I e e
O J‘-.L-.JP""—;::I—:I'IllllllIIII|IIII|IIII|III
0 10 20 30 40 50 60

I, (MeV)
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Model (in)dependence

2 2
onpeak 9 ggHg HZ7 offpeak

_ _ ;22
OggsH—s77 — CONSY T OggsH 77 — CONSY JooyGhzy

e Higgs boson coupling HVV (grvyv)
— experimental limits prefer tree-level SM HV'V coupling

— anomalous HV'V couplings enhance off-shell production
= conservative limit

e Higgs boson production in gluon fusion (ggem)

— top quark dominance, no new particles in the loop
e Higgs boson production mechanism

— very mild dependence (e.g. VH vs VBF), fit directly in the data
e Background model

— no BSM in background; benefit from improved SM calculations
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CP Resultsin H — Z/ — 4/

e Assumed tree-level HV'V coupling either in decay or VBF production

1
AHVV) = ” ~(aymyeie; + Cbng [ 4 f ) frE)

SM Higgs 0": (a;) CP  ~few% (ag) C’P ~10710 ? (a3) 2P

(or beyond SM) (or beyond SM)
e Test with optimal MELA observables for many J* models, e.g. 0~

CMS Vs=7TeV,L=5.1fb"; Vs=8TeV,L=19.7 fb"
CMS (s=7TeV,L=511";Vs=8TeV,L=19.7fo "' Q 12— B I e B ey B B B By B B By A
m VT TTT N TTTT N TTTT N TTTT N TTTT N TTTT N TTTT N TTTT N TTTT N TTTT CMS ﬁ - 7 TeV, L - 51 fb-‘ ’ Vg - 8 TeV, L - 197 fb.| E B |
O 25~ . Data - v 9 < ro Expected
2 . S s & op *
[ JP=0 1 E ' [~ Observed
n * E L
€ 20p &z 1 & 7 —
q>_) (17 B z+X ] e E sl 7
|- - q) 6; |-
L 3 : > r +
15 — L E +
i ] SE 61— -
i : 4 §
; : e 4F =
o I
g 2 7
1: i
0~ - —— 07 (ISR L 1 \._‘-\ﬂ L L | L
0 010203040506070809 1 0 0.2 0.4 0.6 0.8 1
Dbkg Do' faS
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CP Resultsin H — Z/ — 4¢

e Exclude pure pseudo-scalar 0~ at 99.95% CL

o(az)

fa3:

CMS (s=7TeV,L=51fb";Vs=8TeV,L=19.7fb "
LO VYTTTNTTYT{TTTT{TTTT‘TTYT{TTYT{TTTT‘TTTT‘TTTTNTYTT
Q + Data N
o o* ]
e JP= -
L 5ol T zzzy ]
S @ z+x 1
> 4
Ly 4

|

| NIRRT

Dbkg

Events / 0.05

O'(al) -+ O'(Clg)

= 0.0005

< 0.51 at 95%CL

Vs=7TeV,L=5.11f";{s=8TeV,L=19.7 fo"

N 1
cMs Vs=7TeV,L=511f";{s=8TeV,L=19.7b" £ ]
9:TTT‘TTTTNTTTT‘TTTTNTTTTNTTTT‘TTTTNTTTT‘TTTTNTTTA < i
b _° Bf“a Dy, >0.5 o -
Fooen JP=0 ] i
T zzzye E .
r [ Z+X ] 7
F E ]
5? i i
4 E ]
3k . Vg ]
2? TH i 1
0 : f
Qb mticie YRS == P e S R B R
0 0102030405060.70809 1 0 0.2 0.4 0.6 0.8 1
DO' faS
CMS Vs=7TeV,L=5.11f"Vs=8TeV,L=19.7 ft'

—@- CMS data - - - Median expected : : : :

e and many other models:

spin-0, 1, 2

consistent with J¥ =

O+

-2In(L, I£,)

-20

-40

60 WO =10 B F:1o
0" =20 M x 20
a0l O+x30v ,insov

20
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H'I.|.I.l'lﬁ'l'l'l1 I

) o 1l T

.1+

1+
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2

2,

2, 3

any any qg—X any qg—X any gg—X qg—X any gg—X gg—X gg—X
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Anomalous HV'V Couplings and Off-shell Effects

1 * % % v
A(va) — ; (glm%/€1€2 +g2fluy f b T 9, f,ul/ f (2):4 )

e Higher-dimensional non-renormalizable operators lead to

04/01 blowing up at higher ¢* (for pseudoscalar 07)
same effect for 0;", spin-2, spin-1; example of [f — V*(q¢*) - VH

arX|v 1309 4819 Analytlc MELA calc

_1 IIIIIIIIIIIIIIIIIIIIIIIIIII 11 1 1 I I| IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII -;
%00 300 400 500 600 700 800 900 1000 %00 300 400 500 600 700 800 900 1000
Vs [GeV] Vs [GeV]
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Anomalous HV'V Couplings and Off-shell Effects

e Same enhancement o, /0 with higher-dim. operators H*(¢* = m?%,)
4o of T **
‘. ci
of | JHUGenMELA calc. 10
of I AnalyticMELA calc. :
ol o

L PR N NN SR S SN RSN TR S NS ST S N PR AT N AN S SO SN (NSNS S NN S ST S ST S N
200 400 600 800 1000 1200 200 400 600 800 1000 1200
m,, [GeV] m,, [GeV]

similar study also in arXiv:1403.4951 [hep-ph]
e Conclusion on anomalous HV'V couplings:
— experimental data consistent with SM coupling a;
— there is still room for small anomalous contributions

— width constraint would be only tighter if those are present
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Anomalous ggH Couplings

e In gg — H rely on the dominance of t-quark in the loop

— assume no new particles in the loop

— otherwise some modification to offshell / onshell ratio

oQ
e,

CMS simulation (unpublished)

19.7 b (8 TeV)

7__

oQ
Events/5GeV E

E ...... g9+VV—->2ZZ (I' = 25XFSM, u=1)
Hl — gg+VV— ZZ (SM)

D

200

300

400

500

600 700 800
m,, (GeV)
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WHAT IS THE HIGGS BOSON LIFETIME



Higgs Boson Lifetime

CMS 19.7 fb' (8 TeV) + 5.1 fb' (7 TeV)
. . T e
e How long does the Higgs boson live? ] To 20
h - g 2| 9%conidence __
T = —, expect 1.6 x 107* s g [
Cy < [
g
I

—
I |

we know it is not stable (H — ZZ, ...) |

observe 0.3 X 107% s < Ty < 00

-— predicted

possible ruled out

(NN ‘ Ll | ‘ | | 1 | | [
100 50 30 20 LE-]
Higgs half-life [yoctosecond]

e Can we set a better upper bound?

— expect g, ~ 50um vertex resolution, p ~ 50 GeV

— flight distance ~ %CTH ~2-100" m=20fm~4x107 x g,

could reach 0.3 x 107 s <77 < (7) 0.4 x 107 s <
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Summary: How Wide is the Higgs Boson?

CMS 19.7 b7 (8 TeV) + 5.1 b (7 TeV)
0<Ty<22MeV=54xTM atos%cCL |
(0.3 x 107% s < 75y < 0) il
mild assumptions (no new particles in ggH loop) El
N

100 50 30 20 15
CMS 19.7 fo! (8 TeV) + 5.1 fo (7 TeV) Higgs half-life [yoctosecond]

T A i
. _ 199+ —» 27 I I I I
o | ] e e Rich physics with the Higgs boson
PP B Z+X §
S | e | —mass
T 814t ] . _—
o ol E — width and lifetime
W L‘I';’ 8:
o s E — quantum numbers / CP
L 2k I i
om0 10 1% : — production and decay couplings
%0 200 300 400 200 so0 700 o0 @ OO far consistent picture
m,, (GeV)

reduced room to decay to new states...
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