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introduction

Introduction

We found a Higgs boson!

So... What now?



introduction

Introduction

what we can measure

» mass
» spin

» CP

» width

» couplings



introduction

~SH-
a short reminder about Higgs boson interactios L
Introduction
production

W, Z bremsstrahlung




introduction

H-yy

VH enriched

VBF enriched

agF enriched

di-photon selection

One-lepton
W(- W)H, Z(~ I)H

ignificance
W(=> W)H, Z(= WH

Low-mass two-jet

9 p, -T-conversion

agF

How do we separate?

Inclusive

Uncon. central low p_
Uneonv. central high p _

Unconv. rest low p :
Unconv. resthighp [
Conv. central low p_, [
Conv. central high p_ |55

Conv. restlow p_

Conw. rest high p_ i3

Conv. transition

Tight high-mass two-jet

[~ wggF mVBF WH ®mZzZH mtiH
|_ATLAS Preliminary (simulation)

I -
Loose high-mass two-jet I,

Low-mass two-jet
EP significance
One-leplon

signal composition (%)
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significant channels
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Mass

Which Channels are suitable for the mass measurement?

> Hoyy
» H-Z— 4¢



very good knowlegde of detector (e & ~)

» energy calibration (global & cell specific)
» behaviour of different layers
» material in front of the calorimeter

controlled with > 7 million events
(Z—=ete , Z- 0, T/ —ete)

similar for ., controlled with ~15million events
(Z>p ™ [ =)
separate for inner detector & muon spectrometer
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H- vy

this channel is good because
» very good mass resolution (2+ final state)
» smooth background can be determined from data



many many categories
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We separate into 10 categories:

H- vy
» converted ~ vs. unconverted ~

» different n regions
» different py, regions

Y1 Y2
Pr —Pr
Y1 Y2
|pT -Pr

= projection orthogonal to thrust axis

note : pr¢ = (p;l +p;2) x



the categories 9
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Category Mg FWHM [GeV] o [GeV] bin zoumo  s/b[%] s/ E
\f5=8 TeV
Inclusive 402. 3.69 1.67 10670 3.39 3.50
Unconv. central low py, 59.3 3.13 1.35 801 6.66 1.88
Unconv. central high pr, 7.1 2.81 1.21 260 24.6 1.26
Unconv. rest low pr 96.2 3.49 133 2624 3.30 1.69 H- vy
Unconv. rest high pr, 10.4 311 136 939 9.95 0.96
Unconv. transition 26.0 4.24 1.86 910 2.57 0.78
Conv. central low pr 37.2 3.47 1.52 589 5.69 1.38
Conv. central high pr, 4.5 3.07 1.35 209 19.4 0.88
Conv. rest low pr 107.2 4.23 1.88 3834 2.52 156
Conv. rest high pr, 11.9 371 164 144.2 7.44 0.89
Conv. transition 42.1 5.31 241 1977 1.92 0.85
Vs=T7 TeV
Inclusive 73.9 3.38 1.54 1752 3.80 1.59
Unconv. central low py, 10.8 2.89 1.24 128 7.55 0.85
Unconv. central high py, 1.2 2.59 1.11 37 30.0 0.58
Unconv. rest low pr 16.5 3.09 1.35 363 4.08 0.78
Unconv. rest high pr, 1.8 278 1.21 13.6 11.6 043
Unconv. transition 4.5 3.65 1.61 125 3.21 0.36
Conv. central low pr 7.1 3.28 1.44 105 6.06 0.62
Conv. central high pr 0.8 2.87 1.25 3.5 21.6 0.40
Conv. rest low pr, 21.0 3.93 1.75 695 272 0.72
Conv. rest high py, 22 3.43 151 247 7.98 0.40

Conv. transition 8.1 4.81 223 365 2.00 0.38
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> T T T T T
& JLot=451" 157 Tev ATLAS
<
2 Ldt=2031f" 1s=8TeV
s ! ~4-Data
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for illustration each channel is weighted with
its signal to background ratio



systematics
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of course we have systematics to account for

H- vy
Unconverted Converted

Central Rest Trans. Central Rest Trans.
Class low pr, highpy,  low pr,  high pp low pr,  highpy,  low py,  high py
Z— ¢7¢” calibration 0.02 0.03 0.04 0.04 0.11 0.02 0.02 0.05 0.05 0.11
LAr cell non-lincarity 0.12 0.19 0.09 0.16 0.39 0.09 0.19 0.06 0.14 0.29
Layer calibration 0.13 0.16 0.11 0.13 0.13 0.07 0.10 0.05 0.07 0.07
ID material 0.06 0.06 0.08 0.08 0.10 0.05 0.05 0.06 0.06 0.06
Other material 0.07 0.08 0.14 0.15 0.35 0.04 0.04 0.07 0.08 0.20
‘Conversion reconstruction 0.02 0.02 0.03 0.03 0.05 0.03 0.02 0.05 0.04 0.06
Lateral shower shape 0.04 0.04 0.07 0.07 0.06 0.09 0.09 0.18 0.19 0.16
Background modeling 0.10 0.06 0.05 0.11 0.16 0.13 0.06 0.14 0.18 0.20
Vertex 0.03
Total 023 028 0.24 0.30 0.59 021 0.25 027 033 0.47

relative uncertainties in %



relults, again

the ATLAS collaboration measures

my = 125.98 + 0.42(stat) + 0.28(syst)GeV

and a signal strength
= cross section normalized to SM expectation

1=1.29+0.30
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H-ZZ* -4/¢
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_ ) H-ZZ" »4¢
this channel is good because

» good signal to background ratio
» clean final state — good mass resolution



the categories

here the analysis is split into different final states
» 4p
» 2e2p
» 2u2e
» 4e
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H-ZZ* »4¢
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BDT for better signal/background separation

H H . |Msig|2
BDT input variables: pr, n, D, =log e
> RS A A AN A AR R P H-ZZ* -4/
8 351 ATLAS ¢ o 3 ATLA? .o
o T o L T I H—>Z? _)4], B s -0.1
o B S B P ]
S 250 WY svetomatic ncaran @ e
LI>J F - .
0.5 e | -0.06
L] Ll
..
ol . " 1-0.04
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o 1.. 1.e 1, ®
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more results
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number of events, theory and measurement

Final state Signal Signal zzZ Z +jets.tt b Expected Observed
full mass range

Vs=TTeV 457"

Em 1.00 £0.10 091+009 046002 0.10+£004 17 1.47 £0.10 2 HoZZ* -4/
2e2u 0.66 + 0.06 058006 032002 0.09£0.03 L5 099007 2
2p2e 0.50 £ 0.05 044+004 021+£001 036008 08 1.01 £ 0.09 1

de 0.46 = 0.05 039+004 019001 040+009 07 098=+0.10 1
Total 2,62 +0.26 232+023  1.17+006 096+0.18 1.1  445+0.30 6

Vs=8TeV 203!

Em 5.80 +0.57 528+052  236+0.12  0.69+0.13 1.7 8.33+0.6 12
2e2u 3.92+0.39 3452034 167008 060£0.10 15 3572x037 7
2p2e 3.06 +0.31 271028  1L17+007 036008 1.8 423+030 5

4e 2.79+0.29 238025 1.03£007 035£007 L7 377x027
Total 156+ 1.6 138+14 624+034 200+028 1.7 21+15 31

Vs=T7TeVand vs=8TeV

Em 6.80 = 0.67 620+061  282+0.14 079+0.13 1.7 981 +0.64 14
2e2u 458 £0.45 404040  1.99+0.10 0.690.11 1.5 672+042 9
2p2e 3.56 +0.36 315032 138+008 072+0.12 15 524x035 6

4e 3.25+0.34 277029  1.22£0.08 076 £0.11 1.4 475+032 8

Total 18218 162+ 1.6 741 £040 295033 1.6 265+ 1.7 37




likelihood ratios
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H-ZZ* -4/ result

the ATLAS collaboration measures

my = 124.51 + 0.52(stat) + 0.06(syst)GeV

and a signal strength

0.45
p=1.667553
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combination
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Mass

Can these be combined?
Yes they can!

Amy = 1.47 £ 0.67(stat) + 0.28(syst)GeV
= my = 125.36 + 0.37(stat) + 0.18(syst)GeV



combination plots
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Mass
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systematics

Systematic

Uncertainty on mg [MeV]

LAr syst on material before presampler (barrel) 70
LAr syst on material after presampler (barrel) 20
LAr cell non-linearity (layer 2) 60
LAr cell non-linearity (layer 1) 30
LAr layer calibration (barrel) 50
Lateral shower shape (conv) 50
Lateral shower shape (unconv) 40
Presampler energy scale (barrel) 20
ID material model (Jg| < 1.1) 50
H — yy background model (unconv rest low pr¢) 40
Z — ee calibration 50
Primary vertex effect on mass scale 20
Muon momentum scale 10
Remaining systematic uncertainties 70
‘ Total 180 |

O
&
=)
[}
i
[~
L

Mass



(©)
[+
)
g
L
o
L

UNI

Theoretical prediction for the Higgs boson width:

~4MeV

Width

Experimental energy resolution:

~2GeV

but CMS did a thing



CMS and the Width of the Higgs Boson 9
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What now?
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measure relative contributions to the width

U

measurement of signal strengths and coupling strengths

Width



the basics
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We have to make some basic assumptions:
» everything comes from the same single particle Coupings
» this particle is assumed to have zero decay width
» the particle is a CP-even scalar



reminder
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one example
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Couplings

= matrix element modified by «?

but: W* contribution = interference

K2 (kpky) = 1593 — 0.66kykp +0.07kF
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SM contributions only

Ry = Rw = Kz

KF =Kt =FKp=FKr = Kg

Py (“F”V)

o (8g—H)xBR(H—~7)~ 0. 55»: +0.25k2

F |4
w2 K2 (kpky) Coupling
o(qq'~qq'H)xBR(H—~7)~ o7 ;/5: 2.0, 25'{2 Strength

* * K22
0 (g8 H)xBR(H—22() HoWW ()~ By
T

2.2
' (*) WW () ) VY
o(aq'~qq'H)xBR(H—~2Z2"*) ,H~ )~ 0.75r2.+0.2552,

B 2 2
o(qq'—~qq'H,VH) XBR(H—VFT,H—)bb)N%
K K
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free total width variable

no assumption on total width
hide total width in ratios as free parameter

Ryy = HVHV/HH

ARV = ’iF/Hv

= only ratios measurable
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Coupling
Strength



free total width functionalities

o (gg—~H)xBR(H—77)~Npy Ky k2 (v, 1)
o (qq' ~qq' H)xBR(H—y7)~ky k23 (Arv,1)
o(gg—H)xBR(H—-ZZ*) H->WW())e22 k3,
0(q9q' ~qq'H)xBR(H—ZZ*) H-WW ) )~kd,,

o(qq’'—~qq'H,VH) ><BR(H—>7'T,H—>bl;)~n%,V)\%V
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free total width relults
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custodial symmetry
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theory predicts same coupling scale factors for W & Z
= we test it (again no assumption on total width):
Kzz=rzkzlRy
Awz=Ew/[ry
AFz=rF[rz
o (gg—H)xBR(H—7)~ N7k 7755 (Apz,1)

’ ’ 2 2 .2
o (qq"~qq HYxBR(H—~)~K2m e (Awz, 1) 62y 5% (A7, 1 .
(99" —~qq" H)xBR(H=y)~rypp(Awz, 1) rzz55 (AFz:1) Custodial

U(gg—»H)xBR(HaZZ(*))N)\%_ZK%Z Symmetry

o (g4’ —qq’ H)xBR(H—2Z(*) )N"\Z/BF(/\WZ )1 )n%z
o (gg—H)xBR(H-WW(*)) 222 A%
o (aq’ —qq’ ) xBRUH—WW ) )id o Oz 1) k5, A,

(g4’ ~aq'H,VH)xBR(H—77,H-bb)~kopr- Az, 1) r5z A0y



custodial symmetry results 9
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SM loop contents

set everything to SM values
= effective couplings at loops (for v & g):

o(gg—H)xBR(H—yy)~

o(qq' ~qq' H)xBR(H—>~~)~
o(gg—~H)xBR(H~ZZ(*) H-WW(*) )~
o(qq'—~qq' H)xBR(H—~ZZ(*) H->WW(*))~

o(qq'—~qq'H,VH)xBR(H~77,H-bb)~

)

0.085k2+0.0023K2 +0.91

2

0.085k2+0.0023K2 +0.91

2

g

2 2
0.085/5+0.00235,+0.91

1

0.0852+0.0023K2 +0.91

1
0.085k2+0.0023k2,+0.91

8 Y
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SM loop contents results 9
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BSM loop contents

H- invis = possible BSM decays

2
v = K (ki) sM
H= H
1- BRinv,undet
2 2
U(gg"H)XBR(H"'Y‘Y) A(l —BRiny, undel)

2
0. 085mg+0 0023&,Y+0 91

2
’ ’ Ry
U(qq —>q9 H)XBR(H_"Y”Y) 0. 085m2+0 ()023/@7 4091 (1 —BRiyy, undel)

2
K
o(gg—H) xBR(H—’ZZ(*) H—WW ) )~ 0.08512+0 Of)23n2 +0.91 (1=BRiny,under)
0851240, 2 +0.

/ / (*) (*) Né
U(qq —q9 H) XBR(H_’ZZ JH->WW ) 0. 085m2+0 ()023/@,Y+0 91 (1 —BRiyy, undel)

0(qq’'—qq'H,VH)xBR(H—T1,H—bb)~ (1-BRiny,undet)

2 2
0.085Kg+0.0023ﬁ,y+0.91
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Loop Content



BSM loop contents results
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In the end...
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ATLAS Preliminary vs=7TeV, [Ldt=4.6-4.81b"
Hiic *2 Vs=8TeV, [Ldt = 13207 b

R e
vV

Ke ]

Couplings

40 1 2

my = 125.5 GeV parameter value



summary

» mass: my = 125.36 £ 0.41GeV
» signal strength: 1 =1.30+0.20
» all those couplings

= SM validated within 2o
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Conclusion



The End?

Conclusion



no end jet
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But wait there’s more!

CMS has results, too

my = 125.03f8:%$(stat)f8:£(syst)

Conclusion



CMS coupling
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19.7 fo’' (8 TeV) + 5.1 5" (7 TeV)

e R RREE
o —— Combined

o E"fs —— H— yy tagged
[ Freliminary H - ZZ tagged

Hoyy+H->2Z2Z

i (ggHittH),
n_(VBFVH)

WYy /

£

3

124 125 126 127
my (GeV)

Bz 25
parameter value
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Conclusion
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Thanks for your attention!

Questions? Remarks?
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free loop content

allow BSM loop contents
= loose the sign information and get

ARV = ”F/NV
)\’yV = “v/nv
Kyy = Ky®v[kn
o (gg—H)xBR(H—>Y7)~ Ny 3y A2
U(qql—’qq'H)xBR(H_,,Y,Y)NH%/V/\?YV
o (gg—H)xBR(H—~ZZ() H->WW()) 22 k2,
o(gq'~qq'H)xBR(H~ZZ*) H->WW ) )uk?,,

o (gq' ~qq'H,VH) x BR(H—T7,H—bb)~ky X}y
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Coupling
Strength



free loop contents result
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custodial symmetry BSM
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testing custodial symmetry again, with free loop content:
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