mH 3 mZ " ZmW /+ "
L=k ‘)UH n 7ZH+@ WHW HH

@Z =Ly fZ "’fff+@§j ~Li7) 8

f=u,c.t f=d,s,b f=e,u,t
Eilam Gross, Weizmann Institute of Science

A Pedagogic Introduction to Higgs Measurements
Examples are taken mainly from ATLAS

V 2.0 20150606
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The Best Introduction and Conclusion Ever

The “second creation” is close to perfect with unprocessed level of accuracy of both MC

simulation and measurement

Standard Model Total Production Cross Section Measurements

§ 10”}’ f ATLAS Preliminary
—b' = Run1 s=78TeV
10°
LHC pp Vs =7 TeV LHC pp Vs =8 TeV
10° o B Theory B Theory
=0 - Observed 45-49m - Observed w3mn

10*

10°

10°

10

1

10!

!

ATLAS have collected

Z —> W ~10M
W —>/lv ~100M
t—>/r/+X ~05M

These events can
serve

as standard candles
to calibrate the
detector

pp w Z tt beechan WWoWZ WW  H Wt Wz ZZ uw

M Ava' | =t N<a o s e nu' e v e W

ttZ

wa'



Introduction
The mass of the Higgs Boson is not predictable by the SM.

Knowing the mass of the Higgs Boson all its SM couplings are

predictable.

If we could order
a mass,

we would order
mu=120-130 GeV

At this mass we have
access to all
decay modes!

WE WERE LUCKY

—
o

o x BR [pb]

10

103

10™

E | T T T T E
s \'s =8TeV -
a WW — Fvqg
FVBF A — X -
WW — Vi N\
: 77 — 0
_ 7Z — vy 2
, ) ZZ - I'TIT -
/WA — rvbb| |\ I=en °
C tbb \ ™, VS Ve VVy ]
/ZH— BB |\ g = udscb 1
100 200 300 400

M, [GeV]

Eilam Gross, NEXT Abingdon 2015
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Discovery Channels

BR@ m, =125 GeV  ~o(m)/m

H — bb 57.7% 10%
H—> WW-= 2120 | 0.756% 20%
H— 77 6.32% 10-20%
H— vy 0.228% 1-2%
H— 77— 41 0.0276% 1-2%
H — Z~v— 1y 0.01% 1-2%
H— pp 0.0219% 1-2%




The Discovery
Channels




Hovyy
' BR(H — yy)(m,, ~125GeV)~23-10""

Eilam Gross, NEXT Abingdon 2015



Higgs Discovery Channels

Higgs decays to a pair
of Photons has a very

clear signature [cMs,
q1 qS Cawmt - o
0
W/ A | T T
-------- - )
— “‘“"s
P,
92 4 s

VBF  qq'—>qq'H — qq’yy

Eilam Gross, NEXT Abingdon 2015



Follow the di-photon

As Yyou accumulate
statistics, the signal
becomes apparent

The background is huge
and comes mainly from

pp — Yy + jets

> _ ——————
© - . _ -
& \s=7Teijdt=o.1sm‘ May 1, 2011

£ 4000+ -

o F =

w [ ]

SO b ATLAS Preliminary ~

3000 — H-yy channel —

I~ = Background-only ] -

2500 - For Illustration Only=
2000 -

1500 .

1000 f

500} '

- AM‘ Adssasmaranan MWM

i 200 1

o

8 O—ru————hr\—\_n_-gww ~— R —

2001 1

100 110 120 130 140 15& G \}]6

e

Eilam Gross, NEXT Abingdon 2015




Follow the di-photon

> 5000~ T e
. O JLoteas5m' v« 7 Tev ATLAS
pp ) W _|_ ]el-S 2 JLat=203m" \s=8TeV + Data
L%’ 4000 +— Unweighted sum — Signal+background ]
«+++ Background
— Signal

A simplification to get the
significance is by counting

B, =7916
N,=N,, —B, =468

P 468 _59 §

" b 7916

N” ~o(pp—>H—>yy) LeA=409 = 7 7

s ,exp

~ 409 46

O =
7916

‘LLW — G(pp%H %W)obs . 468 zl 17+O 27
oc(pp—>H—>vy),, 409

Eilam Gross, NEXT Abingdon 2015



Follow the di-photon
As Yyou accumulate

becomes apparent ] o

: Hyy (125 GeV) x5

< 10000
. o o 0] - CMS preliminary ¢ Data
statistics, the signal & | O
~ 8000F L)
I | [ ] 2takey
&
>
w

(2}
-
o
o

The background is huge ar 4000%
comes mainly from o

900 110 120 130 140 150 160 170 180

pp — yy + jets My (GeV)

Need to separate the
Background from the
Signal, otherwise you will
be swamped by the
Background

Eilam Gross, NEXT Abingdon 2015 10



Categorization to improve sensitivity

Photons: High pt (~60 GeV) well isolated

Diphoton selection

ttH leptonic

!

tt H hadronic

v

V' H dilepton
(ZH — ((H)

Two energetic isolated
photons

UATLAS

2 EXPERIMENT

Gross, NEXT Abingdon 2015 11



Categorization to improve sensitivity

Diphoton selection

ttH leptonic

!

tt H hadronic

V' H dilepton
(ZH — ({H)

v

V H one-lepton
(WH — (vH)

t/b

(a) i/b

ttH with at least one top
with a semileptonic decay

itH — b/vbWH

ttH with both tops decay
Hadronically

tH — bW, bW, H

Gross, NEXT Abingdon 2015
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V' H dilepton
(ZH — ((H)

v

V' H one-lepton

(WH — (vH)

v

VH Episs
(ZH — vwH; WH — fvH)

v

V" H hadronic
(WH — jjH; ZH — jjH)

TN T . -

orization to improve sensitivity

H
q (a) W/Z
|  VH targeting
| ZH — (/H vy +di-lepton

' WH — (VH vy +one lepton

} 7H — vwH Yy +missing energy

{ W /ZH — jjH yy+jets

Gross, NEXT Abingdon 2015
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\& 4L —7 vl vy Il T LY AL ) . . . e
C.a:l:egal'lza’rlon to improve sensitivity
q q

v

V" H hadronic

(WH — jjH; ZH — jjH)

q (b) q

VBF tight
(gqV — jjH)

v

VBF loose
(qqV — jjH)

UATLAS

L EXPERIMENT

2 back to back forward jets

Untagged
(99 — H)

with no additional activity
(but di-photon, in the central
region)

Eilam Gross, NEXT Abingdon 2015
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(aqV — jjt

VBF tigh

i;)a’regotiza’rion to improve

v

VBF loose

(qqV — jjH

)

Untagged

(99 — H)

sensitivity




Diphoton selection

v

ttH leptonic

\ 4

ttH hadronic

v

V H dilepton
(ZH — ({H)

v

V H one-lepton
(WH — (vH)

v

VH Epis

(ZH — vvH; WH — fvH)

v

V' H hadronic

(WH — jjH; ZH — jjH)

v

VBF tight
(qqV — jjiH)

v

VBF loose
(qqV — jjH)

v

Untagged
(99 — H)

Categorization to improve sensitivity

1'1']'1'1[]II'I'I'I]I'III"T‘V]l'l[‘l’ll’I']l’llllllI'

BogF BveFr BWH BZH [ fiH bbH tH
ATLAS Simulation H vy \1s=8TeV

TH leptonic

1TH hadronic | ttH tag I

VH dilepton
VH one lepton
VH ET*

VH hadronic
VBF tight

VBF loose
Forward - high Py
Forward - low p_
Central - high P
Central - low p -

0O 01 02 03 04 05 06 0.7 0.8 0.9
Fraction of each signal process per catego

VBF tag

Eilam Gross, NEXT Abingdon 2015
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Follow the di-photon Categories

pp — Yy + jets

No weights are applied

> 5000~ T T T B B
0] [Ldted5" 157 TeV ATLAS Nl
— Y 1
2 . {JLdt-ZO.Gfb.\S:BTcV 4- Data y
] (- nweighted sum -
5 4000 C 9 — Signal+background ]
- ===+ Background I
- - Signal N
3000}
2000}
10001

data - fitted bkg

Eilam Gross, NEXT Abingdon 2015
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Follow the dl-pho’ron Ca’regorles

180 [Lm 45m'\'§ 7TeV
fLat=203m" Vs=8Tev
S/B weighted sum

Signal strength categories

160

pp — VY + jets

Events are weighted by
1+s/b

Y weights / GeV

140

120

100

g

e
.
.
.

————
ATLAS

-$-Data

= Signal+background
===+ Background

— Signal

my, =125.4 GeV

lllllllllllllllllllllllllllllll

40
20
9
Fel
B
=
:
;
N " A 1 A A 1 A A 1 A A 1 A A L A A A
110 120 130 140 150 160
m,, [GeV]

Eilam Gross, NEXT Abingdon 2015
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H%ZZ +4€€—eu\ N

| BR(H — 77 )(m,, ~125GeV) ~ 3%
BR(H — 40)(m,, ~125GeV)~0.011%

Eilam Gross, NEXT Abingdon 2015
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Higgs Discovery Channels

Higgs decays to a pair
of Z Bosons which deac
into a pair of leptons
each (lepton=Muon or
Electron) has a very
clear signature.

g >H >77 —eeu

AC"'UG“Y '|'hi$ Channel IS 4 Channels:eeuu,‘uﬂee,eeee,ﬂ‘uu‘u
fully reconstructed! categories :

VBF  m,>130GeV

VH, . 40 <m; <130

VH additional /

lep

gl

Eilam Gross, NEXT Abihgdon 2015 20



Higgs Discovery Channels

Due to one Z being off-
shell, Z* needs to
control

energy/momentum to
very low values!

2

c
2300
o
2000

CMS Simulation, Vs = 8 TeV

III'-I-I-I-l-l-l-,ll_llll_lII-I"I-I"I-IlIII|III|III|III|III|III

- H—ZZ2* - 4mu
‘el M, = 126 GeV

f
1 Before analysis selection

ter analysis selection

.=
H

P, [GeV/c]

Eilam Gross, NEXT Abingdon 2015
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Discovery Animation

Events / 5 GeV

Data - Background

35

30

25

20

15

10

lll'lll‘l!lY IYIIIVYIIY-1'7"![~YUIIU!IY LI B |

Vs =7 TeV JLdt=o.40fb" Jun 1, 2011

ATLAS Preliminary
H—)ZZ( )—>4I channel

111111'11[1111111

[ ] Signal (m“=125 GeV)
1 Background y 7 ol

Illl]llllllll]lllllllll]Ill]‘[lll
11

B Background Z+jets, tf -

—4— Data .

X .

SO TOURUTRU TSR SURUUTON YOOI
- -_— IR _~ = - —

’_—

AAAAAA

50 100 150 200 250 300 350 400 450 50

M, [GeV]
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Follow the 4 leptons

340:_ ¢ Data 2011+ 2012
. ¥ all . " -SMlesaoson
Educated SImPIIFICGfIOn 2 ash.  ™=124.3GeV (f)
@ - [ Background Z, ZZ*
W Background Z+jets, ti
301~ %7 systunc.
25}
20¢
15}
Bexp = 21 10- k
obs __ _ E
Ns _Nobs_Bexp_37 5
S 37 o

O'Obs~\/g=\/ﬁ=8.l 100 150

ATLAS

H—-ZZ*—4l
Vs=7TeV JLdt =461’
s =8TeV JLdt=20.7 o

m,, [GeV]

N ~o(pp—>H—>Z7ZZ —40)-L-e-A=28

S ,exp
28
O =——=6.2

exp \/ﬁ
37

v 0P 2 H 240, 3T 4 444035
o(pp —> H —4/) 28

exp

Eilam Gross, NEXT Abingdon 2015




H >WW = /(vl'y
BR(H — WW )(m,, ~125GeV) ~22%
BR(H — (viv)(m,, ~125GeV)~0.76%

Eilam Gross, NEXT Abingdon 2015
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WW top

Background (contains b quark)

tt >bb+ 00

Use anti b tag
Angular separation
between leptons

/" /| ©ATLAS

4 1A EXPERIMENT

Eilam Gross

Combined LHC Higgs Mass, Niels Bohr Institute, 5.5.2015



T

IV
@w ATLAS Run 214680, Event 271333760

17 Nov 2012 ©7:42:05 CET
A EXPERIMENT
7/
/
¥ J

7’ ‘_ .

_______‘.—-——
- ""'rr- e

~ w
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Q
|

obs

Q
I

exp

> 450 :__l T v T v ‘l T T Y. v .l T ¥ v v I T T v T l L2 1__:
65 & = ATLAS Preliminary e Data =
DO | © 400 \s-sTev,[Lat= con' R ww 3
E 3505— H-wWwW' '— evuv with 0/1 jet B WZ/ZziWy =
5 96 s - L]« -
. bt 300 [ Single Top =
250_:_ - Z+jets B
= [ ] W4jets R
3 H[125 Ge =
200 B H(125GeV] S
150" 06.04.2012 E
100f- =
50f- =
n:l 1 | 1 | PR -
© 50 1 i . | - - R - LIS
5 40
S 30
5 10
@ 0
k. :;8 N N N T
2 50 100 150 200 250 300
my [GeV]

Israel Israeli

University of Life, Hapishpeshim Market, Jaffa
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H->bb: W/ZH->W/Zbb BR(H — bb)=57%
GATLAS

EXPERIMENT

http://atlas.ch

Eilam Gross, Weizmann Institute



BR(H — 17) = 6% TauTau

N\

Run: 209074
Event: 29487501

2012-08-23
15:06:35 UTC




Mass Measurement
Results

30



ATLAS Published analyses

Phys. Rev. D. 90, 052004 (2014)

% 200 m—— 1 rr [ T [ T T [ T T T T [ T T T T
9180:_ det:4.5fb"\/§=7TeV ATLAS TT T T[T T T T[T T T[T T T T[T T T[T T T T[T T T T [TTTT[TTT1
k2 = [ Ldt=20.3 b7 Vs=8 TeV B
'-5’ 160_ s/b weighted sum —+—Data 35 C ATLAS ¢ pat
3] . " L
z , Combined fit: |:| Signal (m_ = 124.5 GeV p = 1.66)
Al Mass measurement categories — Signal+background H— Z2Z* — 4] H
140
===+ Background B Background ZZ*
¥ 30 ﬁ=7TeV:ILdt=4.5fb1 -

120 — Signal

- Background Z+jets, tt
%//% Systematic uncertainty

mu=124.51+0.52 GeV
=124.51+0.52 (stat.)+0.06 (syst.)

Vs = 8 TeV: .[Ldt =203
100

25

Events /2.5 GeV

80

‘e
.
.
.
N

20

60

4

o

“mu=125.98+0.50 GeV
— =125.98+0.42 (stat. )+0 28 (syst

15

n
o

|A....

10

Y weights - fitted bkg
bbb ONE®®®O

0
S| 80 90 100 110 120 130 140 150 160 170

ATLAS Combined: my=125.36+0.41 GeV (symmetrized uncertainties)

=125.36+0.37 (stat.)£0.18 (syst.) GeV

Eilam Gross, NEXT Abingdon 2015 31


http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-12/

CMS Published analyses

“arXiv:1412.8662 (submitted to EPJ C)

o 19.7 6" (8 TeV) + 5.1 o' (7 TeV) CcMS {s=7TeV,L=5.1f";Vs=8TeV,L=19.7fb"

> X 3 > N T | T T T | T T T | T T T | .I T T | T T T
8 35F HCMS S/(S+B) weighted sum 8 351~ Data ]
TN - 5
; - vy ¢ Dat ™ B . Z+X i
3Re . . -~ 30F ]
"E C S+B fits (weighted sum) C . . ]
q>_) o5 f_ ...... B component ..UE) B |:| ZfY 4 ]
(O] r ) - ]
3 2 o F | Im =126 Gev ]
I: - Phys. Rev. D. 89, 092007 (2014) ]
g F - With minor updates ]
@ osf 151 -
N g - 1
= 0oF B i
@ 10 ]

- ;
00 124.700.31 (s ."‘.‘.-).‘.‘9.1..5.(.’?3(.5.*.)."‘."?\; 080 100 120 140 160 180
110 115 120 125 130 135 140 145 150 m4[ Gev)
m,, (GeV) 125.63+0.44-0.40 (stat.)+0.15-0.17 (syst.) GeV

CMS Combined: my=125.02+0.29-0.31 GeV

=125.02+0.26-0.27 (stat.)+0.14-0.15 (syst) GeV

Eilam Gross, NEXT Abingdon 2015 32


https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig14009PaperTwiki
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig13002PubTWiki
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig13001PubTWiki

Couplings

Eilam Gross, NEXT Abingdon 2015
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What do we measure

° > ° +
We measure event yields 8 40 g o ioos Soucn ATLAS |
We want to derive couplings & mscgonzz  1877TeV ld-460"
w . B Background Z+jets, i \s=8TeV JLdt=20.7 b

and signal strengths

777 Syst.Unc.

The first thing we want to
measure is the the “signal
strength” per channel

The analysis is using
discriminators (usually 5
recons’rruc’red massTelated) to o

> m,, [GeV]

I € (ggF,VBF,VH,ttH) fely,ZZ,WW ,bb,t7)

EtlidanmnGEosss NEXTH At nigthyn220 55




What do we measure

J WUy v oW TV Ll e Ly
-1

[Ldt=203m" \s=8Tev 4 Data

Unweighted sum

We measure event vields

— Signal+background ~_|

We want to derive couplings
and signal strengths .

===+ Background
- Signal

The first thing we want fo °°
measure is the the “signal ool
strength” per channel :

The analysis is usin
discriminators (us

INC

| € (ggl,VBF ,VH ,1tH ) fely,ZZ,WW ,bb,t7)

EtlidanmnGEosss NEXTH At nigthyn220 55



What do we measure

TTTr[fryrrjrrry | REAEE RALEE BEARE RELEE BEAEEE REARAE BERE

We increase sensitivity by BooF BVEF BWH BZH Dan UbbH  CtH —

ATLAS Simulation H vy \s=8TeV |

classifying the events via .

1TH leptonic

categories and measure i hadon

VH dilepton

the signal strength per  vieeksen

~miss
VH ET

category and then VH hadronic

WH/
ZH
tag

VBF tight

combining them taking al| verioes

orward - high [

the sytematic and Fomward - low Py
b Ccemra'-highr’ Loose/tight high mass 2jet (VBF tag)
entral~0

statistical errors 2 ,.
.. . 0O 0102 03 04 05 06 0.7 08 09 1
uncertainties into ac nt Fraction of each signal process per category

@ = ‘uf,c xzi(gi X Brf)Sumi

| € (ggl,VBF ,VH ,1tH ) fely,ZZ,WW ,bb,t7)

()

EtlidanmnGEosss NEXTH At nigthyn220 55
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Probe the Prosjuc’rlon Modes
7 _ BR
w = o5 | Ph= BRI
Parameterize with explicit producfmn modes and decays
n' <= x Y (0" XBr')g, x Al x el x Lumi

Note: ONE CAN ONLY FIT THE PRODUCT i/ =[ i pi ]
We cannot fit simultaneously the cross section and the BR

Define

Not knowing possible invisible,undetected Higgs decay modes
inhibit measurement of the Higgs Width!

The categories allow us to fit specific production modes WITH
their dedicated decays, but

no combination is possible unless we make assumptions
on the BR

37
Etlidamn G5 osss NEXT Alwi nigbbon220 55



VBF+VH, ggF+1ttH

It is plausible to assume (for increasing Hvsr = i = Hyprovn

statistics with the loss of discriminating U, .r =y = Mooy yp
nower)

J g

iy  D------- toboe oo

lLtggF = ILLttH = /’ngF-l—ttH




Probe the Production Modes

BR’ Hypr = Hyy = Hygpivy
:uif:[;uixpf} pf: I B _
BRSM :uggF R :uttH B :uggF+ttH

No combination is
possible unless we
assume BRs are . |
that expected by -2
the SM — f\ —Hoy

-
-
-
-
- "y . % H- 1t
. K > A
- '0 n'.\ .
— a LI .
- : : \ 'l
f = ' :
p— . A -
BR E e N \ G
- . L .
- v
- > *
— e— .
-
e
-
-
-
L

TIIT rrrT lfTTIII’TY[TYTTITIITIYTITIIIYTI’ LB

tandard
E & Best it ATLAS Preliminary -
- ——68% CL Kt Vs=7Tev,4547M1"

T 9500 CL n: .". "g = 8 TEV. 203 'b.‘

VBF+VH

f

i

— H 5 WW*
e o — 77"

ST S, -

jo
S,
|l
I
[
o

llllllll‘lllllllllllllllllllllll'l'l L1l

g LlLiy

o _ ! :
ui_ui 2 1 0 1 2 3 - S

QgF+itH
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Probing the Higgs Production Modes

Within the SM (assuming
SM decay rates) one can
measure the production
modes with respect to

u =085
those expected from the "o -
SM 0.37

HVBF =1.16, 0.34

+0.38
Moy = 0925

_ +1.08
My, = 2:90155,

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

CMS - 68°% CL
w95 CL

i

PR T T S AN S S O B

L1 L

-—h PESBsETEsemee-
-

3 4 5 6
Parameter value

ok

Eilam Gross, NEXT Abingdon 2015
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Ratios can be Measured!

Though we cannot
separate production from
decay in a model
independent way, we can
measure ratios is a model
independent way.

Ratios also have the F[uxp'] o= BR’
advantage of common AOELRSP S P T R
uncertainties cancellation Hor _ Hyr XP" _ Higy
between the numerator W U Xp' Mo,
and the denominator

Eilam Gross, NEXT Abingdon 2015




Ratios can be Measured!
n,. ~o,.*BR(H—yy)~u”

ggl ggF

ggF

My M
Mypr 7 ~ Oypp *BR(H — W) ﬂng ‘uVBF = #ZF e

g8F H ggF

o(gg = H)* BRIH-yy) ~ HggFitH-yy
o(qq — qq'H) * BRIH>yy) ~ HgeFiiiH;H—yy * HVBF+VH | HggF+1iH
o(gg = H) *BR(H - ZZ®) ~ poeriitti—zz
o(qq’ = q¢'H) * BR(H —» ZZ™) ~  poep im.nzz¢) * IVBF+VH | HggF-+iiH
o(gg — H) * BR(H » WW®) ~ HogF+tiH: H—WW®
o(qq’ — qq¢'H) * BR(H - WWY)  ~ poop onn swwe - BVBE+vE/ kit
0(99 = H)* BR(H — TT) ~ pggFsiit;H—rr
0(qq — qq'H) * BR(H = T7) ~ Ugepiiif;H-rr * HVBF+VH HggF+iiH

The ratios are measured with a fit profiling all the other
parameters (such as M., ) and systematics related parameters.

The ratios are channel independent so we can combine the
measurements

Eilam Gross, NEXT Abingdon 2015



Ratios can be Measured!

ATLAS Preliminary

Vs=7TeV,45-470b"' /s=8TeV,20.30"'

B8N CL: i
95%CL:

IIII]IIII]IITTI’III1]TTTI]1ITT'IIITITIII]1ITT
.

f
R = 'uggF _ 'uggF Ry = 0.56°0 %8

. JLL\];BF Hypp P 0185

+0.80
Ryw+=1.47"g54

m

Rpp = 0.33°393  —
Combination A= 09624 B S

i my = 125.36 GeV

'
lllllllll]llllllllllllllllllllllllllllllllll

-1-05 0 05 1 15 2 25 3 35
Ovar.vH 'TggF.
Pver.vh Do anilsnm

Eilam Gross, NEXT Abingdon 2015



Model Independent Ratios; A way to go

o,-BR' =(c,,.-BR™). ij[ BE! j

st o BR""

gl

7IIII | Bl B ) IIIIIIIIlIllIIIIIIIIIIIIIIIIIIIIII
* d Mode! -

6E- + Bestit ATLAS Preliminary
KX Vs=7Tev,45471"

1

(

0, BR' =(0 . BR™ )| =
88

o w—68% CL .
5~ ==-95% CL Y Vs=8Tev,203 1"
' 3 — H - WW*
— M — 77"
ww H — bb

— H = 1Y

f
"lVBF+VH

9 parameters fit:

O O
ww VBF WE
(0 BR™ )| =222 || 1
o) o

w— H = Tt

ggF ggl

These parameters of int¢
free of theoretical error

llllllll[lllllllllllllllllllll[llllllllIlll

llllllllllllllllllllllllllllllll

(O'ggF -BRWW) has the
best resolution
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Model Independent Ratios

( \ 7
o. | ( BR
o, BR' :(GggF'BRWW). o, .(BRWWJ
\ O ger )

(T
G,-BR' =(0 - BR™ )| .(—f )
O ger ) \ D

9 parameters fit:
(O' .BRWW) [GVBF [GWH] O,y O,y ( FW j ( I, ]( rm’ ] ( be ]
F 9 9 9 9 9 9 9
* GggF GggF GggF GggF 1_‘WW 1_‘WW FWW FWW

These parameters of interest are model independent and
relatively free of theoretical errors
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Measuring Higgs Couplings

- o
L = ks ";H H® 45z 2 2, 2" H +w) =W, W H
U U
Yapv pv ny
B b 0

-~ =) =Ly fZ —ff+@2

f=u.c,t f=e,u,t

Define the normalized coupling constants (w.r.t. the SM couplings)

I
k2= —
s

Etlidamn G5 osss NEXT Alwi nigbbon220 55
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Couplings

I
2 f
kf—-f;—
H
I'y=2,1,+T1,, i=invisible,u=undetected
k2 _ 1_‘H _Z 1_‘f + Fl,u _Z 1_1f riM _I_Fi,u 1_WH
L= = =
r, <'r; ry <rirr) r,1r)
ki =D k;BR + BR ki,
f
2. ki BR}"
ky=-L
H

1-BR,,

Eilam Gross, NEXT Abingdon 2015
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Hgg Effective Coupling

Higgs does not couple -
to Gluons and Photons
leading order

The production of the
Higgs Boson and its
discovery are due to a
pure quantum loop

k; = 1.06k, +0.01k, —0.07kk,

Eilam Gross, NEXT Abingdon 2015
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Hgg Approximate Calculation

Why a NEGATIVE

— h) = 6 —
interference o10(99 ) = ogmid(3 mh)
term? ho Gfas

O = E A T
2 9 0 288\/§7l 1/2( !
Tq 1”Lq/zn’h

7, =7.65and 7, = 2 x 103 for my(my) ~ 2.8 GeV,
Aip(r)=2r[1+ (1 -1)f(7)],
f(r) = {‘i [“’8(£) | 7<

1—y/1-1
arcsin®(1//7) T>1

AH T>1: 4/3
12— 7 <1: 2T [1 — 3 (logi +i7r)2] = —% (log E)z
2

z H
ot |KeAD(T) + KpAyy (1) = K£21.09 — 0.09kp; + 0.0021 47

oflsm | Ay (n) + Ay (1)




Hyy,Hyz Effective Coupling

v/Z YlZ YlZ

(b) (c)

W/t interference

Ki ~ 1.59. K%V +0.07 - Ktz — 0.606 - ky X
o 2
k> =|1.28k,, —0.28k,

Ky ~ 112 kg +0.00035 - k7 — 0.12 - Ky K,

Eilam Gross, NEXT Abingdon 2015 50



A comment on Interference

i : A
Ho W, Y t
| t LR R X vt
IS t
; t w ¥

9

nSW ~ kgz(kt ,kb)Xk;(kt,kW) kﬁ :‘128kw _O°28kt‘2

@ If k,=-1 ggF slightly

affected
WW unaffected
YV increases

Testing negative k, is extremely important

51
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VBF Composition

q

99 = qq'H
Wy = ko =074k, +0.24k,

q

Eilam Gross, NEXT Abingdon 2015

(b)

q

(7'
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HH
8 t/b

H
4 (d) ,'//',
gg — 1tH ,bbH
ILLZ‘Z‘H — ]cl‘2

My = kbz
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ZH Production

0(qq — ZH) ~ k,
0(qq — WH) ~ k;,
G(gg, —ZH) ~ kggZH ! (a) Wiz

H

f/"h A '

Ag\QQQQQQ)_‘_MVM7 g

(b) ' (©) “

(Q:Why not gWH?)

K 7H ~ 2.27 * K% + 0.37 ' K[2 - 164 * Kth

Y
o

o

UQ
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tHq composition (W,t) interference

q q q

(b) b ¢ (c) b

0(q8 —>tHq'(D)) ~ 3.4-x> +3.56 - kg — 5.96 - K Ky

55



b

W1tH composition

BO00000000y > :
4
rrcccccncae H
4
> P NANANANANANN

b t

o(gb—>tHW) ~ 1.84 % + 1.57 - iy — 2.41 - K Ky
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. The Seven Decay Modes Probes
I' -~k

T~k

L., ~ ki

T, ~k

FMMNkz

Ky, ~ 112 Kkgy +0.00035 - k7 — 0.12 - Ky K,
K~ 1.59 Ky +0.07 - & — 0.66 - Ky,

kz — zk]%BR;M 0.57 - Kg +0.22 - I(%v +0.09 - K§+
7 K2 ~ 0.06-&20.03-@+o.03-1<§+
0.0023 - &y +0.0016 - 15, + 0.00022 - x;

Eilam Gross, NEXT Abingdon 2015
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Resolving Degeneracy

Can we resolve the
degeneracy,

/
. BR

disentangle 1/ =| u. x p’ —
The degeneracy can be

broken by parameterize the

strength parameters with

couplings and introduce

constraints which reduce

the number of p.o.i. and

allow reasonable fits.



Disentangling The Couplings

L2 L2ppWW 2 v ZZ
‘uVBF - kVBF - kaRSM T kZBRSM

= [1,,. P11 = (KEBRSY, + KZBRSY ) - ¥

VBF

Etlidamn G5 osss NEXT Alwi nigbbon220 55
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Disentangling The Couplings

[‘UVBF’OWW] _ (kz BRSM n szRSM) k_2

VBF

The simplest non-trivial model is (k; k) where all Fermion
couplings are set to k. and all Boson couplings to k,,

K - K>
VBF [‘uVBF’O BR ] o 2\/ - 2
O.76kF + O.24kv

Etlidamn G5 osss NEXT Alwi nigbbon220 55
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ATLAS Preliminary

The Measurements

Input measurements
ticonp

Iy, (GeV)
Oversit i« 117755 |1254 . : ot .
How 9F 5= 1207 125 ¢ N :
VeF I'°':; 1254 : :r—o-—a :
"‘"‘0::: 1254 E '_e——_-_‘ S
- : : :
T i R s | s
— e———— ' : : —F : :
9F D g w170 12638 I — -
VBFOW 8 w00 |, o 30 | L —f———| . |
Owerslt i« 1167 1126 38 . . . S . .
H - wWw ‘: . . . .
9F 5 =077 12538 . T
VO e 1200 liose| e
Vg =30 |1s 38 | | -1—0—1—" R
- o |1253s] . | . . .
Hooqp OWRerel : N
o !-20::: 12628 . . rpr— et |
VO e 1000 |acse] | ot i
Overal g « 052 12536 . . e . .
VH - Vbb e ! ¢ s : :
WH g - 11750 128 : . s ——— ‘
i) -3 N BRI = — 5t A I B
H= B O pear® f1ss : -
. . . 1
H—2y on--.zr:: 1255 : : : : : :
| IS T «F
" 5“.15:: 125 . —t—e——t
———1 N i
mae i hasa | | } i 1
L | | | | |
Ba7TeV,45470" —2 0 2 4
S=8Tev,2030" Signal strength (u)

;uif:[‘uixpf] pf=

Eilam Gross, NEXT Abingdon 2015
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Disentangling The Couplings

g W Y
TETTTTETY i W oW WL ;o A
ty  D-eme--- NV w S o R
Y, 2, 2
) 000000000 t W B WIS Y “a AV
g v N

k;(kb 9k;)' k;%(kb 9ktak1 9kw)
K2 (k, k. K, k)

ki Ko (kp ok iy k)
Note, couplings are dependent 0.74k; +0.26k;
1 2 2
on the Higgs mass o (VBF)X BRC — 1)~ k. -ky(kzF,kF,kF,ljv)
0.74k; +0.26k;

kr -k
0.75k; +0.25k,

k. -k
0.74k; +0.26k,

KK
0.74k} +0.26k

(0-BR)(gg —> H —yy)~

o(ggF)XBR(H — yy)~

o(geF)X BR(H — WW ,ZZ) ~

In the (k; k,) benchmark:
o(VBF)X BR(H > WW ,ZZ) ~

o(VBF,VH)x BR(H — t7,bb) ~

62
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Coupling Benchmarks
To make reasonable fits we introduce physics motivated scenarios.

Testing the compatibility of the discovered Higgs with the SM is to
test also where is it NOT compatible, spotting where NP might
sneak in.

NP can appear in either the Higgs width and/or in the loops.
Y, BT+ T

. _ 1.2 7TSM
DRI S r, =k +BR T,
H
I', k, k, Scenario Comments
L, =k K, (k .ky) K,k ,k,) SM only SM particles in loops
m
r, =k, I3 +BR,T, k, k, NP < m,, could be < TH
T, =k k, k, NP > m,, > %
5 S NP (not in the loops)
,=k,1;;, +BR I',, K (k. .k,) K,k k)| NP,
’ 4 ¢ neither charged nor coloured
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Vector and Fermion Couplings

HERE WE ASSUME ONLY SM PARTICLES ARE CONTRIBUTING TO THE LOOP
AND ALL FERMION COUPLINGS EQUAL AND ALL VECTOR COUPLINGS EQUAL

K =|1.28k, - 0.28 k|

The yy loop induces some
sensitivity to the relative sign
between k, and k,,

f\k 30:?1A¥L~Ajvsrér'v' rrTTYrrrTYrr-vYrYrvYrtvYvYr YT T"Y':‘
. . : rellmnnary (%% ) :
The h'gh Observed < [ 7 TeV, 4547 b --.\- SM expected
£ 25 u-amv.zouo —— Observed
N -

H>ZZ pulls k,, up,

200 N\ /i
allowing high yy rate : \/
and keeps K, positive

S S S S SRS S S S S S-— - l-‘-‘
0545105

64
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Vector and Fermion Couplings

This plot tells a story:

o 4

3

2

SM — 1

No Tension 0

—1

-2

Tension 23

Drifting 4
apart

e

lllll.lllllllll.llllllll

N
bl

— T

ATLAS Prelim.
\s=7TeV,4.54.7 "
\s=8TeV,20.3fb"
m, = 125.36 GeV

)

“;3:3

),

-
|

CJH- vy,

’ CaH- 22
£ CJH—>WW
* SM — 68% CL * : e
T- Best fit : ---QS%ICL : : l DCO{nbined
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Ky
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Vector and Fermion Couplings

This plot tells a story:

S L A N NN B
- ATLAS Prelim.
3 Vs=7TeV,4.54.7 b
- \s=8TeV,2031b"
2:— m, = 125.36 GeV 4
SM — 1; _’")
No Tension OE-
bzt S
1E (592H)f> < O
o | / — el
. - CH—WW
Tension 23F «sm —es%cL * N
Drlftln g T Best fit : ---QS%ICL : : l DCO{nbined
4704 06 08 1 12 14 16 18
apart

Ky
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Vector and Fermion Couplings

This plot tells a story:

S o S B EE
- ATLAS Prelim.
3 \s=7TeV,454.7 0"
- \s=8TeV,203fb"
2:— m, = 125.36 GeV
SM — 1
No Tension OE-
| = W- -
BT 2SN
2" | [Cihey
_ E CH - WW
Tension 233[= * SM — 68% CL . :_:;;
Drifting 40 Pttty et Ly B Cotined.
7 04 06 08 1 12 14 16 1.8
apart
Ky

EtldamnGEosss NEXH Al nigthyn220 55
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CMS 19.7 b7 (8 TeV) + 5.1 fb' (7 TeV)

| | I |

1 I | I

+ Observed§
¢ SM Higgs|

| 1 | |

| | I |
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Vector and Fermion Couplings

NO ASSUMPTION ON TOTAL WIDTH

Here we need to go to

ratios (we cannot take soq

- ATLAS Prellmlnary
b 1 L \s=7TeV, 4547 o’

c 25 \s=8Tev,203m°
o

A(A
F

advantage of toftal
width)

B \/
.0.i. are o
FV 10F '

ky,=k -k /k, .

Ky reyl
SM expected
w— Observed

|

hey=1.02£0.14 st
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Probing Custodia Symmetryu

Iden’rlcal coupllng scale Assume no invisible width
FClC'l'OI"S FOI" the W- and Z- 197167 (8 TeV) + 5.1 fb" (7 TeV)

- - I
boson are required within = o CMS_ — Obsenved
. ~ - Kp Kz Mgz ----Exp. for SM H
tight bounds by the 8 ' ——
. 7:
SU(2)L custodial i:
5E =
symmetry and the 0 . : " ;
parameter measurements 3t £
~ 2 ' =
at LEP (1) i /
m % o5 T T
p p— W Mz
m,cos0,,
kW

A’WZ:E
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NP>mH/2

: : ATLAS Preliminar
Here NP will enter in the \/§=7TeV§.5—4.7’efb“ \/§§8¥ev.20.3fb"
loop and will not R
. . 1 ! ] [ I T T
contribute to BRi,u ;
Ky=1.00+0.12 -.-
We assume SM couplings
) g=1.12+0.12 -
for all particles g
(95%CL) Kz < 3.3
We cannot assume that we
:.Hmz . + 0. it
know the loops content’ ; = 12536 Gev
I A W B Y-S

So we introduce

k?”kg’kZY

Parameter value

Constraint on the width is obtained by

Replacing kg by kH

2 (.
Ky () SM
(1-BR;. )

FH(KjaBRi.,u.) = f

k=

27 SM
I, P = 2 KT
H
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NP<mH/2

Here NP will enter in the

loop and will contribute
BRi,u

We assume SM couplings
for all particles

We cannot assume that
know the loops content™"

So we introduce
ky ,kg ,kzy

2
K (Kj)
Tu(x;, BR; y.) = e

(95%CL) Kz, < 3.3

we

(1-BR; )

ATLAS Preliminary

Vs=7TeV,45-47"' /s«8TeV,20.3fb”"

68% CL: il
95% CL:

to

Kg=1.12"01%

CL) BR;, <027%

Lo _

SM = -
s

/11 1

1.03:9:33

my = 125.36 GeV

0o 5 1 15 2 25 3
Parameter value

Constraint on the width is obtained by
Replacing kg by kH

_ H
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Generic Model

Remember the 9
Observables Fit?

gi.BRf=(GggF'BRWW)'( o, )( BR' ]

O, ) \ BR"
I
f _ 144 O, f
O, BR _(O-ggF'BR )[G ](F—)
88k ww

9 parameters fit:

(G .BRWW) (GVBF ) (GWH j ( Oz Oun ( FW
F 9 ’ b ’ ’
* GggF GggF GggF GggF 1_‘WW

Eilam Gross, NEXT Abingdon 2015
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Generic Model - The mother of all fits

An alternative fit is

a fit to ratios of couplings
without any assumption on
total width or new physics Awz

Mz

Mzy)zZ

Eilam Gross, NEXT Abingdon 2015

Kg * Kz/KH
Kz /Kg
Kw/Kz
Ke/Kg
Kb/ Kz
KT/KZ
Ku/Kz
Ky/KZ

Kzy/XKz.
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Generic Model - The mother of all fits

Kez=1.1840.16

Azg = 1.097028

Az € [-1.04, -0.81]
U[0.80, 1.06]
Ag € [-1.70,-1.07]
U[1.03,1.73]

Apz=0.60+0.27

+0.23

Az = 0.9970%
(95%CL) A,z<2.3
Az=0.90+0.15

(95°/o CL) A(ZV)Z < 3.2

ATLAS Preliminary
\Vs=7TeV,45-4.71"

68% CL:
95% CL:

Vs=8TeV,20.3fb"
—

IIIIIIIIIIIIlIIIIlIIIIIIIIIII
'

my = 125.36 GeV

—2 -1 0 1 2 3

Parameter value

Mzy)zZ

Eilam Gross, NEXT Abingdon 2015

Kg * Kz/KH
Kz /Kg
Kw/Kz
Kt/Kg
Kb/ Kz
Kr/Kz
Ku/Kz
Ky/KZ



The SM Full Monty
Generic Model I (ATLAS)
All couplings to SM particles are fitted independently
Without loss of generality k,,, assumed positive,
fit is sensitive to sign of k,/k, from tH Hyy HZy

fit is sensitive to relative sign Z/t from gg—>zH
which gives indirect sensitivity to sign of W/z
fit is also sensitive to relative signbetweem b/t (from ggF)

p.o.i ky .k, .k, .k, .k k,
Loop & k,(k,.k) k., (k,.k k. k)
Width s
1 kl%l(kbakt,k ’kW’kZ): Z J J
Constrains - FiIM

76
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Kyw= 091+0.14

Kz € [-1.06,-0.82]
u[0.84,1.12]

K= 0.94%0.21

Ky € [-0.90, -0.33)
u{0.28, 0.96)

K. € [-1.22, -0.80)
0[0.80, 1.22]

(95%CL) |x,| < 2.28

-2 =15 -1

The SM Ful

ATLAS Preliminary

Vs=7TeV,45-4.710"" Ve=8Tev,203M"
689%CL:

——
95%CL:
BR,;.IO
AR RARAN LARES ALY RARAN RANEE LERRE RARE
=
— *:
+:
—_— *§
.
my £ 125.36GeV

llllllllllllllllllllllllllllll‘llllllll

05 0 05 1 15

ATLAS Preliminary Wu.l 1
W7oV, a5410" .
fs«aTev. 2030’ —ouumc -]
Ml T 9 7 )T T ..‘

-2 -15 -1 -05 0 05 1 156 2 25
X,
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The SM Full Monty PR plot

Y Yy

— SM _
F_YSMYF o
F

F

SM 2
Envy _ My

\% V2
/ 8
Iiw \ k,g i[j‘év

Ji, v

v

| ITTII'I

' IITTII

' |

] T l11lﬂ']

T

i1

1TI1I] 1 1 TITITI[ L LA LI 1] lJ ITIII‘I] 1] 1

" ATLAS Prelimina
s=7TeV, 4.54.7 b’

s=8TeV, 20.3fb’

— Observed

4
2
:
. e
--- SM Expected :
, ]
P 4
:
.
4 9
p
,
.
o' 4
’
.
.
.
:
& —
I‘ :
3
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:
; 1
T
]
|
—
. 4
e =
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: _
.
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:
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I
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1
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10" 1
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Higgs Width
OffShell in a NutShell
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OffShell in a NutShell

g g
T0) z : ‘
H
A —_— P — Y A
g g
00000 7 — AV AVAVE/
10! EE '
1 ; 8 TeV ’
ol f
N. Kauer and G. Passarino {§ | eOpdiyeinptstone
arXiv:1206.4803 [hep-phl. _ s [ & § ‘
s : i
N: ol : E b
F. Caola and K. Melnikov = i :
7z i
C. Englert and Yl ’
M. Spannowsky - :
10°¢ E
100 2;& 2?\!. 1000

Eilam Gross, NEXT Abingdon 2015
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OffShell in a NutShell

TO000) 4 g
H
g g
£00000) A
O ppsnen (88 = H — ZZ*) = 12 FiIM
O pusnen (88 = H — 272 ), H

u = Ooma(sg > H - ZZ')(N$)
e GOﬁ‘Shell(gg >H — 22 *)SM (\/E)

A

«
L.
>

Y
N

IUOnShell

2 A 2 A
K2 s (NS opsen (V)

7 K> K.
Assume the experimental resolution OffShell _ 8 OffShell”~ Z OffShell
is not sensitive to the dependence FSM
P Honshern 2l
On\/7 g8 Z
S r
H
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OffShell in a Nut Shell

"00000)
00000
Hogsnen K OﬂShell z OffShell

SM
Honshen K2 K‘2 F

A

‘
L.
>

Y
N

Caveats: H

1. New Physics might enter info the calculation of the
OffShell couplings, which we do not take into account

2. The Higgs signal K-factor is known , the gg—ZZ
K-factor is yet unknown

3. One has to take into account interference between the
signal (gqg—>H—>ZZ) and the background (gg—>ZZ)



OffShell in a Nut Shell

TOO00) Z ;
H

g g

260000) 7

Interference term proportion to Mogsnen = kg,Oﬁ‘Shell 'kv,OﬁShezz

A

«
L.
>

Y
N

New Physics can alter the running of the couplings so we
assume kg -k, < kg,OﬁfShelz 'kV,OﬁShelz

No higher QCD calculations exist for gg—> ZZ, though they exist for the signal.
WE DEFINE A RATIO OF K FACTORS:

RE K(gg—>VV) _ K" (my,)
H  K(gg—H —VV) k" (my,)
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OffShell in a Nut Shell

Mogsnen = kg OffShell 'kV,OﬁShezz

k, -k <k

g ™ g.0ffShell kv OffShell

Rp - K(gg > VV) _ K’(my,)
" K(gg—H —VV) K"(@m,)

—_ H" SM
0'gg->(H*—>)VV(lJoff-shell) = K" (myy) * Hoff-shell * T gg—H*—-VV

H* B SM
+ JKgg (mVV) K (mVV) * Hoff-shell * o-gg—)VV, Interference

B
+ K (mVV) * Ogg—VV,cont -
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Limit on OffShell signal strength

Agnostic to

K factor % .
L c
Hogsien < 6.9(7.9exp) é::_%
c
o
E
_J
O
2
o)
o

40 N ] I 1 9 I | I K ) | I l | DI D ) l | B B | l | B B | l | | | N
- ATLAS I + o ]
35 H->ZZ+WW off-shell [Jt2 -]
[ uYBFH-W=¢ | ... Expected limit (CLs) -
30F s=8Tev: JLat3203f!  — Observedlimit (CLs) 3
25} -

06 08 |

Eilam Gross, NEXT Abingdon 2015

Y PP PP PP P
1.2 14 16 18 2

RB = _K(gg-W)
H*  K(gg—=H*->VV)
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Hogshen > ',

— SM
lLtOnShell F H

r, <550
[, <22.8MeV

i: 4U_' l T 7 [ LA | BNl I | l L ] T ¥ l T 0 l T '-

7F | ATLAS W+ o 5

~ 35F Hozz+WW off-sHell+on-shell [+ 20 -

L | Foveewa™ovorep e Expected limit (CLs) 1

= 301 fs=8Tev: [Lat4203p*  — Observedlimit (CLs) ]

= " ]

E 251 -

- . f

O 20 -
o 150
10—

"

oF -

: 1 l 1 1 1 l 1 1 1 l 4 1 1 1 1:

Olllllllll 3 2
-

12 14 16 18 2

K(gg-WV)

B
Ry = Klgg—H=VWV)

Observed Assumption
RE. 05 1.0 20/05 10 20
rH/r?,M 4.5 5.5 7.5 6.5 8.0 l 1.2 K,'_on.shcl] = Ki.oﬂ'.sm“

4.7

6.0

8.6 920 134
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KV.on-shell = KvVoff-shell, Liz/T5M=1
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Spin and CP

Eilam Gross, NEXT Abingdon 2015
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Yangs Theorem (1948) and the Higgs Boson

Yang-Landau theorem states that a
massive spin 1 particle cannot decay info
two identical massless spin 1 particles.

The observation of H — yy
can be taken as an evidence against a
spin 1 nature of the Higgs.

The community concentrated on testing
the spin JP°=0"" hypothesis of the Higgs
against JP=0" and spin 2 hypotheses.

Eilam Gross, NEXT Abingdon 2015
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Spin O Lagrangian
If the CP of the Higgs is a mixture of O+ and O-
then the mass eigenstate is not a CP eigenstate.

In EFT the spin O Lagrangian of a scalar is given
by 0" :SM
|
L‘(; = {E gHZZZ,uZIu + gHWWWuWu}XO
0" :2HDM
11 (1 ) )
L‘(; :_EX{EZMVZ‘H +W‘qu'u }XO
0 :2HDM
1 171

= 1
V___ - = uv uv uv UVPC
L, = \/— { / HVZ + W W } X, Vo = —¢ Vpa

Eilam Gross, NEXT Abingdon 2015
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Spin O Lagrangian

Ly = {CaKSM [%gszZpZ“ + gwaW,fW_“]
—It [CaKszvaZ’” + SaKAzzvaZ”V]
—%% [COKHWWw;VW_'UV = SOKAWWw;VW—”V]} Xo.
Jr Model Choice of tensor couplings
KsM KHVV Kavy
0*  Standard Model Higgs boson 1 0 0 0
0; BSM spin-0 CP-even 0 1 0 0
0~ BSM spin-0 CP-odd 0 0 1 /2
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*K
9 leading Z
A

p X H* collision axis

<>

The arigle bétweert the leading Z (Z1) in the rest frame of the 4-I
and the collisiof axis
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ZI

the angle bg
the Z (or

leading Z

collision axis

92



The Z Boson fli

angle between

is plane and the leading diletion plane

leading Z

collision axis
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leading Z
V Z/
\ collision axis

9*

AT N AR .
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ml2 -
leading deletion

m34-

subleading
dilepton

[ m=125 GeV ATLAS Preliminary
- Bkg (120<mu<1 30 GeV)

v Data (120<m <130 GeV) H_)ZZ(')_>4|
- \s=7TeV:Ldt=46fb"
"""""" 's = 8 TeV:|Ldt = 20.7 fb

...............

......... ...............................
R I B R R B © 8 4 4 8 8 4 8 s 4 8 s 4 e s s s s essesaaes .« .

l:ll-l:llllllllllllllllll

llIIIIIll]lllillll'llllllll

=~

—
=
—_—
=
4
—
—
—

-1

—
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Entries /5 GeV

-

N
U’l

Entries /0.79
8 _

&

—
L2l

—
o

Discriminant Variables

-YYYT]'Y'"]"YY]V""[""]TTTY‘
- i Data ATLAS Preliminary -
. [l Background 2Z2* . -
" [l Background Z+jets, 1 H-ZZ"—4l

| Sonaiom, =125560%) . 7TeV. 458" ]
o P20

(S=8Tev, 2030'

80 90 100 110
m, JGeV]

’_]Y'l']""""']""IV'T""""

—im ATLAS Preliminary—
Background ZZ* :

W Background Zjets, i 2274l

- Signal (m_= 1255 GeV) { = nevun‘—

—S =0 5=8Tev,2030" ]
~-f=0

= -

>%1r]"VYIT'YYI""]VT"IIYY'V
3 -0'" ATLAS Preliminary -
L Background 22
gzo;-angmmzmuﬂ HZZ">41
% - Signal (m =1255GeV) (57 Tev, 450" |
e [—SF=0 5» 8TeV203tJ‘
W b =0
15_— _‘
10f ]
) } "
0 ”"l‘rﬂx,..
20 30 40 70
muIGeVl
8§24 o
Sank "’ ATLAS Preliminary
\ﬂ;-wma' .l
gzo;—-awqmzqm.ﬂ H-ZZ
< 18- surulm =1255GeV) (S =7Tev, 450"
16:—§ -0 S «8Tev, 2030"
14;—
12;-
IOE-
RN
6 Lo
aF ] [
of
0

1-080604020 02040608 1
©0s(8%)

§'&;Dﬂ ATLAS Preliminary
~ 16~ Background ZZ2* .
3 E-amwuz.,mi H-ZZ"—>4l
EM - o'm' 1255GeV) (5= 7 Tev, 450"
- ]
1% g 5«8TeV, 2030
10

x
'1'”""'77]7'11"""1[

-1-080604020 02040608 1

c0s(0,)
m Y'V'I""'""Yl""'""'l""
; 1 « Data ATLAS Preliminary
- Background ZZ°
-§l H-ZZ" -4l
= Signal (m_=125.5GeV) i =7 TeV, 450"
w1 —f’ S=8Tev, 203"
~S=0
1
1
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BDT vs MELA

MELA

Use the theoretical differential 2
. § ~“ATLAS Internal e Data |__012
decay rate for the parity " . '
e &, A2 ZZ" -4l B signal £ = 0° (125.5 Gev)
sensitive final state _§1.5—‘{§ .45 & -
S v B Background ZZ* + Zjets !
observables, corrected for the [CEISERRrVPETS ’ g 01
O —
detector acceptance and @ - FERTTTTTTTTITErL .
analysis selection, to construct L. ::= =EE '
. ._‘ = - B -
a matrix element based o5 - " ==m =1
0 : : : - T Ira. = —0.06
likelihood ratio analysis, that is - | B =
. . . r - = mmuNEE T I L RN
used as a discriminant between o= - - = E e mmmmmenc == o
o . . L V2 o At e = 0.
different spin and parity o R - )._T.: ————
hypotheses, in this case 0" vs 0. | GERENEEeR=— i =l
e | - = = m = .----I.III---—0.02
+ = ®m EH EH B Bglh W E T E """ = ==
:---‘..II;----II------
_---o-.- ‘....--------
Aunlonlenlanlanlanlonlanlanlonl g
BDTzz is using 4-lepton system b 01 02 03 04 05 06 07 08 09 1
J-MELA discriminant

invariant mass, pseudo-
rapidity,transverse momentum, and
a matrix-element based kinematic

discriminant.
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The statistical treatment

Consider the di-photonWW and ZZ channels.

Various distributions can serve as spin-parity discriminators
(e.g. angles, Higgs momentum).

Nchann. Nbins

- P — —
Ldawa| I wb) = [ | || POy 1= S 70) + Bij(6))

J

M, signal strength

@ Nuisance Pars
S Signal

l,]

B. . Background

l,]
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q — l()g : SM SM
‘L( alt? ﬁja}l)[ g‘laﬁ)

Corrected via the CLs
method to protect against
insensitive measurements

p(JE)
CL((JE) = I

l_p( SM)
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[ —
o
5 33 10=ATLAS Preliminary H—-2ZZ" - 4]
- © 5=7TeV, 451"
Pobs <3.1-10 g —— Data E:BT:V,.?O.MB'
€ E—F0 H - WW* = evuv
pfgf =0.88 g """ 0 E=8TeV,203 1"
=
£ 10"
_5 )
3.1'10 < ‘_f"]\-.‘
CLS obs —_ — 1 0_2 f‘.' I p |
1-0.88 are
4 }
=2.6-107 =0.026% 10°® ;o I
-' :
S
10-5 B I '
40 -30 -20 -10 O 10 20 30 40

log(L(H)/L(H))
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ATLAS Preliminary H—-Z2Z" - 4]
Vs=7Tev, 451"
Vs=8TeV,203 M’

p,. =~7.1:107
por =0.85
- 71107
b 1-085
=47-10" =0.047%
CL,; =99.95%

H— WW" = evuy
Ve =8TeV,203 '

Arbitrary normalization

CLs

5 ' :
10°"%0 30 20 -10 0 10 20 30 40
'09(L(Ho)/|-(H,))
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Spin Summary

Tested Hypothesis ALT ALT
0+ ;‘g"l’-"i'?_ P exp.pu=fi pijv I’::lf}T Obs. CLs (%)
of 1.8- 10_% 47-10°  0.85 7.1-107 4.7-102
) 8107 1.3-100* 088 <3.1-107° <26-1072
> 43-10° 29-10* 061 43.107 1.1-1072
+(K" =05 pr < 300) <3.1-10° <3.1-107° 052 <3.1-107 ' -3
2% (kg = 0: pr < 125 L1073 -4 N . < 0.3~ 10
> a I ) 3.4-10 3.9-10 071 4.3-107 1.5-1072
2+§Kq _ ;Kg; pr<300) <3.1-10° <3.1-10° 028 <3.1-10° <4310
Kg = 2Kg: pr < 125)  7.8-107°  1.2-107% 080 7.3-107° 3.7-1072
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LHC Higgs Mass
combination

Combined measurement of the Higgs boson mass in pp collisions at
\sgrt{s}=7 and 8 TeV with the ATLAS and CMS Experiments

Phys. Rev. Lett

G. Aad et al.
Accepted 16 Apnl 2015
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ATLAS Published analyses

Phys. Rev. D. 90, 052004 (2014)

-

g180ilII'[I_Idtl=4.l5ftl)-1;(§=I71I'e\llIIIIIIAITLIAISIIIIII_E > _|||||||||||||||||||||||||||||||||||||||||_
% - det=.20.3fb'1 Vs=8 TeV 4 Data 3 Q 35 ATL AS ¢ Data .
2 160 s/b weighted sum Combined fit: — (5 O |:| Signal (m = 124.5 GeV p = 1.66) N
N 140:_ Mass measurement categories — Signal+background _: L() - H N ZZ* SN 4l " . . :
E :B.ackground E S 30 L \(§=7Tevi_|-Ldt=4.5 fo” - Backoround 22 |
120 — Signal — %) C - J . - Background Z+jets, tt _
- . g — - \Vs=8TeV: |Ldt=20.31b ) .
100:_ _: GCJ 25 — : 7////% Systematic uncertainty ]
o e 4 @ [ |mw=124.51:0.52 GeV ]
= ) E 20 - =124.51+0.52 (stat.)£0.06 (syst.)
“Emu=125.980.50 GeV = 15 =
20/— =125.98+0.42 (stat.)+0.28 (syst. N ]
| S IS o S E T E 10 7
i : :
2 4 o .
= 2 St
£ + : 0
S .- | 80 90 100 110 120 130 140 150 160 170
m... [GeV1 - A _\n

« ATLAS
=125.36+0.37 (stat.)+0.18 (syst.) GeV
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-12/

CMS Published analyses

“arXiv:1412.8662 (submitted to EPJ C)

-

s 19.7 b (8 TeV) + 5.1 fb™ (7 TeV) CMS {s=7TeV,L=5.11";Vs=8TeV,L=19.7fb"
> x10 . > L L L L L .I T T T
& ask CMS S/(S+B) weighted sum G 3°r Data ]
~ | g now ¢ Data C . ]
BT X - ® - Z+X :
'E E S+B fits (weighted sum) o 30 B Ps . ]
% 25 ; B component .E E I:IZY 4 E
o o e, o L%’ 251 | |m,=126 Gev ]
£ 4sf - Phys. Rev. D. 89, 092007 (2014) -
g E O; With minor updates ]
—~ F 0 =1.14702 - :
? 0.5 n%,: 12470+034cev EPJ C 74 (2014) 3076 15 7
g)/ OE....I....I....I....I....I....I....I.... E E
n L L L L UL L L BN LN BLEL LN B 10+ —
200 C H
100 5:_
e |
oo 124.70+0.31 (stat)20.15 (syst.) GeV =80 100 120 140 160 180
110 115 120 125 130 135 140 145 150 m,, (GeV)
m,., (GeV) 125.63+0.44-0.40 (stat.)+0.15-0.17 (syst.) GeV

« CMS Combined: my=125.02+0.29-0.31 GeV
~125.02+0.26-0.27 (stat.)+0.14-0.15 (syst) GeV
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig14009PaperTwiki
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig13002PubTWiki
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig13001PubTWiki

 ATLAS

« CMS

=125.36+0.37 (stat.)+0.18 (syst.) GeV

CMS Weight
1 1
o, 0.30°
CMS _ : ~
1 1 1 [~ 05%

+ +
Olus Oamas 0307 0407
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Profile Likelihood in a Nut Shell

n=us+b H,=BG only = Signal with strength U
=y’ L(u) (u—ﬁé)2
L(u)="Prob(datal 1) ~ e 205 a —¢ %
L(u)
2
jog L) (=)
L(uw) 20,
Y
—21lo gL(‘u ) _ ;u ) _ 2 (Z is the significance)
L@y o

A1) = ~2log EEZ; 7=JA(w)
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Profile Likelihood in a Nut Shell

n=us+b H,=BG only H, =Signal with strength U

L(u)

A(u)=-2log 7 Z=\ A(W)
Let 6. be n Nuisance Parameters
max L(u,0,) A
A(w)=-2log—2 =—2log L(‘lf’qi )
maXL(,u 6.) L(u,0,)

L
Wilks Theorem A(u)=-2log—— ~
L(ILL’QL' )Hu)

Jargon: The Nuisance Parameters are Profiled

Eilam Gross, NEXT Abingdon 2015
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Mass Measurement
Parameterisation
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Nominal fit: which p to profile”?

* The nominal fit has four common parameters:

My ,Ugmnﬂ U%F+VH ‘uzz
ul =, p’
. BR(H —yy)
W=, p”’=—
88 88 O.gﬁ BR(H N W)SM
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Nominal fit: which p to profile”?

e The nominal fit has four common parameters:

144 144
My lL[ggH+ttH Hyppvy M

 The combined mass of ATLAS+CMS is therefore given by the following profile
likelihood test statistic

/7

~
Aﬂ\'

L("’”-/l ; /:‘f_:;;/fwul("’“Il) -,/7'\"-'1;1.4\-;,(7'1'1-/1) , fae(mur) é("“-ll))

-~ -~
Yy ¥ A

L(my, Hogr+ttH » v BF+V H > Fae; 0)

» Systematics is modeled with ~300 Nuisance Parameters

Almy) =

-~ -~
]

« 100 for shape parameters and normalization in Hyy Background model
(unconstrained)

* Most of the remaining ones, correspond to experimental or theory (constrained)
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The Fit Model

CMS
/lexp — u

ATLAS
u

/lexp _ ILLVBF+VH
RV —

CMS

CMS

Moo
exp __ gglF+ttH
/IRF —

ATLAS
ILLVBF +VH

 ATLAS is the other experiment

‘uCMS:‘u U _

ATLAS __

l exp

ATLAS

ILL ggF+nH

CMS
/lexp _ :uZZ
77 ATLAS
U,

H — vy H— ZZ® — (il
Mass my + Am.z + AmP mp + Amr
n exrp. YY exrp.
ATLAS | ggF, ttH | pA™ HggFriin(+bbi)RF_| ) Newp. . 27 AP
VBF, VH PUNETP- /1.{,"BF+‘,,..,,/\‘,}"{?'
Mass mpy + Amayz mpy
/ n Y
CMS ggF, ttH I - /"gg{’fu'HHbBH) I
VBF, VH I BRivEH
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Systematics
Correlations
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Correlated Sytematics

* The experiments are different;
Different detectors and different methodology for systematic
evaluation

+ Experimental systematics ony, e and y (energy/
momentum scale/resolution, efficiencies etc.) are
uncorrelated

* Only common theoretical uncertainties (QCD scale, PDF, BR)
and partial luminosity were correlated

» |t should be noted that the effect of these uncertainties is

mainly normalisation so the effect on the mass is negligible
(<10 MeV)

Eilam Gross, NEXT Abingdon 2015
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PDF and QCD scale uncertainties

Correlation rather straightforward:
PDF uncertainties in ATLAS 4l analysis is uncorrelated

between signal and background because the correlation is
expected to be small. But in LHC combination they have

been correlated to be consistent with CMS 4| treatment

T ————

B —

Source Affected Processes Typical uncertainty
PDFs+ag ggF, ttH, bbH, g9 — ZZ +7%

(cross sections) | VBF, VH, qq — ZZ +3%
Higher-order | ggF +8 %
uncertainties VBF +0.2%

on Cross VH +1%
sections ttH o :;f
bbH e+
qq — 272 +3%
99 — ZZ +30%

Eilam Gross, NEXT Abingdon 2015
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BR Uncertainties

* Uncertainties below 0.3% were neglected

e We were left with 5 NPs

| Decay Parametric uncertainty on ag(varies with decay) +1%
- widths Parametric uncertainty on my(varies with decay) +2%
| Theoretical uncertainty on I'(H — VV) +0.4%
Theoretical uncertainty on I'(H — ¢q)
Theoretical uncertainty on I'(H — v7)
=S ———————————— ——
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Luminosity Uncertainties

e Naturally part of the Luminosity uncertainty is common to ATLAS
and CMS

» 0.5% (0.6%) of ATLAS (CMS) Lumi @ 7 TeV
» 1.1% (2.1%) of ATLAS (CMS) Lumi @ 8 TeV
o Effect is negligible

-

7 TeV ATLAS | CMS

Total 1.8% 2.2%
100% correlated between ATLAS and CMS | < 0.5% | < 0.6%
Uncorrelated between ATLAS and CMS > 1.7% | > 2.1%
8 TeV ATLAS | CMS

Total 2.8% 2.6%
100% correlated between ATLAS and CMS | < 1.1% | < 2.1%
Uncorrelated between ATLAS and CMS > 2.5% | > 1.5%
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Other NPs

e Other NPs are the individual experiments NP

* Main impact comes from those related to
Calibration/Energy/Momentum/Scale and
Resolution

* The correlation of the calibration based on
/—>ee energy scale in both experiments turns
out to be negligible
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Impact of Systematics
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Systematic uncertainties

Energy/momentum scale and resolution of 4, e and y dominate
systematic uncertainty

ATLAS and CMS
LHC Run 1

ATLAS ECAL non-linearity /
CMS photon non-linearity

Material in front of ECAL

ECAL longitudinal response

ECAL lateral shower shape

Photon energy resolution

ATLAS H — yy vertex & conversion
reconstruction

Z — ee calibration

CMS electron energy scale & resolution
Muon momentum scale & resolution
ATLAS H — yy background modeling

Integrated luminosity

Additional experimental
systematic uncertainties

Theory uncertainties

Uncertainty in ATLAS
combined result

Uncertainty in CMS
combined result

Uncertainty in LHC
combined result

1
1
1
1
1
1
ATLAS
Observed
I [CJExpected

TINE

cMSs
Observed
| [CJExpected

“HUHU“HHH

Combined
Observed
[C]Expected

0 0.05 0.1

0 0.05 0.1
om, [GeV]

0 0.02 0.04 0.06

Nick Wardle
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Other experimental uncertainties (eff, JES, luminosity...

All experimental uncertainties uncorrelated

between experiments except luminosity

(partial correlation)

Systematic uncertainties

Energy/momentum scale and resolution of u, e and y dominate
systematic uncertainty

ATLAS and CMS
LHC Run 1

ATLAS ECAL non-linearity /
CMS photon non-linearity

Material in front of ECAL

ECAL longitudinal response

ECAL lateral shower shape

Photon energy resolution

ATLAS H — yy vertex & conversion
reconstruction

Z — ee calibration

CMS electron energy scale & resolution
Muon momentum scale & resolution
ATLAS H — yy background modeling

Integrated luminosity

Additional experimental
systematic uncertainties

Theory uncertainties

Uncertainty in ATLAS
combined result

Uncertainty in CMS
combined result

Uncertainty in LHC
combined result

H
NN

1

i

ATLAS
Observed
| [CJExpected

CcMS
Observed
| [CJExpected

UHUHUHHHH

Combined
Observed
[C]Expected

0 0.05 0.1

0 0.05 0.1
om, [GeV]

0 0.02 0.04 0.06

Nick Wardle



Systematic uncertainties

Theoretical uncertainties (QCD scales, pdf, BR...*) 100% correlated between

experiments

Almost no impact on mass measurement (as expected)!

ATLAS and CMS Uncertainty in ATLAS

combined result

LHC Run 1

ATLAS ECAL non-linearity /
CMS photon non-linearity

Material in front of ECAL
ECAL longitudinal response
ECAL lateral shower shape

Photon energy resolution

ATLAS H — yy vertex & conversion
reconstruction

Z — ee calibration

CMS electron energy scale & resolution
Muon momentum scale & resolution
ATLAS H — yy background modeling

Integrated luminosity

Additional experimental
systematic uncertainties

Theory uncertainties

*Interference effect not included

Uncertainty in CMS
combined result

Uncertainty in LHC
combined result

1

1
1
]
1

H
NN

ATLAS
Observed
[CJExpected

CMS
Observed
| [CJExpected

UHUHUHHHH

Combined
Observed
[CJExpected

0

0.05 0.1

0 0.05 0.1
om, [GeV]

0 0.02 0.04 0.06

Nick Wardle



Systematic uncertainties

Systematic contribution evaluated sequentially “freezing” nuisance parameter
groups to their best values and re-scanning the likelihood ratio...

Ny — 125.09 = 0.21 (Stat

Uncertainty is mostly statistical

Scale uncertainties dominate
systematic

— But we can expect that to
improve with more data!

*Interference effect not included

)
+0.11 (scale)
+0.02 (other)

)

-0.01 (theory
GeV

Nick Wardle
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Results
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MH VS. Y contours

< 3 T T T | T T T T | T T T T I T T T T T T T T | T T T T | T T T T
S B i
o B - == ATLAS H—yy |
© - ATLAS and CMS --- ATLAS H—ZZ—4
S - LHC Run1 CMS H—yy -
« 25 CMS H—ZZ—4l  —
I B — All combined ]
* I ]
% u Lo’ X Best fit |
@ o L, —— 68% CL —
o R -
N - .
o . _'—"-':.,',""~.~~ —
I - . i
» 1 5 __ ‘\ ‘\\ __
R X v
i R S et T
O 5_ 1 | | I | 1 1 | I | | 1 1 I 1 1 | 1 I 1 | | 1 | 1 | 1 | | | | 1 1 |

' 124 1245 125 1255 126 126.5 127

m,, [GeV]

The best fit mH in contour (X) is not identical as my measured

-
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Some Examples

» Asses the tension between channels
Amu(yy-41)

A
A

I

| A Ay A A
L(Arnl”}"Z y MH s Rggp4ttH » PV BF+VH » H4L 5 0)

A(Am.z) =

A A ~YY ~YY ~f
L(Amw,z, MH,; Rggr4ttH » v BF+V H> R4t 0)

~

» Asses the tension between experiments
AMH(ATLAS-CMS)
L(Am? M, /-:‘;};/«4-1#/ -/»:"?-'ﬂ"BFTL\'f/ , flae 9)

A(AM*?) = —— — — -
1N ETP 2y R TRR |
L(A’” ]. ,”'IJ'/I"(]‘(]I‘.—F”II ./1‘[11"_*_‘11./11[.9)
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Tension In my between decay channels

-

\AI 7 L IIIIIIII I IIIIIIII "' 1] . ] L I 1 L 1 13 L ] L] L 1 | 1 ‘l ! 3 ] l'—
| 7 ATLAS and CMS ATLAS

265 e Run o

§, . — Combined

< 5 ol

c T

o E

-2 =15 -1 05 O 0.5 1 10 2
m!/-m¢| [GeV]

+O 50 No observed tension in
= — GeV
O 08 —0.49 G combined

>
S
T
)
=
|
N
R
|
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Tension iIn my between experiments

or

7TIITITITIIIITT‘IITTI[TY71]1IITIYT11]FTTY

ATLAS and CMS —— H-yy

—_— 4
LHC Run 1 Hozz=4l
Combined yy+4/

CMS)
H
T 1T

D

VIIIIII]IIIIITIIT]

ATLAS_ .

Jlllllllllllllllllllllll

| Amp(ATLAS = CMS8)z5: = —0.90508Gev | /' Amp(ATLAS — CMS),, = 1322 561GeV

1

.......... Tension.in 4l.
1.30

Tension in yy
/Z(fo

—

IIII|II|

T e PRI

0
-2 -15 -1 =05 0 0.5 1 1.5 2

ITY:,TLAS— szS [GGV]

0.48 ) No observed tension in

L‘LAmH (ATLAS — CMS) = O'41—|_0.£32 GeV | combined measurements

between experiments
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Reproduce Published results

TrTTTTTTTTTTTTI IIIIIIII|IIIIIIIII|IIIIIIIII
ATLAS H—yy F——e——+ e Total
CMS H—yy =] Stat.
] Syst.
ATLAS H—ZZ —4l | . |
CMS H—ZZ—4l —eo—|

ATLAS+CMS yy

ATLAS+CMS 41

ATLAS+CMS yy+4i

Eilam Gross Combined LHC Higgs Mass, Durham 21.5.2015 12



Tension Between Experiments

IIIIIIIIIIIII|IIIIIIII|IIIIIIIII|IIIIIIIII
ATLAS H—-yy I———— I Total
CMS H-yy ————] Alo Stat
] Syst.
ATLAS H—ZZ -4l | . :r\1‘30
CMS H—ZZ—4l —eo—|

ATLAS+CMS yy ) )
Some tension between experiments but not

ATLAS+CMS 4] very significant

ATLAS+CMS yy+4i
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No Tension Between Combined Channels

ATLAS H—yy

CMS H—yy

ATLAS H—ZZ —4l]

CMS H—ZZ —4l

ATLAS+CMS yy

ATLAS+CMS 41

ATLAS+CMS yy+4i

-

TTTTTTTTTTTTTT IIIIIIII|IIIIIIIII|IIIIIIIII
HH—e—— I Total
=] Stat.
] Syst.
f ® {
————
1
F—e— ATLAS and CMS
...................... [
No tension between channels in LHC
_..combination . .. .. ...
124 125 126 127 128
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Fine Final Scan

-

AI 7 1 T 1 T ‘I’ T L4 T 1 I L4 T L T ‘[ T L4 T L4
S -~ ATLAS and CMS —— H-yy .
= 6 — H—>2ZZ -4l -
- - LHC Run 1 = Combined yy+4/ .
N - e Stat. only uncert. .
| 5 _
4 :__ """"""" 'k """ ... """""""""""""""" " """"""" s '_—:
3 B =
2 -
. 30\ -
1 :—— ......................... \ ..'..- .. .............. Y e —-.-
1 1 L 1 L 1 L i 1 1\“ 1 1 1 1 L 1 I
24

0O

124.5 125 125.5 126
m,, [GeV]

my, =125.09 £0.21(stat) = 0.11(syst)GeV

2InA=1=0

2 >
\/Gtot o GStat — Gsyst
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Combined Mass

ATLAS H—yy

CMS H—yy

ATLAS H—ZZ —4l]

CMS H—ZZ —4l

ATLAS+CMS yy

ATLAS+CMS 41

ATLAS+CMS yy+4i

my, =125.09 £0.21(stat) = 0.11(syst)GeV
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Compatibility

A number of different models to check
compatibility of the result ...

3u+4m
Four masses

3u+lm
“Nominal”

et

(_educated guess | Six signal modifiers

Nick Wardle

ATLAS Houyy
CMS H—yy
ATLAS H»2Z 8
CMS M 222
ATLASCMS yy
ATLASCMS U

ATLAS+CMS yredl

e oo |

bwaedi  ATLAS ard CMS

|
124 125

126 127 128

m,, [GeV]

Least assumptions
made



e e amash-ry | BN et e Totdl
Compatibility o
ATLAS H—2ZZ -4l - Syet.
. CMS H - »2ZZ -
A number of different modelstocheck L
2l sl® TLAS+CMS
compatibility of the result ... * " BN
ATLAS+CMS ar psntid  ATLAS and CMS
e ATAS.CMS yroat | ’T* """" LHCRun1 |
+ aasalasssaaial R s s sy lasssssass lasassssay
What happens if the p+em 124 125 126 127 128
nominal model is used Four masses m,, [GeV)
with 4 masses A

3u+lm
“Nominal”

The actual compatibility between the
combined value and the 4 measurements

What we “see” when looking
at the 4 measurements in the

plot.

Chi? p-values 6p+1m

Six signal modifiers
, [ Educated guess ]

Nick Wardle Results compatible within 20!



Conclusion

-

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I
LHC Run 1 Total  Stat. Syst.

ATLAS H—vyy I ® i 126.02 £ 0.51 (£ 0.43 £0.27) GeV
CMS H—yy | 124.70 + 0.34 (£ 0.31+ 0.15) GeV
ATLAS H—ZZ—4l I . i 124.51+ 0.52 ( £ 0.52 £ 0.04) GeV
CMS H—ZZ—4l I —— | 125.59 £ 0.45 (£ 0.42 £ 0.17) GeV
ATLAS+CMS yy I_El_l 125.07 £ 0.29 (£ 0.25 £ 0.14) GeV
ATLAS+CMS 4] I T.l | 125.15+£0.40 ( £ 0.37 £ 0.15) GeV
ATLAS+CMS yy+4l F?—l 125.09 £ 0.24 ( £ 0.21 £ 0.11) GeV

1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
123 124 125 126 127 128 129

m,, [GeV]
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The Return of the LHC

First Stable Beams

ATLAS

EXPERIMENT

Run: 266904

proton-proton collisions at 13 TeV o1 ol <013 cest
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The Return of the LHC

CMS Experiment at the LHC, CERN
Data recorded: 2015-Jun-03 08:48:32.279552 GMT
Run / Event / LS: 246908 / 77874559 / 86
L W |
4 2. - W
N
a%

-

-

-«
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Conclusions

In almost three years the “discovery of a scalar particle compatible
with a SM Higgs Boson” made a clear phase transition into “precsion
measurements”

The Higgs moved from the “search” regime to the "SM" regime

The more luminosity collected (so far) it does not reveal a new
face, it is remarkably compatible with a SM Higgs

The Higgs revolution has just begun and we look forward to better
measurements and new searches that will reveal hopefully either
new particles or significant deviations from the SM. But life is
becoming more demanding......

We thank the LHC machine feam that enabled us to experience a
once in a physicists lifetime experience!
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