The Higgs Boson : Latest Measurements and Perspectives
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Channel

SM H combination

SM H to ZZ(*) to 41

SM H to diphoton

Lepton Universality
Violation Charged
Higgs

SM H couplings
SM H combination
SM H to diphoton

SM H to ZZ(*) to 4

SM H to WW to Iviv
SM H to WW to Iviv
(MVA)

SM WH, H to WW

SM H to tautau

SMVH, Hto bb

SMttH, H to bb

SMHto ZZ to livw

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults
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Nov-2012 2011/2 (HCP) data: H -> ZZ -> 4l TWiki, PAS
Nov-2012 2011/2 (HCP) data: H -> WW -> 2I2nu TWiki, PAS
Nov-2012 2011/2 (HCP) data: H -> tau tau TWiki, PAS
Nov-2012 2011/2 (HCP) data: H -> tau tau (MSSM) TWiki, PAS
Nov-2012 2011/2 (HCP) data: VH ->V tau tau TWiki, PAS
Nov-2012 2011/2 (HCP) data: VH -> V bb TWiki, PAS
Nov-2012 2011/2 (HCP) data: H -> WW -> Inujj TWiki, PAS
Nov-2012 2011/2 (ICHEP) data: WH -> 3I3nu TWiki, PAS
Nov-2012 2011/2 (HCP) data: Combination TWiki, PAS
Nov-2012 2011/2 (ICHEP) data: bbH->bbbb (MSSM) sl+h TWiki, PAS
May-2012 2011 data: phi -> mu mu TWiki, PAS
Jul-2012 2011/2 data: H -> gamma gamma TWiki, PAS
Jul-2012 2011/2 data: H -> ZZ -> 4l TWiki, PAS
Jul-2012 2011/2 data: H -> WW -> 2I2nu TWiki, PAS
Jul-2012 2011/2 data: H -> WW -> 212nu, shape TWiki, PAS
Jul-2012 2011/2 data: H -> tau tau TWiki, PAS
Jul-2012 2011/2 data: VH -> V bb TWiki, PAS
Jul-2012 2011/2 data: H -> ZZ -> 212nu TWiki, PAS
Jul-2012 2011/2 data: H -> WW -> Inujj TWiki, PAS
Jul-2012 2011 data: ttH -> tt bb TWiki, PAS
Jul-2012 2011/2 data: Observation: ~125 GeV TWiki, PAS
Jul-2012 2011/2 data: H -> gamma gamma, FP TWiki, PAS
Jul-2012 2011 data: bbH all hadronic TWiki, PAS
Jul-2012 2011 data: bbH semileptonic TWiki, PAS

Plus ,Moriond-Publications® 2013

Thomas Miller, Institut fiir Experimentelle Kernphysik

http://cms.web.cern.ch/org/cms-higgs-results
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A. Introduction
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The Discovery July 4, 2012

Significant excess of events
In both ATLAS and CMS in

HﬁZZandHﬁyy

(the most significant channels)

=

Evamiz ¥ |8

Is it ,Higgs"” ?
Is it , The Higgs“?

=T "
515+8) wa ghvad

ATLAS  amve (G- 04 Tev
F’\ Ir"rf"‘v"'\.-"'"f‘%-"‘-._.-'-a'k#"""-—- e [

ET] Hiy [ LTIV ]
my, [Ge)

L www.elsevier.co m!lncat’e.’physl&ib

Phys. Lett. B 716 (2012)
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Higgs Boson Production

Gluon fUS|On 10215 L e e N E%
Selection of Higgs at large p+ ) \ \s=8TeV %
— - o -, _:f)
enhances S/B < T o — 00
£ 10 ——

T 10¢
T L i
: Q 5 .
Vector boson fusion (VBF) _ g r AP 1 99H (NNLo o 1
. . 6 ——————Moew)
Two forward jets with large |y]| W, Z 1;\:9;%% —~
=" 4 R o | LO e i
i LW QC;);V Lo Ew ]
- },D___ln‘H LO EW) -
: : 101 Nl 0o, =
Associated production - =
Selection of Higgs at large p+ N .
enhances S/B |_ | | | | | | | | ! | | | | | | | | | | | | | | |_

2
1080 100 120 140 160 180 200

My [GeV]
ttH production
Dominant diagram t-t fusion Uncertainties NLO/NNLO/NNLO+
scale PDF4LHC QCD EW
ggF 6—14% 7% >100% 5%
VBF 1% 3—4% 5% 5%
_ : _EO WH 1% 3—4% 30% 5—10%
Note: EWK corrections are ~5% e e e o7
ttH 10% 9% 15—20% ?
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Higgs Boson Decay Modes

Higgs Boson decay into:

Bosons - first observations

LHC HIGGS XS WG 2010

* vy: Excellent mass resolution

Branching Ratios

| IIIIIli |1 IIIII| L LI

e ZZ* - 4l. Low background

* WW* - 212v: High statistics,
poor mass resolution

Fermions of the third generation:
* bb: Only in associated production
* 1T: Leptonic and hadronic decay

Fermions of the second generation:

° cc, uu: very hard but necessarg! _ . .
arametric + theoretical uncertainty of BRs: | .- Higgs XS WG 2011

My[GeV] H— bb 7777 ¢ gg vy WW 77
120 3% 6% 12% 10% 5% 5% 5%
150 4% 3% 10% &% 2% 1% 1%

_’_\\H‘(II Thomas Miiller, Institut fir Experimentelle Kernphysik Dresden 13 q) DPG



proton - (anti)proton cross sections

Experimental Challenges
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W + jets
W—iv
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Relevant Background Processes

Recorded Luminosity [pb™/0.1]
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Data taken at the LHC

Integrated Luminosity, pp ATLAS and CMS each collected
_ Dataincluded fom 2010-03-30 11:21 0 2012-12-16 2049 UTC 5fb'@ 7TeV and 20 fb'@ 8TeV
-.; — 2010, 7Tev, 442 b DPG 2013 Results shown here based on 5 fb! data
= 2011, 7 TeV, 6.1 1 ' -
Ezo . 50, 70 V1 at 7TeV and up to 20 fb-! of data at 8TeV
E Taken with 50 ns bunch spacing and
E 15 HCP 2012 {15 typically 20 interactions/bunch crossing
=
% Max. instantaneous luminosity
© 10 1 7.5 10%%/cm?s
o ICHEP 2012
©
°
F " " | | I " " .
ﬁ& W Y o o @ o ° ~ 2.5 1075 pp collisions (inel. + el.)
Date (UTC) ~1019 pp collisions recorded
25 .108 Z - up decays produced
Expected number of H decays in data: ~ 1000 H = vy

~ 50H>ZZ->4¢
~ 5000 H > WW = ¢v ¢v
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B. Signals: Bosonic Decay Channels
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 Clean final state with 2 isolated photons
* Narrow mass peak on continuum
» Background shape extracted from data

* Fits in subcategories with distinct
resolution and S/B improves total
sensitivity

*To fight pile-up:

ATLAS: Longitudinal segmentation of
EM Cal. to determine photon polar
angle —determines Vertex
Irreducible background: pp—=>yy+X ~75%
CMS: algorithmus based on Zp;? of : .
tracks and p;"* balance chooses right . ad
vertex in 80% of cases S WP rn gm{ Y

Reducible background: pp—>yy+jets, Drell Yan+jets

ATAATa el q nlin, ..

q

q FE ———= g *‘m—q—é q
g Jjet Jet
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AT

Events / 2 GeV

Events - Fitted bkg

ATLAS-CONF-2013-012

10000
C Selected diphoton sample
8000 e  Data2011:+2012 new
C Sig+Bkg Fit (m =126.8 GeV)
T heqy  mmmmmmmas Bkg (4th order polynomial)
6000 — ATLAS Preliminary ]
L H—yy —
4000[— ]
C Vs=7TeV, J-Ldt =481’ ]
2000— 1 -
C Vs=8TeV, J-LCH =20.7 fb T
500 = —
400E- =
300E- =
200E- -
100E- =
oE + + R Ll ¢ U ¢ £
~100 + + T T++ +T?T? [ +7?+ 5
100 110 120 130 140 150 160
m,, [GeV]
(=] 5 L TT T T TT T T T T 17T TT T 7T TT T T TT T T T T 17T
oy 184 Frtmmems Ops. P, (Category) 'ATLAS Internal ' —
B i Sh e E
- S S. Inclusive| —
- 10° E— = Exp. pg(inclus‘me} 4
L e com— =l
102 o t e
S | WY S =y 3o
100 S 1 WY ISttt i had
105 Data 2011, Vs=7TeV g
o Ldt=48f" 3
10 F 6o
1070 Data 2012, {s=8TeV J
10126 Ldt=207f"..37°

10—14T...‘|....|‘...|.".|...‘|....|‘...|.H.|
110 115 120 125 130 135 140 145 150
my, [GeV]

arXiv:1207.7235

CMS
REAN

5 GeV

15000}

Events / 1

1000}

| ¢ Data

ys=7TeV,L=51fb"\s=8TeV,L=53fb"
T T T T | T T T ]

Unweighted

130
m,, (GeV) 1

S/(S+B) Weighted
()1
3

| —— S+BFit
------ B Fit Component
:|:|i1c
g -y ]
0 PR IS S I SR SR MR R RNAN NS N N S NN
110 120 130 140 150
m,, (GeV)

@ 10
2 [ interpretation Requires LEE CMS Preliminary
] (5=77TeV,L=5.11b" [3]
& 1 _ _ . (s5=8TeV,L=53m"
T F T i T i T <
g \— N N\ 1o
S F \\ /x// T \3« ]f O —
F : NN et 2c
02 g M -
E il S, T i
10,3 nf — Observed (Asymptotic) - 3¢
[ I SM Higgs Expected (Asimov)
10 St S R S 7 TeV Observed (Asympiotic)
f v B TeV Observed (Asymplotic) b 4G
10° NP VP AN AP AR AP I I
110 15 120 125 130 135 140 145(G \}jm
m,, (Ge

ATLAS: p=1.65 % 0.24(stat.) *02°, .. (sys.) at 7.4c (exp. 4.10) !
Mass 126.8 £ 0.2(stat.) £ 0.7(sys.) GeV

CMS:

u=1.56+0.43(stat.) at4.1o0

New results next week !

Mass 125.1 £ 0.4(stat.) £ 0.6(sys.) GeV

Thomas Miller, Institut fiir Experimentelle Kernphysik
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2.H—> Z72* > 4 leptons

z° a
4 —d—-vwmmmww< g 2080000y
e
-~ -
o
q —»—Mvvw:w‘.-w< g
zu a&

SIT

Irreducible background

c/u

b
t \'a

w*

Reducible background

Thomas Miller, Institut fiir Experimentelle Kernphysik

 High lepton reconstruction efficiencies
for m(4l) > 100 GeV

» Standard reference candle: single-
resonant Z—4l

» Used for Measurement of mass,
spin&parity

Irreducible background:
« ZZ continuum, Zy* — use kinematics to
separate signal

Reducible background:
« Z + jets, Zbb & tt — use lepton isolation and

impact parameter to reject b ->IX decays

Dresden 13 @ orc



signal background

CMS preliminary 1s=7TeV.L=511b" \s=8TeV, L=19.61b" CMS preliminary \s=7TeV,L=5.11b" \s=8TeV,L=19.61b"

T 1
CMS: JdF
Matrix Element Likelihood Analysis: -
uses kinematic variables, angles for 0.6F
signal to background discrimination o iF
(MELA) 03
0.2
0.1

ATLAS: 320 130 140 150 160 170 180 0720 130 140 150 160 170 180

m,, (GeV) m,, (GeV)

Boosted Decision Trees
MELA

*
1/K — 1 + Pbackground(mT’mZ’ef’e? qJ’ ¢’9 )
D *
Psfgna! (m1’m2’91’92’ lp’(p’e )
CMS preliminary Ns=7(8) TeV,L=5.1(19.6) b’
’--\120||.r]||||[|.||||r|.].'|.|)r|l|.||r|$|[|]||| 40
;‘ _\I\IIIIIIII!IIIIII\IIIIIIII_ >
0] F =125 GeV - ] [eh)
o) 80:2;:9(120.:;45130&\:) ATLASPreIltmnaryi ) i 35
3 [ v Data(120<m, <130 GeV) H-)ZZE )_)4.| ] ~100 / de:8TeV /7 TeV
= r Sy .1 ] &
700 o Ys=7TeV:|Ldt=46f" EN i o/ m 4:8TeV/7TeV 30
c o Ys=8TeV:fLdt=2071"1 eou: 8TV / 7 TeV
50 e R R R = 20
s S ] 60
40 SN RN R AL . . =15
T T T T I T L L U0 R [ =
30;::::::::::::::::::::::::::::::::::iiﬁ’l | 1A = a0l - -1 —10
| N I R A A [EERERERR TN} L] | -.
: ............. d.‘ ........ ! -------- nnﬂ. s : u ™
20 e T O - o ® 1 P
TR EEIRTERTRRERPRRRRIT AL\ A 1 AR 0 - ] 20
T gy S S L T RNENT RN NN NE e v ool by 0
50 60 70 80 90 10 40 50 60 70 80 90 100 110 120
m,, [GeV] m,, (GeV)
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ATLAS-CONF-2013-013 CMS-PAS-HIG-13-002

CMS Preliminary fs=7TeV,L=51f";{s=8TeV,L=19.6f"
T T

% anl 35
© L . .. - |
@ 30f « Data ATLAS Prelimin > “ ' e Data
A 4 77" . ey o C new
$ [ . Eackaren H—zZ"' -4 ™ 30f - Wlzex
- 1=
c 25 ] Background Z+jets, i ~ n X
= B . _ w B Zv Z7 T
@ ¢ []Signal (m =125 GeV) € o250 - Oz, ]
L (1)) - —
7 _ ' B m_=126 GeV
201~ 77, SystUnc. 5=7TeV:|Ldt =46 fo" o F [ ]
C Vs=8TeV:|Ldt =20.7 b’ 20 —
15F -
10F .
:

ATLAS:

CMS:

80 100 120 140 160 180
my, [GeV]

u=1.7x0.5at6.6c (expected 4.4:)
Mass 124.3 *06  _ (stat.) *0-° , ; (syst.) GeV

u=0.91%030 ., at6.7c
Mass 125.8 £ 0.5(stat.) £ 0.2(sys.) GeV

..\}‘(II Thomas Miller, Institut fiir Experimentelle Kernphysik Dresden 13 4) DPG



SIT

212v (6 channels)

Higgs boson signal:

« Two isolated opposite sign
Leptons (e or y) and MET

* Dilepton invariant mass and
A are small in standard
Model

Exclusive analysis in bins of
jet multiplicities:

0-jet: optimized for gluon-fusion, purest
channels, least affected by top BG

1-jet: more affected by top BG

Event classes:

* ee, pu
°® e“

Thomas Miller, Institut fiir Experimentelle Kernphysik Dresden 13

Irreducible background:
« Standard model diboson decays
to two leptons and MET

Reducible background:

« Z—ll+(jets—fake MET)

» W—lv+(jets—fake lepton)
 tW and ttbar production



o™ - L T T T T T T T T T T T T L T T T ]
__><g B ]
) [ —e data — m=125 GeV CMS Preliminary |
O 250 Hi25 I Wijets E=8TeV, L=19.5 fo'—]
o [ . vV Top f5=7TeV,L=49"
— Ko ww ! 1
‘a‘_:g 00 - w stat.@syst .
g [ n ]
150 ]
3 t E
sol- *I‘t ]
N 3 e ]
- ﬂ *--_’_ ]
o] e
25

data /MC
,.+.
1’%
iR
1
B
B
Al

CMS-PAS-HIG-13-003

my? [Gevic?]
Counting analysis
o 30
O [ CMS Preliminary ----- Expected ]
g F L=28f' (7 TeV)+ L =195 7' (8 TeV] —e— Observed ]
Qo 25 [ H—ww—2i2v 0/1/2jet —_ Injection m =125 GeV  _|
E‘é C [ injection = 1o ]
o C I:l Injection + 2a 7
‘w 201 -
151 .
101 .
51 .
of
100 200 300 400 500 600
m, [GeV]

» ~4.0(5.1) o observed (expected)
significance at my ~ 125 GeV

Significance at mH = [25 GeV

_‘gw(l:!. Thomas Midller, Institut far Experimentelle Kernphysik

my = 125 GeV

background

MH =125 GeV
CMS preliminary L = 19.5 i’ (8TeV)

Background
CMS preliminary L = 19.5 b (8TeV)

2
Qe
-3

RS AT O W

70 80 90 110 120
M, (GeV)

momentum direction ————
angular momentum direction — E——-

Dresden 13
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Events /10 GeV

Events /10 GeV

AT

vs=8TeV, | Ldt=13.0

LA AL LR R R Rl R AR AR R LR

R R T
ATLAS Preliminary

fb”

H—;WW'.]—ye\'uvfuvev (0 jets)

150
* 0 jets

[ [ sing!

Z+jots Waijels
B Zsjets [ WHi
BB H (125 GeV]

. ————
- Data %% SM(sys @ stat)
B oww [ WZzZ2wy

e Top

|
250

8 |II[llII[thllll.llllll.lil.lilil.lllI.I]I.Il]l.lil.lill-
o

my [GeV]

120
100
80
60
40

i

20

II'III"II]Ill]lll’]ll!['lll]l

e — ;
ATLAS Preliminary —¢— Bkg subtracied data
\s=8TeV, [ Ldt=13.0fb"
H—yWW[.]—;evapvev (0/1 jets)

|:| H[125 GeV]

T

IIIIIII|III‘III|I[1|III|I

50 100

Thomas Muller, Institut fiir Experimentelle Kernphysik

PR ) A
150

T LA IR B B e 2

e B
80 P 4 Data === SM (sys @ stat)
ATLAS Preliminary o o0 g wozzwe
\s=8TeV,[ Ldt=130f" [Jd [ SingleTop
) . Bl Z+jets [0 W+iets
6o H2WW —evpv/pvev (1 jet) Bl H (125 GeV]

Events / 10 GeV

ATLAS-CONF-2012-158

e AT PN AR TA ARRT A SRR NNAN A FRRRA AT

300
* 1 jet my [GeV]
foiy ' i
e ATLAS Preliminary
§ HoWW' J—)r-,\\«';.wﬁ’u\.z'ev (0/1 jets)

\s=8TeV: [Ldt =13 fb"

~Obs. tic
--Exp. m, =125 GeV

Signal strength:
ATLAS:

CMS:

o

1.5+ 0.6 at 2.60 (1.90 expected)
0.76 £ 0.21 at 4.0c (5.1c expected)

Dresden 13




C. Signals: Fermionic Decay Channels
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Event Categories
r* g a Jet, E; 345
S D e

-

al

VH Process g |II

Strategy:
» Select isolated, well-identified leptons, T,

* Topological cuts (e.g. myin Iz, pr(H) in g, t,) to
suppress background

- Categorize events based on number of jets, t p, T
W
» Template fit to m__shape e | | wp | | et | || Tt T

..\ﬂN(II Thomas Miiller, Institut fir Experimentelle Kernphysik Dresden 13 Q) DPG



Events / 20 GeV

AT

Combined 1-jet and VBF

30

25

20

15

10

CMS Preliminary, ys=7-8TeV, L=24.31fb"

% : L 4; H(125 GeV) ; Tt
L e, et ut, 1,1, B == Data- Eal:kg.mund -1
..._0__ 1000 - B3] Bho. uncertainty
: : 20
et L
E so00f ks
u -
-~ =
3 i o
- 700 I
ot 800 - o ooy
2 [ H(125 GeV)s 11 ]
-g] 400 = —@— observed _
BT - | — A i
2 - = )
g - N lectroweak _
m 200 1 aco -
A B -
w B -
0 ¥ 1 ]
0 100 200 300
m,. [GeV]

ATLAS-CONF-2012-160

UL LR |

LI L B L L I L B L

ee + en + pu H+2-jet VBF _|

—— Data 7
— 2xX H(125)—>1tt —
Bl Z e .
Hl Z—eeup 8
Il /7+single-top B

Ww/wWz/z2Z .
[ Fake leptons .

72 Bkg. uncert. ]
Ldt=13.0f6"

Vs =8 TeV ]
ATLAS Preliminary;

50 100 150 200 250 300 350 400
MMC m_, [GeV]

> new <

Thomas Miller, Institut fiir Experimentelle Kernphysik

CMS-PAS-HIG-13-004

CMS Preliminary,

CMS Preliminary, H—1t, L=24.3 fb™! m, =125 Gev : | i |
" 1 " H i 1 " " " 1 v
— Hp
— = 1-Jet
M el
L 2-Jet (VBF) . ThTh
——— e,
» VHo1t+l I.LT
2 g h
» VH—-1+l
—1— Combined
e @ | '—*—' Combined
0 2 4 6 H L é L L L :I.

best fit for o/ Csm

best fit for GIGSM

Fitted signal strength per category

Signal strength:

ATLAS: p
CMS: 0l

Dresden 13

0.7+0.7
1.1+

0.4 at 2.90 (2.66 expected)
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Event Categories

_~e/u _~elp
- 7 ~—, — w VI
q z & e/ § w § Vg S WIS
>w,w.,. b >\fb"uﬂf~. S, b S b
q T q "H\‘_ q AT
b b 5

 H—bb has largest BR but very high background

» Search for associated production with W or Z
(W—lv, Z—ll, Z—vv)

* Final states with leptons, E;miss and b-jets

» Main background: W/Z + jets, top

Events/10 GeV

Normalized from control regions in data

* Analysis strategy:
Divide in categories high and low p; of boson

* Further discriminate from Bkd using multivariate
techniques

..\}‘(II Thomas Miller, Institut fiir Experimentelle Kernphysik Dresden 13

400

300

200

100

-100

ATLAS-CONF-2012-161

ATLAS-CONF-2012-170

T T I T T I. I. I T T T ‘
ATLAS Preliminary

_[ Ldi=13.0f6", s =8 TeV

J Ldi=4.7 fb", (s =7 TeV
0

,1,2 lepfon

Bwz.zz
B WH 125GeVv

1ZH 125GeV
-e- Data - Bkgd

I_*\_rll\l|\ll\‘ll\lll_




CMS PAS HIG-12-044

- CMS Preliminary
80 _ {s=7TeV,L=50fb"

(s=8TeV,L=12.1fb"
~ pp— VH; H— bb

—— Sub. stat. uncert. _|
Il VH(125 GeV)

== MC uncert. (stat.)

Events/ 15.0

Signal strength:

ATLAS:

fs=7TeV,L=50M"Vs=8TeV,L=12.1 1"
CMS Preliminary my =125 GeV

Z(I'T"H(bb)

Z(VvW)H(bb)

W(lv)H(bb)

2 4
Best fit Gst

Thomas Miller, Institut fiir Experimentelle Kernphysik
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CMS preliminary
T T I

% [ T T T T T T T T ]

O 30+ * Data \s=7TeV:iL= 51fo"

™ i (] m,=126 GeV \s=8TeV:L=196f"

- | B Zy', ZZ |

bt A Bl zZ+X J
c

o - i

10| -

b4l |

0 100 200 400 800
m,, [GeV]

10 II\II\\I\?\\\III\H

" CMS Preliminary

Vs=7TeV,L=51M"
 Vs=BTeV,L=1961"

s H 3 Z2 —3 4L + 2127

"| — Observed
....... Expected
98 Expected + 1o
.| p— Expected + 20 |..

95% CL limit on o/cy,

-_—
Q

100 200 300 400

100(
m,, [GeV]

..\ﬂN(II Thomas Midller, Institut far Experimentelle Kernphysik

2 10F ot A T 3
s £ ATLAS 2011-2012 E=10 ]
= [ \s=7Tev: fLdt= 464877 L =20 .
5 | Vs=8Tev:fLdt=5.8-5.9f" —— Observed i
- A e Bkg. Expected
o . J
O
o>
o]
o
107 CL, Limits
110 150 200 300 400 500
my, [GeV]

130-827 GeV exclusion at 95% C.L.
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C. PROPERTIES OF THE
FOUND PARTICLE
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* The energy scale of leptons is measured using J/¥Y and Z
* Precision: 0.2% - 0.5%
* The photon energy scale is derived from Z->ee, knowing

the shower shapes in the Electromagnetic Calorimeter

ATLAS: CONF-2012-162 CMS-PAS-HIG-12-045
E 4.5 T T I T T T T T T T I T T T T T T T T T ] E 3-0 f;r'ws: P're||im'in6?-ry' "S T?:T?V,l LIS |5-1| fb'-1 IV.SI ='a Te\:", |-I_SI 1|2QI fbl-1
= - ATLAS Preliminary 2011 + 2012 Data 7 Qm FH—>yy+H—>ZZ | % Combined
preer} — —_ H
= - Vs=7TeV: [Ldt=4.6-4.8fb" — combined ] © 251 oo
© 3.5F Vs=8TeV: fLdt=13.01b" —H=yr = i + H-2zZ
% = —H-2zz" >4l ] -
© 3 e e ] 2.0 [ —
= - . i
= 2.5 — i ]
2:— — - i
1.5 | peetiit = 1.0~ =
1 f_ — 68% CL —f - 1
- - 95% 0L ] 05l 3
05:_ - i
O: : I L L L I L L L I L L L I 1 1 1 I 1 L : 0 O [ 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 i
120 122 124 126 128 ’ 124 125 126 127 128
my, [GeV] my (GeV)

CMS m, =125.8 + 0.4 (stat.) £ 0.4 (syst.) GeV
ATLAS m, =125.5 £ 0.2 (stat.) £ 0.5 (syst.) GeV
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2. Higgs Signal Strength and Couplings

Table 1: Numerator scaling factors for different productionxdecay channels. Four coupling
constant modifiers can be identified: cy, ¢y, cr, ¢;. Denominator scaling factor is common and

proportional to I'tor
99 +H VBE VH ttH
Hoyy [ leey+Bal [ Jacv +Baf [ (b Jucv +Baf ) [ (¢ Jacy +Baf*)
H — bb ( cfﬂﬁ ) (76 ) cr%;*ci cf«:g
H— 1t c e cf Cy - Cs Cy + O (ciocg)
H—WW f - C ey - ¢ cici ( rﬂci )
H— ZZ ¢} (¢h-ch) (- ) (- )

SIT

Thomas Miller, Institut fiir Experimentelle Kernphysik

Dresden 13
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| | | | | | |
ATLAS Preliminary £ m, = 1255 GeV

W,ZH — bb

o=7TeV: [Ldt= 47 6" *
Ys=aTeV: [Lat=13 10"

H— 1t

Ns=7TeV: [Ldt= 461" o
Ve-BTev: [Lat= 131" :

H— Ww" = v :
Vs -8 Tev: [Lat= 131" ‘——

H—- 7y :
Ys=7TeV: |Ldt=48fb" ' o
Ys=8TeV: |Lat=207f0" H

Hozz" > 4l

Vs =7TeV: [Ldt= 46" sl g 4
Ve =8 Tev: [Lat= 207 10" !

Combined n=143+0.21 i
\s=7TeV: [Ldt=46-48f" 1
\s=8TeV: [Ldt=13-207 16" :

I | | | L i I
-1 0] +1

Signal strength (p)

u=143+0.16 (stat) £ 0.14 (sys)

Vs=7TeV,L<51fb" Ys=8TeV. L<19.6"

CMS Preliminary  m, = 125.8 GeV
H — bb (VH tag) B
H — bb (ttH tag) =
H - 2 (0/1 jet) ——
H— 1t (VBF tag) -I-I—
H — 1t (VH tag) —
H — vy (untagged) a—I—
H — vy (VBF tag) ——
H— WW (0/1 jet) --
H— WW (VBF tag) ——
H — WW (VH tag) =
Hozz| -I- L
-2 0 2 4

Best fit GIGSM

._\}‘(II Thomas Miiller, Institut fir Experimentelle Kernphysik

u 4

[ I [N

= C ATLAS Preliminary + SM :
3 ) x Best fit 7

C Vs=7TeV,|Ldt=48fb" —-21In Ak ,kg) <2.3 1

L fs=gTeV, [Ldt=5850f" - 2INAK,K) <60 3

1| O O A e

0 =

P E

'B: I B .ul--.—-._‘—.-‘l P N T T N R S T N S R I:

4 06 08 1 12 14 16 18

* Assume: Ny

* gg — Hand H — yy only through SM particles

* Ky = Ky = K7 ; Kg = K = K= K,

CMS Preliminary ys =7 TeV,L=5.1fb" {s=8TeV,L=12.21"

S 2.0pTrr ALAREEL A AR A
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2

0.0|\\|||||||\|||||\\\||||||||||
0.0 0.5 1.0 1.5

Ky

........
- g

N

\

...- ,
II\‘\II'I\\‘\\\‘\\\‘\\Il\\\‘llllll\llll

Data consistent with k,, = k¢ =
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3. Spin of Higgs

c3000"'"‘I"‘I"‘\"'\"‘I"‘I"‘I“'\"‘
a - J=0" (SM) hypothesis ~ ATLAS Preliminary -
ag 2500 —— JP=2* hypothesis J Ldt13fb" -
g - observed ]
'E;_ 2000 Vs=8 TeV
;5 1500; —f
. . Qle 1000; —i
Decay angle in the Higgs boson rest frame : .
(Collins-Soper frame) >0 =8.6%  p=29% E
0 -8 6 4 2 0 4 6 8 10

Compare dN/d|cosB*| for: g

- spin-0+ hypothesis: flat before cuts in(HoyLi@)
- spin-2+ hypothesis: ~ 1+6c0s20* +cos406*
S gol —P-oGWpdl e Background-subtracted data
B L —gg, 3P =2}, pdf Background uncertainty |
S 60 -
b . ’
40 -
204 T Iqa + Likelihood hypothesis test of spin 0
0~ | | = versus spin 2:
T f
- TLIAS Prellmlnary JL dt=13fb" Vs =8 TeV T Data favour Spin 0
004 02 03 04 05 06 07 08 08 1 ’

exclude spin 2 at 93% CI.

|cos6*|
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M, = 125 GeV
CMS preliminary L =195 fo! (8TeV)

Kinematics of final state leptons sensitive

to spin structure of resonance Z
W- H W+

E ) 9 2" (125 GeV)

momentum direction CMS preliminary L=19.5 fo! (8TeV)

angular momentum direction _>

JP=2*
CMS Prefiminary (8=7TeV, L=49f'; yS=8TeV, L= 195"
2 1
§’400—

|
1'200 D o
3 [ 2+

;00[]— = CMS data

SM (JP=0*)

110 120
My (GeV)

800

600/

Likelihood hypothesis test of spin-0 versus spin 2:

400

200

Data favour spin 0O,
exclude spin 2 with 1.3c (expected 1.90)

_’_\\H‘(II Thomas Miiller, Institut fir Experimentelle Kernphysik Dresden 13 q) DPG
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4. Spin-Parity

Angular distributions in H=ZZ*—4l sensitive to J P

SIT

angular correlations.

» Positive parity =
decay planes aligned.

* Negative parity =
decay planes orthogonal

= Spin 0 = two S=1 particles =

Thomas Miller, Institut fiir Experimentelle Kernphysik

Dresden 13

Angle between Z decay planes:

0.2

0.22 — e
[ H—Z7Z — (f,f)}f) ]
M, =280 GeV |
__ "_Il- , /"‘i
I SM O :
I pseudoscalar 1

L | L 1 | L . '

o 2 T 32 n
o®

Choi, Miller,
Muhlleitner,
Zerwas '02



ATLAS-CONF-2013-013 CMS PAS HIG-13-002

) o 0 I e [ L B (. o e e e new o Ciﬂ|s |pr:9”|mi|nE:w| T \:gr TTE\I'". II_= 5|-1|fb:-‘ |‘f=| BlT?V; I_|=|'I!|3-6|f|.‘
2 T i <7 01 io* ﬁ new
€ 0.25- ATLAS .Prelzmmary —Data — E 2 y
L . H— ZZ( ) — 4] Signal hypothesis : 5 i i
0 2:_ Vs =7 TeV: [Ldt = 4.6 fb" (m=-125GeV) 1 S 0.08f MSdata |
" \s=8TeV: [Ldt=207 fb" —JP =0 | s
i BDT analysis i . % -
0.15/- o, N g 001
i |y | i
0.1+ PV N b 0.04F
i £ L% g\\t\\
D : : 3\% 1 L
0.05[ i % 4 0.02f
J; e il _..‘\'\\\\&\\\k ¥l e ] 03 .....
-QI 5 ~-10 .) 0 L) 10 15 - 1 20 30
log(L(H )/L(H)) 2xInky 7Lg)

Spin-Parity summary

JP=0%vs. JP=0r 2.8 (ATLAS)
255 (CMS)

JP=0*vs, JP=2* 125 (ATLAS)
1.36 (CMS)

Data favour JP = 0* w.r.t. other JP
configurations (including 0-, 1-, 1+, 2%)
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BDT analysis
tested J* for tested O for
an assumed O an assumed J© | CLg ATLAS
expected | observed observed*
0" | po | 0.0037 0.015 0.31 0.022
1™ | po | 0.0016 0.001 0.55 0.002
17 | po | 0.0038 0.051 0.15 0.060
2| po | 0.092 0.079 0°53 0.168
27 | po | 0.0053 0.25 0.034 0.258
CMS
Jr production comment expect (#=1) | obs. 0" | obs. J¥' | CL,
0~ 39 — X pseudoscalar 2.60 (2.80) 0.50 3.30 0.16%
0" ¢¢ — X | higher dim operators | 1.7¢ (1.80) 0.00 1.70 8.1%
2500 | 88— X minimal couplings 1.80 (1.90) 0.80 270 1.5%
20 | 99— X minimal couplings 1.70 (1.90) 1.80 400 | <0.1%
1~ qq — X exotic vector 2.80 (3.10) 1.40 >4.00 | <0.1%
1" q9 — X exotic pseudovector | 2.30 (2.60) 1.70 >4.00 | <0.1%
Thomas Miller, Institut fiir Experimentelle Kernphysik Dresden 13



D. Perspectives
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\s= 14 TeV

o(pp — H+X) [pb]

[ 1 ||||||
LHC HIGGS XS WG 2010

500 300 400 500

Y
D_
o

Good summary of studies:
Paolo Giacomelli (INFN Bologna),
Bill Murray (STFC/RAL)
Presented at Plenary ECFA meeting
Friday, November 23rd, 2012

Thomas Miller, Institut fiir Experimentelle Kernphysik Dresden 13




With LHC 7-8 TeV data:
* First characterization of Higgs-like boson
* spin/parity at 3-4 sigma level
- combined signal strength, y=o/og,
with ~15% precision

With LHC 13/14 TeV data until ~2022
(~300 fb-1):

* measure Higgs boson properties

* individual couplings at 5-10% precision

With HL-LHC 13/14 TeV data until ~2032
(~3000 fb-1):

* measure couplings with ultimate precision

» Study WW scattering

SIT

Thomas Miller, Institut fiir Experimentelle Kernphysik

Dresden 13

* Need detectors and trigger with high
performances from low to high energy
scales

— 125 GeV Higgs-like measurements
— Multi-TeV new physics searches

* Phase 1 Upgrade: twice LHC design
luminosity

— Event pileup reaches 50 collisions per
beam crossing (@ 25 ns)

— Factor 5 increase of trigger rates
relative to 2012 run

* Phase 2 Upgrade: 5x LHC design
luminosity

— Event pileup reaches 125 collisions
per beam crossing (@ 25 ns)

— Need solutions to cope with very high
rates, radiation and pileup

@ orc



- Scale signal and background cross sections

- Systematic uncertainties unchanged
- Dashed line: no theoretical uncertainty

CMS Projection

Expected uncertainties on
Higgs boson couplings

K., - == = ==

=4 300m'at &= 14 Tev

— 300M st = 14 TeV w scaled sys. unc

0.00 0.05

..\ﬂN(II Thomas Midller, Institut far Experimentelle Kernphysik

0.10 015
expected uncertainty

ATLAS Preliminary (Simulation)

Vs = 14 TeV: [Ldt=300 fo' ; [Ldt=3000 fb'
ILdt=300 fo extrapolated from 7+8 TeV

T T J T T 71

[III]IIlI

oooo

""" £ 2 H 5
.....
IIIII|IIIIIII|!

0O 02 04 06 038

300 fb~! 3000 fb~! ATy Ak /)
3.0% (5.6%) | 1.9% (4.5%) Dby wdwy
8.9% (10%) | 3.6% (5.9%)
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ATLAS Preliminary (Simulation)
Is =14 TeV
| Ldt = 3000 fb™

—Z->pp

B T pvXuvX

— WW-— pvpuv

- gg— H—pp, m =125 GeV

Events / 0.5 GeV

5000

0_

Events - Bkg/ 2 GeV

1 03 -5000:— n
1 02 I | : I I | I I : , ‘:00 I 1I10 , 1I20 I 1_::2_ 14|0 : 150
80 100 120 140 160 180 200
my, [GeV]

H—pp
allows direct study of coupling to two
different generations
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3. Longitudinal Boson-Boson Scattering (3000 fb-1) : -

In no Higgs case: increasing of xsec at high VV is suppressed by
* PDF

« offshell bosons

 unpolarized bosons

— small difference between SM and violation of unitarity

wr

M[ltli] MﬂtI:]

10° — Olad, a2 s — Oluty o)
g — D{a%w] No Higgs % = — Uiﬂ}-l Mo Higgs
= — Ofaf,) m =200 GeV = — Ofa] ) m =200 GeV
%1 i ) *an E H
© - I

107 1075

-8
10 1 n-q;_
- LU
| TR T TR TR N TR R NS AT N TR S -ID—W.— | ] L | | O 1rmi ]

] - IECII]' 4D{I | 600 BOD 7000 1200 1400 71600 1BOO 200 400 600 @800 71000 1200 71400 1600 1800 2000 2200
M(ll) [GeV] M(ll) [GeV]

acceptance cuts selection cuts

— with proper cut (eg Anjets) can be enhanced -> selection of the longitudinal W
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Needs observation of Higgs pairs:
Extemely difficult at LHC !

But it is not enough

— Need to prove triple Higgs involved
— negative interference

bbyy allows 30 HH observation
— 2 experiments, more channels, may give 30
coupling measurement

Thomas Miller, Institut fiir Experimentelle Kernphysik Dresden 13
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Conclusion

.| think we have it"
Rolf Heuer, at the end of the presentations on July 4th, 2012

e Analysis of 7 TeV and 8 TeV data soon complete —
Interesting new results presented this week

e ATLAS and CMS have established the existence of the boson

e Measurements of mass, cross section times ranching ratios,
with increasing precision

e First direct evidence for Youkawa couplings to fermions!
e Determination of spin-parity

e SM values are favored: it is quite likely THE SM HIGGS ! (We think)
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DAS LETZIE,
DAS ICH VERSTANDEN

HABRE, WAR "HEURCKA'

(=S @i]"‘g

S
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APPENDIX
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Higgs Boson Decay Modes

B Zerfalle in Fermionen, Z- und W-Paare:

M(H — ff) = Noe—=—m2(my) my

4
Gr 3 2y 2
[(H — Z7) = m3(1 —4x +12x%) 87, x=M2/nr
(H— ZZ) 6/5n o + ) Bz Z/my
G :
F(H — WW) =2 : 6\;7 m3(1 — 4x + 12x2) By, X = M2, /m?,
B Zerfall in Gluonen und Photonen
| GF aES(mEH) 3 94 7Nf g
G_.t:(l; 2
[(H— ) = Ncq? —
( ! _.") 128\/_ |: CCH :|

® Einzige Unbekannte: Higgs-Masse
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Modelling of Higgs Production and Decay

ggF, VBF, WH/ZH, ttH, MSSM Higgs
Higgs Decay

ggF

HIGLU (NNLO QCD+NLO EW) // HDECAY (NLO)

iHixs (NNLO QCD+NLO EW) / Prophecy4f (NLO)
@,

FeHiPro  (NNLO QCD+NLO EW) (66-6\ :
HNNLO/HqT/HRes (NNLO+NNLL QCD) Jet Bin FeynHiggs, CPSuperH

ggh@NNLO (NNLO QCD) gluon 0.

Cross Section

N

VBF Wiz

VV2H (NLO QCD) top/bottom i

BP0 ~ 042 acome ¢ e (110,
+ - =

VBF@NNLO (NNLO) Higgs Inerference (gg2VV)

WHIZH .

V2HV (NLO QCD) ~ Higgs p W/Z

VH@NNLO (NNLO) S HgT ~ (NLO+NNLL)

ttH - ResBos (NLO+NNLL)

\

HQQ (LO QCD) // NLO MC

bbH // aMC@NLO, POWHEG,
bbH@NNLO (NNLO QCD) 4 SHERPA, HERWIG++
NLO code MCFM___

PDF: cTEQ, MSTW, NNPDF, etc. (NNLO) Y2

+ private codes.
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Couplings

Production modes Detectable decay modes
JggH _ Ké(xb- K¢, TILH ) I‘“Fu‘r(*') B K? -
M K2 SM_ . — KW
G-ggH g WWwW ()
JVB[" 2 FZZ(*)
si- = VBr(W, Rz mE) g =
9VBF )
OWH o
SM - K:'\! [ bb 2
OWH M B
OZH bb
oSM K2 rt—t+
SM Z Feev
7ZH SM Kt
a —H 1t
tt
G-SM - Kg % — { g(]q:'"xt?xt! KW . mH)
ttH Fn' 'Cf
ﬁ { foy)(lcb_*Kt_!K’h KW,?HH)
SM
Ly K%ZT]
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How to measure JPC

Let us consider the X—=VV—4f1 final state
— more information in four—body final state

u+
'
81, 62, ®: helicity (decay) angles ; L
6%, ®1: production angles 'f Z L
p X\ £0%¢ Z
y S il —— -4
6*, ®1 uncorrelated with spin 0 VS H D p
kinematics (flat), used in separation et Nt 3
from background / 0, €
()

full event Kinematics described by:
{ma, m1, mz, 64, 62, ®, 6%, ®©4, YH, PTH}

** pTH from NLO effects, YH from parton distribution functions
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Angular distributions parametrised by hel. amplitudes ‘-;ij';

Fih(6%) x {4f.;m sin® @y sin® 0y + (foy + f-_) ((1 +cos® 81)(1 + cos® @;) + 4Ry Ry cos B, cos f;)
—2(fry — f——) (Rycosf,(1 + cos® 63) + Ra(1 + cos® 6, ) cosby)

+ 4/ f1+ foo (R1 — cosf,)sinf; (R — cosfy)sinfy cos(P + ¢y o) | JZ =0 !
+ 48/ f—_foo (Ry + cosf,)sinf, (R; + cosf) sin s cos(® — ¢__) L=< =

+2¢/F1+f_sin® 0) sin® 62 cos(2® + dys — cef'——)}
+‘:1Fl"rl (67) x {(f+u + fo—)(1 — cos® 6, cos® ) — (fio — fo—)(R; cosb sin® #; + Ry sin® ; cosfy)
+ 24/Fofo sin 01 sin 02 (R1 Rz — cos 6y cos 02) cos(® + ¢o — qa&u_)} | J, = +1
'H:—I)J X 4Ffll(ﬁ'*) X {(f—l—ﬂ + fo—)(R1 R + cos B cosby) — (fro — fo—)(R1cosfy + Ry cos b)) T

| +2y/Frofo- sin 0y sindz cos(® + $+0 — $o-) } sin 01 sin 0 cos(2¥)

+2F35(0%) x fi_ {(1 + cos? 6;)(1 + cos® 62) — 4R, R5 cos 6, cosﬂz} j—-—~ _{—_—2——
+(—1)7 x 2F7,,(6%) x fi_ sin® 6, sin® 6, cos(4¥) E....[.zj i

+ interference terms
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e Signal model is fully correlated analytic 8—d model
imzz, mi, mg, 61, B2, O, 6%, O}

 Model takes as inputs directly spin—0 couplings ai,az,as
e N.B. production angles 6*,®1 are uncorrelated and flat

—1000

(2)
g

Events /[ 2

B
L%rm
:::: 000 500
LIT) 1] 4]
ad
--— — —
T -
200 200
> 2 A |
c 2
L%ma L%H:IEI

50 model (0-)
50 model (0*)
Data (0*), JHUgen
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£ 6 Il Background ZZ¥ A1y AS Preliminaryd £ [ - Background ZZ” AT AS Preliminary | & 40l - Background ZZ"°  ATL AS Preliminary |
T Il Background Z+jets, tf Simulation 5 6~ [l Background Z+jets, fi Simulation 7 o [l Background Z+jets, i Simulation
5  Signal (m =125GeV) H-zZ">al 1 - Signal (m =125GeV) H—ZZ">al . E i Signal (m_=125 GeV) H-zZ"—>4l |

I —r=0 =7 TeV:]Ldt=461" - St —roor s=7Tev:]Ldt=46m' | € 8 —r -0 (s=7 TeV:|Ldt=4 61"
4L P=0 {s=8 TeV:JLdt=13.0 " ] E e Pl s=8TeV:JLdt=130"' {1 " [ - r_o (s=8 TeV:JLdt=13.0 b |

C ] 4r- pRe i

F =" F ;-i—: i
e 1 s = s — 7 ]

2 - =R ‘ f

0
-1 -0.8-0.6-0.4-02 0 0204 0.6 0.8 1

70

cos(0,) m,, [GeV]
(a) (b) (c)

(7] LA L L L L B L L LB {77 B = = o g L NI ™SLAS BN L L L L = =~ = L L L L L B I L |
£ g Il Background zz% ATLAS Preliminary 1 € L Il Background 2z AT1 AS Preliminary 1 3 1or Il Background zz ATLAS Preliminary 1
g F I Background Z+jets, tt Simulation a F I Background Z+jets, ti Simulation 7 © T M Background Z-+jets, it Simulation ]
s Signal (m, =125GeV) Hozz0—a1 7 ST signal (m_ =125GeV) Hezz0-4 1 8 | signa (m_ =125 GeV) Hozz"al
F—Fo2 s=7 TeV:JLdt=46" 1 F— P2 (s=7 TeV:[Ldat=46f" 1| £ 8- —wr=2 (=7 TeV:[Ldt =46 " —
gE =2 (=8 TeV:Ldt=13.0 10" ] A s P s=8 Tev:JLat=130f"'| Y [ - p_o Vs=8 TeV:JLdt = 13.0 o' ]
S E— e N - 3; B ]
E g . g
0 0 |

-1 -0.8-06-04-02 0 02040608 1 -3 -2 -1 0 1 2 3 70
cos(6%) o, m,, [GeV]

(d) (e) ()

Figure 6: Expected distributions for /s = 7 TeV and s = 8 TeV for myr = 125 GeV including
backgrounds in the mass range 115 GeV < mar < 130 GeV comparing two pairs of spin/parity J* states.
Comparison of 0" versus 0~ hypotheses: (a) @, (b) cos 6}, and (c) m34, and comparison of 2 versus 2~
hypotheses: (d) cos 8, (e) @y, and () ma4.
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Higgs Self coupling

i i Djouadi,Kilian, MMM, Zerwas
100 Double SAM Higgs Production at the LHC

SM: pp — HH +X
LHC: o [fb]

10

1 WHH+ZHH
WHH:ZHH = 1.6
WW:ZZ =23
0.1
90 100 120 140 160 180 190
M, [GeV]

Gianotti et al.;Blondel,Clark, Mazzucato
Baur,Plehn,Rainwater
Dahlhoff

My > 140 GeV:gg - HH — WTW - W+W—:
o LHC [[ £ = 300 fb~1]:
150 < My < 200 GeV:
o SLHC [[ £ =3 ab~!]:
150 < My < 200 GeV

A = 0 exclusion at 95% CL
5)‘HHH/}\HHH:2:0_30?’{3 atl o
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