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i = The Higgs boson or Standard
& Model scalar:

Discovered on July, 4" 2012,
in the news world-wide!
Predicted almost 50 years
ago to explain electroweak
symmetry breaking through
the Brout-Englert-Higgs
mechanism

One of the main physics
goals of the LHC and the
ATLAS and CMS
collaborations

All measurements indicate
that the discovered particle
looks very much as the
Standard Model Higgs boson
EPS Prize 2013 awarded to
the ATLAS and CMS
collaborations



The Higgs boson factory and hunters

Outstanding performance of the Large Hadron Collider and of the detectors

~ 95% of data recorded!!!
~ 90% certified and used in
publications
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Higgs boson production

Total cross section (my, = 125 GeV):

Vector boson mediated

q

Vector
G(pp - H) ~ 22 pb boson = & H VH
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VBF Associated ™.
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Higgs boson decay modes

Favorites: g1é_lll|lll|lll|lllwwlll_fé

H-obb~57% € | =

:_’ngzzoi% 5101 {A 2z s cleaner signal
- 1mT~62% O ‘. | -

H-ZZ~2.8% E | C 3 bettef(mass

H- vy~ 0.2% %1025_ 3 | resolution

Very rare: ? i . e

H=Zy&H - pp g3 5

'Challenging": m N

H - H - al o W e N L 1|
cc & 99 1050900 720 140 160 180 200

M, [GeV]

4 production channels, 5 main decay modes + W, Z, T and t decay too
— numerous results from ATLAS & CMS, only few highlighted
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 |Introduction

= Highlights from ATLAS and CMS:
= H - bosons

 H - fermions
* Properties of the observed particle
= Rare processes

= Summary & conclusion



H - bosons




CMS H - yy: fitting the m, distribution

Primary vertex selection:

dedicated MVA technique

Analysis in categories:

= Lepton or ME, tag (WH/ZH)

= Dijet tag (VBF)

= Untagged: 4 categories,
based on MVA classifier

Background fitted from data

= Promptyy ~70%

= Prompty + jet - fake vy

Cross-check analysis:

Cut-in-categories (CiC)

Significance:

MVA: 3.20 (4.20 expected)
CiC: 3.90 (3.50 expected)
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Signal strength:
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ATLAS H - vyy: clear observation
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Primary vertex selection:
diphoton pointing

Analysis in categories:

= Lepton or dijet (low mass)
or ME; tag (WH/ZH)

= Dijet tag (VBF) using MVA

= Untagged: 9 categories
based on p;mn,conversion

Background estimated
from data:

= Promptyy: ~75%
= y+jet

Events/ 2 GeV

Events - Fitted bkg
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Significance: m,= 126.5 GeV =

7.40 (4.30 expected)

Signal strength:

p=1.65"3 43,
Mass: m, = 126.8 = 0.7 = 0.2 GeV



ATLAS H - vyy: differential distributions
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ATLAS H » ZZ" - 4l: clear observation

" Z£Z = 4eorduorZelu 8 o0 i sy ATASPemny | &
- Categories: S
. B o Ws=8TeV:[Ldt=20.7 1]
2 well-separated jets (VBF) e i 3
= additional lepton (VH) e |
T T " arias e,
" untagged (9gH) g e
\ \ 20
= Background contributions: e o e e o P TeviLdi- 207" ]

ATLAS-CONF-2013-013

direct ZZ (Zy*), Zbb, tt, (W)Z+(y)+jets

my, [GeV]

ATLAS arXiv:1307.1427 20

= Significance: 6.60 (4.40 expected) 5
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= Recovery of final state radiation y* o F -Smggsfﬁnm Hs77" 4]
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= Shape analysis using the invariant I f ey ¢ V5=8TeV [Lt=2071"
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25

n Signal strength: u = :|__7+0.5_0.4 "IDE
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CMS H - ZZ - 4l:

= ZZ - 4e or 4uor 2e2uor2i2s

= Categories: <2 jets (ggH) or >2 jets (VBF
= 3 variables used in shape analysis:

= Invariant mass: m,

= V, (VBF) or p;"/m, (ggH)
= K,=P,/(P,

sig sig

likelihood (MELA)

clear observation

+Py,) matrix element

CMS preliminary
L] ] I | ]

= |
O 30 * Data V'S=7TeV:L= 51" =
o ! ] m,=126GeV Vs=8TeV:L =196 fb’
- O zZv', 22
i B z+X
c
L
10F Jt ’ - ’ } -
N! u W-Huu..-

100 200 400 800
m,, [GeV]
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Significance: 6.7¢ (7.1c expected)

Signal strength: p = 0.91°%°  ,,
Mass: m, = 125.8 = 0.5 = 0.2 GeV
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ATLAS H-> WW - 2I2v: evidence

Final states: ee, ey, pu + ME; ATLAS arX|v 1307.1427

leptons: used to reject WW — small m,, small Ad, 100 o

=> 3

= Low mass resolution because 2 neutrinos S 100= ATLAS HWW ey + 0 jts S
= 00 Vs-8TeV [Ldt-207t" @ paazorz

« Events classified: 0, 1, > 2 jets (ggH & VBF) £ ot ﬁgi
= Background: WW, tt, tW, Z/y*, W+jets, diboson 100 5;"‘” -
. . . 300E [ W+jets .

= H spin 0 - W spin correlation propagated to 2008 o

= m; distribution is fitted in bins of m, /# jets g 14g

= 1.2F ' o

g 122 7 7
j- 67 I l LI I UL | LI | UL I LI | L | UL | LI I7 D 08; _._Data 2012 DSMSIg+bkg- +. | T | | |“ s
& [ ATLAS Preliminary Vs=7TeViLdt=46 5" = R P e e e e
T 5 Howw'shviv Vs =8 TeV{Ldt =20.7 fb" m [GeV]
3 — Obs. ] o _ g sooi—ATLAS T paa oz 3
o 4 =&=r  Significance (m, = 125.5 GeV): 2 " E m-rtev [la-ent 2 Tedsene 3
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I = o m,=125GeV I
e H\O2  3.80 (3.80 expected) S oooE oo g
3| - . “ 500F Ol =
Signal strength: - 400 —Pr
2 — +0.31 - 300 [ wejets E
p=0.99 -0.28 - 200E- ‘ E
N _ 100 =
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CMS H - WW™ - 2]2v: close to observation

events / 10 GeV/c?

= Final states: ee, ey, uyu + ME; ”
= = =
. . r CMS Preliminar — Observed .
= 0 and 1 jet categories (ggH) Qm N \f§=7Tev,L=4.:;fb"_1 -~ - Median Expectea .
O I Wwwesnorie I = o ]
= Cut-based approach for ee and uu: s [ et |
._|: 1 0 :_ ——— Injection m"=1 25GeV = 1o _:
m,, A9,, Mm; requirements optimized I | :
for each m, value G' : .
. o 1E <
= eu:2D (m;, m,) shape analysis x - RN .
(o)} i i
o I 2 P *
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300l ™ V Top Go7TeVL-som 1 2 | . VY Top s5=7TeV,L=49i’ | [ .
- WW 1 - - Iy ww 1 E 7
2507 X sta O-Jeleui % 200}& stat.@syst. O-jelep{ - B ‘ \|||H\||\|\|‘||||‘|H\|IIH‘IIIT
B 1 @ 5 1 oo 200 300 400 500 600
200E = 1501~ E My [GeV]
*oe 1 L e
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(5 160 200 300 0 50 100 150 200 250
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Significance (m,=125 GeV): 4.00 (5.10c expected)
5 Signal strength: p = 0.76 = 0.21
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V-mediated H-WW': increasing sensitivity

. 5 CMS Preliminary Vs=7TeV,L=49fb";{s=8TeV,L=19.5fb"
= Separate CMS H - WW VBF analysis ~ gogrm iy
. . . R ~ r VBF H— WW — 2I2v (Shape) T
(fit to m, distribution) © | VBF T obered scted p ]
o 7 [ Expected + 1o
= Both ATLAS and CMS searched for £ %% _;ﬁpﬁgéj‘é;ifnjected E
VH -» VWW: 8 D ected s 22
s | 1 30 (2. 10 expected
- ATLAS: V - leptons £ ( P )
= CMS: V - leptons or V — hadrons
Gzl ATLASPreliminary VHSVWW—3 or 4 leptons e
B F — Obs. \s=7 TeVyLdt = 4.7 fb" 110 120 130 140 150 160 170 180 190 200
s -Ej‘(ﬁ’ ' 's = 8 TeV:/Ldt = 20.7 b Higgs mass [GeV]
E |:|i20 % 35: ==== median expected S preliminary
3 WH - WWW - 3I3v ‘E sy, Lo 195D E=Te
ch ZH - ZWW - 4l2v 5 CVH, VS
L F I O
i _
O
N . N
g g AR RN RN RRRRN RN T
- = observe CMS preliminar,
: ATLAS—CONF—2013—O75 1 S S B e . ; --- median expected VHHSIS\?(Shape-baseg;é
T T T T e 70 115 120 125_130§ Elptg;twtb(ﬂw195fb(8TV)
110 120 130 140 150 160 170 180 m19([)Ge€/(io Higgs mE Hpec
H : VH,V - Ieptons
_ o 1)
ATLAS H-» WW combined result =
Significance (m, = 125 GeV): CMS PAS HIG-13-009 :
3.80 (4.00 expected) 110120 1550 T3 165 176 746 786 500

16 Higgs mass [GeV]



H - fermions



ATLAS H —» bb produced

30 evidence @ Tevatron arXiv:1303.6346
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W - ev,uv and Z - ee,uu,vv + 2 b jets

different regions according to p;"“and

the number of jets

Background: tt, V+jets, VV

Shape of m, fitted over all categories

Benchmark: VZ - Vbb

[T T T | T T T T ‘ T T T
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No sensitivity yet,
more data needed!
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CMS H — bb produced with Wor Z

W - ev,uv,tv and Z - ee,uy,vv + 2 bJets

19

Entries / 0.25

Datal(B)

Datal(S+B)

3 different regions according to p,"
m,, resolution improved using MVA

Events with v classified using MVA into tt,
V+jets, VV or signal categories (a la CDF)

Another MVA is used to discriminate signal

from background — shape is fitted

IIII|IIII|IIII|
CMS Preliminary
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40—

- Vs= 8TeV, L =19.0 fb" B vH (125 GeV)

@ Visible MC stat. uncerE

- bb: 7.50

MC stat. uncert.

0_
_I | | | | | | | | | | | | | | | | | ‘ | | | |_
0 50 100 150 200
6||\|\ T T T 1 L I I L I B N I B R I bB[Gev]
 CMS Prellmlnary ]
b is=TTey L=s0fb o ORI
5| Vs=8TeV,L=19.0fb"  _, cL. Expected
[ VH(bb), BDT combined [l CL, Expected+ 15 |
B CL Expected + 2 o]
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Events / 0.04

CMS H - bb produced through VBF

= lor2bjets + 2 jets with large 3
rapidity gap -
= Background: QCD multijets, £
hadronic decays of W,Z, top s
= MVA analysis with input
variables sensitive to the VBF
topology with 2 b jets
= Fit the my, distribution in each

MVA category

CMS Prellmlnary F BTeV

Presel. & Trigger

® Data (19.0 fb™)
[ QCD (< 1.31)
[]Z+ets

O

W single top

[ W-+jets

= V/BF H(125)— bb
—GF H(125)— bb
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Data / MC

ANN Output

Data / MC
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]QCD (x 1.31)

[ ]Z+jets

O

[l single top

[ JW+jets

— VBF H(125)— bb
— GF H(125)— bb
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CMS H — 11: close to evidence

21

Final states: ey, uu, et, ut, T, + jets
1 or 2 jets (0-jet is control region)
Require v from 1t nearly collinear with

visible decay products

uu channel: Z -» uu suppressed by MVA

Reconstruct m, distribution from

visible and invisible decay products -
with SVFit ~20% mass resolution

95% CL limit on G/GSM
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CMS Preliminary, Vs=7-8 TeV, L=243fb " H—

F —e— observed
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CMS comb. H-1t result m, ;=125 GeV)

= Significance: 2.9 (2.60 expected)

= Signal strength: 1.1 = 0.4



ATLAS H - tt: not the final result
= Final states: ee, ey, uu, e, ut, 71, + jets

= Similar techniques as CMS

For m,=125 GeV:
= Significance: 1.16 (1.7 expected)

50 ATLAS Preliminary

. . . E 8L | T T T T | T T T T | T T T T ‘ T T T T ‘.I .\ T T I L
= Reconstruct m_. distribution from © [ How ATLAS Preliminary 3
. . . © 7/~ —e— Observed CL, det -46f" \s=7TeV —
V|S|b|e and |nV|S|b|e decay pFOdUCtS S - --- Expected CLSJLdt= 13.0f" s =8 TeV .
- with MMC ~13-20% mass 2 6 o g
resolution R E
_l | |
@) : ]
T 17T TTTT TTTT T TTT T TTT TTTT TTTT T T 1T+ o\o 4:_ _:
%J 250- | 99+|9M+MH Hq12—jet {/H . 8 - ]
0] - ] = -
S i —e— Data i 3t ]
— 200 — 2Xx H(125)—>1tt ] 2:_ _:
-2 . Bl Z -t : C ]
o i Bl Z—-eeup i 1E B
W 150+ B /i+single-top  — . ]
: WW/WZ/ZZ : OT I v v b v v v v v v v b v by ]
i I Fake leptons - 100 110 120 130 140 150
100 77 Bkg. uncert. o m,, [GeV]

i [Lat=130m" 1

- \s=8TeV i

0 50 100 150 200 250 300 350 400 = Signal strength: 0.7 = 0.7
MMC m,. [GeV]
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Summary of the observed excesses

Decay mode Expected () Observed (c) o for m,(GeV)

ZZ 4.4 6.6 124.3 :

ATLAS arXiv:1307.1427
v 4.3 7.4 126.5
WW 4.0 3.8 Ko ATLAS-CONF-2013-075
T 1.7 1.1 i XoBl ATLAS-CONF-2012-160

CMS PAS HIG-13-005 my=125.7 GeV

Decay mode Expected (6) Observed (o)

Z7 7.1 6.7
Yy 3.9 3.2
WW 5.3 3.9

Evidence for coupling to third
TT 2.6 2.8 ) i
generation down-type fermions!
bb 2.2 2.0 _J significance: 3.40 (3.40 expected)

— see talks of Garoe Gonzalez Parra, Qiang Li, Stephen Cole
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The Higgs boson mass measurement

= Mass measured from the H -» yyand H » ZZ* - 4| mass distributions

é 7: ATLAS —— Combined (stat+sys) ] 1 0 E’r\,}lsffe'jmjn?r%( ‘H’g| :|? |Te|v'| L|S |5‘|| fP_1| \S |: ? TEY ITS. 1?? f|b_1|_
Y L Vs=7TeV:[Ldt=46-48f" - Combined (stat only) - — (Combined -
st l'5=8TeV:}Ldt=20.7fb'1 - H—’Wm E o] H— 7Y H— 727 . Ho_n: e I
— —H-22" S 4 i M uw(ggH,ttH), i :
N 8 u (VBRVH) ——Ho f
5l— : ' I C ]
. ATLAS-CONF-2013-014 7 CMS PAS HIG-13-005 E
e S e e A 20 65 -
- 5F =
3 - -
i . 4=
2 3
1:_ ____________________ i[Gj\ZI% __________________________________________ 1 2 i_ 0 - 140m” (gg\/) |
| — i
_I | 1 1 ‘ I | | | | | 1 ‘ | | | | | | | | I : :
0 I I B | I T | ] I I Y [ A | 1
P~ 122 123 124 125 126 127 153[%\1/]29 124 126 1728
ATLAS: m, = 125.5 = 0.2 (stat.) *°°_, (syst.) GeV my (GeV)

CMS: m, = 125.7 = 0.3 (stat.) = 0.3 (syst.) GeV

= Signal strengths not fixed to SM expectation, but profiled in the likelihood fit
25




Global electroweak fit: Impressive consistency

© had

R‘;F

A%

A,(LEP)
A/(SLD)
sinzﬂfr'r} t{'EZ:!FE']
At

4 05)
Al g
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= with M, measurement
m w/o M,, measurement

IIIIIIIIIIIIIIIIIIIIII|IIII|II
. [e] fitter [-.]°
=

=
0
|
1|
]
1
1
=
'I===
IIIIIIIIIIIIII{IIIIIIIIIIIII
3 2 1 0 1 2 3

Plot inspired by Eberhardt et al. [arXiv:1209.1101]
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M. Baak et. al. arXiv:1306.0571

En.ﬁ B T T T T I T T T T | T T T T | i T . T | T T T ’I_J' | T T T T ]
L 68% and 95% CL fit contours | mfin Tevatron gverage + -
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80.45 — 68% and 95% CL fit contours ]
L wio My, m and M, measurements .
N world average + 1o ]
80.4 B M J 7
80.35 [— -
80.3 [ —
80.25 : —
- ; o] fitter|-f -
_d'T’ L1 1 I I B -1" L1 1 :"'| i (I TN T N S T N T N N B

140 150 160 170 180 190 200
m, [GeV]

The SM is cornered

Effects of new physics can enter only
through loop corrections

Improve the precision of the
electroweak observables further with
future accelerators



The combined signal strength
ATLAS arXiv:1307.1427

ATLAS —~otal  Tota) uncertainty {s=7TeV,L<511fb" ys=8TeV, L<19.6fb"

(sys)
m, - 125.5 GeV citheoy T loONU Combined CMS Preliminary [my, = 125.7 GeV
H— vy :E'ff; 5 1=080014| p_ = 0.65
_ +0.33 |
] TRl i
Lowp, — u-16%:103 —— H = bb
-__'_____------------_________{-__.-- ------- ' ' ' ' ' ] — +
High Pr H= 1'?_3_; +0.5 |—|—|| . L 1.15+£ 0.62
[Zjethigh™ . gaal L 0 ]
massvep) M 190, *06 | ) me— I'_'| |
VH categories 1 =13"" 200 I H— 1t
- - 1.10+ 0.41
H— ZZ° — 4i 0.3 5 K
_ +0.40 | —Y- '
L= 1_43_{:’_35 014 I H
VBFIVike T A i I : —
cateqories = 1 20|00 | ! T [
A ] ML —4— SR
H— WW* — iy 021 i
o [£0.27 e : H — WW
W =099 7 :
LT TTems02) NI B 1 =0.68+0.20
R +0.33 .
O+ljet  #=082,,. 022 o
. _ 07| :
2 jet VBF =147 :Elfd ! H s 77
Comb. H—yy, ZI*, WW*[— - : _
vy W s A, : uw=0.92+0.28
I"l=1'33--::-_|3-[]_'I'IIIII ....i.... L Lo v b v by
0 7 > 3 0 05 1 15 2 25

Vs=7TeV [Ldt - 4.6-4.8fb"

_ Best fit o/c,,
\s -8 TeV |Ldt - 20.7 fb” Signal strength (u)

ATLAS (yy,WW*,ZZ*): 1L = 1.33+0.20(with bb and tt: p = 1.23+0.18)
CMS (yy,WW*,ZZ*,bb,tt): 1L = 0.80+0.14
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Evidence for production via vector boson fusion

28

= Separate VBF+VH channels from ttH+ggF channels

= Analyses not 100% pure — use simulation to correct for signal
contamination from other production processes

ATLAS arXiv:1307.1427 CMS PAS HIG-13-005

CMS Preliminary {s=7TeV,L<5.1th" ys=8TeV, L<19.61h"
T T T T T T T T T T T T T

E _I T T T I LI T I LI T I LI T | T T T T | T T T T | T T T T I T T T 1 I II_ 6 : ‘ : ;
Em 10_ T ATLAS - %. L | | + Hor
f al (5=7TeV [Ldt-46-48mb" - < a + Howw
: °F 5-8Tev |Ldt=207m" =. i + Ho 77
u - a A 4+ H-bb
12 oC :::E'_ﬂu ] - + H-ovyy
B — H=WW" = v — =
4— + Standard Model — |
B % Bestfit ] 2
- ., —FEBE%NCL _ L
2_— W, mm- 95%CL —
O . O N =
_2' | | .
3 3 5 4 | | | | | | | | | | | | | | | | | |
u « B/B -1 0 1 2 3
SM
qgF +ttH “ggH,ttH

ATLAS (yy,WW*,ZZ*): g/l ggriten = 1.4%%4 , ;(stat)**°, 4(syst)
— evidence (3.30) that a fraction of Higgs production occurs through VBF



Testing the Higgs boson couplings

29

ATLAS & CMS follow the recommendations of the LHC Higgs
Cross Section Working Group (arXiv:1307.1347)

i
0'-B(1'—>H—>f):0-r d
H

Couplings tested by introducing scalefactors x

o, and T of particle j scale with k' compared to SM prediction, e.g:
the cross section of gg - H — yy can be expressed as:

o-B(gg— H—yy) KKy
osmlgg — H) - Bsu(H — yy) K5,

The following tests have been performed by ATLAS & CMS:
= Couplings to the vector bosons and fermions

= Ratio of couplings to the W and Z bosons (custodial symmetry)
= Loop induced couplings & BR,

= Test for asymmetries in the couplings to fermions



Couplings to fermions and bosons

= Assume a scalefactor k; for fermions and a scalefactor x, for bosons:

30

- all [ scale either as «’or as k/, except I, which scales as |ok:+pBi|".

= No contributions from physics beyond the SM (I',=0)

ATLAS arXiv:1307.1427

M|.|. 4 :_fz;.lLlAjsil E FTTT E TETE E T'TFEE l FI_; llll-l| :)E4FEI F Illll-t{;)t Il\;!\lll TF : M

~ - 7TeVLdt- 464810 #EH — vy OCombined |
3 ¥s-8TeV |Ldt-20.7 " + SM x BestFit |
20 =
1= —
0 -
A= —
20 =

:i [ I | I E |3 | ”I [ ‘ | I | | I | | | I | | L1 Il’l E 3 ] E 1 11 E:
ge 0/ 08 09 1 11 12 13 14 15 16

Ky
Consistent with SM prediction
Fermiophobic Higgs is excluded

Or

-2

CMS PAS HIG-13-005

CMS Preliminary Vs=7TeV,L<51f" {s=8TeV,L<19.6 fb"

¢ SMHiggs ® Fermiophobic @ Bkg. only

T T T kt T T T 1T

&)




Constraints on production and decay loops

31

New physics may appear in the loops gg - Hand H - vy

Allow new particles to contribute to the total Higgs boson width
Assume all other couplings are equal to unity (SM strength)
Keep x, and x, as free parameters

CMS PAS HIG-13-005

ATLAS arXiv:1307.1427

CMS Preliminary {s=7TeV, L<5.1tb" {s=8TeV,L< 19.6fb™

:| T T 1T | T T T | T T T | T T 1T | T T T | T T 17T | T T 17T | T 1T T T T |: = 2.0 |||\||\||||\||\|\||‘|\\|\|\\|‘||\|\\|\|
2 2E ATLAS + SM = ~ - Ky, Kg .
JE \5=7Tev [Ldt= 2648 x Best fit 3 18 g
- s =8TeVLdt=20.7 fb’ —68% CL 1 16f .
1.8 Combined Hosyy, ZZ*, WW* " 95% CL = -
1.6 ERERE S . -
14 1 10T P N -
1.2 = : N\ ]
: EE: SN vy
{|=n — 0.6 e \ ~~____7 i
08F N :
0.6F ERLYS :
_| 1111 | 1111 | 1111 | 1111 | 1111 | 111 1 | 111 1 | 111 1 | 111 1 '_ 0 0: IIIIIIIII | IIIIIIIII ‘ IIIIIII ‘ IIIIIIII :
08 09 1 11 12 13 14 15 16 1.7 95 ob P e 50
Ky K,

Consistent with SM prediction



Upper limit on the decay width from H - yy

= Signal distribution is a convolution of a Breit-Wigner distribution
with a Gaussian distribution

CMS PAS HIG-13-016
{s=7TeV L=5.1fb"

CMS Preliminary {s=8TeV L=19.6fb"

-2ALL

= 7+8 TeV (observed)
== 7+8 TeV (expected)
— FC 95% Upper Limit (observed)
= =FC 95% Upper Limit (expected)

' <6.9 (5.9 expected) GeV @ 95% CL

".‘ [ | ! I | |
10
Higgs Decay Width (GeV)

o
(NS ]
o~
op]
(00]
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Tests of different spin-parity hypotheses

= The SM Higgs boson is spin-0 and CP-even (J’ = 07)

= Spin 1 hypothesis strongly disfavoured by the observation of H = vy
(Landau-Yang)

= Test the 0" hypothesis against 0, 17, 1, 27, using observables sensitive
to the spin and parity of the new boson

= Test statistic: :
) = SM hypothesis

g = log 2 =0t
P A )
-E(Jalt’u{f{t’ QJ;j't) A alternative hypothesis

» Distributions for g for 0* and for J',, are obtained from toy experiments
#‘:aﬁs

A :
Exclude J',, at X% CL if:

po(J}]
CL.(JF ) = < 1-(X/100

Very small p,(J’,)

- data disagrees with J’,

3 1-p,(0*) observed  Po(J".) Observed



Test 0" hypothesis with H - ZZ*

= H-> ZZ* - 4 charged leptons
= Full reconstruction of the final state

= Kinematic observables: m;, m,, and
the 5 production and decay angles

= ATLAS: observables combined with MVA

_ép r I TTT I ]
= CMS: observables used in matrix element S 0.25/- ATLAS —Data ]
. i = - H—>ZZ" — 4l —Po
||ke||h00d approaCh o 0.0 5=7TeV [Ldt=4610" B B
CMS preliminary Vs=7TeV, L=51f"\s=8TeV, L= 196t ® [ Vs=8Tev [Ldt=207 o —JF=0
c\! B T T DIatla | T T T T | T IA!T:LlASI T T T ] ﬂ 7:LHI‘\IH‘\IH‘\IH‘\IH‘HHlHHlHH‘HHlHIJ: E -
©25- ° 4 £ 1 2 0.15[- e -
— L i Q r ® data ] = L I_.- | “.
3 -Bad-tgraundzz.' HoZZ*—>4 1 5 6F —0.mz=126GeV 3 . S
= o Il Background Z-jets, ff i — =07, m, =126 GeV i o1 I b
WEE e [5=7TeV |Ldt=461b" ] s . : |
- -0 (=8 TeV [Ldt=20.7 fb" - 1 0.05[- ! ]
15 4= 7 B
— L O_I ’-1"1‘J| ]
B 30 o -15 -10 15
10~ B q
C L CMS preliminary  {s=7TeV,L=5.1fb" {S=8TeV, L=19.6 fb’
= 2r @ e 0 B !
B N S 01 o .
5 L 3] - - ]
B - € =
i iy ] 5 i =
B C - 2 oo — CMS data
- i : - < .
[o Y SY S ot - R S Y P00 s == == Q i
-1 -0.5 0 0.5 1 0 01020304050.60.70.80.9 E -
BDT output Dy @ 006 ]

ATLAS arXiv:1307.1432 CMS PAS HIG-13-002 .

ATLAS: 0 hypothesis is excluded @ 97.8% CL |
34 CMS: 0 hypothesis is excluded @ 99.84% CL o Zinil, 11,)




Test 27, hypothesis with H — ZZ*/\W\W*/yy

35

Grawton resonance 2%, produced either through gg or qq - different f,

= H-> WW: MVA combining m,,A¢", p;', m;
= H - vy: observable is scattering angle in Collins-Sopper frame:

- Bl e
& C{s=8TeV |Ldt=20710 . = ata i —
: 200F s=8Te B e et sty COS(QCS) — 2 X > ;
w C
1500~ Moy \/m'}"}’ + PT')"}’
10[}: CMS preliminary  {s=7TeV,L=51f5" ys=8TeV,L=19.6 fb'
: b N II\‘\\II‘\Illl\\\I \\\\ll\\ll
sof 2 01 -
. 3 I 127,(99)
v lvvve b b v b v bvrva bv s bovra bovra by E 008; ..... _CMSdata —
0 01 02 03 04 05 06 07 08 00 1 a8 " ]
- ||||||ﬁ||m|338| S i CMS PAS HIG-13-016
S - ATLAS H—syy — =2 Expected] o 0.06- {
N e : IR CMS PAS HIG-13-005
E : ||| Bkg. syst uncertainty — ?
LL r n * T 5 T
150F- (t g=0%) E 0.04— ' “.5
100 + 1 = - Y
sok — f 0.02

10 20 30
-2xIn(L /L.
( 2h(gg) o)

ATLAS arXiv:1307.1432 s
ATLAS combined: 2% excluded @ more than 99.95% CL for all f,

CMS H - ZZ*/WW*: 2*_ excluded @ 99.4% CL for f,, = 0



Summary of the properties

36

The mass of the new boson is measured with a precision of 0.50%!
ATLAS: m, = 125.5 = 0.2 (stat.) "*°, . (syst.) GeV

CMS: m, = 125.7 = 0.3 (stat.) * 0.3 (syst.) GeV

The combined signal strength is compatible with unity:
ATLAS (yy,WWx*,ZZ*,bb,tt): 1 = 1.23+0.18

CMS (yy,WW*,ZZ*,bb,tt): o = 0.80+0.14

Evidence for production via vector boson fusion established

Couplings to fermions and bosons are consistent with the SM prediction
— see talks of Stefan Gadatsch and Stefano Casasso

An upper limit on the decay width is obtained for the first time

The observed boson is consistent with the scalar hypothesis (0") and
other hypotheses have been rejected at 97% CL or more

— see talks of Manuela Venturi and Kalanand Mishra



Rare processes




ATLAS H - yy produced with tt

38

Events / 5 GeV

Leptonic channel: vy, > 1 e/u,

>1 Db jet, ME; > 20 GeV - 7 events

Hadronic channel vy, 0 e/u, > 6 jets, >2 b jets - 11 events
g T ' ] 10— T
=+ Data ATLAS prellmlnary - r =« Dala ATLAS prellmlnary
6 SR+CR background fit — o 9 SR+CR background fit E
m. SM signal (m, = 126.8 GeV) E 0 8. SM signal (m_ = 126.8 GeV) E
55_- ''''' SR'Only baCkground fit ) E ﬂ 7;__ ...... SR_On|y background fit _E
4 Signal region Leptonic channel = S 6/ Signal region Hadronic channel 5
_ - I 5F =
SE = 4E- =
oh R === musimimimim i N E 1; T -------- ;
2000 Control region s =8 TeV [Ldt=20.3 " 40F  Controlregion  |5=8 TeV [Ldt=20.3 fby '
1000E = . e 1| = S . —
100 110 120 130 140 150 160 100 110 120 130 140 150 160
m,, [GeV] m,, [GeV]
L L A A B R u
e - —— Observed CL, limit H — yy E
E 35 —— Expected CL, limit  ttH channels comb.
2 305— M+ ATLAS preliminary _f )
I S e ATLAS-CONF-2013-080
o 25; [Ldt=20.3 1" E
5 2 E Signal strength: (m,=126.8 GeV)
151 =
10 - n < 5.3 (6.4 expected) @ 95% CL
F20 122 124 126 128 130
my, [GeV]



CMS H - yy produced with tt

= Leptonic channel:yy, > 1 e/u, > 2 jets, >1 b jet » 8 events

= Hadronic channel: vy, 0 e/u, > 5 jets, 21 b jet - 38 events
CMS Preliminary Vs = 8TeV L = 19.6fb™ CMS Preliminary Vs = 8TeV L = 19.6fb
§4.5§_ ttH(—yy) leptonic channel g BE— ttH(—y7y) hadronic channel —+ pata
- C — E —— Bkg Model
E 4;_ E 7;* -116
835 § o =2
S0 a o ] s, - 12 Gov
- 5
2.5 B
- 4=
2: r
155
et
0.5;
m \\\\\\ ———— O o el MR Pl
100 120 140 160 180 100 120 140 160 180
m,, (GeV) m,, (GeV)
= 30 |C|M\S\ Pr‘eli‘n“lir‘war\,‘r ‘\iglzls Te\\’\, I‘_:I‘IQ.‘GIft‘)']‘ L O B O
gt ! ! | | ]
I% 25_7”7 Observed E
5 r - Expected + 1o 7
CMS PAS HIG-13-015 g0 e ]
- ?— :
Signal strength: (m,=125 GeV) T o
10F
L < 5.4 (5.3 expected) @ 95% CL : .
5 -
39 P10 115 120 125 130 135 140 145 150

m,, (GeV)



CMS H —» bb and H = 1t produced with tt

H — bb, fully leptonic tt: > 3 jets, > 2 b jets, 2 opposite charge e/u
= H - bb, semi-leptonic tt: > 4 jets, > 2 b jets, 1 e/u
= H - 11 semi-leptonictt, >4 jets,>1 b jet, 2 1, jets, 1 e/u
= Shape of MVA distributions (depending on # jets, # b jets) is fitted

Post-Fit (S+B)

» _ CMS Preliminary E =8 Ter L=19.5 fb1 l CMS preliminary Lepton+Jets, Dilepton, Tau {s=8TeV,L=19.51"
= r Lepton + 4 jets + 4 b-tags ttH(125) x 30 = = : :
o 25 4 n — ——
a P tt+If o 18— Observed
B i+ cC S - - ttH(125) injected
. ti +b _8 12— [ Expectedt 1o
BN i+ bb = - . .
. Slnglet = Job T ‘xpected_‘Zc
tt+W,Z d -
BN EWK S e
727 Bkg. Unc. b -
—+— Data @ e
N
-Flt i’IG ___________ ?_ L L L L ‘ L L L L ‘ L L L L | L L L L | L L L L | L | L |
g 10 115 120 125 130 135 140
E 1 m,, (GeV)
a
T CMS PAS HIG-13-019
0 -08 -06 -04 -02 0 0.2 04 06 0.8
BDT output Signal strength: (m,=125 GeV)

n<5.2 (4.1 expected) @ 95% CL
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CMS combination ttH searches

= Combine the H - bb/tt search with the H = yy search

CMS preliminary bb, 1, vy Vs=7TeV,L=50f"ys=8TeV,L=19.5fb"

L e e el CMS PAS HIG-13-019
----- ttH(125) injected | | |

8—- [ Expected+ To

————— Expected+ 2¢

95% CL limit on O'IO'SM

| | i | | | |
135 140

m,, (GeV)

i | | | |
130

i | | | |
125

R R R TR B
?10 115 120

Signal strength: (m,=125 GeV)
L < 3.4 (2.7 expected) @ 95% CL

= Rapidly becoming sensitive to ttH production!
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H - Zy: test for new physics

CMS Preliminary Ho>Zy

= B(H — Zy) comparable to (H - yy), but s [S=7TeV,L=501b"
. . - {s=8TeV,L=19.6fb’
mU|t|p|y W|th B(Z - ”) 1400 Electron + muon channels
= Sensitive to new physics via loops: S 1m0 — e odd
O 000l —— Signal m, =125 GeV x 100
o n -i10
w ; f z " Z :g 800% [J-20
Mo W Ho . - g -
w f y 400 -
Y Y 20048

= Shape analysis: m, or Am= m,—m, distribution %z 6w T w0 T T
(GeV)

ATLAS signal strength u < 18. 2 (13 5 exp.) @ 95% CL (m,, = 125 GeV)
CMS s!gnal strength b < 10 (12 exp. ) @ 95% CL (mH = 1|2||5Ge|\|/) -

= - .L ‘ . y
N —— Observed = 5 - CMé Prehmmary e Observed 1
T 40 de‘ 46bl1s=7TV Expected = 35 A5 =7 TeV L =50l —
L. J. Ldt=20.7fb", (s =8 TeV = - - Vs = 8 TeV L = 19 6 fbl === Median Expected .
= 35 : : M+t 1o 3 )b< 30_ € _ I Expected £ 16 .
L + 2¢ 3 -~ : Electron + mumn channels E 492 .
= 30 = ~ : | . :xpected :0' .
T ATLAS Preliminary 3 2 25 | ' .
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c 20 - o E
E EREN- T E
o 10 —
2 E |
2 v
0 = 7
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5
. ATLAS-CONF-2013-009 [EGEad CMS PAS HIG-13-006 my; (GeV)
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ATLAS H - uu: very challenging!

The only channel where the Higgs coupling to second generation
fermions can be measured!

= In the Standard Model: B(H - uu) ~ 2x10* (much larger in MSSM!)
= Dominant irreducible background Z/y* - uu
= 2 categories: central muons (|n(w;,)|<1), non-central

> — :

5 100 ATLAS PreI|m|nary o o % s A T wa R ws
@ 10 Tele To iets =3 5 | | | 7]
5 .F Vs=8Tev,[Ldt=2071t" =fm?' ToP %;‘” c : ATLAS Prellmlnary . ]
% 10 Hospy 0 Wzzzwy [l Z+ets _S | H—)u u 7
o ] H[125 GeV = 60— —— Observed ]
- E . Bkg. Expected 1 -
— - . — ) ]
d 500 E+1o ILdt_20.7fb =
X - [+20 \'s=8TeV :
o 40C ]
I ATLAS-CONF-2013-009 E
2 200 E
& 101 =
0:I I"I rI°r- | 1°ri- F'I Fo" 17 ‘I “ritra- I' STt 1 T | i Ml e el il | il s 'I il i el I :

110 115 120 125 130 135 140 145 150

my [GeV]

Signal strength: p < 9.8 (8.2 expected) @ 95% CL (m, = 125 GeV)
i Much more statistics needed!



Direct search for H = invisible

Events / 20 GeV

44

Many models beyond the SM accommodate invisible decay modes
— place upper limit on the branching fraction
CMS: ME_+ 2 jets consistent with VBF topology

ATLAS (CMS): ZH production, ME_+ dilepton pair consistent with Z

Contributions to the total background are estimated from control regions

~ 3.5
----------- BN e = [ g5 CLlimits CMS Preliminary
ATLAS Preliminary {s=8 TeV  ® Data lL=13.0fb — € L L N AN BN B IO -
Region A az 1= 8:_ — Observed 1 % 3~ — Observed limit {s=8TeV L=19.6fb"
nTe R 1 = oo [ Expected limit
oA o - Expected < F
=+ Signal (SM ZH, m =125 GeVE 7; E = 25 - Expected limit (10)
ATLAS-CONF-2013-011 E N
= = = ATLAS Preliminary 17
N 2 ZHoli(inv) E
i 4 \s=TTeV, [ Lat=d7tb" =l CMS PAS HIG-13-013
C Ve (1 At -1 1 X
3 \'s=8TeV, | Ldt=13.0fb =
2* -
17 -------- =
G:| L et r-‘-\“\ Il ‘ 1 1 Il ‘ 1 1 Il ‘ 1 | 1 |: B
0 0.2 04 0.6 08 1 ‘P\\\\\\\\\\|\\|\|\\|\\|\\\\\\\|
00 150 200 250 300 350 400

BR(H—inv) my, [GeV]

For my=125 GeV

ATLAS (ZH): BR(H - inv) < 0.65 (0.84 exp) @ 95% CL

CMS (ZH): BR(H - inv) < 0.75 (0.91 exp) @ 95% CL [OUSHY AN l[EEuiCE0NR:!
CMS (VBF): BR(H - inv) < 0.69 (0.53 exp) @ 95% CL




The observed particle looks like the Higgs boson

1 year after the discovery of a new boson, its properties have
been measured with increasing precision:
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CMS Preliminary ys=7TeV,L<5.1fb” Vs=8TeV,L<19.6 0"’
T T T T T 1171 T T T T T T T T[T T T

It couples to bosons (W, Z, v)

Y | |
. . . . > | [=68%cL
Direct evidence for couplings to fermions &5, s L l—es% oL t
= A
Signal strength is as expected 2 “}l
All coupling tests are compatible with the  10; ]
SM prediction o - :
. . \ - T ‘,o" -
Evidence for V-mediated production 02k H, ]
The mass is measured with a great
precision 2345 10 20 100500
First direct limit on the width mass (GeV)

It favors the scalar spin-parity (07)
hypothesis

No sign yet (direct or indirect) for BSM contributions

- see talks of Pamela Ferrari, Daniel Dominiguez Vazquez,
Gianni Masetti, Valdir Salustino Guimaraes



We are not there yet...

= The final (ATLAS+CMS combined) results of Run | will come soon:
= QObservation of H » WW

= Evidence forH - bbandH - 1t
= Mass combination, ...

= |n 2015: higher center of mass energy and luminosity:
= More precise measurements

= Observe H - bband H - 11
= Observation of ttH production

= Ultimately (HL-LHC):
= Observe Zy
* H - pu: confirm coupling to
the 2" generation
= Higgs self-coupling

= The Higgs boson allows us to test the Standard Model

4 and opens an other window on new physics!



We are not there yet...

= The final (ATLAS+CMS combined) results of Run | will come soon:
= Observation of H - WW
= Evidence forH -» bb and H - 1t
= Mass combination, ...

= |n 2015: higher center of mass energy and luminosity:

» More precise measurements H16GS

| !
= Observe H - bb and H - 1t TisAD HIGGS

. . (O IT MUST WALK LIKE A D
= Observation of ttH production
AND Q_%[KH

LikkE A K.

6S

= Ultimately (HL-LHC):
= Observe Zy

= H - pu: confirm coupling to
the 2" generation

= Higgs self-coupling

= The Higgs boson allows us to test the Standard Model

4 and opens an other window on new physics!
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Backup

 Asymmetric fermion couplings
» Test of custodial symmetry
 |ndirect constraints on BR(H - BSM)



Asymmetric fermion couplings

= Assume Iy, =0

CMS PAS HIG-13-005

= Fermion couplings might be modified in 2 Higgs boson doublet models

Free parameters: A, > 0, ¥, X, Free parameters: A, > 0, x, ¥,
| 5oy 5. T Les ! s T s 5ot | 500y 5o Tl st6) € shyLensn
£ 4.5 7de KL:, Ky — Observed é f= A5h ?qu, Kq, Ky :-'—Observed é
fl 100 -~ Exp. for SM H z fl ok '\ o Exp forsmH 3

25 25
2.00 = 2.0F £
150 = 150 E
1.0F 10
0.5)- \‘ - 055 N\ 3
0.0y g iy T ey N L — 3

Ay = K/ K, Fau Ay = K/ K, o

Consistent with SM predictions
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Test of custodial symmetry

- M= Ky /K

= No contributions from physics beyond the SM (I',=0)

ATLAS arXiv:1307.1427

ATLAS Az A7 K77l

Vs =7TeV |Ldt = 4.6-4.8 fb” Combined

= _ _ -1
Vs=8TeV |Ldt=20.7 b - SM expected

CMS PAS HIG-13-005

CMS Preliminary {s=7TeV,L<5.1fb" ys=8TeV,L< 19.6 fb”

—_
=

5.0_\||||||\|‘\|||]|\||‘|||\'\||;\|\|\|\\|\|
45 KWZ, Kz K — Observed

---- Exp. for SM H
4.0 .

3.5
3.0
2.5
2.0
1.5
1.0
0.5

1 e \IIIIII\I‘\III\I ‘I\{’J;I \\\\\\ | \\\\\\\\\
1.6 0.9 0.5 1 1.5

-2AInL

-21n A(hwz)

S o N W s~ OO N 00 ©

(@)
™o

WZ

Consistent with SM prediction of A ;=1
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Constraints on BR(H - BSM)

New physics may appear in the loops gg - Hand H - vy
BR(H - BSM) — BRBSM — FBSM/FH (Wlth FH — FSM+FBSM)
Sensitive to invisible and undetectable decay modes
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2InAB )

Free parameters in the fit are: x,, x, and BRy, (others = SM value)

CMS PAS HIG-13-005

ATLAS-CONF-2013-034

10— T
- ATLAS Preliminary [,.k.,B. ] 3
9 p Ve iy -
E \s=7TeV,|Ldt=46-48f"  — Opserved s
85_ \s=8TeV, det: 13-20.7 fb'  -- SM expected E
7E R
oF S
5F- =
4 :
<= ’ 3
i M ;
0: - 1 IIII|IIII|II\ 1 | 11 1 | | 11 1 1 ‘ 11 | IIIIII||:|
0O 01 02 03 04 05 06 07 08 0.9

ATLAS: BR < 0.6 @ 95% CL
CMS: BR , < 0.52 @ 95% CL

B

i,u

-2AInL

4.0-
3.5-
3.0
2.5
2.0-
1.5°
1.0F
0.5°
0.0: ,.am'ﬁ’u A NEEEEENE EERE NN FREE NN E RN

CMS Preliminary {s=7TeV,L<5.1fb" Vs=8TeV, L= 19.6fb"
5,0_I\I\I\I\I\III\IIIII|II\I\I\\ mT TTTT TTTTTTTTT
C .k, BR
o Ky Ky BSM

TT T T T

- Observed

---- Exp. for SM H

0 0.2

0.4

L1l |I Ll
0.6 0.8 1
BRBSM



Test 17/1" hypothesis with H - ZZ* (H - WW?¥)

= Spin 1 hypothesis is not compatible with H - yy observation, still tested!

u H—>ZZ—>4Ieptons: 230:'.'5315'"""'AT',_,L,S""
. » " F [ Background ZZ* . B
— Same tEChnlque as 0O %25:_-83d(ground2+jets,ﬂ H=zz'=4l E
) WwE—Jf-0 [s=7 TeV |Ldt=46fb" ]
= ATLAS H -» WW - Ivlv: full reconstruction of the — ,f ~7-r  erev =207 1]
final state is not possible, use m, Ay, p;', m_ o ] ]
and combine with MVA i Ll
CMS preliminary  \5=7TeV, L=511f"\s=8TeV,L=19.6 fb" CMS preliminary  Vs=7TeV, L=511b" Vs=8TeV. L =19.6fb5" E .
@ T IO OIS g L B BN BN BRI 5F
S L e data i {0 i C
2 61 _g*,th=126(3ev CMS PAS HIG-13-002 - N | ok =
L] R =T, m. =126 GeV — - ] -1 -0.5 0 0.5 1
5:_ T H E % 0.08} — CMS data 8 BDT output
B z+x = i ATLAS arXiv:1307.1432
45— § 0.06
3t * -
— 0.04}
20 L 1] hd N
T S
%0 01020304 0506070809 1 %200 0 o 0 20 30

D(T)

2xIn(L_/L,)

ATLAS combined: 1'excluded @ 99.97% CL, 1 excluded @ 99.7% CL
CMS H - ZZ*: 1'/1 excluded @ more than 99.99% CL
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