s,

PROPERTIES OF THE HIGGS
BOSON WE CANNOT “UNSEE”




The experimental method

%) falsifying theories since the dawn of reason
2 [ lopersoveecomy

a.david@cern.ch  LHC Physics 2015



= Evolutions & revolutions of the elements

N/,

“ [ Plot courtesy of Jim Virdee ]
| | | | | | | |
100 & Chemical | E
N Elements Subatomic ]
- B Particles -
2 [ 2.
-0(—6 - 'Il -
= B ;]
-9 'I
w [
@© — ' -
m ,"
"'6 .
s Sulfur, Salt
E 10 :— _:
< - Mercury -
s L :
g L Quarks i
O L Earth Leptons |
Air 1
Fire Electron
Water Proton g
1 | L L l | L L | 3
1000 0 1000 1500 1800 1900 1950 1980 2000 2020
BC AC

a.david@cern.ch  LHC Physics 2015



The Standard Model of Particle Physics

Weak force — star combustion Strong force — protons and neutrons
1 o~
Leptons Quarks

@9 ﬂgp (7; q u, C, t
d,s, b

9

Gluons
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Higgs in CMS — ca. 2008

Higgs boson — the field’s massive radial excitation, tacit to Brout and Englert, massless
via approximations in Guralnik et al., and explicitly mentioned by Higgs (1964).
Viability — photons and massive weak bosons can coexist was shown by Kibble (1967).
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LHC Higgs Cross Section WG

[ http://xked.com/888/ ]

0 Experimentalists and theorists.

o Together since 2010.

0 Produce the best pieces for a

common Higgs puzzle. &

0002187

SCORE
0002186
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& How SM Higgses are born

[ http://cern.ch/go/cWH8 ][ http://cern.ch/go/Sn)8 ]

0 Gluon t
fusion B t ---H
RITT R
q > >
0 VBF ----H
Vv
q > >
q

0 WH, ZH

- be’ q>/\/\/<\tH
tH - t

g

g

~)

o(pp — H+X) [pb]

a.david@cern.ch

—_
o

T I\IIHI‘ TT TTH

—_

10"

102

Q-
o

\'s= 8 TeV

LHC HIGGS XS WG 2014

IIII\| | IIIIIII| I I\IIHI‘ L 1Ll

L
100

1000
M, [GeV]

200 300 400 500

gg.qq —> tth

TeVALHC Higgs working group
. I B

.. Tevatron Tevi

100 120

LHC Physics 2

140 160 180 200

m, [GeV]

015



@ HDECAY 4.43 + PROPHECUAF 2.0
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. 201 1: nothing else in the horizon

[“Lawre of Arabia” idea from C. Grojean]

1 We first saw that we could not exclude a narrow
range.
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5] 201 1: nothing else in the horizon

[“Lawrence of Arabia” idea from C. Grojean]

1 We first saw that we could not exclude a narrow
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= In 2012 some theorists speculated...

N,

n [ http://goo.gl/CVmés ]

C
\

@ After Moriond 2012, new fits disfavor the SM and

motivate for New Physics
red = no Higgs boson

green = SM
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g 2 5 g v g 9 z u
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Rate/SM rate

t ZZ *
7z
T
Vi
I

P. Giardino, K. Kannike, M. Raidal, A. Strumia, 1203.4254
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@ In 2012 some theorists speculated...
B I

new fits disfavor the SM

new fits disfavor the SM

‘new fits disfavor the SM‘
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In 2012 some theorists speculated...
i

new fits disfavor the SM

new fits disfavor the SM

‘new fits disfavor the SM‘
ONEDOES'NOT'SIMPLYA

o Vs

DRAW'SUGH CONCLUSIONS
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@) 2012: a rider!

N,

[“Lawrence of Arabia” idea from C. Grojean]

0 We discovered a peak rising from the background.
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July 4, 2012

@) Lookin= u= to a new boson
n [ htp:/ /cern.ch/go/q8ix |
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= Higgsdependence day recap
[ http://cern.ch/go/q8ix ]
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@ The LHC Run 1: a bountiful harvest

CMS Integrated Luminosity, pp
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On the shoulders of giants
detector makers & theory calculators

“Yesterday’s discovery is today’s calibration, and tomorrow’s background.” — V. L. Telegdi [ http://cern.ch/go/If9C ][ http://cern.ch/go/KD8D ]

. o o . ~ ‘Io . .
Inelastic collisions: ~7%x10'° ,, ...c CMS Prelimin ary
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2013: a rider with a gun

[“Lawrence of Arabia” idea from C. Grojean]

0 By early 2013 a clear Higgs-like picture emerged.
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(self-inflicted) Mission: impossible

0 Present a coherent view of present-day results of Higgs
couplings from the LHC (and Tevatron) experiments.

o Any mistake is the speaker’s fault (send email).
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= QOversimplified big picture
P g p
T

T — Tevatron; A — ATLAS; C — CMS; combination drivers in red.
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0 Still much to explore on the rarer ends.
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g H—TT vignettes

[ JHEP 05 (2014) 104 ]

CMS, 19.7 fb™ at 8 TeV
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Fermion decay combination vignette
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H—>WW—>2Q2V vignettes
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& H—ZZ— 40 vignettes

[ PRD 89 (2014) 092007 ]
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“ [ EPJC 74 (2014) 3076 ]
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CERN Courier May 2013

LHC discovery

Birth of a Higgs boson

Results from ATLAS and CMS now provide
enough evidence to identify the new particle
of 2012 as ‘a Higgs boson’.

In the history of particle physics, July 2012 will feature promi-
nently as the date when the ATLAS and CMS collaborations
announced that they had discovered a new particle with a mass
near 125 GeV in studies of proton—proton collisions at the LHC.
The discovery followed just over a year of dedicated searches for
the Higgs boson, the particle linked to the Brout-Englert-Higgs
mechanism that endows elementary particles with mass. At this
early stage, the phrase “Higgs-like boson” was the recognized
shorthand for a boson whose properties were yet to be fully investi-
gated (CERN Courier September 2012 p43 and p49). The outstand-
ing performance of the LHC in the second half of 2012 delivered
four times as much data at 8 TeV in the centre of mass as were used
in the “discovery” analyses. Thus equipped, the experiments were
able to present new results at the 2013 Rencontres de Moriond in

March oivino the narticle-nhveice commnnitv enanoch evidence tn

March, giving the particle-physics community enough evidence to
name this new boson “a Higgs boson”.

results that tfurther elucidate the nature ot the particle discovered
just eight months earlier. The collaborations find that the new par-
ticle is looking more and more like a Higgs boson. However, it
remains an open question whether this is the Higgs boson of the
Standard Model of particle physics, or one of several such bosons
predicted in theories that go beyond the Standard Model. Finding
the answer to this question will require more time and data.

This brief summary provides an update of the measurements

Observed CL, [0(g9) |(2;,(99) |2:(qq) [1-(qa) [1+*(aQ)
compared with | pseudo- | minimal | minimal |exotic |exotic
JP=0+* scalar | couplings | couplings | vector | pseudo-vector

770 ATLAS |2.2% |6.8% 16.8% [6.0% [0.2%
CMS |0.16% |1.5% <01% [<0.1% |<0.1%
ATLAS |- 51% 1.1% = =

)
ww CMS |- 14% = = =
Yy |ATLAS |- 0.7% 124% |- =

Table 1. Summary of preliminary results of the hypothesis tests
compared with the Standard Model hypothesis of no spin, positive
parity (J°=0"). All alternatives are disfavoured using the CL ratio
of probabilities that takes into account how the observation
relates to both the Standard Model and the alternative hypotheses.

CMS preliminary L=5.1 and 19.6fb~1 at Vs=7Tev and 8Tev
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= Entry in the PDG

N/,

H° (Higgs Boson)

The observed signal is called a Higgs Boson in the following, although its detailed properties and in particular the role
that the new particle plays in the context of electroweak symmetry breaking need to be further clarified. The signal was
discovered in searches for a Standard Model (SM)-like Higgs. See the following section for mass limits obtained from
those searches.

HO MASS INSPIRE search

Value (GeV) Document ID TECN Comment

125.9 +0.4 OUR AVERAGE

125.8 +0.4 +0.4 CHATRCHYAN ' 2013J cMs pp . 7and 8 TeV |
126.0 +0.4 0.4 AAD 2 2012Al ATLS pp . 7and 8 TeV |
*** We do not use the following data for averages, fits, limits, etc ***

126.2 0.6 0.2 CHATRCHYAN 8 2013J CMS pp . 7and 8 TeV

125.3 £0.4 £0.5 CHATRCHYAN 4 2012N CMS pp . 7and 8 TeV

' Combined value from ZZ and yy final states.

2 AAD 2012Al obtain results based on 4.6 — 4.8 fb™! of pp collisions at E.,, =7 TeV and 5.8 — 5.9 fo~! at E.;, = 8 TeV. An
excess of events over background with a local significance of 5.9 ¢ is observed at myo = 126 GeV. See also AAD 2012DA.

3 Result based on final states in 5.1 fb=! of pp collisions at E., =7 TeV and 122 fb™! at E¢y, = 8 TeV.

4 CHATRCHYAN 2012N obtain results based on 4.9 — 5.1 fb~! of pp collisions at E,, =7 TeVand5.1 —53 7! atE.;, =8
TeV. An excess of events over background with a local significance of 5.0 ¢ is observed at about myo = 125 GeV. See also
CHATRCHYAN 2012BY.

References
Document Id Journal Name
CHATRCHYAN ~ 2013)  PRL 110081803 NB: the mass measurement alone “cleared up”
AAD 2012AI  PLB716 1
CHATRCHYAN  2012N  PLB71630 a huge chunk of BSM space.
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201 3: “killer” news

[“Lawrence of Arabia” idea from C. Grojean]

0 SM-like: the Swedish academy shot the prize at
Englert and Higgs.
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Nobel prizes...
I

The Nobel Prize in Physics 2013
Francois Englert, Peter Higgs

Share this: EIEIE1Ed 1.8« ]
The Nobel Prize in Physics
2013

\

Photo: A. Mahmoud Photo: A. Mahmoud

Francois Englert Peter W. Higgs
Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Physics 2013 was awarded jointly to Francgois
Englert and Peter W. Higgs "for the theoretical discovery of a
mechanism that contributes to our understanding of the origin of
mass of subatomic particles, and which recently was confirmed
through the discovery of the predicted fundamental particle, by the
ATLAS and CMS experiments at CERN's Large Hadron Collider"
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...and knighthoods.

Eminent physicists receive royal honours

by Deborah Evanson, Colin Smith, Gail Wilson
16 June 2014

- Bethe first to comment

Two of Imperial's physicists, best known for predictingand = Printthis story
finding the Higgs boson, have been knighted in this year's
Queen's Birthday honours list.
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The fate/character of the Universe
[ JHEP 08 (2012) 098 ]
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> -=" Meta=itability. - -~
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0 The SM vacuum stability depends crucially on the
masses of the top quark and Higgs boson.
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&) Mass peaks: mass measurements

19.7 b (8 TeV) + 5.1 b (7 TeV)
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Mass peaks: mass measurements
-
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& Mass measurement
T e

19.7 fb’ (8TeV)+ 51fb (7TeV)

| 10 T T T T T [ T T 1 T
- —Ho 'y'y tagged
£ oF CMS —— H — ZZ tagged
< 7 T T | | | | 4 Hoyy+H= 2z o
_I T TT T TT T TT T TT T TT T T 1T T 1T T TT T TT _| : — stat' + s St.
S [ ATLAS 1 —— Combined yy+4! ] C\Il 85 My “w(ggH’ttH)’ -- stat. onI§
"B C V’S =7TeV ILdt =45fb —— Hoyy 7 7 - 1 (VBF,VH) —
[ 1s=8TeV [Ldt=203f0" — HoZZ" >4 ] - n =125.02"7 §§ (stat) > 1? (syst) 7
5= without systematics 6F —
e S L S T Y By SRR —2¢ S ;_ _;
14 3
- . 3 =
21 = - | ; ]
C N 2 - \ : =
1_— —————————————————————————————————————————————————————————————————— —_1(5 - “| Y ]
- . 1F q ]
0_| Lo Iy [ 400 L \ A I T 0 - T L N / | m
123 123.5 124 1245 125 1255 126 126.5 127 127.5 123 124 125 126 127

m,, [GeV] my, (GeV)
ATLAS L ams
my 125.36 £0.37 (stat.) £0.18 (syst.) GeV 125.02 £0.27 (stat.) £0.15 (syst.) GeV

Naive average: 125.15 £0.25 GeV
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@ More on mass
&)
—

< T
s ¢ ATLAS
\ B m=7Tayﬂ&=45m4 1
10: \s=8TerLdt=20.3fb _:
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0 Slight difference in ATLAS results:
n1 YvY n1 1l —

1 47 +0. 67(s'ro’r) +0.28(syst.) GeV
1.976 (p=4.9%).

Using more conservative energy
scale uncertainties: 1.80 (p=7.5%).
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0 In CMS, less significant and
with opposite sign:
22 = .0.9 £0.6 GeV



CERN
\

Combined LHC mass measurement

n [ arXiv:1503.07589 |

Signal strength (u)

N
4]

1.5

0.5

[ | I I I I I I I I I | I I | I I I I I I I I [ I I I I
B -=-=. ATLAS H—)}/y :
| ATLAS and CMS === ATLAS H>Z2Z—>4] |
- LHC Runt1 . CMS H—yy .
— CMS H—ZZ -4l —
B PPELEER — All combined |
= " -
A X Best fit |
— )/ —— 68% CL —
(. ]
| ! S SN _
' ", Se
L N “,, ~~ —
I . —
s .
| \~ . ‘, \‘ -
: §~~ ;f >< w'z ' :
B é_ - - _X_ "‘,_: "' |
B "------\\f“:—"' |
B | | | | | | | | I 1 | | | | | | | | I | | | | I | | | | | | | 1 | ]
124 1245 125 1255 126 1265 127
m,, [GeV]

a.david@cern.ch

LHC Physics 2015



CERN
\

Combined LHC mass measurement
I Iz

ATLAS and CMS

LHC Run 1
ATLAS H—yy
CMS H—yy ——
ATLAS H—ZZ—41 | /

CMS H—ZZ —4l

ATLAS+CMS yy

ATLAS+CMS 41

ATLAS+CMS yy+4l

Fe—Total | |Stat. 1 Syst.
Total  Stat. Syst.
F———F— 126.02 £ 0.51 (+0.43 £ 0.27) GeV

124.70 £ 0.34 (+ 0.31+ 0.15) GeV

124.51+ 0.52 (+ 0.52 + 0.04) GeV

125.59 + 0.45 (£ 0.42 + 0.17) GeV

125.07 £ 0.29 (£ 0.25 + 0.14) GeV

125.15 + 0.40 (£ 0.37 + 0.15) GeV

125.09 + 0.24 ( + 0.21 + 0.11) GeV

123

127 128 129

m,, [GeV]

a.david@cern.ch  LHC Physics 2015



\
N,

= Combined LHC mass measurement

n [ arXiv:1503.07589 ]
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Combined LHC mass measurement

[ arXiv:1503.07589 ]

CERN
\

ATLAS H—yy

Compatibility

ATLAS H—ZZ -4l

CMS H—ZZ—4l

A number of different models to check
compatibility of the result ... ATLAS+CMS 77 »-%—u

ATLAS+CMS 4l I—=s+—  ATLAS and CMS

ATLAS+CMS yy+4 LHCIRUH

3u+d4m 124 125 126 107 128
Four masses m,, [GeV]

6u+4m
Both

Least assumptions
made

Gyt

Six signal modifiers

[ Educated guess ]
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Combined LHC mass measurement

[ arXiv:1503.07589 ]

° ol ATLAS H—yy R M g = |—l—| Total
Compatibility o | v
ATLAS H—2ZZ—4] —e— 1 Syst
A number of different models to check AR I s
compatibility of the result ... ATLAS+CUS 11 =
ATLAS+CMS 4 }—=e=— ATLAS and CMS
3u+4m ATLASCMS yyoat | 1 ----------- FE}I’;HCHUM ---------------
e s o S s A

with 4 masses

The actual compatibility between the
combined value and the 4 measurements

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

6p+1m
Six signal modifiers

Chi2 p-values

[ Educated guess ]

Results compatible within 20!

a.david@cern.ch  LHC Physics 2015



@ Combined LHC mass measurement

my = 125.09 £ 0.21 (stat)
Uncertainty is mostly statistical +0.11 (Scale)
+0.02 (other)
Tmesewnmosss 4001 (theory)

improve with more data!
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One model
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One model

W) |

Fiat 126
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One model

Iligli-perlormane saloon

Willys Moftors 8

(AUSTRALIA) PTY. LTD. 79 YARRABANK ROAD, SOUTH MELBOURNE. 69-7411
594 ELIZABETH STREET, MELBOURNE. Phone 34-1519

Fiat 126
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One model

Iligli-perlormane saloon

Willys Moftors 8

(AUSTRALIA) PTY. LTD. 79 YARRABANK ROAD, SOUTH MELBOURNE. 69-7411
594 ELIZABETH STREET, MELBOURNE. Phone 34-1519

Fiat 126
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@ Deviations of H(125)

1 Heavy New Physics

Concern of LHC HXSWG WG2
Decoupling of heavy d.o.f.

Indirect effects, loops, dim-6 operators, etc.

0 Light New Physics
Benchmarks from LHC HXSWG WG3

Other states, degenerate states, etc.
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Handles on deviations
I

1 Mass

0 Exp. Uncertainties

O SM consistency: (my, my,, m
0 Spin

0 Are we happy now?
0 Charge

O Zero. (That was easy.)

’rop)

0 Parity
o Amplitude decomposition — EFT

0 Scalar couplings
0 K— K(q) — f(q) — EFT
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\
N,

= An actual measurement

0 Mass
0 Exp. Uncertainties

o0 SM consistency: (my, my, m

O Spin
O Are we happy now?
0 Charge

O Zero. (That was easy.)

O Parity

O Amplitude decomposition — EFT

0 Scalar couplings
O K— K(q)— f(q) = EFT

M,, [GeV]
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- fitw/o MW, m, and MH measurements .
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= Handles on deviations

N,

O Mass
O Exp. Uncertainties

n SM COﬂSiSTenC)’: (mH, mW, mfop) %120cms X —2Z + WW 19.7 b (8 TeV) + 5.1 b (7 TeV)

. Tof mose meie
DSP"‘] _l%go-‘;f’ ,,“

60

2 X ol |
0 Charge 2l
-40f

I:IZero.(Thcn-queqsy,) Y01 S N N S U T U NS U SO N T S S A O
D Pq rity J=1 Spin2prod.‘viq éluon fusion Spin2p‘rc‘>a‘t‘lc‘f‘i‘c;n via qa

O Amplitude decomposition — EFT

O Scalar couplings
O K— K(q)— f(q) = EFT
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Handles on deviations
e

O Mass
O Exp. Uncertainties
O SM consistency: (my, my, m,_ )
O Spin
O Are we happy now?
0 Charge
0 Zero. (That was easy.)
O Parity

O Amplitude decomposition — EFT

0 Scalar couplings
O K— K(q)— f(q) = EFT
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= Handles on deviations

A
O Mass
O Exp. Uncertainties
O SM consistency: (my, my, m,_ ) o
O Spin A(Xj=o > 1V2) ~ 0_1([a1—€’¢Alz(lT)222] myey, €7,

+

azf:‘(/zl)f*(zz),yv + asf;SZl)f*(Zz)’w

O Are we happy now?

e O T P P
0 Cha rge + g il prom g1 prm) f*(n),uv)
O Zero. (That was easy.) S SERBANY” QR
_e‘_“ 6,6 _=0orm 95% CL
. T,)/ ~ ‘a2’ 'a3 --68% CL :
Q % Best fit
o Parity 8 e

0 Amplitude decomposition = EFT

O Scalar couplings ;
O K— K (q) — f(q) — EFT -o.5:
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= Handles on deviations

N,

O Mass

O Exp. Uncertainties

O SM consistency: (m,, m,,, m
O Spin

O Are we happy now?
0 Charge

O Zero. (That was easy.)

’rop)

ATLAS Preliminary
Vs=7TeV,4.5-4.71b"" Vs=8TeV,2031°"
P L] 1_ [ TR 19.7 b (8 TeV) + 5.1 fo" (7 TeV)
95% CL: —
D qu y T T T T T T T T T CMS 68%
Koz=1.18£0.16 - K =0.98*014 _...._ R CL
A Io LI 9Z -0.13 :
O Amplitude decomposition = EFT ... S Ao
Awz € [-1.04,-0.81] +0.36
° (0.80,1.06] - - Azg=13902 ———
0 Scalar couplings e st
Aoz =0.60£027 i Ayz=0.93f'g‘.1‘7‘ -i-—
o K— K(q) — f(q) = EFT T et
[k ) ——— 7\_19=2_18f'g'i2 | e ——
il T Loviliiitiii bt
- 0 05 1 15 2 25 3 35
Parameter value
(95%CL) —_—
my =1
.............................
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= QOversimplified big picture
P g p
T

T — Tevatron; A — ATLAS; C — CMS; combination drivers in red.
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0 Still much to explore on the rarer ends.

(to the right and to the bottom) (and outside this picture =
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Relative signal strengths

[ arXiv:1303.6346 ][ ATLAS-CONF-2015-007 ][ arXiv:1412.8662 ]

o — o(stat. :
ATLAS Preliminary —Z((fﬁ,’s")“" Total uncertainty 19.71b" (8 TeV) + 5.1 6" (7 TeV)
my, = 125.36 GeV eory + 16 on
Tevatron Run I, L. <10 fb i — o(theory) l~l Combined CMS m,, =125 GeV
int Ho 7y oz 5 [E - ; 1w=1.00%0.14
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T "5 i HH i
[ Combined (68% C.L.) e e : e H — vy tagged
i 10.40 | 013 : H— w=1.12+0.24
—il— Single channel n=1.46" "0 | |
H H - ww* oie ar H — ZZ tagged
— i _ 1024 |aia am : ~1.0040.
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- H — bb vose H— WW tagged
H—- WW ~0.63039| 0= =S 99
H=009 oar |02 [ | 1 =0.831%0.21
.- H- 1t E% !
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VH— Vbb Combined B 5 -
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, ) e 4 0 1 P 3 0 05 15 2
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Signal strength (u)

What'’s in o
“signal strength’?
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@ Anatomy of deviations

1 = (0 ' BR)observed
(0 ' BR)expected

01 Deviations are searched relative to SM expectation.

1 Conclusions are only as good
as the accuracy and precision
of the numerator and denominator.
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Anatomy of deviations

observed

expected

c
o
—
(9
=)
O
o
et
o

01 Deviations are searched relative to SM expectation.

0 Conclusions are only as good
as the accuracy and precision
of the numerator and denominator.
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@ Anatomy of deviations

1 = (U ' BR)observed
(0 ' BR)expected

0 Deviations are searched relative to SM expectation.

1 Conclusions are only as good
as the accuracy and precision
of the numerator and denominator.
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Anatomy of deviations

1 = (0 ' BR)observed
(0 ' BR)expected

0 Deviations are searched relative to SM expectation.

0 Conclusions are only as good
as the accuracy and precision
of the numerator and denominator.
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&) The anatomy of deviations
N

v

L=0 W= 0
(No Higgs) (SM Higgs)
0 U = 1 means that the data match the SM.

o Uncertainty on U quantifies the compatibility with the SM:
mu=1.3 £1.2is inconclusive and “more data is needed”, but

m 1= 2.0 £0.2 could mean New Physics (or a systematic effect).
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&) The anatomy of deviations
S

m compatible

u=0 W= 0

(No Higgs) (SM Higgs)

v

0 U = 1 means that the data match the SM.

o Uncertainty on U quantifies the compatibility with the SM:
B = 1.3 £1.2 usually means “more data needed”, but

m 1= 2.0 £0.2 could mean New Physics (or a systematic effect).
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&) The anatomy of deviations
2

m compatible

Precise measurement incompatible with the SM!

Evidence of a deviation.

“New Physics = Deviation” but “Deviation #» New Physics”
See, e.g., http://cern.ch/go/W8wW

v

L=0 W= 0
(No Higgs) (SM Higgs)
0 U = 1 means that the data match the SM.

o Uncertainty on U quantifies the compatibility with the SM:
B 1= 3 x5 usually means “more data needed”, but
® 1= 2.0 0.2 could mean New Physics (or a systematic effect).
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&) The anatomy of deviations
N

= or better theory

Precise measurement incompatible with the SM!

Evidence of a deviation or exp./theory bias.

: > “New Physics = Deviation” but “Deviation #» New Physics”
—_ ~ See, e.g., http://cern.ch/go/W8wW
=0 =1 i
(No Higgs) (SM Higgs)
[
O
O
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The anatomy of deviations

Precise measurement incompatible with the SM!
Evidence of a deviation or exp./theory bias.
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ATLAS Preliminary _22";?,2‘;,),& Total uncertainty
my=125.36 GeV | ‘theory + 15 on
Tevatron Run II, L, < 10 fb™ " —oltheory) l-l
2 H - vy -0z : e
m, =125 GeV/c 1= 147028 o : HH :
. o 026 | 506 : HH i
[ Combined (68% C.L.) T o : —F=
i 10.40 | 015 : =
—il- Single channel w=1.46"""|on i e
s | . . TR | R
I~ L 1 +0.24 |-0.14 : :
v h=118 s s i H i
- H - bb o 5 5
H— W'W - W= 0630 Eg o
-0.37 |- 007 i H i
- H 029 —
H—t't o 1447042 T : —_—
Y R i HH
VH— Vbb | Combined o ' R
w=1.18701 [0 : -
R R R TR AN R R 014 ] o : l“ L
0 3 4 5 6 7 8 9 10
Best Fit (o x Br)/SM \s=7TeV, 4547 fb ~1 0 1 2 3
\s=8TeV,20.3fb" Signal strength (u)
Tevatron ATLAS
m, 125 GeV 125.4 GeV
U= +0.
o/0g, -

Naive LHC average: 1.1 £0.1
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19.71b" (8 TeV) + 5.1 6" (7 TeV)

CMS

=0.96

Combined
u=1.00+0.14

pSM

H — vy tagged
n=1.12+£0.24

H — ZZ tagged
n=1.00+0.29

H— WW tagged
1 =0.83+0.21

H — 1t tagged
n=091+0.28

H — bb tagged
1=0.84+0.44

m, =125 GeV

0o 05

125.0 GeV

1.00 £0.14

LHC Physics 2015

1 1.5
Best fit o'/o'S
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&) So small that you need a pipette

Particles smaller than the Higgs boson
exist?
By PTl | 23 Mar, 2014, 01.52PM IST 4 1 comments | Post a Comment

READ MORE ON » settlement option | net worth | Insurability

LONDON: There are unknown particles

floating around the universe that may be /
even smaller than the Higgs boson, the
'God particle' discovered in 2012, scientists
say.

The so-called techni-quarks can be the yet
unseen particles, smaller than the Higgs
particle that will form a natural extension of
the Standard Model which includes three

generations of quarks and |eptons_ Ryttov referred to the theories that have been put forward over
the last five years for the existence of particles in the universe

that are smaller than the Higgs particle.

These particles together with the
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The Standard Model of Particle Physics

Weak force — star combustion Strong force — protons and neutrons
1 o~
Leptons Quarks

@9 ﬂgp (7; q u, C, t
d,s, b

9

Gluons
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Scalar coupling structure

90
o
@
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Scalar coupling structure
—

Hic est electroweak
symmetry breaking

a@u
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sector
o

T g ———~:::fo W

Loops (y, g) are

sensitive to BSM
contributions.

Y
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Scalar coupling structure

Gauge sector
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Mixed
sector

Loops (y, g) are
sensitive to BSM

contributions.



Scalar coupling structure

Gauge sector

-
-
-
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-
-
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Mixed
sector

Loops (y, g) are
sensitive to BSM
contributions.

Quark loop
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Scalar coupling structure

a Gauge sector

Mixed
sector

o \\_/ —\

Quark loop

Loops (y, g) are
sensitive to BSM
contributions.
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Scalar coupling structure

Yukawa a Gauge sector
sector ° @
\ Mixed
Up type

sector

Loops (y, g) are
sensitive to BSM
contributions.

Quark loop
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N/,

&) Scalar coupling deviations framework
T

Production modes Detectable decay modes Currently undetectable decay modes
2 _
OggH Kg (kb %, mu)  Dwwe 9 L'y _ 2
oM K2 'SM = Kw M = K
ggH & WW ) tt
OVBF 2 T T
= K KW, K7, M 77, g _
SM vBr(Kw, Kz, M) _ 2
OVBE 5™ = Ky TSM see Section 3.1.2
= Kw I = e
oo bb 9 —ce 2
WH — = K SM t
g FSM b FCE
g _ 2 bb
SM Z I'ss 2
O-ZH FT_T+ _— = K
—— = K2 M b
OttH SM T 5§
e = K2 T_T+
oM ¢ Dyt
ttH r 12 (Kp, Kt , Ke, KW, T0H ) = 2
v v \Bb, Kty Ky KW, TTVH M T
SM 2 ot
L5 Ky
FZY . K%Zy) (Kb7 Kt, K¢y KW, mH) Total width
SM 2 9
FZY Sz I'n _ g (K6, mu)
I‘%M KI2{

0 Single state, spin 0, and CP-even.
o Narrow-width approximation: (6XBR) =c-T /T,
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C

= Scalar coupling deviations framework

N,

\

[arXiv:1307.1347]

Production modes Detectable decay modes Currently undetectable decay modes
2 —_—
sSMo T k2 ™M T Kw i = K
TggH 8 L ywe IS}
OVBF 2 T r
—— = Kypplkw,xz,m 77 og .
M ver(Kw, Kz, mu) 9 :
OVBF M T Kz SM see Section 3.1.2
OWH K% ze
SM_ _
o bb
M 'SM  — Kb
g9z4 2 bb
sMm Kz
OzH [ )
— —_— = K‘[
O¢¢H o FEE/II .
sMm — Kt
g =
ttH FYY _ { Kz(KbaKhK‘t)KW)mH)
SM
FYY KY
L'z, . KZZY) (Kp, K¢, Ko, Kw, M)  Total width
M 2
F%Y ) I'm iy (1, M)
HE

O Loops resolved at NLO QCD and LO EWK accuracy.
0 Peg the as-of-yet unmeasured to “closest of kin”.
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C
\
N,

m [arXiv:1307.1347]

& Scalar coupling deviations framework

Production modes Detectable decay modes Currently undetectable decay modes
2 f—
oggi [ ki(kp,ke,mu)  Twwe Te
oM K2 'SM = Xw M = K
ggH & Ww ) tt
OVBF 2 T r
7 = K K K7z, m 7.7, (%) gg )
SM vBr(KwW, %z, mp) o
OVBF SM = Kz TSM see Section 3.1.2
OWH 9 77 g
e —— pu— F _
SM Kw T - - )
TWH bb - _ 2 ™M & K
'SM Kp ng_vl
07ZH . 2 bb
sM . Kz T
O7zH I+ _ K2
L —_ 2 FSM - b
TttH 9 M & e
= -t
SM = Kg Tt r
TtH T 2 wut 9
tt v { K5 (Kb, Kty Koy KW, MH) SM = K
SM 2 ot
I Ky "
I'y K%,y (Kb, K¢, e, kw, mp)  Total width
TY — gZY)
M
FZY K(zy) 'y
SM
Iy

0 Total width as dependent function of all K.
0 Total width scaled as free parameter: k..
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= Weak bosons and fermions

\
7%

[ arXiv:1303.6346 ][ ATLAS-CONF-2015-007 ][ arXiv:1412.8662 ]

T T T
ATLAS Preliminary
[ —68%CL \s=7TeV, 4547 f"
1.8 “resCL 1s=8TeV, 203"

19.7 o' (8 TeV) + 5.116" (7 TeV)
T | T T T T I T T T T

e 2 0 T T T
% L -1 N ]
B Tevatron Run I, les 10 fb MLL 4 e e 7 52_ - CMS ]
e Local maxima A SM E ATLAS Prelim. ] 1.5 -
[ Ples%c.L. [ Jo5%C.L. 3 \5=7TeV. 4547 b oo momeen = - S ]
4 E Vs=8TeV,203f0" 09 095 1 105 11 115 12 125 13 1.0F :." 7 ) -
i Az =1 2 m, = 125.36 GeV s - S @ . E
[ F————=——\ s ] N \_/_'4,.' R
) - e = o5 0 IS -
I = - 0.0~ =
- e = 05 e -
I E ] C |4 Observed ]
- CH->rr. 4 -1 0F |— 4
21 -2b CH-2Z . 1.0p gg:fgt """"""" ]
C CaH-ww 3 L |TTrooTe 1
- —3F «sm —68% CL - -1.5] |+99.7% CL 7
4L - _ ! [ JH-bb 3 - | SM Higgs :
I -+ Bestfit =--95 /och : | | — Colrnblned . 50 r | | ]
AN B RN N BT A B O B _4 1 I - L1 T ] L T ] M L1 -2. 1 1 1 1 Il Il 1 1 1 1 1 L

0 0.5 1 15 2 04 06 08 1 1.2 1.4 1.6 1.8 0.0 05 1.0 15

Ky Ky Ky

ATLAS ____ams

p(SM) - 41% <10
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Weak bosons and fermions

[ ATLAS-CONF-2015-007 ][ arXiv:1412.8662 ]

5 CMS 197 o' (8 TeV) + 5.1 fo! (7 TeV)
ML|_ 4:' 1 T T17 '.' T qprrTrrrr T T Tt [T '_ ;Z' —-l-Observedé
- ATLAS Prelim. . -l o SM Higgs§
3 Vs=7TeV, 4547 fb" — -
- Ys=8Tev,2031b" E i
2:— m,, = 125.36 GeV E 1 I
1___,, e E I
o : -
O — 0
B — L
A = i
P Sier 4 4L
- CJH->wWW 3 L
—3; * SM —68% CL * %::S) —; -
4:. b Bestfit e98%wOL | 1. | E=3Copbined 3 L :
7 04 06 08 1 12 14 16 18 -2 | |
0 0.5 1 1.5
Ky Ky
ATLAS - ams
P(SM) 10% <10
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The deviations that we do not (yet) see

[ ATLAS-CONF-2015-007 ][ arXiv:1412.8662 ]

Kw
Kz
Kp
Kr

Kt

Kg

BRI’.,U.

=4

ATLAS Preliminary
Vs=7TeV,45-47®" \/s=8TeV,20.3fb™'
68% CL: ——
95% CL:
Ky<1 Kon = Koff BR; ., =0
|||||||||||||§|||||||||||
5 +0.14
- Ky =0.96 -
————
—-.I-—
—_ +028
i
St +0.18
: Ke=0.8277 14
— — — ol
H 0.34
H -+
— e —3
% Kt 160 0.32
- — +0.15
e Kq =0.75 013
——
— e — +0.17
! K, = 0.98’
H 0.16
-
-
B——
'—— :
—_:—
———— My = 125.36 GeV
|||||||||||||||||||||||||
-1 0 1 2 3

Parameter value
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19.7 b (8 TeV) + 5.1 f6' (7 TeV)

CMS - 68% CL
. == 95% CL
———
—*q:—
*E
-:—*—
—*—E—
I
PRSI T TR N Y ST AN SO SN N AT TR S S U N S N
0 0.5 1 1.5 2 2.5

Parameter value
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CERN
\

The deviations that we do not (yet) see

[ ATLAS-CONF-2015-007 ][ arXiv:1412.8662 ]

Koz =1.18+0.16

Awz € [-1.04, -0.81]
1[0.80, 1.06]

Azg = 1.0975:28

Apz=10.60%0.27
Ayz=0.902%0.15

Az = 0.997023

Ag € [-1.70,-1.07]
U[1.03,1.73]

(95%CL) A,z<2.3

(95% CL) A(ZV)Z <3.2

ATLAS Preliminary
\s=7TeV,4.5-4.70"

68% CL.:
95% CL:

\/s=8TeV,20.3f"
—

-

my = 125.36 GeV

-2 -1 0 1 2 3

Parameter value
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kg2 = 098¢
iz = 0870
hgy= 109708
Ayz = 0.5970%;
=098
A, =079
g = 218703

19.7 67 (8 TeV) + 5.1 fb' (7 TeV)

CMS - 68% CL
' == 95% CL
L]
el
-E—*_
-t
————
-é—-
E e i ———————
T FNUEE SRETY FTUTE FTEE FETT P
0O 05 1 156 2 25 3 35

Parameter value
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& Resolving SM contributions

[ ATLAS-CONF-2015-007 ][ arXiv:1412.8662 ]

ATLAS Preliminary
Vs=7TeV,45-47f"" Vs=8TeV,203 0
gg;g:: e 19.7 b (8 TeV) + 5.1 fo! (7 TeV)
BRj, = 0 CMS ¥ 68% CL
IIII|IIII|IIII|IIII|IIII IIII!IIII TTTT _950/ CL
Kw=0.91+0.14 an-— Ky = 0.95?'8‘_13 m
k7 €[-1.06,-0.82] KZ =1 .05+0.16 -
U[0.84,1.12] ] -0.16 :
Ki=0.94 +0.21 —--— K, = 0_811“8-12 —-.—:—
-0.90, -0.33 : E
Kbe[ ] - . Kb - 0.74-{-033 .
u[0.28,0.96] . -0.29 '
€ [-1.22,-0.80 5 :
K E[ ] I ](T= 0.844-019 *
u[0.80,1.22] -0.18 '
(95%CL) |ku|l< 2.28 K, < 1.87 _:_.
mH=!;125_36GeV 111111111:11111111111111
L1111 | L1111 | 1111 I 1111 | 1111 | 1111 i | . | 1111 0 0‘5 1 1'5 2 2'5
-2 -15 -1 05 O 0.5 1 1.5 2 Parameter Value

Parameter value
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&) Coupling deviations summaries

[ ATLAS-CONF-2015-007 ][ arXiv:1412.8662 ][ arxiv:1207.1693 ][ arxiv:1303.3570 ]

1 Assuming no BSM

particles.

E>|> _IIIII| T T IIIIII| T T T TTTTT T T IIIIII| T l_
2 1k ATLAS Preliminary t .
T F s=7TeV, 45471 z¥ -
2 - 's=8TeV, 203 fb' A

= |> B <~ W 7
L 10 — Observed —

- --- SM Expected §
102 . E
- A ]
- T i
i b .
10 n 7 E
_L'I"I':I;" | | IIIIII| | 1 IIIIII| | | IIIIII| | I_
107 1 10 10

Particle mass [GeV]

19.71b" (8 TeV) + 5.1 5" (7 TeV)

CMS = 68% CL
|==95% CL
N

Ky = 0.95" ———
1.05* i
081"

*,<1.87

a 19.7 " (8 TeV) + 5.116' (7 Tev)
w 0. T T T T

02F
o
0.0F

ot s

-0.2p [T

. . \
0 0.5 1 1.5 2 25
Parameter value

.03 I I I I
200 220 240 260 Eﬂso 300

(GeV)

19.7fb" (8 TeV) + 5.11b' (7 TeV

Q ]
< CMS

9 1F t 4
> 3 ]
2 ¢ .
= - |==68% CL :
510" | —esw CL E
< - !
[ |---SM Higgs ]
10-2 é_ —g
e K M) fit | |
- =68%CL | -
—95%CL | A
'4 1 1 lllllll 1 1 Illllll 1 1 lllllll 1 —

10 0.1 1 10 100
Particle mass (GeV)
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Decay Modes

T; Mode

l"1 HO = WW*
I, H® - 7z*
I3 H - Yy
Iy H - bz
T H - zt¢-

Fraction (I'; /T)

seen

Scale Factor/

seen ‘;

seen
possibly seen
possibly seen

H° SIGNAL STRENGTHS IN DIFFERENT CHANNELS

Combined Final States
WW* Final State

ZZ* Final State

yy Final State

bb Final State
7+7~ Final State

" P
Confidence
Level (MeV/c)
1.07 £0.26 (s=14)
0.88 £0.33 (s=1.1)
+0.30
0.89 "5
1.65 +0.33
+0.8 Decay Modes
0.5%7
0.1 +0.7
I Mode
I Z—ete”
I Z>ptpm
I3 Z— 1t
Ty Z-te
I's Z- e ote
T Z — invisible
Iy Z — hadrons
Ty Z— (uu+cc)2
Iy Z—»(d;+s§+b;)13
FIO Z—cc
I'n Z—bb
I Z— bbbb

a.david@cern.ch

Scale Factor/
Fraction (I'; /T) Confidence
Level

3.363 +0.004 %
3.366 +0.007 %
3.370 £0.008 %
3.3658 +0.0023 %
(4.2 499 x1076
(2.000 +.006)
x107!

(6.991 +.006)
x107!

.116 +.006

156 +.004
(1.203 +.021)
x107!

(1.512 +.005)
x107!

(3.6 £1.3) x10~*
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P
(MeV/c)

45594
45594
45559
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Dark matter: invisible Higgs decay search

90 Jepc7apolg2980)
7 VBF and ZH topologies combined; Z—22 and Z—bb.
o BR(H—inv.) < 0.58 (0.44 exp.) at 95% CL

oy 25

0.5

150 200 250 300 350 400 450 500

8 CMS VBF H— invisible 959, CL limits

oms D S [ Vs=8TeV,L=1951" Observed limit

S=8TeV,L=19.5fb" — hormasion ? £ Expected limit

VBF H(inv) =:":fwmw T r I Expected limit (10)
T 15 Expected limit (20)
°© r %#% O\yge (SM)

ET® [GeV]

o ey b by b by |

N — ; oo 150 200 250 300 350 400
% CMS —e— Observed ; cms my [GeV]
9] s=8TeV,L=19.7fp" __ ZH(mz=1256eV), g Us=8TeV. L =189 fb" =18 —
2! Z(1l) H(inv) m 2$:,;;:;’=1°°% % Z(bb) H(inv) highp, e CMS i 95% CL limits
S Ly O o < 18- Combination of Z(bb)H Observed limit
if f e it £ | ,E and Z(INH, H— invisible E d limi
= 1 "*E (5= 8ToV (Both ZH channels) s xpocted i
T S= e O channels, .
w2 T 2 L-189.197 10" [ Expected I!m!t (1o)
x Vs = 7 TeV (Z(I)H only) Expected limit (20)
© L=491" %44 o4, (SM)
0.8

-y
II|IIIIIIII||I|I|III|III|III|III

2 0.4
© P
] flo S :
. &2 1*”“”“*‘““"‘*@-‘%‘* i3 : 0.2
0 100 200 300 400 ~ 500 0 P ol N A AR AN AU B UFE BRI |
ET*° [GeV] -1 -0.8-0.6-0.4-02 0 0.2 0.4 06 0.8 1 105 110 115 120 125 130 135 140 145
BDT output my,; [GeV]

a.david@cern.ch  LHC Physics 2015



Invisible Higgs search combination

“ [ EPJC 74 (2014) 2980 |

1 Combination of VBF, Z(22)H, and Z(bb)H searches:
BR(H—inv) < 0.58 (0.44 exp.) at 95% CL.
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@ Invisible Higgs search combination

71 Combination of VBF, Z(22)H, and Z(bb)H searches:
BR(H—inv) < 0.58 (0.44 exp.) at 95% CL.

0 Competitive limits for low mass DM in “Higgs porta

models.

| e | 1 0-1 ,:_ " T LI I 1 I I I I L | I I I I I LI
®)] & Combination of VBF and
2 102E > ZH, H— invisible CMS
> 3 X Vs=8.0TeV, L = 18.9-19.7 ft" (VBF+ZH)
(’) P4 1 O \ Vg = 70 TeV, L = 4.9 fb-1 (ZH) B(H—-' inV) <0.51 @ 90% CL
b 10 \ ) //,/' my, = 125 GeV
o 5 \. ‘c\
S 10 N
3] 6 \ \“
2 B Q 10°E \\\w rrrrrrrrrr :
/)]
7 .
(/)] 1 O \ \ ,‘l '
n -8 N ' _ —
O 1 O \ ______ S = =D ¢ 3 — ——
e Femimimma=r=E \ ~~— g — — —"’__ — —
&) 1 0-9 —— — — T [ CRESST1o
s mmm = EE T ST Z [ CRESST 20
c -10 fermion  _.--- -~ —— - XENON100(2012)
@) 10" .-~ ke <. XENON10(2011)
Q@ 1 i - T/éétor Min ] DAMA/LIBRA
M- =" === [ CoGeNT(2013)/90%CL
(3) 10 ‘ =" ——— Lattice [0 CoGeNT(2013)/99%CL
c 12 =T (] CDMS(2013)/95%CL
= 10 === Max [ZZ7) COUPP(2012)
2 13 | | —— - LUX(80%CL)
o 10 10 3

10 10
DM Mass M, [GeV]
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%) Lepton flavor violation: search for H—=ut
93

0 T lepton flavor violation not as well constrained as pe (MEG).

0 Based on SM H—1t analysis. Different kinematics allows good SM H rejection.
BR(H—ut) < 1.57% at 95%CL (expected limit of 0.75%)

60 CMS preliminary 19.7fb" Ys=8 TeV CMS preliminary 19.7 b Ys =8 TeV. CMS preliminary 19.7fb" Ys=8TeV

> F ] > ] > ]
(o) [ [0 a
0] - @ Data,uc, - 0] @ Data,ut, - [0} @ Data, ut, n
P r [ Bckg Uncertainty i o [ Bekg Uncertainty ] = 5 [ Bckg Uncertainty -
- 50l B SM Higgs A - B SM Higgs . ~N i B sM Higgs ]
~ [ Z+1t (embedded) | ~ [ Z+1t (embedded) | ~ [ Z+tx (embedded) 3
2 W ZH°T (not <,T,) - i) . 241 (not 7,7, - 2 . 41T (ot T,,) —
5 [ [ single top quark. — 5 o [ single top quark — 5 [ single top quark .
2 _ = tivdets i 4 = tivdets ; b ) (=g ]
w N [ R ] w N [ Wy Wy ] i Wy iwy ]
F [ ] F . ] | ]
, - [ Fake leptons. 4 , L [ Fake leptons. i \ 4 [ Fake leptons. —
0 - = LFV Higgs (Br=0.9%) —{ \30 - = LFV Higgs (Br=0.9%) - = LFV Higgs (Br=0.9%) |
- ] s . « 3 =
20 - 20F + . % E
r ] F ] 2 —
uT - 10; 3 A ! j

e o O 2 0

SESE PEOUNE S IPC P S gE®

R ? E
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Search for H—=ut
“ [ CMS-PAS-HIG-14-005 ]

0 Best limits on 1

19.7 fb™, \s =8 TeV
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Search for H—=ut
“ [ CMS-PAS-HIG-14-005 ]

0 Best limits on 1
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@ The future

0 We must examine this Higgs to the fullest extent !

It may be the only clue to leave the SM oasis and cross the desert.
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& The many facets of HVV
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& Differential distributions

0 Differential picture directly touches fundamental aspects:
The loop structure where new particles may be running (p; shape).
The QCD structure of the calculations (N.).

0 ATLAS H— Y Y and ZZ results and the adventure of unfolding.
lllustrates the power of having more statistics (signal-like excess).
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& Differential distributions
N
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0 Differential picture directly touches fundamental aspects:
The loop structure where new particles may be running (p; shape).

The QCD structure of the calculations (N

ie'rs)'

0 ATLAS H— Y Y and ZZ results and the adventure of unfolding.

lllustrates the power of having more statistics (signal-like excess).
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& Differential distributions
oo

0 Differential picture directly touches fundamental aspects:
The loop structure where new particles may be running (p; shape).
The QCD structure of the calculations (N..,).

0 ATLAS H— Y Y and ZZ results and the adventure of unfolding.
lllustrates the power of having more statistics (signal-like excess).
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& Differential distributions
o
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lllustrates the power of having more statistics (signal-like excess).
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@ From deviations to EFTs

CMS Preliminary r 7TeV,L<51f" \F 8TeV,Ls19.6fb"

I 20—

0 Today we talk about deviations from P

the SMH. O

arXiv:1209.0040 or equivalent. 0-0;-“0“ -

Draw/exclude your own theory. = ffﬁ ¢

-1.51 .

s

1 One (single) nice feature: K =1 ey SM

recovers best SMH calculations. i et B
But that’s it: we can find deviations, but

only roughly fathom their meaning.
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& Deviations are on a diet
m [ arXiv:1306.6352 ]

2
0 SUSY (tan 8 =5): G Ghrr :1+(1 TeV)
Ghgnibb GhgyrT ma

2
1 Composite Higgs: Intt o Gy 1@1 TeV)

Ghsmtf  GheuVV f

0 Top partners: 7% ~ 1429% <1Tev)2, 9 21_0.8%(1%\’)2
Ihsmgg mr Thervy my
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& Effective field theory (EFT): the idea
BT

0 Instead of an experimentally-driven
basis of parameters use a basis of
QFT operators that may be more
aligned with the BSM physics.

0 EFT allows to perform accurate
calculations.

o NLO EWK effects, etc.
O More sensitive interpretation.

0 59 dim-6 operators already mapped :
out in 1986. '

o1 Which operators to keep? ~_
o What about dim-8?
o What about loop processes?
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Delayed unitarization: until when?
R I

1 Assume that WW
scattering is O *1/2
that of SM.

01 Things can look like

the SM for a long @l
time. s g5
H é 102 0.5
o Time ~ Energy. 3
§ 0.75
5
10" 0.9
100 ' ' ' '
200 400 600 1000 2000 3000 5000
Vsyw (GeV)
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Things you can’t “unsee”

TOBLERONE
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@ Thlngs you can’t “unsee”

107

TOBLERONE
1C
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. Thlngs you can’'t “unsee”
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g Outlook

7 LHC13: last chance before a ““BSM desert”’.

o Tevatron: Run | = top discovery, Run Il = SM

precision.
LHC 2010: early SUSY and EXO exclusions.

0 Higgs, one way out of the “SM oasis™:

From O(10%,) to differential.
From “seen” to O(%) measurements.
From limits on rare things to observations.

From conjectures on weird things, to putting limits
on them.

From ad-hoc K fits to global EWK EFT fits.

7 We have a long way to go.
All it takes is one deviation.
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n For discussion
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& From the other side of the pond
m

||||||||||||||||||||||||||||||||||||||||

— — o ]
> | 1+2b-Tagged Jets' < CIUR, 250 ]
(5 600+ o 15 === LLR, ]
o - —+- Data - Bkgd o) LR ]
& —JUE: = --- LR, .
Z B Y74 — LLR —
~ 400 I X obs -
%) - mm Higgs Signal = i
= B m,=125 eV/c? ?DI == LLR expected for]
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1 Combination of Tevatron VH—bb searches, in July 201 2:

0 2.8 0 local significance at m;=125 GeV.
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CMS Projection

° I R R —

LO O k I n g CI h e C' d Expel:ted uncertaintiels on — |300 o'at (s=14 TeV|Scenario1
=]
116 |

Higgs boson signal strength F— 300" at s =14 TeV Scenario 2
No change in systematics Exp. syst. ~ l/\/lumi.

Hoyy : : Theo. syst. / 2

1 300 fb! at 14 TeV: o | =

. H- zZ : |
Vast improvement over

H— bb } |
present datasets.

Ho1trt { !
Room for theory T
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iImprovements. expected uncertainty
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&

CMS Projection

° R - - —
LOOkIng Clheqd Expeé:ted uncertaintiels on — |300fb'1atﬁ=14TeV|Scenario1
Higgs boson signal strength F— 300" at (s =14 TeV Scenario 2
No change in systematics Exp. syst. ~ ]/\/Iumi.
Hosyy Theo. syst. / 2
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. H— 2z
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present datasets. i
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&) X—>HH—>bBW and the future

[ CMS-PAS-HIG-13-032 ]

. CMS (Unpublished) L=19.7 fb" \s =8 TeV
0 First step towards 3 0o x2 | | e orounes
H . g ......... Mi =500 GeV x 8 I standard model Higgs
- 2 == My, =700 GeV x 17 -Z/W+ /

|'WO I g g S PR 0° -.-.. M, = 1000 GeV x 48 t/mgg/g?
c [ acb
(O]

measurements at the =
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n Going off-shell
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-shell — involved processes

Backgrounds
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H* — off-shell

[PLB 736 (2014) 64 ][ JHEP 08 (2012) 116 ][ PRD 88 (2013) 054024 ][ arXiv:1311.3589 ]

0 Define r=Ty/TPM s E AR
(D 107k "\ gg— ZZ — 4l, signal only
0 On-mass-shell we have Yo SR AN
242 e 10° & (IR = hl
KoK N E | \ *
Ugg_ﬁ-fi(zz ‘LZ’(‘T'B)SM F EFE /- VN .
. £ 10 | T LT e
% E L AT .
0 Off-mass-shell there is no r: T 0% 4 ":+“‘g'
off—peak off—peak,SM . + N
A0y 177 N ) A0y 1177 _ 0% I\ * SM
dmzz & Z dmzz . A \\ \\‘:\\\‘ L=16 'gszgHgg'
10 I Fsm ’ _gsm g::g
1 Can make inference on r from on- o N S I
. v =16 | e
and off-shell assuming: | M 9 Iou |
2x10° 3x10°

N l“l'on-shell = u‘off-shell 107
o Only SM processes — ZZ:

= gg—H"

" gg = |gg—H" + gg—non-H|?
|lgg—H"|? + [gg—non-H|?

= Total = gg + qq

7| pb]

d
Dz

100 2M 2M; 1000
Mzz | GeV]
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& H* — going off-shell

2 M
122 U
d 2 o
Ogo~H—7Z 8geHSHZZ ! |
e - " 1
2 2 2 [ :
dmz, (Mm%, — mip)? + myTy LU |

102 |

aQ aQ
o=
N N
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2

107 L

106
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8 TeV

HTO powered by complex - pole - scheme

2myy, 2mz, and 2m,
threshold effects
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& H* — going off-shell

i 736 01 st 2063031
d )
OggsH—ZZ 8geH8HZZ
Y]
2 2 2 \2 2 12
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2 2
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& H* — going off-shell

24| 712736 2019 o4l erivzooazoa] ]
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& H* — going off-shell

dogg 177

2 2
8 ggHg HZZ

2

Y
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o
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H* — off-shell decay to ZZ
m

19.71b" (8 TeV) + 5.1 fb' (7 TeV)

0 Two channels exploited: € 10f— 4 observed
a [ 41 expected
D ZZ_)4Q. C}l —— 2/2v + 4l . observed
. 3 ’_ ...... 212v + 4l . expected
[ | 2D: m4Q qnd gg Vvs. 99 CombinedZZobserved
CI iscriminant. : ------- Combined ZZ expected
61—
m Jet-inclusive m; shape. A T esmoL |
ol
11 Observed limit lower than ’ A
expeCTed 00 10--1‘l I210l - I3|0] - 14I0] - l510l - I610l .
y (MeV)
obs.(exp) [ I
/MM (95% CL) <8.0(10.1) < 8.1(10.6) < 5.4 (8.0)
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More on theory
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& MSSM (R.Contino)

m [ http://cern.ch/go/W96V ]
= Shifts to tree-level couplings due to mixing with heavier Higgs

cy =sin(f—a) c= cos e cp = — sin o h®\  [cosa —sina) (ReH;,
v ‘ sin 5 b CcOS ,3 H°|] \sina cosa Re Hg
T \ / .

if ¢t > 1then cp <1 tanﬁ:a
cy always reduced and viceversa

Yukawa Couplings: General Type—II 2HDM
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& MSSM (R.Contino)

m [ http://cern.ch/go/W96V ]

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

LANLBNLENLNL B U L | rrrrrr oot T

Ku 1.4F Ay . the current fit by CMS seems to favor the
1~ MSSM region, though errors are large
1'2__ Down- £ N
[ Suppressed . g ] .
1.0 77 It would be nice to see the same plot by
L i " Up-Suppressed | . .
osl - ] ATLAS and even nicer to see plot in the
I . \ i plane (Ky, Kd)
0-6:_ ------------- —:
0.4 : , :
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For the impatient ones here is a theorist’s 05t - o/ Tevaron| M. ) ]g;gs—ed .......
combination of ATLAS+CMS+Tevatron: Best Fits (LHO) [Typell |
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& MSSM (R.Contino)

[ http://cern.ch/go/W96V ]
w Shifts to loop-induced couplings due to squarks

CMS Preliminary {s=7TeV,L<5.1fb" {s=8TeV,L<19.61b"

o 2.0 rEY e TTeV =51 Yo B TeN Le 100t
o L L L B o o * C Ky, K -1/3 ]
< ,F ATLAS Prelminary ~ +sm - 1.8 LA :
Eis=7TeV,JLdt=46-481f" x Bestfit E 16k E
2 (s =8TeV, |Ldt = 13-20.7 fo" — 68% CL - -
1.8 ---- 95% CL = 1.4F R
1.6;— —; 1.2 e P2 _
1.4F - :_ ............ T _
- 3 1'0:'"' // N ]
1.2p E 0.8F \\ +.p \\ E
1~ ] ZTEN ~ 3 1
- e T \\\._. 4// H ]
0.8 E 06 el T AV :
0.6 = 0.4F .
080 T i T2 13 14 75 76 17 is 0.2F E
K 0.0 S S NR— SE— .
! 0.0 0.5 1.0 1.5 2.0
Y
Small mixing: ) I'(g9 — h) enhanced Large mixing: ) I'(99 — h) suppressed
I'(h — vy) suppressed I'(h = vy) enhanced
P1: mg = 100GeV, mz, = 300GeV, 6; =0 P3: mj; =400GeV, mz, = 1000GeV, 0; = 7/4
P2: mg = 200GeV, mg, = 500GeV, 6; =0 P4: m; = 500GeV, m;, = 1500 GeV, 0; = w/4
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& MSSM (R.Contino)

m [ http://cern.ch/go/W96V ]

" Implications on the masses of the heavier Higgses

a— f—m/2

In the decoupling limit:

ey =1 @ +0(A%)
f

starts at O(mp*)

cp most sensitive probe of
spectrum of Heavy Higgses

Notice:

masses of Heavy Higgses are not
linked to naturalness of m, anyway

Ctzl—At

1

T + 0(A?)

Cb=1—|—A-|-O(A2)

gy

>0.1 =) mpg > 300—400GeV

Co

Lighter masses (up to my ~200 GeV) however
simple to obtain in explicit models (ex: NMSSM)
with mild tuning of A

see for example: Barbieri et al. arXiv:1304.3670
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5] The case for the SMH (R.Contino)

m [ http://cern.ch/go/W96V ]

CMS preliminary Vs=7TeV,L=5.115" \s=8TeV,L=19.6 1t

.._,>' _lllllIIlI|I|I||Il|---T--|IW|TIfT!l|
If one assumes that 5 oal o
s 200
. N — CMS data
1. The new boson is part of an SU(2). doublet Z sl (CL™ = 0.6%)
§ i oy
2. There is a gap between the NP scale and my o - A
o 0.06r CMS preliminary Vs=7TeV,L=5.116" (s=8TeV, L=19.6 16"

0.04] .

yeriments
©

_|ﬁ_r_[_1'

? ]

then it must follow: [ IS data
20 CMS Preliminary {s=7TeV,L=5.11b" \s=8TeV,L=19.61b"
N . TT T T T T T TT

B e T
. Myz Kz, k=1 ]
e :

= his (mostly) CP=+ V' 7 |

. . All these independent tests 1
= There exists a correlation among ‘ 5

processes with 0,1,2 Higgs bosons |mportc|.n'r to confirm the picture
but their success comes less of a

“ hhasspin0 Vv

L.
20 30

Ex: custodial symmetry v surprise given the fits on couplings |1, /L)
mw Cw

— W 1 Mz =X —1

mz cos Oy - cz Ex: There’s no reason why a JP=0- boson

should have SM coupling strength

“ There are no new light states to
which the Higgs boson can decay

2 CWw -
D HI*  vs > W WHHTH
Ex: Invisible width=0 v~
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n To loop or not to loop
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To loop or not to loop
N

Generic coupling fit

0 Assume custodial 0 Keep W and Z
symmetry ( Ky=Kw= separate.
K ). 0 Loops assuming SM
structure:

11 Loops treated

effectively (K, K ). O Kg(Kp Ky

O Ky (Kw Ky Ko
K ).
0 Only SM-like decays.

0 Option to allow BSM
decays, forcing K, < 1.
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19.710" (8 TeV) + 5.1 6" (7 TeV)
CMS 68% CL

Preliminary = 95% CL

el e b b
p 0 05 1 15 2 25
O parameter value
b 19.7 fb' (8 TeV) + 5.1 fis' (7 TeV)
O CMS - 68% CL
e Freliminary Q5% CL
e
O
-
| -
o A e ——
O .
O b
o |
O M 1 1 1 1 _ ] 1 ] 1 1 1 1 1 _ ] 1 1 1 _ 1 1 1 1
= [ 0.5 1.5 2 2.5
= parameter value

LHC Physics 2015

a.david@cern.ch



n More on scalar couplings
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Signal strength

1.00 + 0.09 (stat.) TS (theo.) + 0.07 (syst.)

19.71b" (8 TeV) + 5.1 fb' (7 TeV)

M ombine m, = 125 GeV
o Grouped by dominant Comtined o14| CMS :
P, = 0.96
deCCIy: H — vy tagged
n=1.12+0.24
2 —
= X /dOf — ]'0/5 H — ZZ tagged
n=1.00+0.29
o p-value = 0.96
. H— WW tagged
(asymp’ro’rlc) W =0.83%0.21
H — 1t tagged
n=0.91+0.28
H — bb tagged
n=0.84+0.44
T Cly
0 0.5 1 2

1.5
Best fit O'/O'SM

a.david@cern.ch  LHC Physics 2015



Signal strength
iea ] Lonkmi4128662]
1.00 + 0.09 (stat.) TS (theo.) + 0.07 (syst.)

19.71b7 (8 TeV) + 5.1 fb' (7 TeV)

H : m, =125 GeV
0 Grouped by production contined | CMS
tqg: Untagged
m| X2/d0f — 5.5/4 uw=0.87+0.16
A p-valve = 0.24 e 8
asymptotic
( ymp ) VH tagged
[] "'H-'l'agged 2.00' qbo\,e n=083+0.35
SM. o

0 1 4

2 3
Best fit O'/O'SM
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@ Signal strength

N
1.00 + 0.09 (stat.) TS (theo.) + 0.07 (syst.)

19.7 16" (8 TeV) + 5.1 fb' (7 TeV)
Combined

u=100:0.14 | IS m, =125 GeV

1 H — vy (untagged)
0 Grouped by production e s

tag and dominant decay: - (VHtag)
H— vy (ttH tag) n
_ H— ZZ (0/1-jet)
X2/d0f =] 0.5/] 6 H—s ZZ (2-jet)
H = WW (0/1-jet)
p-value = 0.84 H— WW (VBF tag)
. H — WW (VH tag)
(CIS)'m p‘l’OhC) H— WW (ttH tag) S E—
H— 1t (0/1-jet)
H — tt (VBF tag)

0 ttH-tagged 2.00 above v

H — 1t (ttH tag) [ ]
SM. H - bb (VH tag)
[ ] H%bb (ttH tag) 1 1 1 I 1 1 1 I [l I I 1
Driven by one channel. 4 2 0 6

2 4
Best fit G/GSM
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N/,

] Scalar coupling deviations framework
S e

Production modes Detectable decay modes Currently undetectable decay modes
2 _
OggH Kg (kb %, mu)  Dwwe 9 L'y _ 2
oM K2 'SM = Kw M = K
ggH & WW ) tt
OVBF 2 T T
= K KW, K7, M 77, g _
SM vBr(Kw, Kz, M) _ 2
OVBE 5™ = Ky TSM see Section 3.1.2
= Kw I = e
oo bb 9 —ce 2
WH — = K SM t
g FSM b FCE
g _ 2 bb
SM Z Fs§
97ZH L+ -8 2
T T . 2 FSM b
OttH M. T & 5§
e = K2 T_T+
oM ¢ Dyt
ttH r 12 (Kp, Kt , Ke, KW, T0H ) = 2
v v \Bb, Kty Ky KW, TTVH M T
s Ky (Tt}
FZY . K%Zy) (Kb7 Kt, K¢y KW, mH) Total width
SM 2 9
FZY Sz I'm g (K6, mu)
I‘%M KI2{

0 Single state, spin 0, and CP-even.
o Narrow-width approximation: (6XBR) =c-T /T,
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C

\
N,

[ arXiv:1307.1347 ]

t
t ---H

Production modes {

OggH
SM
OggH
OVBF
SM
OVBF
OWH
SM
OWH
O7H
SM
O7H
OttH
SM
UtEH

_ { K (Kb, K¢, M)

5
=

= K%BF(KW7 Kz, mH)

= Scalar coupling deviations framework

Detectable decay modes Currently undetectable decay modes
I'ywe 2 Uit B
WW () T
| RF— T
2z 2 gg . .
[SM = Xy sM see Section 3.1.2
7.7.(%)
M
sM b
FbE
Ft_r+
T2 y
v, AT
1:_-|:+ H o, t, W
FYY o { K?(KbaKhK‘t)KW)mH) "
SM 2
FYY KY
Uzy KZZY) (kp, K¢, Ko, Kw, mp1)  Total width
M 2
F%Y ) I'm iy (1, M)
= 2
IR K

O Loops resolved at NLO QCD and LO EWK accuracy.
0 Peg the as-of-yet unmeasured to “closest of kin”.
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= Scalar coupling deviations framework

N/,

m [ arXiv:1307.1347 |

Production modes Detectable decay modes Currently undetectable decay modes
2 _
OggH kg (kb ke, mu)  Dwwe _ 2 Uit _ 2
oM K2 'SM = Kw 'SM  — K¢
ggH & WW (%) tt
OVBF 2 r r
5 = K KW, Kz, M 77 88 .
SM VBF( W, KZ, H) _ 2 _ 55
oo M = Kz TsM see Section 3.1.2
OWH 9 77 Fgg
<M - Kw — cc
s Ly e _ @
M = % e
OZH 9 FbB cc
SM = KZ Fs§
O7ZH | —— = K}
Tt 2 SM b
_ o = K: 2
SM = Kt Tttt F
TttH r 2 LT 2
tt VY _ { Ky (Kba Kt, K¢, KW mH) FSM = K
SM 2 Tty
I3 Y
I'z, B Kzzy ) (Kb, K¢, Ko, KW, mu)  Total width
SM 2
FZY K(zy) 'y o Ky (15, mp)
SM 2
FH Ky

0 Total width as dependent function of all K.
0 Total width scaled as free parameter: k. (invisible decays)
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Weak bosons and fermions

m [ arXiv:1307.1347 |

Boson and fermion scaling assuming no invisible or undetectable widths
Free parameters: xy (= xw = Kz ), X¢(= K: = Kp = K.).

H—2ZZ®  HoWW® H-obb |H—-

ggH 2 e ) xE K{xf
ttH 7 (<) \ KB (<) KB (x:)

VBF

WH L2 (s K% «2, K%, «?
k2 (k) xZ (x:) Ky (xi)
7H it i i
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@ Probing custodial symmetry
I 2

Probing custodial symmetry assuming no invisible or undetectable widths

[Free parameters: kz, Awz(= kw /xz), k(= ke =k, = K:).]

H— vy ‘ H— Z2zZ™ H—- WWH H—-bb | Horth
ggH k2 (xe,xp,Ke Kz Az ) xZxZ x2-(xzhwz)? xFx?
ttH x; (xi) %2 (i) 2 (%i) T AC))
VBF Kypr(%z%zhwz ) (% ,%6,Ks Kz Awz) %y pr (Xz,%zAwz ) X7 k2 (X2 Kz hwz)- (xzhwz)? svpr(%z,XzAwz) xf
Kf{ (xi) "%{ (xi) KE{ (xi) K,%] (x:)
WH (xzsz)z-xggm XKf,51 Kz Awz ) (xzhwz)* x5 (Kzlwz):'(\(zlwz)z (kzhwz )2 X2
xig (xi) xip (xi) wig (i) Kz (%i)
ZH X% Xy (K¢ Kr X5 XzAwz) Xy Xy xz-(xzhwz)? KK
x%{ (xi) KQH (xi) KH! (i) K§H (i)
Probing custodial symmetry without assumptions on the total width
\ [Free parameters: kzz(= xz - kz/xu), Awz (= xw /xz), Arz(= xr /xz). _
H— vy 1 22% H—-> WWH Hobb | Hotth
H
gt%H X5zMpz - %5 (Apz, Mrz, Pz, Mwz) X570z %Gz - Myz Koz hiz Moy
VBF | x5, %0pr(L Myz) - 5 (Arz, Az, Mz Awz) | x55%0p(1 Myz) | %22%0mr(1 Myz) - Myz | X22%0sr (1 Myz) - Mg
WH K7z Mvz - & (M2, Apz, AFz, Awz) K7 Myz K7z Mz - Myz KzzMvz Mg
ZH 77 - & (Arz, Apz, Apz, Awz) K77 77 - Myz K57 " Mg
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. Probing custodial symmetry

[ arXiv:1303.6346 ][ ATLAS-CONF-2015-007 ][ arXiv:1412.8662 ]

19.7 b (8 TeV) + 5.1 16" (7 TeV)

J 10 : T T T T | T T T T I T T T T l T T T T :

C - CMS — Observed E

~ 30 L L LA B - = 9 E

& - ATLAS Prellmlnary [z he] 1< _f S Xphy ----Exp.for SMH [

> L . < [ Vs=7TeV,4547%" en SM expected 1o 8 2 \ g £
g [ ameee Best Fit Tevatron Run I, Lint <10fb E 25— \s=8Tev,203 " —— Observed - ! F i .'l .
g 1.5 es%C.L. N C ] l: ' E
> L[ 95%C.L. K floating 20~ - 6F : / E
= [ — SM=n/4 \ 5 =
S 151 g '. ]
<} i [ 4 : . =
o - C g : ' 1
St 10p 3f '- ; E
g 05p - 2F , : |
el P 5 \ E
a : C 1k ; .
0 [ L L n L L l L L L E PRI S N 5 I PR T 3

0 0.5 1 15 % 0 2 % 05 1 15 2

tan' (K 5/ K ) = 6,

Tevatron ATLAS

[KW' KZ' Kf] [AWZ'AFZ' KZZ] [AWZ' KZ' Kf]
A Wz 1.24 +2.34_o.42 1.00 +0.15_°.” 0.92 +0.14_0.12
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Looking for new particles

m [ arXiv:1307.1347 |

1.2

Probing loop structure @assuming no invisible|or undetectable widths
Free parameters: xg, X, .

H — yy H—2Z% |H->WW® |H—-bb | H—ottt
Kg Ky Xz
ggH K (ki) K7 (ki)
ttH
VBF K2 1
WH Kit (Ki) LT (ki)
ZH

Probing loop structure allowing for invisible or undetectable widths
Free parameters: xg, ,, BRinv. undet.-

H — yy H—-ZZ% |[H->WW® |[H-bb | H—otth
ggH K'!21 (Ki)/(l—BRinv.,undet.) K'Izl (Ki)/(l—BRinv.,undet.)
ttH
VBF K7 ' 1
WH K']zl (Ki)/(l_BRinv.,undet.) xlzl (Ki)/(l_BRinv.,undet.)
ZH

2 SM
k=T /T5
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5] Looking for new particles in loops

[ ATLAS-CONF-2015-007 ][ arXiv:1412.8662 ]

19.7fb" (8 TeV) + 5.11b' (7 TeV)
T T T I T T T T T T

1.8_ LA T ]
()] 1 .8:I T T l T 17T I T T T T T T T T T T T 7T I T T T T I T T T I T 17T l: g’ : CMS :
* 176 :Ei’;‘ijw Mode! ATLAS Preliminary 3 1.6 .
" E —esw%oL \s=7TeV, 4547 b = - .
1.6 ...o50 0L \s=8TeV,20.3fb" = 1.4F |
1.5 = g e -~ i
1 45_ _E 1.2: /__\\-...'.. ]
E - L o N ]
1.35 = 1.0 : :' ( N :
125 = 0.8)- AN ‘R
1 ‘IE— E - |4 Observed | ™. S~—_ ]
o 3 0.6 [—68%CL | "t R =
1= - [ |--.95%cCL | T ]
= . 3 0.4} |+99.7% CL .
0'95_ M= 12536 GoV T e = [ | 0 SM Higgs ]
C 111 | 11 1 1 I 1 1 1 1 | 11 1 | I 1 1 1 1 I 1 1 1 | I L1 1 1 I L1117 i 1 1 I 1 1 1 1 I 1 1 1 1 I Il 1 1

08607 08 098 1 11 12 13 14 %2 o5 1.0 15
K, Ky

ATLAS . ams
+0.12
K. 1.00 0.12 1.14 *012
+0.11
K, 1.12 £0.12 0.89 ¥ o
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&) Looking for new particles

m [ ATLAS-CONF-2015-007 [ arXiv:1412.8662 ]

30

25

2In A(BR )

20

15

10

5

ATLAS _ams

< 0.27 (95% CL, BRg,,,>0)

BRBSM

ATLAS Preliminary
Vs=7TeV, 454.7 fo
Vs=8TeV, 20.3 b

IIIk'IIIlIIIIlIIIIlIIII

T T T I T T T I T T T I T T T I T T T | T T T | T T T

[K71K91KZY! BRi.,u.]
----- SM expected
—— Observed

T T T
0
Q
Q
»
0
0
»
Q
Q
Q
Q
Q
Q
Q
g

.
.
.
.
.
)
.
.

9% 06 04 -0

19.7 ' (8 TeV) + 5.11b" (7 TeV)
_l 10 F T T T T T T T T T T T ]
c 9 - CMS — Observed g
T T T ] — : BR :
1 << - Ky Ky BSM ----Exp.for SMH |
1 o~ 8p =
p— 1 - /' :
: U3 7
7 6 S
: 5 S
14 -
_: 3;_ ’ ’ _;
. 2| 3
- 1 :
O s 4-¢"|—‘ : | | 1 1 | ] 1 ] :

0.8 0 0.2 0.4 0.6
i.u. BRgsm

<0.32 (95% CL)
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n |
A further take on loops

m [ ATLAS-CONF-2015-007 ]

Effective H— 7Y 7,
H—ZY, and ggH

ATLAS Preliminary

|OOpS. \Vs=7TeV,45-47f" /s=8TeV,20.3fb"
68:/oCLE i
0 Woaiting for more L
e
data. ;
Ky=1.002%0.12 -
Kg=1.12£0.12 e

(95%CL) Kz < 3.3

L~ 1.03+0.02 in

SM
I_H

Parameter value
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Probing the fermion sector
T K

u-type | d-type lepton
I COS & COS & COS &

SM-like

COS &

2HDM

Probing(up-type and down-type fermion symmetry|assuming no invisible or undetectable widths
CMS free parameters: kv (= xz = xw), Aau(= Ka/%u), xu(— Kt).
‘ Probing up-type and down-type fermion symmetry w1thout assumptlons on the total width

ee parameters: Kuu (= Ku * Ku /KH ), Adu (= Kd /%u)s AZu (= ¥v /Ku).-
H—>W H—2z® [H->WW® [Hobb | Hovh
s H K121 g(;"dua 1) Ky O"dua 1 xduy)"Vu) KﬁuKéo\vdu, 1) '7\%/11 K%uKé()\-du, ].) . 7\.(2111
VB tH uu Ky (}"du, 1, Mus 7‘-Vu) Kﬁu . 7\-%/11 K121u . Kﬁu
w1l VBF
7] V;g k2 My - K2 (s 1 Ay va) K22 A2, K22, A2,

[ Probing(quark and lepton fermion symmefry)assuming no invisible or undetectable widths

CMS I’ree parameters: Ky (= xz = kw ), Ag(= ¥1/xq), Kq(= Ke = Kb).

‘ Probing quark and lepton fermion symmetry without assumptlons on the total width
ee parameters: Kqq (= Kq * Kq/KH), Mq (= K1/Kq), Avq (= kv /Kq)-

H — yy H—27zZ® [H—> WW® [ H— bb H—ovt

o H
z H K<2:1q : KYQ(la 1, }"lqa 7\Vq) K?}q : )"%/q K(21q K<2:1q : )"lzq

—| VBF

WH | K20 - €2(1,1,Mq, Avg) KeaMrq - Mrq Kaq Mg | KaaMrg - My
ZH
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&) Probing the fermion sector

m [ arXiv:1412.8662 ]

A0 ST ETV) £ SA T g 197 ETV)s 511 (7 TeY)
£ o CMS — Observed - £ o CMS — Observed |
f. 8— Mg Koy K‘v ---- Exp. for SM H _ f. ok Mg Kq"‘(v ---- Exp. for?MH _
T S SN
o\ o\
5 "'. £ 5 ; £
J - S —
of E
ot T
; § l: ;
Y S EE - S Y S EE -
Ay A

o

CMS 0.99 *019 1.03 *0-28 |
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&) Probing the fermion sector
5[ i cormorezmsoor S S

Floating total width

2InAQ)

301

25—

20

15

10

5

.................
ATLAS Prellmlnary [Kowhyhal
Vs=7TeV, 4547 een SM expected
Vs=8TeV,20.3 " — Observed

II|IIII|IIII|IIII‘+’|II

N
.
5
- .
. D
. .
. .
. .
0 g
. o
g
‘ .
K

\ K
L1 fv L1 L1 1

\J

%5

1 Ll
—2 —15—1 05 0 05 1 1.5 2

n
o

du

2In A(k,)

30_IIIIIIIIIIIIIJI:II'II%{IIIIIIIIIIIIIIIII ]
- ATLAS Preliminary Mg .

C Vs=7TeV,4547f" «ees SM expected ]
25— \s=8TeV, 203" —— Observed -
201\,

15

10

5

., G
K
I\_.JA I T

%5

—2 —15 -1 —05 0

.
s
e J N

ATLAS

[-1.08,-0.81] U [0.75, 1.04 ]

(68% CL)
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& Resolving SM contributions

[ arXiv:1412.8662 ][ arxiv:1303.3570 ]

0 Individual coupling
scaling factors:
O Ky Kz K, Ky Ko
o All loops resolved:
= KKy K)
m Ky(Ky Kp)
0 SMH width scaled.

0 “Reduced” couplings
as function of “mass’:
o A = K, (m,/vev)
o (gy/2vev)'/2 = '/
(my,/vev)

19.7 o' (8 TeV) + 5.1 16" (7 TeV)

- CMS

I Illlllll

LI lllllll

=== 68% CL
—95% CL
---SM Higgs

LI lllllll

=

lllllll

(M, g) fit
2 68% CL
—95% CL

| IllllllI L1l

L1 rire

11 lIlllll

0.1
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&) Mass power parametrization

[ arXiv:1412.8662 ][ arxiv:1207.1693 ]

0 Vev modifier and power 19.7fb" (8 TeV) + 5.1 16" (7 TeV
of coupling to mass: q AL L A U B
o Gauge bosons: ‘:; . CMS °“"S___ -
Ky = vev X m,2€ /MI*26 (N { | . - t g
1 Fermions: o)> - i .
K = vev X m;€ /MITE = | [=-e8%cL | Ti—— :
510" | —os% cL " E
0 For SMH, - SRy Higgs -
M = vev = 246.22 GeV . -
and € = 0. 102 =
- _“ M.e)fit | _
- &=68%CL | -
—95%CL | -
-4 el Lol Lol | —

. 0.1 1 10 100

Particle mass (GeV)
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n More on the CMS combination
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Brmgmg it all together in CMS

[ arXiv:1412.8662 ]

. '
3 -

H—vyy

JHEP 01(2014) 096 PRD 89 (2014) 092007 PRD 89 (2014) 012003 JHEP 05 (2014) 104 EPJC 74 (2014) 3076

-

Also include further ttH searches:
* JHEP 05(2013)145 — #tH, H—bb (7 TeV).
* arXiv:1408.1682 (subm. to JHEP) — ttH, H—bb, H—1T, and H decaying to multiple leptons (8 TeV).
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Brmgmg it all together in CMS

.

> 200 channels

TR & |
: | | R SE D
—“WW L H—ZZ—40. . B) i—bb ., H—ott H—vyy

JHEP 01(2014) 096 PRD 89 (2014) 092007 PRD 89 (2014) 012003 JHEP 05 (2014) 104 arXiv:1407.0558
(subm. to EPJC)

Also include further #tH searches:

* JHEP 05(2013)145 — #tH, H—bb (7 TeV).
* arXiv:1408.1682 (subm. to JHEP) - ttH, H—bb, H—1t, and H decaying to multiple leptons (8 TeV).
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Bringing it all together in CMS
m

DY W

‘§

¢
L

’

-
’

-mllll‘

.

> 200 channels
> 2’500 floahng parameters

! Z w
$ ke /Ml ;5 B
’;ﬁ‘.,f,,& Bl H—ZZ—49_  BEWH/H-bb ) Bl H—too 3 H—yy

13

JHEP 01(2014) 096 PRD 89 (2014) 092007 PRD 89 (2014) 012003 JHEP 05 (2014) 104 arXiv:1407.0558
(subm. to EPJC)

Also include further #tH searches:

* JHEP 05(2013)145 — #tH, H—bb (7 TeV).
* arXiv:1408.1682 (subm. to JHEP) - ttH, H—bb, H—1t, and H decaying to multiple leptons (8 TeV).
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@ The challenge of combining
-

Luminosity (jb’l)

Decay tag and production tag Expected signal composition Omy/my No. of categories
° ° 7TV 8TeV
0 Include five main
Untagged 76-93% ggH 08-21% 4 5
2-jet VBF 50-80% VBF 1.0-13% 2 3
Yy Leptonic VH ~95% VH (WH/ZH = 5) 1.3% 2 2
d h Emiss VH 70-80% VH (WH/ZH ~ 1) 13% 1 1
e c q y s q n S e q rc e S 2-jet VH ~65% VH (WH/ZH ~ 5) 10-13% 1 1
Leptonic ttH ~95% ttH 1% 1
Multijet ttH >90% ttH 1.1% 1
f tt H d i ® H — ZZ® — 4£[18], Section 2.2 51 197
or proaucrion. 12020 40 2t e pasaa S 2
H — WW® — vy [17], Section 2.3 49 19.4
O-jet 96-98% ggH eu: 16%F 2 2
1jet 82-84% ggH eu: 17%+4 2 2
ee ks et 2-jet VBF 78-86% VBE 2 2
2-jet VH 31-40% VH 2 2
3¢3v WH SFE-SS, SF-OS ~100% WH, up to 20% tT 2 2
20+ £'vjj ZH eee, eepl, puup, ppe  ~100% ZH 4 4
H — 77 [19], Section 2.4 4.9 19.7
0 207 channels .
° eTh, UTh et 70-80% ggH 12-16% 5 5
2-jet VBF 75-83% VBF 13-16% 2 4
W et 67-70% ggH 10-12% - 2
2-jet VBF 80% VBE 1% - 1
2 5 ] 9 t 0-jet ~98% ggH, 23-30% WW 16-20% 2 2
D p q r q m e e r s ° ep et 75-80% ggH, 31-38% WW 18-19% 2 2
2-jet VBF 79-94% VBE, 37-45% WW 14-19% 1 2
O-jet 88-98% ggH 4 4
ee, up 1jet 74-78% ggH, ~17% WW * 4 4
2 ] 9 H —_— V V 2jet CJV ~/50% VBF, ~45% ggH, 17-24% WW * 2 2
¢+ LL' ZH LL' = TyTy, £Th, ey ~15% (70%) WW for LL" = £t;, (ep) 8 8
£+ 17 WH ~96% VH, ZH/WH = 0.1 2 2
£+ 't WH ZH/WH = 5%, 9-11% WW 2 4
b q C k g ro U n d VH with H — bb [16], Section 2.5 5.1 18.9
W(£v)bb pr(V) bins ~100% VH, 96-98% WH 4 6
W(tv)bb 93% WH ~10% 1
Z(££)bb pr(V) bins ~100% ZH 4 4
para meters. Z(w)b p(V)bins  ~100% VEL 6276 23 2 s
ttH with H — hadrons [14, 28], Section 2.6 5.0 19.3
H— bb tfleptom—jets ~90% bb but ~24% WW in >6j + 2b 7 7
tt dilepton 45-85% bb, 8-35% WW, 4-14% tT 2 3
H— 51 tt lepton+jets 68-80% 17, 13-22% WW, 5-13% bb - 6
ttH with H — leptons [29], Section 2.6 - 19.6
2¢-SS WW/tT ~ 3 - 6
3¢ WW/tTt~ 3 - 2
44 WW:tT:ZZ~3:2:1 - 1

a.david@cern.ch  LHC Physics 2015



&) Combined m_, measurement

[ arXiv:1412.8662 ]

6/0gy,

19 7fo' (8 TeV) + 5.1 16" (7 TeV)

1.0

0.5

T T T T

||||||||||

0.0L

i IclhnI Sl I # Combined
' Hoyy+H—>2ZZ | @ H—vriageed
¢# H— ZZ tagged
I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 i
123 124 125 126 127

my (GeV)

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

CMS
Combined
=125.0270% (stat)fg::: (syst)
I stat. + syst.
B stat. only
Hoyy = stat. + syst.
124.70 = stat. only

+ 0.31 (stat) + 0.15 (syst)

H->ZZ
125.59

‘o (stat) *)

+0.16 (SySt)

124 125 126

m,, (GeV)

a.david@cern.ch  LHC Physics 2015



@ Extra Higgs sensitivity in H—TT analysis

_161 |
0 H—TT analysis has
sensitivity to: CMS, 19.7 fb” at 8 TeV
— ) 1 1 I L] I I 1 I L] 1 I 1 I L] 1
H—Ttt decays,q/nd % o LN - SM H(125 GeV)—tr
5 —e— Observed -
H—WW decays. g ' B SV H(125 GeV)—WW ]
et - Cz-nw §
E 0.4 _ (T -
g F [ Electroweak -
. [ Misidentified e/
0 H>WW ftreatment: > T 1 Bkg, uncertainty
u - —

In combination:
signal.

m 3.90 obs. (3.90 exp.)
In H—TT paper:

SM background.

m 3.20 obs. (3.70 exp.)

eu
Tight VBF tag
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H—VYV results in combination

m [ JHEP 01 (2014) 096 ][ PRD 89 (2014) 092007 1 arXiv:1412.8662 ]

0 What changed?
o BR(H—VV) changes by 4 — 5%.

® H>WW and H—ZZ paper results evalvated at H—ZZ m,
result: m; = 125.6 GeV.

m Combined mass slightly lower: m; = 125.0 GeV.

o In the combination H—=WW includes the tiH, H
decaying to multi-lepton result: o/o,,, = 3.7 £1.5.

Individual publication Combination
H—ZZ 0.93 1.00
H—>WW 0.72 0.83
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’r’rH multi-leptons

[ CMS-PAS-HIG-13-020 ][ http://cern.ch/go/FKr9 ]

0 Very extensive cross-checks performed:
http: //cern.ch/go /Xv8S

CMS Preliminary, u=p= channel =8TeV,L=19.6 b - = -
Y. g V5=8Te ] ys=8TeV, L=19.6fb"

w B LIS L L e | I T T T I T T T I T T T l T 1T T I T ]
5 25 i . CMS Preliminary m,, = 125.7 GeV
] B & ttw . ] .6
[ |[Etziy ] combined n =3.7 ~
20 [Ewz | -1.4
— |[Z] Others .
| |CJFakes 7 i
B i four-lepton | ,
— — - +4. h
- neaziy) |
i i trilepton
101~ - w=277%2
N i dielectron |
5F h=28]
= dimuon B
ll. - 8.4*‘3.3 e —
. OF 27|
-E 3: electron-muon
Q ok w=1.92°
% E 23 Lo e beaa byl [N NS R
a 1 6 -4 -2 0 2 4 6 8 1012

e

98 06 04 02 0 02 04 06 08
BDT output a.david@cern.ch  LHC Physics 2015
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@ Significance of excesses

BCH

: Significance (0)

Channel grouping Obsegrgved Expected
H — ZZ tagged 6.5 6.3
H — vy tagged 5.6 5.3
H — WW tagged 4.7 54
Grouped as in Ref. [22] 4.3 5.4
H — 77 tagged 3.8 3.9
Grouped as in Ref. [23] 3.9 3.9
H — bb tagged 2.0 2.6
Grouped as in Ref. [21] 2.1 2.5

H — uu tagged < 0.1 0.4
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Combined production measurement
T I

Channel grouping Best fit (Yoot 11, #VBEVH)
H - 77 tagged (107,1.24) 19.7 o' (8 TeV) + 5.1 (7 TeV)

H — ZZ tagged (0.88,1.75) T 6 ' |
H — WW tagged (0.87,0.66) - - CMS Z H— 7y tagged
H — 77 tagged (0.52,1.21) o i 7 H—ZZtagged |
H — bb tagged (0.55,0.85) 1> &5 H— WW tagged
Combined best fit UVBE,VH / HggH tH B H— 1t tagged
Obserg’gzd (eXpngfg) 41 H — bbtagged |
1.2510€2 (1,001049) SM Hi
iggs

2
L AOprrrre 27 (BTeV) £ 51107 (7 TeV)
£ o CMS — Observed :
:1‘ 8;_ -»~Exp.'forSMHE
Cob E
6 3 0
51 , E
T ]
3f -
ER 0 1 2 3
1 2 -
RN T | U
' ' Lo ggH,ttH

VBF,VH © ggH,ttH
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Production mode scaling

ossumin= SM BR structure
[ arXiv:1412.8662 ]

0 gy = 0.85 700 (stat.) T3 og (theo.) T000 (syst.)

Parameter Best-fit result (68% CL) Significance (c) Pull to SM
7 TeV 8TeV | Combined | Observed Expected (0) -1 1
T0370%7 079709 | 085t 0T 6 1 08 19.71b (8 TeV) + 5.1 fb' (7 TeV)
HegH Vo033 U/P 017 09_016 : : :
pypr  17710% 102103 | 1164037 37 3.3 +0.4 CMS = 68% CL
UvH 0.6810% 0967035 | 0.927038 2 7 2 9 —-0.2 == 95% CL
w <219 3271120 | 9 gprl0® +22 €|
+0.19
5.1 fb™ (7 TeV) 19.7 o™ (8 TeV)
CMS - 68% CL CMS - 65% CL i -1.1 6+0 .37
Unpublished = 95% CL Unpublished = 95% CL VBF 0.34
R n,,,=079%% | -t .
E . =0.92"
g = 177550 [l Hyge = 102703 | —lbm— Mok 0.36 :
u, —oes*‘;gg—.-i—— H, = 0.96'0%; ——— ' ¢
H = 2. el —
; : HH -0.94 '
lJ._OOO“-(Z):JET : u_327+1(2)2 E . IIllillIllll||||||l||||||||||
I T S B I R S B 0 1 2 3 4 5 6
Parameter value Parameter value

Parameter value
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&) Coupling deviations summaries

[ arXiv:1412.8662 ][ arXiv:1307.1347 ]

0 Visible searches can constrain BR;¢,=BR. |,

1 Combine with H(inv) searches, assuming BR
o Can then scan BR. |

-2AInL

vs. BR

10 19.7 o' (8 TeV) + 5.1 165" (7 TeV)
[T T T ] T T T ] T T T [ T T T ] T T T ]
9 :_ CMS — Observed __

Ky Ky Ky<T, ---Exp.for SMH |
8 Ky, Ko Ky BR_, ; £
7t 1
6 3
S E
4f -
3 .
2| .
1F
0: A ”/ SR M TR A T ST S N SR S E

0 0.2 0.4 0.6 0.8 1

BRBSM

undet*®

+Br

undet

undet*

=0.

19.7 o' (8 TeV) + 5.1 16" (7 TeV)
T T T I T T T I T T T ] T T T

4 10—
I= 9 3 CMS — Observed
< f ke k=1, --- Exp. for SM H
(\nl F Ko Ko Ky BI:{inv
7:_ ' . 1.0 ‘ 19.7fb (ST V) 511b (7TV)
: - CMS -l-Ob erved E
- =] 0.9, —68%CL |
- o EoKy, Ko KyST K, E
6F @ 08}, x,BR_,BR Oggé/céf
0'7 SM Higgs |
5 - ]
- 0.6 E
4:_ 0.5} E
: 0.4k E
3 o3t ;
- K 0.2f E
2 - ," 0.1f E
1: K 0.0 04 o.ls‘B‘Rﬁo
0 &L 1 1 1 I Il 1 | | L I - q
O 02 04 06 08 1
BI:{inv
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CERN

Coupling

deviations

[ arXiv:1412.8662 ][ arXiv:1307.1347 ]

Table in

Best-fit result

Model parameters Parameter Comment
P Ref. [169] 68%CL  95%CL
Awz = kw/xz from ZZ and
- _ +0.22 Wz = Kw/Kz
Kz, /\WZ (Kf —1) /\WZ 0‘94—0.18 [0.61, 1.45] 0/1-jetWW els.
44 Awz = kw/xz from
 Awz, A 092731 071,1.24 wz = Witz
Kz, AWz, Kt (top) wz —0.12 [ ] full combination.
+0.07 xy scales couplings
Ky, K¢ (ti:;) v 101007 [087,1.14] to W and Z bosons.
X 0871014 [063,1.15 " Scales couplings
: to all fermions.
" Adu = Ku/Kg, relates
T Adu 0.99+019 [0.65,1.39]  up-type and down-type
P fermions.
47 Agq = K¢/ Kg, relates
A A 1.039%2 62, 1. ‘fa = Mty
Vo Mg (top) ‘a 03 021 [062,1.50) leptons and quarks.
ans 0.95 F314 [0.68,1.23]
Kz 1.05 1518 [0.72,1.35]
Kw, Kz, Kt, +0.19 .
Extends Kt 0.81 7515 [0.53,1.20] Up-type quarks (via t).
I 51 Kb 0.74 7333 [0.09,1.44]  Down-type quarks (via b).
b o T Kt 0.84 i’g%g [0.50,1.24] Electron and tau lepton (via T).
Ky 0.49 1158 [0.00,2.77] %y scales the coupling to muons.
Me  Ref202] M(GeV) 245+15 [217,279] K= UM”l'i _and xy = ”N’;;Xze
€ 0.0147303  [—0.054,0.100] (Section 7.4)
o K 48 Kg 0.89+011 [0.69,1.11]  Effective couplings to
&5 (top) Ky 1141012 [0.89,1.40]  gluons (g) and photons (7).
Kg, Ky, BRpsm 48 (middle) BRpsm <0.14 [0.00,0.32] Allows for BSM decays.
with H(inv) searches — BRinv 0.03 7533 [0.00,0.32]  H(inv) use implies BRynget =0
with H(inv) and x; = 1 — BRin 0.06 T34L [0.00,0.27]  Assumes x; = 1 and uses H(inv).
Kgz 0.98 314 [0.73,1.27] Kgz = Kgkz /%y, i.e. floating xy.
ng, sz 0.87 tg%g [0.63, 1.19] AWZ = xw/Kz.
0 Azg 1.39 t§;§§ [0.87,2.18] Ay =tz/x5.
Awz, Azg, Avz, (bottom) Abz 0.59 fgj%; <107 Moz = Kp/ Kz
Az 0.93 1917 [0.67,1.31] Az =Ky /K7,
Ayzs Aez, Mg Az 0.79 1515 [047,1.20] Az = Ke/%z
Mg 2.18 +0%% [130,3.35] A =rxi/xg
xv 0.96+014 [0.66,1.23]
B Kb 0.647928 [0.00,1.23]  Down-type quarks (via b).
Vs For R Similar to Kr 0.82*_'32%3 [0.48,1.20] Charged leptons (via T).
ok 50 (top) Kt 1.6015032 [0.97,2.28]  Up-type quarks (via t).
ey Kg 075191 [0.52,1.07]
Koy 0.98+017 [0.67,1.33]
with xv < 1 and BRpgy — BRpsm <0.34 [0.00,0.57] Allows for BSM decays.
with xy <1 and H(inv) — BRinv 0.17£0.17 [0.00,0.49] H(inv) use implies BRyndet = 0.
with xy <1, H(inv), — BRinv 0.17 £0.17 [0.00,0.49] Separates BRiny from BR et
BRiny, and BRynget — BRundet <023 [0.00,0.52] BRpsm = BRinv + BRynget-

a.david@cern.ch

LHC Physics 2015



Spin zero amplitude in H—=VV
B

1 Parameterization in terms of cross-section fractions:

fa3 = 20 $a3 = arg (a_?’)
a - 3 =
|a1|2c71 + |a2|2c72 -+ |613|20'3 -+ 5’A1/ (A1)4 a1
|a2|2c72 a
fa2 = - Pa2 = arg | —
|ﬂ1|201 + |a2|202 + |a3|2f73 +0p,/ (/\1)4 a1
oa./ (A)*
far = a/ (M) IND

a1|%01 + |az|?00 + |az|?03 + Op, / (1\1)4
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Spin zero amplitude in H—ZZ—44
[ arXiv:1411.3441 ]

0 Full final state available:

0 Kinematic discriminants reducing to 2D or 3D.

o 8D likelihood fit.

2D scans of anomalous coupling fractions (real phases).
o But also done profiling over the phases.

0 No significant deviations from SM found.

CMS 19.7 fb™ (8 TeV) + 5.1 fb! (7 TeV) /(’ ,7 1 CMS 19.7 b (8 TeV) + 5.1 b (7 TeV)
— T TR T T ! —_—_————
i 1-95% CL (3D)) ST L —_95% CL - _1
,0 =0orm ---68% CL (3D) e N ,0 =0orm °
- Oaz Oag “osolen) .o s | O O -.68%CL T ]16 £
---68% CL (8D} - ~ T
« Best fit (3B} 8 S < Best fit 14 ::
¢ SM,/ ~ 05— \\\ ¢+ SM 1
i L .
i L r 12
1 i 10

-0.5

T 1T T T I T T T T
| I I | I

: o5 1
f 5 cos(d,,) f,3 COS(0,3)
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Spin zero amplitude in H—=VV

171 [ arXiv:1411.3441 ]

0 Anomalous couplings formalism:
O a, is the SM amplitude.
o A, is a higher-term of an expansion in momentum.
O a, and a, control the CP-even and CP-odd amplitudes.

0 Parameterized using fractions of cross-sections: f_,, f ., f 3, fo;-

i
iPA, qu qu m% 6% 1 eZz
(A1)°

+ g f;ng1)f (Zz),yv_|_ f;t (Z1) f-* Z),uv
a’" f*(Z FEO 4 g2 fPW Z) Frma

4+ az’)’fyv’}’l f*('yz),;n/ + ag’Yf;IS’Yl)f’*(fyz),yv)

A(X]:() — V1V2) ~ p 1 a1 — e

_|_
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Spin zero amplitude in H—VV

0 Anomalous couplings formalism:
O a, is the SM amplitude.
o A, is a higher-term of an expansion in momentum.
O a, and a, control the CP-even and CP-odd amplitudes.

0 Parameterized using fractions of cross-sections: f_,, f ., f 3, fo;-

i ag”)’ ;5Z)f*(7)’yv + a?’)’fi{"éz)f*(v),yv

s ag’)’f]’i‘l(/’h)f*('yz),yv + ag’Yf;‘IS’Yl)f"*(fyz),yv)
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Spin zero amplitude in H—VV

0 Anomalous couplings formalism:
O a, is the SM amplitude.
O A, is a higher-term of an expansion in momentum.

O a, and a; control the CP-even and CP-odd amplitudes.

0 Parameterized using fractions of cross-sections: f_,, f ., f 3, fo;-

+ ;521)f*(zz),yv + a3f;§Z1)f*(Zz),yv
4 a%”)’ ;lgz)f*('y),yv + a??fﬁéz)f*(fy),yv

+ a7 e g g0 pe(m) f*('rz)w)
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Spin zero amplitude in H—=VV

0 Anomalous couplings formalism:
O a, is the SM amplitude.
O A, is a higher-term of an expansion in momentum.
O a, and a; control the CP-even and CP-odd amplitudes.

0 Parameterized using fractions of cross-sections: f_,, f ., f 3, fo;-

o 07, 47
A(Xj=o = V1V2) ~ o1 .—e’¢A1 1 2 m%e}lez

as frs ez

aZ7 f*(Z) Frma

) + ag’ny(’Yl)f Y2 ,;w)

a, terms
CP-even (scalar)
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Spin zero amplitude in H—=VV

0 Anomalous couplings formalism:
O a, is the SM amplitude.
O A, is a higher-term of an expansion in momentum.
O a, and a; control the CP-even and CP-odd amplitudes.

0 Parameterized using fractions of cross-sections: f_,, f_,, f 3, fa;-

A(Xjzg = VW) ~ o .—e

a, terms
a, terms CP-odd
CP-even (scalar) (pseudoscalar)
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Spin zero amplitude in H—=VV

0 Anomalous couplings formalism:
O a, is the SM amplitude.
O A, is a higher-term of an expansion in momentum.
O a, and a; control the CP-even and CP-odd amplitudes.

0 Parameterized using fractions of cross-sections: f_,, f_,, f 3, fa;-

A(Xj—g > ViVa) ~ ot

*(71)
;w

*
JUV e ag”)’ fyé’}’l)
a, terms
a, terms CP-odd

f*(’Yz) f*(’Yz):W

TY
+ 4,

CP-even (scalar) (pseudoscalar)
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CE/RW

\
N,

177

Spin zero amplitude in H—ZZ—44

[

arXiv:1411.3441 ]

f,, cos(0,,)

-0.5

o Full final state available:
o Kinematic discriminants reduce 8D to 2D or 3D.

“% 1 2D scans of anomalous coupling fractions.

o Assuming real phases and floating the phases.

Cms

i ¢a2, ¢as =0orm

—95% CL T
-68% CL :
< Best fit

=

1
—_

Floating

. . phases
19.7 fb™ (8 TeV) + 5.1 fb" (7 TeV)
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—95% CL
-68% CL ]|
& Best fit |
¢ SM
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= H—ZZ—40Q — ]=2 states

\
7%

[ arXiv:1411.3441 |

0 Broad range of hypothesis tests based on the
observables optimized for each case.

120 CMS H—Z2Z 19.7 fo' (8 TeV) + 5.1 fb' (7 TeV)
- —Observed ——Expected | [ [ 0 T T T 00T
100F @O + 10 [ R N S S S T S

2xIn(L,/ Ly)

roduction
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= H>WW—202v — J>0 states

\

N/,

[ CMS-PAS-HIG-14-012 ]

0 Broad range of hypothesis tests based on the
observables used for the SM measurements.

CMS X - WW 19.4 o' (8 TeV) + 4.9 fb™' (7 TeV)
-o- Observed ---Expected -
Mo +% WS+
10"+ 2 WS +2
0"£3 S £30

(0]
(@)

o)
o

-2 X In(LJP/ L,)
S

CMS i 19.4 10" (8TeV) + 4.9 b (7 TeV)
P SRRRARASONARRRARARRARRRERREREE
€ 016 99— X(2))—>WW
o C
£ —
=
5 oo
o
X
I}
o
°
E

gg proau tion
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= H—VV combination on J>0 states

N,

m [ CMS-PAS-HIG-14-012 ][ arXiv:1411.3441 ]

1 Combination of HHWW—202v and H—ZZ—44(.

O

CMS Unpublished
F T T T | T T T I T l ] ]
0.09F 9a— X(1) » ZZ+WW -

19.7 o' (8 TeV) + 5.1 b (7 TeV)
T T T T T T T T

— Observed

0.08 ;_ —o _E
oart
0.06 ;_
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0_032_
0_022_
0_012_

% 20

Pseudoexperiments
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2xIn(L /L)

Hypothesis test for 0" vs. 1-
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H—VYV combination on J>0 states

[ CMS-PAS-HIG-14-012 ][ arXiv:1411.3441 ]

1 Combination of HHWW—202v and H—ZZ—44(.

0 All tested hypotheses excluded at more than 99.9% CL..
W Unpublished 19.7 fo' (8 TeV) + 5.1 fbl" (17 T?V)_

F T I T T T I T T T l T T T l 3
0.09F ad— X(1) > ZZ+WW =

0.08 ;_ '—.. Observed

0.07
0.06
0.05F
0.04F
0.03F
0.02F
0.01F

%0

Pseudoexperiments

60
-2 X In(LJP /L)

-20

Hypothesis test for 0" vs. 1-

h9

CMS X —ZZ + WW 19.7 b (8 TeV) + 5.1 fb™ (7 TeV)
0" £20 WS +26
° y 1 e~ | 1‘;‘: Ini e '
~ﬁww«ﬁ+wwww”¢wm

[ -e-Observed ---Expected T
F Mot WSt
ad ; gg production qq production
J=1  Spin 2 prod. via gluon fusion

-
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n Direct searches
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Other models?

m [ http://cern.ch/go/r8kv ]

Fiat Turbina &I
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@ Other models?
TR

Fiat Turbina &)
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@ Other models?
TR

Fiat Turbina

Fiat Phylla at Triennale Design &)
Museum (Milan), 2009.
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ngh-mqss diphoton searches
T

All bategonelggt::mb?n:
Slmpllfled cut-based selection. 5

Bkg Err
42/NDF:2.064 3

Events/10.00

Signal model: double Crystal-Ball ® Breit-Wigner.
o Signal width and mean scale appropriately with my,

o Limits on 0XBR as a function of I, and m,.
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H*—cs in decays of t—H +b
[ CMS-PAS-HIG-13-035 ]

LN L I L O B

CMS Simulation, Vs =8 Te CMS Preliminary, {5=8TeV. 197f6"
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o
>
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&) Search for MSSM @ —1t

[ CMS-PAS-HIG-13-021 ]

CMS Preliminary, H—1t, 4.9 fb'at 7 TeV, 19.7 fb' at 8 TeV

0 Minimal SuperSymmetric

Model predicts: T f MSSM m™ scenario Moo, =1TeV
P : S I m " scenario Mg,sy =1 Te ]
. -
o h°, H°, A°: generically P. ]
o H* and H-. |
1 Based on SM analysis but:
1 Using extra b-tags 10 —
(pl‘OdUCﬁOh). 95% CL Excluded: -
— observed -
D Extended |'O Up '|'O m“ _— 105 — SMH injected -
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g 1 [222] bkg. uncertainty presence Of SM
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&) Search for H—=ut

m [ CMS-PAS-HIG-14-005 |

0 T lepton flavor violation not as well constrained as pe (MEG).

0 Based on SM H—TT analysis. Different kinematics allows good SM H rejection.
0o BR(H—ut) < 1.57% at 95%CL (expected limit of 0.75%)

Events / 10 GeV
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Search for H—=ut
m [ CMS-PAS-HIG-14-005 ]

0 T lepton flavor violation not as well constrained as pe (MEG).

0 Based on SM H—TT analysis. Different kinematics allows good SM H rejection.
0o BR(H—ut) < 1.57% at 95%CL (expected limit of 0.75%)

19.7 o, Y5 =8 TeV

CMS preliminary 19.7 b, Ys =8 TeV

> >
(@ (3
o @ Data, it 0] @ Data,
o [C] Bekg Uncertainty o [ 8o kgll ncertainty
- B SM Higgs - [ SM Higgs
~ [ Z+tx (embedded) ~ [ Z+tx (embedded)
i) W 24T (ot 7,5, 7] 24T (not < 5,)
g [ single top quark. g. [ single top quark
> tirdets - > ti+dets
w Wy Wy w Wy /Wyt

. v . v

[ Fake leptons. [ Fake leptons

—— LFV Higgs (Br=09%) | —— LFV Higgs (Br=0.9%)

ol b b b

50 X 50 200 250 300
colllnear M(ure) [GeV] collinear M(me) [GeV]

CMS preliminar 19.7 o, ys =8 TeV CMS preliminary 19.7 b Ys=8 TeV
3 F ] 3 180 —
[0} L @ Data,uc, 0] E e Datauc ]
o 500~ + (1 Bekg Uncertainty j o 160 [T Bekg Uncertainty _]
< F - sun T F T ]
; C ] 2+t (e mbcdd-d) ; C [ zsux (e mbudd.d} 7
€ L -zu(« a £ 140 -zn(m -
g 400 — -Slgllpq k — u>) - -slgnpq k -
w C [ tivdets i w120 [ tivdets .
L v r v .
[ [ Fakes (jet 1) - [ Fakes (jet 1) 4
300f— —— LFV Higgs (Br=0.9%) —| 100[— = LFV Higgs (Br=0.9%) —|
B 80 =
200 — 60 :_ _:
b 40 4
100— - E ]
had : ¥
a o ok ran o oF :
‘gfso.S P oy Slgos Y Sooh
‘ il 3
e —— m~w-~m++++++++€
2805 £R05
a 3
100 100

colllnear M(urt : [GeV] co[llnear M(ut 3)[GeV]

a.david@cern.ch  LHC Physics 2015



@ Search for H—=ut
o

0 T lepton flavor violation not as well constrained as pe (MEG).

0 Based on SM H—1t analysis. Different kinematics allows good SM H rejection.
BR(H—ut) < 1.57% at 95%CL (expected limit of 0.75%)
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CMS preliminary
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5] Search for H—=ut
R I
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Search for H—=ut
m [ CMS-PAS-HIG-14-005 ]

0 Best limits on 1

19.7 fb™, \s =8 TeV

CMS preliminary
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Yukawa 10"
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Search for H—=ut
m [ CMS-PAS-HIG-14-005 ]

0 Best limits on 1

=

T anomalous > °°

CMS preliminary 19.7 b, \s =8 TeV
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hold surpriseu\’
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Search for H—=ut

m [ CMS-PAS-HIG-14-005 |

CMS preliminary 19.7 fb", \s = 8 TeV

RANS

10™ 10° 102 10" 1
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& New search for ttH with H—bb

m [ CMS-PAS-HIG-14-010 ]

0 Improved performance:
o Event probability (Ps/b) based on matrix element probabilities.
o Single lepton (SL) and di-lepton (DL) topologies.

Best with identified W—jj (SL Cat-1).

0 Reduced dependency on tt+HF modeling.

0 Clearly a hot topic for Run 2.

CMS Preliminary Ys=8 TeV, L=19.5 fb™
Por |
<o.1sM>o.1s

SL Cat-1 (H)

-#-Data ttH (125)
1Bkg. Unc. ff+ If
—itiH (125)x 10 EM{f+cc

Mi+o
I (i + bb
I Single top

Data/MC
T
L ¥
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[ CMS-PAS-HIG-14-010 ]

0 Improved performance:

O

& New search for ttH with H—bb

o Event probability (Ps/b) based on matrix element probabilities.
o Single lepton (SL) and di-lepton (DL) topologies.

Best with identified W—jj (SL Cat-1).

Clearly a hot topic for Run 2.

Events

Data/MC

CMS Preliminary Ys=8 TeV, L=19.5 fb™

o |
<015 >0.15

1Bkg. Unc.
—tfH (125) x 10

0 Reduced dependency on tt+HF modeling.

CMS Preliminary

Vs=8 TeV, L=19.5 fb™

\

—_
o

| = Exp. 68%
- Exp. 95%
-o-Median exp. (signal injected)
-»- Observed

95% CL upper limitonu O/GSM

| | |

SL Cat-1 SL Cat-2 SL Cat-3
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& New search for ttH with H—bb

[ CMS-PAS-HIG-14-010 ]

0 Improved performance:
o Event probability (Ps/b) based on matrix element probabilities.
o Single lepton (SL) and di-lepton (DL) topologies.

Best with identified W—jj (SL Cat-1).

1 Reduced dependency on tt+HF modelingbﬁ1

CMS Preliminary s=8 TeV, L=19.5 fb’’

o/

1 Clearly a hot topic for Run 2.

CMS Preliminary Ys=8 TeV, L=19.5 fb™

o |
<015 >0.15

SL Cat-1 (H)
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1Bkg. Unc.

—f{iH (125)x 10 i+ cT

Best fit of u

Wi+ || M Al
I i + bb N o
I Single top L i
20— -
aF -
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- | | ]
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&) Statistics interlude
o N e e e

Test statistic Profiled? | Test statistic sampling
LEP gy = —2In (data“‘ no Bayesian-frequentist hybrid
_ L(datal|p,0,.) . . .
Tevatron | ¢, = —2Ing= yes Bayesian-frequentist hybrid

0,60)

LHC qu = frequentist

o LEP: nuisances parameters (8) kept at nominal values (~).

o Tevatron: maximise likelihood against nuisances (1).
o Denominator considers background-only hypothesis (u=0).

0 LHC: frequentist profiled likelihood.
2 Denominator considers global best-fit likelihood with
o Nice asymptotic properties, savings in computational power.
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@ Breaking down uncertainties

0 Nuisances grouped into stat, theo, other.
stat includes H—yy background parameters.

theo includes QCD scales, PDF+a,, UEPS, and BR.
syst = theo U other.

1 Procedures:

For (stat)+(syst): For (stat)+(theo)+(other)
. ® o, from scan floating all
m 0, from scan floating ;
) nuisances.
all nuisances. m o, from scan floating

m g, fromscan stat group only.
floating stat group B Ogiqt+other TrOm scan
floating stat and other.
only.
“Ne) =0 o o) - c)-’rheo = OG” © cyst0|’r+other'
syst — “all stat® O =—0.90..90

other all stat theo®

a.david@cern.ch  LHC Physics 2015



m Odds and ends
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E A 2012 hit
203 |

All Scienc

FEEDBACK | HELP | LIBRARIANS

SC ienc AAAS.ORG

[, \FVVXY NEWS SCIENCEJOURNALS CAREERS BLOGS & COMM

Subject Collections Online Extras  Science Special Collections  Archived Collections

Home > Collections > Online Extras > Special Issues 2012 > Breakthrough of the Year, 2012

Runners-Up

This year's runners-up for Breakthrough of the Year underscore feats in
engineering, genetics, and other fields that promise to change the course of

Breakthrough of the Year, 2012 science.

Every year, crowning one scientific achievement as Breakthrough of the Year is no
easy task, and 2012 was no exception. The year saw leaps and bounds in physics,
along with significant advances in genetics, engineering, and many other areas. In
keeping with tradition, Science’s editors and staff have selected a winner and nine
runners-up, as well as highlighting the year’s top news stories and areas to watch
in 2013.

FREE ACCESS

The Discovery of the Higgs

Boson
A. Cho

Exotic particles made headlines again and again in
2012, making it no surprise that the breakthrough of
the year is a big physics finding: confirmation of the
existence of the Higgs boson. Hypothesized more

than 40 years ago, the elusive particle completes the
standard model of physics, and is arguably the key to
the explanation of how other fundamental particles
obtain mass. The only mystery that remains is
whether its discovery marks a new dawn for particle
physics or the final stretch of a field that has run its

course.

the research teams at CERN.
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] Theory uncertainties: a tale of PDFs

0 Long-standing difference in d/u
ratio between MSTW and others.

0 Neatly resolved by CMS

W asymmetry measurements.

0 MSWT made parameterization
more flexible: case closed.

a.david@cern.ch
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@ Theory uncertainties

1 Bottom-line for Run2:
Consider measurements that constrain PDF fits.

For higher orders, more than precision, also a matter of
accuracy.

® Need to work with theorists to get these right, also
differentially.

o Or you can try to dodge them with p; ratios...

...but end up needing a lot of data.
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@) A Rosetta stone for Higgs EFT

207

Tool A Tool B Tool C

59-dim
representations

Model Model
A B

Simplified models

a.david@cern.ch  LHC Physics 2015



g First stepsin YR3
S lene

Table 52: Dimension-6 operators involving Higgs doublet fields or gauge-boson fields. For all 1)2®3, 12X ®

operators and for Ogyq the hermitian conjugates must be included as well.

o6 and $*D?

1/)24)3

XS

Op — (310)3
Ogn = (2T0)0(21P)
Ogp = (®1D#3)* (31D, ®)

Ot = (B1®)(ITce®)
Oug = (®1®)(qT,ud)
Oqp = (270)(qTqd®)

Oc = fABCGZluGEPGEH
Og = fABCéﬁ”GEPGE“
Ow = el TEWrw]rwhkn

—~1Iv
KW W Iew K
Oy =¢ w Wy

X232

P2XD

282D

Osc = (210)GL, G4

Opi = (BT0)GAL, GAR
Osw = (21@)W], Wi
Oy = (@1 R)W,, Wik

Ogp = (21®)B,, B*
O = (21®)B,, B*
Osws = (@ir/@)W] BH

~I
Ogiip = (@I @)W, B*

Ouc = (@025 Tud) G2,
Oac = (a0 % T4d2)Gy,
Oew = (10#Teer! <I>)WlIW

(QU””FuuTI:IS)W!Iw
(QU”VI‘ddTI‘D)WL,,

Ouw =
Oaw =
O = (10" Tce®)B,,

Oup = (Go*T,ud)B w
Oap = (q0*Tad®)B,,

oy =(@ IDM<I>>(W‘1)
OEI;? = (@ DI L) (Iy+711)
= (of 1D 1 ®)(Evte)
0(” (qm ®)(q7"q)
051?3 — (@%iD18) (v q)

g
Ogy = ('I‘:TiD”CD)(ﬁ'y“u)

Axd _
Oga = (211D, @) (dv*d)
Opua = i(®1D,®) (17 T ad)

Table 53: Alternative basis of dimension-6 operators involving Higgs doublet fields or gauge-boson fields.

@6 and @*D?

1/}2 3

X3

0 = (a'0)?

O = 8,(21®)0"(219)
> x4

O = (#'D,®) (27D d)

Olp = (®10)(1Tce®)
Olp = (212)(qlyud)
Ol = (212)(qT4d®)

/- fABCGﬁVGEPGE“

/- fABCGﬁVGEPGE'u

/. TTKwIviwJow K
Oy = el WL/ WP W

¢ TIKW Y wlewK e
O = VKW ,"'W]rwh

X292

P?XP

2 ®2D

Oby = (efr!iDhe) (W, )!
Ol = (@HW@) (9B,
Opaw = i(DH@)Ir (D @)W},
0!~ =i(D )7 (D B)W,,
Opep =i(D*®)!(D*®)B,,,

0! 5 =i(DH) (D ®)B,,
Opp = (212)BuB"

0= = (@'o)B,, B

O = @10GH G4

0 - = dteGh,GAw

= (qo™ % T,ud)G2,
odG (Go™ % T4d®)G,

ng (o#Teer! &)W,
(qa“”FuuTI‘s)wa
Odw (@*Tqdr @)W,

OQB = (lo‘“’l“ee@)Bw,
OLp = (@ Twud)B,,
Olip = (@0 T4d®)B,,

0l = (1D, ®)(1y)
’(3) (<I>T1DI @) Iy r11)
O, = (#1iD,8)(31%¢)
oY = (@'1D,%)(@r"q)
;E? = <<1>fgz<1>>(wr a)
Ok, = (81D, ®)(Tv"u)
Oha = (@1D,®)(dy"d)
Ofpa = (@1 D,u®) (@ Tuad)
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Rare decays: full Dalitz
@

0 Y Y and ZY loops
sensitive to different
physics because of V-A
structure for Z.

0 More information from
full my, spectrum.
Need to clearly define

the phase-space used in
analysis.

1071

analysis

1072 ¢

108 |

[keV/ GeV]

104

dr

AM e+~

1075

1076 |-

el

& Mery > 0.1 Mg
" My > 0.1 My

.....................
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(E/RW
\

N,

H— Y Yy —Y

m [CMS-PAS-HIG-14-003]

om,, < 20 GeV.

o Vetoout J/¢ and Y.

Events/2.0 GeV

Requirement

Observed event

Expected number

yield of signal events

for my = 125 GeV
Trigger, photon selection, pj. > 25 GeV 0.6M 6.2
Muon selection, p4' > 23 GeV and p > 4 GeV 55836 4.7
110 GeV < my,,, <170 GeV 7800 4.7
My, < 20 GeV 1142 3.9
AR(vy,p) > 1 1138 3.9
Removal of resonances 1020 3.7
p1/ My > 0.3 and pi*/my,,., > 0.3 665 3.3
122 GeV < m,,,, < 128 GeV 99 2.9

Obs. (exp.)
U at 125 GeV (95% CL)
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CMS Preliminaryi's = 8 TeV, L = 19.7 ! Hoy*y—upy
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40— ]
30f -
20F -
10 +
:- L1 ..‘I.\.\I.\..\.\..:
?10 120 130 140 150 160 170
m,,., (GeV)
CMS Preliminary
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Other models?
T I

Fiat 505

SRR TN
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@ Other models?
ETR
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@ Other models?
ETR

Fiat 850

Fiat 5

R S 2 el i

05
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@ Other models?
ETR

Fiat 2300

Fiat 850

M IR

Fiat 505
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@ Other models?

Fiat 2300

Fiat 850

Fiat 1400/1 900
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