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0 Theorists having coffee, enters experimentalist.
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A short time ago, in a galaxy not so far away

O Theorists having coffee, enters experimentalist.

0 Experimentalist: Let’s go down and listen to the
experiments?

0 Prominent theorist: What foré There’s nothing new
they can tell us.

0 | am happy to see all of them here.
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5] First, a word from the LHC
N

CMS Peak Luminosity Per Day, pp, 2016, Vs = 13 TeV

Data included from 2016-04-22 22:48 to 2016-09-06 07:09 UTC
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5] HMoarData

Data included from 2010-03-30 11:22 to 2016-09-07 07:42 UTC
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The future present is bright

s b
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Let’s go back a few years

n [ http://Ihc2008.web.cern.ch/LHC2008 /nobel /index.html |

CERN home > LHC 2008 > Nobel Expectations

@‘ Nobel expectations for new physics at the LHC

- What do leading figures in particle physics expect from the LHC?
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@ 2008 Nobel expectations for the LHC

David Gross: "a super world"

[ expect new discoveries that will give us clues about the
unification of the forces, and maybe solve some of the many
mysteries that the Standard Model (SM) leaves open.

I personally expect supersymmetry to be
discovered at the LHC; and that enormous discovery, if

it happens, will open up a new world — a super world.
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@ 2008 Nobel expectations for the LHC

George Smoot: "the nature of dark matter”

[ am looking forward to hearing about the Higgs, because
I'd like to see the Standard Model completed and
understood. I'm also hoping that the LHC will begin to
unveil extra dimensions, and that will have huge
applications across the board.

But what I am really looking forward to 1s
supersymmetry or something that shows what
dark matter is made of, so I have really high hopes,
perhaps too high hopes.
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2008 Nobel expectations for the LHC

Martinus Veltman: "the unexpected”
What I expect from the LHC? That’s a big problem.

What I would like to see is the unexpected. If it gives
me what the Standard Model predicted tlat out — the Higgs
with a low mass — that would be dull. I would like

something more exciting than that.
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@ 2008 Nobel expectations for the LHC

Gerardus ’t Hooft: "a Higgs, or more”

The first thing we expect — we hope to see —is the Higgs. I am practically
certain that the Higgs exists. My friends here say it is almost certain that if it
exists, the LHC will find it.

So we're all prepared and we're very curious because there’s little known about
the Higgs except some Interaction signs.

There could be more than one Higgs, several Higgs, and there could
be a composite Higgs, but most of us think it should be an elementary
particle. ..

My real dream is that the Higgs comes up with a set of particles that nobody
has yet predicted and doesn’t look in any way like the particles that all of us
expect today. That would be the nicest of all possibilities. We would then really
have work to do to figure out how to interpret those results.

See also arXiv:1609.01725
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The good, the bad, and the ugly
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The good, the bad, and the ugly

New poles
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The good, the bad, and the ugly

Old poles New poles
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The good, the bad, and the ugly

Old poles New poles Tails
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The good, the bad, and the ugly

New poles

Searches

2 2
Q my

enjoying.higgs@cern.ch  Multi-Higgs 2016



Multi-Higgs Models
HomePage

Program

Contacts & Registration
Abstract Submission
Accommodation
Organizing Committee
Intl Advisory Committee

2009 edition
2012 edition

2014 edition

Sponsors

Fundagio para a Ciéncla e a Tecnologla

23

edit

Main / View Edit History Print

Welcome

Given LHC's Run 1, the ATLAS and CMS experiments at CERN could confidently announce the
discovery a scalar particle of 125 GeV consistent with the Standard Model Higgs boson. Frangois
Englert and Peter W. Higgs have been awarded the Nobel Prize in Physics 2013 for the development
of the symmetry breaking mechanism and its signature particle.

But there is no fundamental reason why there should be only one Higgs. And Multi-Higgs models
open up a wonderful new world:

« the existence of charged scalars;

« mixing between neutral scalar particles;

« CP violation in the scalar sector;

« vacua where charge conservation is broken;

» substantial contributions to flavour-changing neutral currents;

« and the possibility of spontaneous CP violation.
These features become extremely relevant in the search for Higgs particles. Thus, Multi-Higgs models
provide a very interesting testing ground for physics beyond the Standard Model in the electroweak
symmetry breaking sector.

LHC's Run 2 is scrutinizing the properties of the 125 GeV scalar to unprecedentend precision and
probing whether there is indeed only one Higgs scalar or, perhaps, more. Indeed, in December 2015
ATLAS and CMS announced tantalizing signals of a second scalar resonance around 750 GeV.

This Workshop brings together those interested in the theory and phenomenology of Multi-Higgs
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750 GeV diphoton excess

From Wikipedia, the free encyclopedia

The 750 GeV diphoton excess in particle physics was an anomaly in data collected at the Large Hadron
Collider (LHC) in 2015, which could have been an indication of a new particle or resonance.®l®! The anomaly
was absent in data collected in 2016, suggesting that the diphoton excess was a statistical fluctuation.!'2] In
the interval between the December 2015 and August 2016 results, the anomaly generated considerable
interest in the scientific community, including about 500 theoretical studies.['% The hypothetical particle was
denoted by the Greek letter F (pronounced digamma) in the scientific literature, owing to the decay channel in
which the anomaly occurred.l®] The data, however, were always less than five standard deviations (sigma)
different from that expected if there was no new particle, and, as such, the anomaly never reached the
accepted level of statistical significance required to announce a discovery in particle physics.[''] The digamma
was refuted in August 2016 publications.

December 2015 data [edit]

On December 15, 2015, the ATLAS and CMS collaborations at CERN presented results from the second
operational run of the Large Hadron Collider (LHC) at the center of mass energy of 13 TeV, the highest ever
achieved in proton-proton collisions. Among the results, the invariant mass distribution of pairs of high-energy
photons produced in the collisions showed an excess of events compared to the Standard Model prediction at
around 750 GeV/c2. The statistical significance of the deviation was reported to be 3.9 and 3.4 standard
deviations (locally) respectively for each experiment.

The excess could have been explained by the production of a new particle (the digamma) with a mass of about
750 GeV/c? that decayed into two photons. The cross-section at 13 TeV centre of mass energy required to
explain the excess, multiplied by the branching fraction into two photons, was estimated to be

o(pp — F) X Br(F — yy) = 5fb
(fo=femtobarns)

This result, while unexpected, was compatible with previous experiments, and in particular with the LHC
measurements at a lower centre of mass energy of 8 TeV.

August 2016 data |edit]

Analysis of a larger sample of data, collected by ATLAS and CMS in the first half 2016, did not confirm the
existence of the F particle, which indicates that the excess seen in 2015 was a statistical fluctuation.[112]
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suspected bosonic

Refuted; absent in August 2016
datall2]

F,B1 F(750),14] ¢,151 X, 6]

nzy[7]

Resonance of mass =750 GeV
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& Post-seminar stampede

m [ http://cern.ch/go/DZt8 ]

#Run2Seminar and subsequent yvy-related arXiv submissions
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&) Perhaps a whole fixion sector?

[ http://xked.com/1621 ]
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@ The effect of #MoarData
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@ The effect of even #MoarData
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5] Stampede no “moar”
e S
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MultiHiggs is all about...

New poles

Searches

2 2
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= Run 1 summaries

N/,

[ CMS-PAS-HIG-16-007 ]

New poles

Low-mass searches High-mass searches
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Run 1 summaries
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Run 1 summaries
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Run 1 summaries
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\
[ CMS-PAS-HIG-16-007 ]
- imi <51fp" <197 it
) 19.7 fb™! (8 TeV) - 60 CMS Preliminary <5.1 fo" (7 TeV) +<19.7 fo” (8 TeV)
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Run 1 summaries
41 | [CMS-PAS-HIG-16-007 ]

New poles

- MS Preliminary <5.1 fo'(7 TeV) +<19.7fb" (8 TeV) |TeV
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High mass H=WW (201 5)

n [ CMS-PAS-HIG-16-023 |

CMS Preliminary L =2.3/fb (13 TeV)
0 Signal/gg—WW interference = T

oy O H ]
—Mx 400 GeV (X10) —Mx BOOG V(X100) ]

accounted for. w

0 O-jet, 1-jet, and 2-jet VBF categories. ﬁﬁ f
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== I B
H H B oaE T =
1 Result for different widths.
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T CMS —e— Observed ]
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&) MSSM H—1t (2015)
n

[ e8% cL

. jt, btag 231" (13 TeV)
>
[ ) [0} = CMS [z
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1t
t,i 3L
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[ 10»3
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High-mass H—bb (201 5)

n [ CMS-PAS-HIG-16-025 |

2.69 fo' (2015)
10— CMS Spin-0, m =900 GeV
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— Bkg.
[]+2 std. deviation
------ Bkg. + signal
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T T T
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g VBF HE*—W*Z—3Qv
m

129 o (13 TeV)

T I
e data l vvv C MS
vy Non-prompt  Prefjminary
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HEf—cb

7
n [ CMS-PAS-HIG-16-030 ]
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0 Dijet pair selected by kin. fitter 150} [ non- :
f least four jets i .;
rom at least four jets in an event. S . I
50 =
: . =0.0059 ]

— 0.05 g III197f|b1(8Te|V) % 20 40 60 80 100 120 140 160 180
100455_CMS Combined e+ channels 3 M(i) (GeV)

B E Preliminary ] .

1t 004 0 Expected (stat. only) 3 . S ...|...,...|j?'.7|f?..(8|T?Y)
Jf\[/ F sssm Expected ] > ECMS ) ! ]
@ 0-0355_ - Expected *+ 16 _E 8 300:_Preliminary e+jets,23+b ags _:
£ o03b E © — B(t > H" (100)b) ]
s 003 Expected £ 26 E 250 Observed 0,009 -
0 0.025F === (Observed 3 12] [ + ]
£ - E gzooj—.H 100 E
0 0-025— E Do [ smt ]
& 0.015F = 1500 W non-tt E
S ootF - 100[- E
SP: E i :
o 0005 E 50F 3
8 0:1 1 I 1 1 1 1 l 11 11 I 1111 I 1111 I 111 1 I 1 1 1 | l 1 I: : :

% 100 110 120 130 140 150 % 20" 40 60 80 100 120 140 160 180

m,,. (GeV) M(ji) (GeV)

enjoying.higgs@cern.ch  Multi-Higgs 2016



= HH searches

\

N/,

[ CMS-PAS-HIG-16-007 ]

New poles

m Resonant 8 TeV | Non-resonant 8 TeV | Resonant 13 TeV | Non-resonant 13 TeV

bbbb HIG-14-013 HIG-16-002 HIG-16-026
bbWW i i HIG-16-011 HIG-16-024
bbTt HIG-15-013 HIG-16-013 HIG-16-012

HIG-16-028 HIG-16-029
bbyy HIG-13-032 HIG-16-032
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95% CL limit on o(pp — X™"° = HH) (fb)

10

17.9-19.7 b (8 TeV)
T T

Assumes SM Higgs BR
and narrow width for X

oy

WED: gg— X, kI=35
no radion/H mixing

T IIIIIIl

T T I
ybb (arXiv:1603.06896)
bbbb low mass (PLB 749 (2015) 560)
bbbb high mass (arXiv:1602.08762)
7tbb low mass (PLB 755 (2016) 217)
7tbb mid. mass (CMS-PAS-HIG-15-013)
7tbb high mass (CMS-PAS-EX0O-15-008)
radion Ag=1TeV
radion Ap=3TeV

— Observed
----- Expected

CMS

Unpublished
10° Assumes SM Higgs BR

T IIIIllT] T TTTI

95% CL limit on o(pp—X™"*—HH) (fb)

T IIlIIII| I Illllﬂ'r IIIIII|T|
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bbbb (CMS-PAS-B2G-16-008, 2.7 fb™)

bbyy (CMS-PAS-HIG-16-032, 2.7 fb')

-+« Expected
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= And many more results | cannot cover...

E
\
N,

If interested, you can find more (spin-0) results at:

*  hitp://cms-results.web.cern.ch /cms-results /public-results /publications /HIG /index.html

e  hittp://cms-results.web.cern.ch /cms-results /public-results /publications /B2G /index.html
*  http://cms-results.web.cern.ch/cms-results /public-results /publications /EXO /index.html
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The good, the bad, and the ugly

Old poles

Precision measurements

) ) o D)
Q my
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Old faithful

André David
Very proud of the #Higgs #physics results from
@CMSexperiment presented at #|ICHEP2016!

CMS Preliminary 12.9fb" (13 TeV)
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Ancré Davi
Very proud of the #Higgs #physics results from
@CMSexperiment presented at # CHEP2016!
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CERN
\

Run 1 2HDM summaries

Old poles

1

0 CMS Preliminary <5.1fb" (7 TeV) +<19.7 fb" (8 TeV)
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Two states at 125 GeV?e

[ EPJC 75 (2015) 49 ]

CERN
\

1. A general rank 1 matrix with eight parameters (;, Avpr,
Avn, and Agg:

0 Treat productionXdecay as matrix.

|H->yy H-WW H—ZZ H—tt H-bb

o Single state = rank Tmatrix (1.) g by mww o o pe M

VBF|AvBr - Hyy AvBF- bww AVBE - Hzz AvBE - Hre AVBE - Hbb

. . VH| AvH -ty Ave-pww Ave-Mzz Ave-Mer Ava - ob
0 Test single state against completely i fwmn dwn done dos-no

2. The most general 5x4 matrix with twenty parameters

free values (2.) o A A and A
|H->yy H-WW H—ZZ H—1tt H-bb
0 Calculate p-value for data under W kb b e
N VBF|Ahr - yy Wk - bww Adhp - Mzz Mg - e Mg Hob
SM hypo’rhe5|s. > T e . VH| A0ty WY - tww AT pzz A5 tee AL Ho
g 101 4 tH| Al -ty AS - tww AZE - Mzz AT Moo ADG- bb
S Dsm E
g 10 2 j — Observed q:igh-lumi —%
Q0 L ]
S10°F T E
o | -
T 3
10° ¢ 3
10° L a

10—7’...|‘,..|.‘.,|...‘|...
0 10 20 30 40 50 60 7
q?»
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e
Two states at 125 GeVe

“ [ JHEP 08 (2016) 045 |

ATLAS and CMS -e- Observed t1c
] Tes’red fOI" Run]: LHC Run 1 : wm Th. uncert.
w i»
e 8 vl *
ATLAS 0.58 - +-
Bz e
CMS 0.33 Q2 i
ATLAS+CMS 0.29 * 0.02 byl e
L  ww| —e—
. = | e
0 With concrete BSM bb 4+
° ° YY o !
predictions, T ww i .
o 1T —k—ﬁ___
we could directly test SM b | -
Y Te
vs. concrete BSM model. + ww| i
= | . F—
bb...l...l...lfh PR T N SR TR N NN SR T S M '

4 6 8 10

6 4 =2 0 2
G - B norm. to SM prediction
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19.7 o (8 TeV) + 5.1 f5' (7 TeV)
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@ 2008 Nobel expectations for the LHC

Carlo Rubbia: "Nature will tell”

I think Nature is smarter than physicists. We should have the
courage to say: "Let Nature tell us what 1s going on.’

Our experience of the past has demonstrated that in the world
of the infinitely small, it is extremely silly to make predictions as
to where the next physics discovery will come from and what it

will be.

In a variety of ways, this world will always surprise us all. The
next breakthrough might come from beta decay, or
from underground experiments, or from accelerators.

We have to leave all this spectrum of possibilities open and just
enjoy this extremely fascinating science.
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= |he beeautiful bering Universe today

\

N,

“ [ arXiv:1303.5062 ][ JHEP 08 (2016) 045 |

0 Up above:
(Simple) 6-parameter
A\ CDM.

1 Down below:

(Not-as-simple) ~20-parameter Standard
Model of Particle Physics.

104 ; .
{  Planck ATLAS and CMS —e— Observed 1o
f’*s* i WMAP9 LHC Run 1 [ Th. uncert.
A I ACT o | i | Lo
7 A Ve s . SPT Y ! i : ! !
— 10° l"ﬂ'& - | — ¢ : :
ZZ 1 1 .
~ ™ Y . : ! : :
‘%‘ *"‘&‘ WW —c* —IF— -Ik— | —— ! —
Q "*ﬂ,% : : ! . - :
\I 3 T —— e —— | R —
102} #oeq, T ! . ! - :
% } « 1 1 1
. bb + * +
(I 1 1 1
0% -05 0 05 1 15 -05 0 05 1 15 4 2 0 2 4 6 8 420 2 4 6 8 4202 4 6 8
2 100 500 1000 1500 2000 2500 3000 ggF VBF WH ZH ttH

6 - B norm. to SM prediction

Looking forward to surprises at higher energy: PeV

neutrinos, #MoarData at LHC 13 TeV, ...

enjoying.higgs@cern.ch

Multi-Higgs 2016




“ ..and references therein.”

01 Experiments’ pages on Higgs results:
0 ATLAS: http://cern.ch/go/71DT
0 CMS: hitp://cern.ch/go/6qmZ
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r 00000 @@
WE. FOUND NO WE FOUNDNO | | WE FOUNDNO WE FOUNDNO WE FOUNDNO
LINK BETWEEN LINK BEIWEEN | | LINK BETWEEN LINK BETWEEN LINK BETWEEN
PURPLE JELLY BROWN JELLY PINK. JELLY BWE Jeuy TEAL JELLY
BEANS AND ANE BEANS ANDANNE. | | BEANS ANDANE | | BEANSANDANE | | BEANS AND ACNE
(P>0.05) (P>0.05) (P>0.05) (P>0.05) (P>0.05),

oa | o8 |9 | o8 | @
WE FOUNDNO WE FOUNDNO WE FOUNDNO WE FOUNDNO WE. FOUNDNO
LINK BETWEEN LINK BETWEEN LINK BETWEEN LINK BETWEEN LINK BETWEEN
SALMON Jelly | | RED Jeuwy TURGUOISE JELLY | | MAGENTA JELLY | | YELLOW JELY
BEANS ANDANE | | BEANS ANDANE | | BEANSANDANE | | BEANS ANDANE | | BEANS AND ANE
(P>0.05) (P>0.05), (P>0.05) (P>0.05) (P>0.05)
/ / / / /

enjoying.higgs@cern.ch

Multi-Higgs 2016




Significant — xkcd.com /882

1

1

1

1

WE FOUND NO WE FOUND NO WE. FOUND NO WE FOUND A WE FOUND NO
LINK BETWEEN LINK BETWEEN LINK BETWEEN LINK BETWEEN LINK BETWEEN
GReEY JELY TAN JELY OvAN JELY GREEN JELLY MAUVE JELLY
Bsmswﬂme esmsmom«: esmsmonms BEANS AND ANE esmsmlm:

p>oos) p>oos) p>oos) (P<oos) p>005)
WHOA!

WE. FOUNDNO WE FOUND NO WE. FOUND NO WE. FOUND NO WE FOUND NO

LINK BETWEEN LINK BETWEEN LINK BETWEEN LINK BETWEEN LINK BETWEEN

BeiGe JELY LILAC JELY BLACK JELLY PEACH JELLY ORANGE JELLY

BEANS ANDANE | | BEANS AMDAMNE | | BEANS ANDANE | | BEANS AND AGNE BEANS AND ANE

(P>0.05) (P>0.05). (P>0.05) (P>0.05) (P>0.05)

/ / ) / /

1

enjoying.higgs@cern.ch

Multi-Higgs 2016




& Significant — xkcd.com /882

Qe SciooE: °

enjoying.higgs@cern.ch  Multi-Higgs 2016



