


Lecture Pla

Overview of the 4 lectures in the next days

_ecture 1: Introduction to Experimental
Particle Physics at the LHC

_ecture 2: Measurements and test of the
Standard Model

Lecture 3: The Higgs Boson

Lecture 4. Searches beyond the Standard
Model at the LHC




channel studies overview
« Studies of Higgs properties

» Beyond the SM?
« Summary and Outlook
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Brief Higgs Summ

We know already a lot on this Brand New Higgs Particle!!
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Width =
A: < 24 MeV
C: < 22 MeV
(95%CL)

Couplings are Spin =
within 20% of 0+(+) preferred
the SM values over 0°,1,2

A: 125.4 £0.4 GeV
C: 125.0 £0.3 GeV

SM-like behaviour for most properties, but we look of course for anomalies,
i.e. unexpected decay modes or couplings, multi-higgs production...




The Higgs Hunters @ the LHC

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

LHC: pp collisions
Luminosity:

5fb! @7 TeV
= 20 fbl @ 8 TeV

_~ The ATLAS experiment

Total weight 14000 t C IVI S
ECAL 76k scintillating

Overall diameter 15 m
PbWO, crystals

Overall length 28.7m MUON ENDCAPS
HCAL Scintillator/brass 473 Cathode Strip Chambers (CSC)
Interleaved ~7k ch 432 Resistive Plate Chambers (RPC)

3.8T Solenoid

Toroid Magnets  Solenoid Magnet  SCT Tracker

The CMS experiment

Excellent 4n-acceptance
detectors that performed
extremely well in 2010-2013!

Pixel

Tracker Pixels & Tracker
« Pixels (100x150 um?)
ECAL ~1m2~66M ch 7y
HCAL +Si Strips (80-180 um)
~200 m? ~9.6M ch
And LHCb...? Mg T MUON BARREL

Solenoid coil 250 Drift Tubes (DT) and
480 Resistive Plate Chambers



Higgs Production

?

Processes
*Gluon fusion
*\/ector Boson Fusion
*W/Z associated prod.
*Top associated prod
*B-quark associated prod?
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Processes/decays studied: Bl Results released [ In progress

| untagged | VBF | _VH | ttH | bbH?

_H-> gamgam |

_ H>2Z |
__ Howw

__H>bb | ]
__H->tautau |

_H->Zgamma | I
__H->mumu | .
_H->invisible | [ ]
: . + more exotic channels
Main decay channel characteristics:

Channel M+ range Data used mx
(GeV/cH) 7+8 TeV (fb™") resolution

H->yy 110-150 5.1+19.6 1-2%

H -> tautau 110-145 4.9+19.6 15%

H->bb 110-135 5.0+19.0 10%




Higgs Boson Searches

- Low My, < 140 GeV/c2  Medium 130<M,,<500 GeV/c2 High My > 500 GeV/c2
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Collisions with a Higgs Candidate

CMS Exf p iment at the LHC, CERN

Data

orded: 2012-May-13 20:08:14.621490 GMT
Run/Event: 194108 / 564224000

A Higgs or

a ‘background’
process without
a Higgs?
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2012: A Milestone In Par

Observation of a Higgs Particle at the LHC, after about 40 years
of experimental searches to find it
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The Higgs particle was the last missing particle in the Standard Model
and possibly our portal to physics Beyond the Standard Model




Most cited LHC paper so far...

Special Physics Letters B edition
with the ATLAS and CMS papers
on the Higgs Discovery | Also...
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Higgs Analyses

°In summer 2012 we called it a “Higgs-like” particle
In spring 2013 (with 3x more data) we called it a Higgs particle
Spin/parity 0+ favored, couplings roughly as in SM for Bosons
What happened Next?

* More detailed analyses of the 125 GeV patrticle, in particular the
search for direct decays into fermions, ttH channel,...

« More precise measurements of the “signal strength o/og,,” and of the
mass of the particle, and the spin (0++), couplings

« Searches for Higgs like particles at higher masses

« Searches for exotic, non-SM decays (none found so far)

« Searches for di-Higgs events (in BSM scenarios, none found so far)
 Differential distributions + fiducial volume cross sections

—The experiments have published Run-I legacy papers

The Higgs is the new playground: Room for new experimental/theoretical ideas!!
Remember: we have already ~1 Million Higgses produced at the LHC



“Individual Channels




ATLAS: Higgs — \-

arxiv:1408.7084 Significance: Expected 4.60 Observed 5.20
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Especially new calibrations for electromagnetic showers...



CMS: Higgs —

Signal Strength: ~ Dataset Significance (obs) ad/og, my(GeV)

arXiv:1407.0558 7 TeV A7 2.22 082 124.2
8 TeV 400 0.90 +026 1249
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The Decay H —

ATLAS: arXIV:14O8-5191 CMS Vs=7TeV,L=51f";Vs=8TeV,L=19.7 b
CMS:  arXiv:1312.5353 S0 TN T VY
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Significance is well over 6 standard deviations in this channel



ATLAS: Higgs — ZZ

Differential distributions (& fiducial cross sections)
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The Decay - WW —

ATLAS: arXiv:1412.2641
CMS: arXiv:1312.1129

*Search for events with 2 leptons and
missing transverse momentum

*Main backgrounds: WW,V+jets,DY, top...

*No mass peak-> broad excess
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Events

95% CL Limit on o/cg,,

The Decay Higgs to F

10° CMS, 4.9 fb'at7 TeV, 19.7 fb" at 8 TeV
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H-> bb
Associated production
channels: ZH and WH

H-> tau tau
Inclusive and with jets
All tau decay modes used

A (mild) excess seen in
both channels
Poor mass resolution

arXivl401.5041
arXivli310.3687

CMS @ 125 GeV
H—tt 3.20 (obs) 3.70 (exp)
— u = 0.78%0%, ;
H—bb 2.1c (obs) 2.1c (exp)
—u=1.0+0.5




Higgs — Fermions Co

*The combined H(tt) and H(bb) result establishes a strong evidence for

up-type fermions

arXiv:1401.6527 and
Nature Physics 10 (2014)

coupling of the Higgs boson to down-type third generation fermions
eIndirect and direct results on ttH coupling also evident for a coupling to

Channel " Significance (o) Best-fit
(my = 125GeV) | Expected | Observed T

VH — bb 23 21 10+05
H 11 3.7 3.2 0.78 £ 0.27
Combined 44 3.8 0.83 +0.24
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G f ¥inlXN BN Higgs boson decays differently

Decay into quarks and leptons supports the standard model of
particle physics

PHVS@AORG

# Physics ¥ Nanotechnology Earth Astronomy & Space Chemistry Biology Technology Other Sciences Medicine & Health ,0

Home » Physics » General Physics » June 22, 2014

Confirmation for the Higgs: Physicists have for the first time demonstrated the

Eglg?nce found fOI' the nggs boson direct decay into fermlons second, postulated by the Standard Model decay of the Higgs boson. In data of

' the CMS experiment at the Large Hadron Collider (LHC), they discovered an
excess of bottom quarks and tau leptons. This shows that the Higgs can not only
decompose into other force particles, but also of matter, according to the
researchers in the journal "Nature Physics".
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Simulated production of a Higgs event in ATLAS. Image credit: CERN

For the first time, researchers at CERN have found evidence for the direct decay of the
Higgs boson into fermions—another strong indication that the particle discovered in
2012 behaves in the way the standard model of particle physics predicts. Researchers

LAN A TAM

23 giugno 2014 .
rcay traces of a Higgs boson into a pair of tau leptons.

Nuove conferme per il bosone di Higgs

La particella scoperta presso il Large Hadron Collider del CERN |2 # gAY
di Ginevra si comporta proprio come il bosone di Higgs CLEAR
previsto dal modello standard della fisica delle particelle. La SCIENCE

conferma viene da una nuova analisi dei dati raccolti con
I'esperimento CMS che ha mostrato che il bosone di Higgs pud

: : decadere anche in una coppia di fermioni, e non solo di bosoni | June 23, 2014
Cortesia Collaborazione CMS/CERN (red) s Mt TATavs MRl aloa T asen Direuasll

http://www.altmetric.com/details.php?citation id=2456622
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Higgs Altametric considers citations in blogs and social media.
s B The paper is actually the highest ranked Nature Physics paper.

=1 descubrimiento del bossn de Hises en 2012 JE'S @ctually the highest scoring article in this journal that we've seen so fa
pol ores ae ruerzas en la naturaleza. ora . - -
encontrado evidencias de la desintegracion direc [t'S N the top 5% of all articles (2,789,380) ever tracked by Altmetric

materia, y con una tasa que se ajusta al modelo est
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ATLAS: Higgs to Fer
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Higgs — pu (e

CMS Praliminary Combination
*Observing H(uu) decay may be the only way to T Ohetravisbe T
show the non-flavor universal couplings & ® ie=8TeVL=197 R E
The coupling to charm will be hard to probe  § *: H(uu) 7+8 TeV ;
*Requires very large statistics for an observation: a 2 E
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*First searches have been already done 5 :
ATLAS: u < 7.0 (7.2 expected) @ 95% CL “F E
CMS: < 7.4 (5.1 expected) @ 95% CL q
BR(H—ee) < 1.7x103 @ 95% CL e w0 w0 e
(2] ERIEREREEEE B EREE Ao E CMS-PAS-HIG-13-OO7 CMS Praliminary ”;nfrlii:::]:]
= 50 ATLAS Howw - ankivil406.7663 g osper
o S — Vs=7 TeV 45fb = r ]
= - ---- Expec = & ‘0,08 - —
g 40__ -:12 ted CL @ 8 TeV 20.3fb = JI-EII.EIB_ H(ee) B Tev i
:j - [J+20 ot . i
@) 30~ - D0.06
2 = g
3 20 — %0.04—
- 3
10:_ = ;n.ne_-
0™3%0 925 130 135 140 145 150 oLl P NN

130 140 1580
my, [Gevic)

m,, [GeV]




High Mass Search: Hi

arXiv:1407.6583

No (additional) excess found in
the region from 65 to 600 GeV
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High Mass Search: Higgs

CMS preliminary, | L=5.0fb" at Ys=7 TeV, I L=19.6fb" at {s=8 TeV

High mass Higgs ¢ ' T ]
searches with SM Z7—4l, 2121, 212q, 212v i

channels WW, ZZ
updated with 2012 I
statistics

-

Sensitivity reaches
now up to ~ 1 TeV
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The Decay H—>‘-
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?Eﬂ 125 130 135 140 145 150 155 160 120 125 130 135 140 145 150
. )
CMS: arXiv:1307.5515 my, (GeV) ATLAS: arXiv:1403.3051 my [GeV]

e/ decays into 2 charged leptons. The BR (H — Zy) is comparable to
BR(H — yy) , but BR (Z — Il) reduces sensitivity (factor 15)
«Search for a narrow lly peak on top of a falling background, as for H — yy
*No significant excess seen over the entire search region
About a factor 10 above SM sensitivity

In certain models this channel could be largely enhanced via loops




Higgs-Top Associated

Various decay modes of the Higgs are considered  arXiv:1408.1682

CMS profiminary  Le mmum-r {s=8TeV, L=10.5 1"
frrihe of the I;I_-tnp : N r—" |
ukawa coupiing EE ue #tH(125) injecte H—)bb "["[ }
E 2 1f ElEwectedzto _ R —
CMS j E 1ol Expected + 2a
. o5 .
20
- =
Hyw — Hg13015 58
sH—bb ~— LS
’ ' eHa1 _— HG-13-019 =
o H =77 -—\‘—\'t HIG-13-020 2 e aaatts SR
w oH-ww— L P T B
z
‘FIII 115 120 125 130 135
o __th(eev
cMs {5=7TeV, 5.0-5.1 f5"; (s = 8 TeV, 19.3-19.7 ft' ] CMS bb,ttyy,.WW,ZZ E:gl:x 19%?{3:;%1
whk —— g & af —e— Observed
o5 - B 8 e R Expected (sig. inj.)
5 = 7E [ Expected + 1o
k T, B ?! £ Ex
j TR SN e pected + 26
. o O =
ar - £ R 5F
g3 F
3l — 4:
38 Same-Sign 21 i —_—— , SE
2
. Combination — —.—\—/
B e S
Best fit o/og,, at m, = 125.6 GeV o

CMS: pn <4, 5 (1 7 expected) @ 95% CL u= 2.8+1.0

Improvement H->bb with matrix element methods: y= 1.2+1.6-1.5 CMS-PAS-HIG-14-010




The Mass of the New

Determine the mass from ZZ and 2-photon channels which show a peak!

New calibration & strong effort on systematics

CMS

R gCMS Moy 197" (8 TeV) + 5.1 fb‘1(7':l'a\l_) 9 10;JMS AR 51"’_20:1;:; '9”’: Two-bhoton and
‘E-I’ 8\ 124 70 +";"3:11(:a:;) +E§:S?: 1) GeV e < ° —Erﬁ;;(_t,;em E p
S\ ey Sl —ti-z -2z, two Z channel mass
oF O e S oot E ; |  estimates agree
55 = | / 4 (within 1.60)
4E AR— E - E
32_ -~ Statistical only E 3;_ \\/ / // _;
2F E 2F 3 }
E: | | Mass value is
0— I154I — 124.5 125I - I12|55I I ?22 124 128 130 1232 abOUt 125-0 GeV
m,, (GeV) m,, (GeV)

with 0.3 GeV
uncertainty

m,, =124.70 +0.31 (stat )+ 0.15 (syst ) GeV my; =125.6+0.4(stat)+0.2(syst ) GeV

m, =12502 43 (sat)“ 1 (oyst GeV=1125.02 703 (1ot GeV

Old value: 125.5 GeV




The Mass of the New

Measurement of the Higgs boson mass
(and signal strengths)

ATLAS

"'g 4:_54-"_‘&5"' '_'ﬁﬂmt',,md“' H ZZ: 12451 £0.37 (stat) +0.06 (syst) GeV
C = — — 1 — =¥y _
; 3.5¢ :;;glz:ﬁg;;gf;‘;., —H=z e VY 12598 £042 (stat) +0.28 (syst) GeV|
M 3 X Bestf -
£ - — ggigt . Note measure channels
;ﬁ 2.5F ) = signal strength
B oF =
= - ¥y
3 1w ~129 =0.30
2 15F - (mpy=12598GeV)
= - ]
c 1E = 77 - +0.45
;%' - 3 H (mpy =124 51GeV) 1.66 -038
05 —
:I | 1111 | | I | | 1111 I 111 | 11 11 I | I | | | I | I 1111 | 111 1 |:
0 123 1235 124 1245 125 1255 126 1265 127 1275 o
ZZ and vy compatibity

Old result: m,, [GeV]

1255 =02 (stat) 02 (syst) GeV old { Am=23x0.9

New: Compatibility 2.40

12536 =£0.37 (stat) £0.18 (syst) GeV Am=147+072
Compatibility 1.9?018

0.3% Precision measurement (statistical uncertainty dominant)




The Total Width of th

Direct width limits so far 3.4 GeV in ZZ and

New in 2014 6.9 GeV in two-photon decays (95% CL)
from the resonance peak measurement

—Dominated by experimental resolution

arXiv:1405.3455

eUntil recently it seemed unlikely the LHC could 100 o9 (0 H) = Z6°)20+") = i, My=126Gev |3
measure the total Higgs width (~4.2 MeV in SM) o -

pr(Z) > 7GeV

°In 2012 it was noted that 7.6% of the Higgs to

>
3 _
ZZ cross section is above 180 GeV  arXiv:1206.4803 < | — ko
*The off-shell contribution is independent of the S oo [\ e
total width! Bon|
*The ratio of on-shell to off-shell can thus provide |
information on the width 1606
Interference of the signal with ZZ continuum is ; 1'0{) T
important and must be taken into account Mzz [GeV]

2012/13: Kauer, Passarino; Caola, Melnikov; Campbell, Ellis, Williams ...

on—peak g%ggng HZZ off—peak

2
ggH-ZZ & T Ugg—sH—ZZ & SggHSsz




The Total Width of th

*Study Higgs — ZZ in the 4 charged lepton and 2 charged lepton + 2v decay

*Determine the total Higgs width in the two channels separately

eUse a kinematic discriminant and m+ distributions to reduce ZZ continuum

CMS 19.7 fb™ (8 TeV) + 5.1 b (7 TeV)
C 10— 4l observed ’
< -------- 4] expected
f}l :_ 202v+4i observed
gl 212v +4i . expected
| —— Combined ZZ observed

-------- Combined ZZ expected

---- L
CA

L e8%CL
D | -‘::‘I:‘ 1 Ll 1 1 1 Ll | Ll
0 10 20 30 40 50 60

7« Reminder : SM predicts :

e Ty =4.2MeV

» 95% C.L. Limitson 'y :

+ Expected : 33MeV
+ Observed : 22MeV

= 5.4 o[SM

« Combination improves the
individual limits by ~20%

» Compatibility between the
observed results and the SM
hypothesis lead to a
p-value of 0.24

ICHEP: ATLAS!
ATLAS-CONF-2014-042
T HIFSM Observed Ex::et:iid
R B=0.5 4.8 7.0
85
R.B=2 1.7 12.0

Issue with the Theory??




Spin/Parity Stud-

Combined study of H—-ZZ and H—->WW

*Tested using all diboson channels
*Hypotheses comparison O*/other states

CMS (preliminary) 19.7 o (8 TeV) + 5.1 i (7 TeV)

—8— CMS data Median expected : : : : : : : : : : :
T 100L moer  mree L meaepwem
a, 0.2 .00 P
d [ 0"+3c JF+3c
E eof @ i T
o

- CMS-PAS-HIG-14-014

M s e g SN E g 20 g o 8 ¥ _
i LL |Iiﬁlili BEERTHERTE o hypothesisis
-60':

always favoured
in the comparisor

TR I TTTEE T -:f';;
t {

mmmmmmmmm =

All “exotic” scenarios excluded scenarios excluded with 99.9% CL

Also CP studies of J=0 state — Results consistent with SM



Spin-0 Amplitude

- 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) ~ o' .-ef%l

a, terms
a, terms CP-odd

CP-even (scalar) (pseudoscalar)




Spin-0 Amplitude in H
I-arXiv: 1411.3441

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

0 2D scans of anomalous coupling fractions.
0 Assuming real phases and floating the phases.

o No significant deviations from SM found. Floating
_‘-.I.-'
55 phases
CMKS tereliminary) 197 1 8 Tev) « 5.1 &7 (7 Tey) 14 L ; CMS (oreliminary) 197 (8 Tev) « 51 &7 (T Tel »
AL L L L . T T [ T T T [ T T [ T T
’_..5.-% o .0 =0orm - f,’j — 5% (L —
= - Taz' a £ ;. - 6% GL £
& 2, % Bast Fit 12 =4
LEH 0.5 D:J: :I * 5M o
w 10 !t 10
I
: i
P 8
0 [
4 6
- ]
- !
i 3 4
-D.E_ 11‘
u‘\ 2
Real N
phases R o ' ‘ ‘ ' 08 T
f,008(0_) fLs

The state is compatible with a 0++ state More details in the backup




Iggs Combined analysis




Coupling Measure

Assume the observed signal stems from one narrow resonance.

T -

(0-BR) (it = H— [ff) =

Parametrize deviations w.r.t. the SM in production and decay. This implies precise
knowledge of the SM Higgs. Not considered are BSM acceptance effects.

q

2
(0-BR)(gg > H > 7r) = osw(gg — H)-BRsy(H — 77) - gt

L . Kl
K

Decay tag
H—>ZZ
H-yy
H->WW
H-ott
H—bb
H-Zy

H-oup
H—inv. v

¢ Used in the NEW combination

VBF tag|VH tag [ttH tag

incl.(ggH)

AYANANAN

SIN§S
ANASASAY

SN

SISIS SN SIS

Gauge sector

“ o‘ ‘

Yukawa \

sector ° aa
AN
~

\
-
o5

® one common scale factor
® scale vector and fermion coupling
® custodial symmetry

Mixed
sector

Loops (y, g) are
sensitive 1o BSM
contributions.

® new physics in loops
BRsu(H =+ X) = e BSM Higgs decays

1 — BRpsu

=5

X

CMS-PAS-HIG-14-009

*New update of overall
combination since spring 2013
for CMS

*ATLAS update to be released

Combination of ATLAS & CMS
being discussed




All Channels in Overview -

e OQverall signal combined 197" (8 TeV) + 5.1 5" (7 TeV)
omoin
strength Hos py (bt CMS m, = 125 GeV
1.00 £ 0.13 H— yy (VBF tag)

100 + 0.09 (stat) “507 (theo.) + 007 (syst) 1~ '1{‘:“'1 :zg;
e “theo.”includes 1 77 onen

QCD scales, H— 7Z (2 jets)
H— WW (01 jet)

PDF+a,, UEPS, . ww (vBFiag)

and BR H — WW (VH tag)
. H—- WW (itH t:_ag}
e Perproduction H— e (071 jet)
H — =t (VBF tag)
and decay tag: H 7z (VH tag)
H — tt (ttH tag)
e x?/dof =10.5/16 H—s bb (VH tag)
H—bb(ttHtag)|  , b | , = —
e p-value=0.84 4 2 0 2 4 6
( asymptoti c) Best fit 6/0,,

Overall strength was 0.82 + 0.15 before ICHEP14 (spring 2013)




Signal Strength per Dec

e Per decay tag: 19.7 16" (8 TeV) + 5.1 16" (7 TeV)
Combined CMS m, =125 GeV

Y X2/d0f= 09/5 u=100+0.14 b ~096
e p-value=0.97 H— 7y tagged

n=1.12+024

(a sym ptOth) H — 77 tagged

n=100+029

H— WW tagged
n=083+021

H — 1t tagged
n=091+028

H — bb tagged
p=084+044

Lo Lo [T T T T
0 05 1 15 P
Best fit ﬁ!ﬁSM




Significance of the 4 Prod.

19.7 b (8 TeV) + 5.1 15" (7 TeV)

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

. -4 . 1 g T .

< 14-CMS — Observed 1 £ 14-CMS — Observed 1

. S I I I I U Ita n e O U S ﬁt < " Preliminary —-Exp.forSMH || < I Preliminary —---Exp.for SMH |
C:‘ 12;uggH’ ullvaf’ Mo By / T C}' 120 My By B ;

for 4 production = 150 gen f1m 3.60f0rVBF’/ i

8: ; ] 8l ]

cross sections, f [Production | 1 1\ production _j

. 41 s 4}
normalized to NS S |
3 ‘.‘. " ' R 2 - “\ ,"' B
S M ol LONSAL ) M NS N
. . 0 1 2 3
0 0.5 1 1.5 HQQHZ uVBF
I 19.7 b (8 TeV) + 5.1 16" (7 TeV) 19.7fb" (8 TeV) + 5.11b" (7 TeV)
e DecayBR'’s i PN e R SwS
c 14- CMS — Ob d c 14-CMS — Observ §
t : 12j”Pren'iﬁirrar],fll u ____Ex:_e:f SMH | : 1 pPreﬁﬁ.-'naryu " ___.E:p_ fme:M H
assumed 0 be C\IJ \ ggH’ VBF VK tH _ "I“ ggH’ T VB FVH FitH ﬁ—“
10} ] 10
the SM ones. f\ [SOQTTMY g |270frvH |
J \ [Production | &k | production :
i : E I E
2f s 21 .
0'\‘.‘- LN A [ ] ol N T L )
0 2 4 6 8 0 1 2 3
Mo Hyn




Coupling Modifi

e Map vector-boson and fermionic couplings into K, and «;
e two-quadrant ¢ and one-quadrant s

5 CMS 197 &7 (8 TeV) + 5.1 &7 [7 TeV) 5 CMS 197 & (B TeV) + 5.1 67 (7 ToV)
N . -+ Obsenved H + Observed
| & SM Higgs ¥ M ¢ SM Higgs

15— vl 409090 Eae




ATLAS: Strength an

p=130+0.12 (stat) £0.10 (th) £0.09 (syst)

ATLASPre"minaw Totalul.lcertainty LL _|||||||||||||||||||I|||||||||||
=125.5 GeV S +1opbnp 5"—' — .
/r::f\ : 4 ATLAS Preliminary
\= 15798 - Vs=7TeV[Ldt=46-481"
I —  Vs=8TeVLdt=2031b"
\ u=1.44_*g:£””5””” -
H— WW* — viv :_
h=100°% "H-o 1t
R " H - vy
W,ZH— bb 07 —
w=02,, H—- YY
H — 11 (8 TeV data only)
u=1.4jj
Combined
H-bb, Tt _ 1094.-3:
comblnﬂd_13ﬂ+u_1a _ l :|||||||||||||||
=130, i | 06 0.7 08 09 1 1.1 12 13 14 15 16

s=7TevfLat=4648m' -0.-2 0 0.5 1.5 2
is=8Tev fLdt=20.3 " Signal strength (u)

New results in preparation... (M. Kado ICHEP 2014)

Ky




Generic Model Te

0 Summary of the fits of six

1977 (B TeV) + 5117 (7 TeV)
benchmarks models

probing: CMS | 68% CL
] ~ 014 i == 95% CL
11 Fermions and vector bosons. Az = 0.92° 010 -
0 Custodial symmetry. 007 :
=1.017
0 Up/down fermion coupling *y -007 -:-
ratio. K, = {]_B?j’g':; ugm
O Lept k coupling ratio. | l
ep a-n/quar- coupling ratio e = {].E}Qf’g:}g .
01 BSM in loops: gluons and :
photons. },lq - 1_03j’g§? N —
0 Extra width: BRyg,,. 011 :
K, = 0.89°; -
0 No significance deviations ! -010 !
from SM. K, = 1.14°033 g
BRiggy < 0. 14ggm—r i
BEM 1 1 1 1 | 1 1 1 | I 1 1 1 | I 1 1 1 | | 1 1 1 |
0 05 1 15 2 25

Ay = K /K Parameter value



Exotic Higgs?




Searches for BSM

MSSM neutral Higgs searches
Charged Higgses (single, double...
Associated production

Double Higgs production

2HDM searches

FCNC tests

Unusual decays (LFV, others...)

No significant signal reported so far.




Invisible Higgs Decay

Search for invisible Higgs decays using
Z+H - 2 leptons + missing E;
VBF H = 2 jets + missing E;

Possible decay in Dark Matter particles

(if M<M,/2): Higgs Portal Models

4 T_l

Combined result from the three channels
BR(H—invisible)<58%(44% exp) at 95% CL.

for a Higgs with a mass of 125 GeV  ;/xiv:1404.1344

s > arXiv:1402.3244 '

Dm = CMS 95% CLIimltS (E- 10_39 I T T T T T L I RN
- r . . - : —_— —
0 8L Combination of VBF and —— Opserved limit s L SN ATLAS Preliminary
C S i Z 14 . —
$ 16 ZH, H — invisible Expected limit o= 10 - N
T C Vs =8TeV (VBF + ZH) .. 108 —
C .. -a5| _
X 4o Vs=7TeV (Z(IH only) Expected limit (25} 10 B N
© L L=49f" o .
1= wl (s=8TeV, [Ldt=2031"
- 10 [ hoyy, h>ZZ* >4l hHWW*sivly, |
08— 0% i h—stt, h—bb, Zh—II+ET"® ]
- | [ DAMA/LIBRA (99.7% CL)  ATLAS (95% CL)in  _|
0.6 — 53| I CRESST (95% CL) Higgs portal model: 2
- 107" 1 cDMS (95% CL) === Scalar WIMP 7
- — I CoGeNT (90% CL) 44+ Majorana WIMP
e 10795 |- —— XENON10 (90% CL) #59% Vector WIMP - —
- [ ——— XENON100 (90% CL) ' ]
o s7[ e LUX(95% CL) y

C I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 0 ! ] ‘ - B I S I 2 ! ' o 3
115 120 125 130 135 140 1 10 10 10

145
my [GeV] m, [GeV]



MSSM Neutral Higgs

h/H/A to tau tau

b-quark production

m, M3 scenario;
mhmod+ and mhmod+
scenarios

with modified
stop mixing
(arXiv:1302.7033)

*No excess found so far
—> exclusions (95% CL)

«Study of the Neutral Higgs

*Include channels with associated

CMS hHA-=
T T I LI T T

19.7 fb™' (8 TeV) + 4.9 fb'' (7 TeV)

— Observed

1|1 =10 Expected
+ 20 Expected

CL(MSSM,SM)<0.05:

arXiv:1408.3316

[77 miis™" # 125-3 GeV |

o

MSSM m;™ scenario ]
e

1

PP R

200

19.7 b (B TeV) + 4.9 ib™ (7 TeV)
I L) L] T I L) L] L} I
CL,(MSSM,SM)<0.05:

— Observed
----- Expected
[ = 10 Expected
=+ 20 Expected

[777 mifSsV o 125.3 Gev |

MSSM m[*** scenario

g

L PRI N T TR T S S T
200 400 600 800 1000

m, [GeV]

200

1 1/ L 1 1 r L L 1
600 800 1000
m, [GeV]
CMS hHA—w 19.7 fb"' (8 TeV) + 4.9 1b' (7 TeV)
60 L T I L] T T I T T r I T T L] I
CL(MSSM,SM)<0.05:

—— Observed

[777 mifSs¥# 125-3 GeV |

MSSM m™*" scenario
e

300 1000
m, [GeV]




Search for LFV Deca

CMS-PAS-HIG-14-005

* Previous best limits on B(H—put) <~ 10% from reinterpretation
of LHC H— 1t searches and from t—py amiva20s.1397
— Can do better with first dedicated search

On public demand
from our theory
friends ©

* Consider hadronic (t,) and electron (t,) tau decays

» Same basic event selection and jet categories as SM H— 1t
analysis (0-jet, 1-jet, VBF-tag)
* Differences in kinematics
— Harder muon p; spectrum Thaci Tha;i
— A¢ between p, 1, /7T, : :
missing energy vector




Search for LFV Deca

e . CMS preliminar 19.7fb™", (s =8 TeV
Comparable sensitivity w0 Jets R

from all channels 2 35% (exp) - ® Observed

2 94% (obs.) % Expacied
1 Jet

ut
5 1ome @) - [ ] Expected= 1o
1 . 21 bs. .
Observed limit 1.57% (exp. * (obe) [ Expected= 20

utT 2 Jets

0.75%) 1.95% (exp.) X .

3.29% (obs.)
ut, 0 Jets
1.32% (exp.)

Large improvement of 2.04% (0bs.)
ut_, 1 Jet

previous limits 1.65% exp) -

2 38% (obs.)

ut, 2 Jets
3.77% (exp.)

Background-only 3:84% (obs)

p-value of 0.007 (2.460) T o)
_Best-ﬁt 1.57% (obs.) |||||||||||||||

+0. 40{;. 8 10
B(H—pr1) = 0.89 —0.37 95% CL L|m|t on Br(h—-—-m:), %

Mild excess giving a 2.50 effect... To be watched!!!




ATLAS: hh —»

*No signal expected with the present collected luminosity for this channel
*Select events with 2 b jets and 2 photons. (non-resonant channel)

*5 events within bin of Myy+2oy,, and 1.5 expected
which is about 2.40 significance...

>
© = -
G - .
ATLAS Signal Region .
uw - — ]
E‘ g ij 0 i (S=8Tev —— Data —] arX|V.1406.5053
2] —— Fitted Signal + Bkds |
E ﬁ-_ - single Higgs Boson + Bkd ]
- Continuum Background

4 =

o—-1= =
> 10— T —
§ 80F + -:Eb—Tag Control Fteglﬂn =
o BOE =

40 —
§ 0t
w0

110 120 130 140 150 160
m,, [GeV]



Brief Higgs Summ

We know already a lot on this Brand New Higgs Particle!!

P 1= nadtanaasanaans nasasnates sasss sass nasaanepas CMS preliminary 197167 (8TeV) + 51077 TeV) |
> n o . ] s > N E L N
: 35° ik fLt=451" A . : Py Observed o SMHiggs | 5,5 a7Las —Data
% F 5=8TeV Lt =2031" —Hemea E - Hs2ZZ -4l e ]
T 3k ¥ Bestit 3 b | Vs=7TeV [Ldt=461" J=0
?; S wma na : 0'2? is=8Tev fLat=207m" S =0 |
3 25 E S ]
c ] 2 L 1 4
R 3 — o5 o 7
- 3 - - i S 1
5 15k = 0.1 I ]
3 F : i T N
5 I = i i I }
[} E r 1
o5t E 0.05; i
TN N T P T R N . Lot L .
123 1235 124 1245 1251255 126 126.5 127 127 -QIS -0 -5 0 5 10 15

Iy, (MeV)

0Old result; m [GeV] 10g(L(JP = 0+)/L(JP 0_))

Width =
A: < 24 MeV
C: < 22 MeV
(95%CL)

Couplings are Spin =
within 20% of 0+(+) preferred
the SM values over 0°,1,2

A: 125.4 £0.4 GeV
C: 125.0 £0.3 GeV

SM-like behaviour for most properties, but we look of course for anomalies,
i.e. unexpected decay modes or couplings, multi-higgs production...




The Future: Studying the Higgs..-
L) | |4 | L) e

~ &= =)= =
A ﬁgffﬁ Vi) 2=
PN —— * ,/ - - / Higher Energy in 2015!
‘ ( ' = LHC lumi upgrade !
75 Experiment upgrades!!
o (Other/new machines?)
01253
£ O 3y

' ) & )
= . ¢ .

Many questions are still unanswered:
*What explain a Higgs mass ~ 126 GeV?

*What explains the particle mass pattern? SU(3)exSUQ2)xU( 1)y
eConnection with Dark Matter?

*Where is the antimatter in the Universe? hidden Higes quacks
e(® sector sector leptons



Conseguences for our Uni

Precise measurements

Important SM parameter — stability of EW vacuum

180 of the top quark and
' ol B first measurements of the
- -0 Meta=stability, - - .
S P Higgs mass:
E 175 e
= r ,,,_f:* ]
i : Our Universe meta-stable ?
§wop j Will the Universe disappear
§ [ == Stabili § ' ' ?
S  arXivi1205.6497 N in a Big Slurp? (NBCNEWS.com)
“.:ISF- n n n A i n n n n i n n . . | ) ) ) E
115 120 125 130 135

Higes mass M), in GeV

New Physics inevitable? b~ A
But at which scale/energy? CR' SI S

IN
E_Bﬁ WLC(\@,L %L./j? ...The May Issue... PHY,SICS
N. Arkani-Hamed

Supersymmetry and the Crisis in
Physicsa




LHC @ 201

Decision to run at a maximum energy of 6.5 TeV per beam

during the powering tests and during 2015.

(10 to 15 training quenches per sector are expected to be needed to
reach that energy).

NO change of beam energy in 2015.

A decision regarding the possibility of increasing the energy
will be taken later in 2015, based on the experience gained

in all eight sectors at 6.5 TeV per beam during powering
tests and operation with beams.

Integrated luminosity goal:
2015 : 10 fb~ S. Bertolucci

Run2: ~100-120 fb- 1/12/2014 _
(better estimation by end of 2015) Kruger meeting

300 fb-! before LS3




The LHC Sche

LHC roadmap to achieve full potential

. LHC startup, vs 900 GeV

Vs=7+8 TeV, L~6x10®cm?s", bunch spacing 50ns
LS1 \_ Go to design energy, nominal luminosity - Fhase 0

Vs=13~14 TeV, L~1x10*cm®s", bunch spacing 25ns
LS2 \_ Injector + LHC Fhase | upgrade to ultimate design luminosity

Vs=14 TeV, L~2x10*ecm?s", bunch spacing 25ns

183~ HL-LHC Fhase Il upgrade: Interaction Region, crab cavities?

Vs=14 TeV, L~-5x10*cm?s", luminosity levelling

~a3 00 fio?




Preparing for Run-Il Hic

« 2015: we expect about 15-20 fbt. This gives 2 times as
many Higgses as collected in 2012 (and 4 times as many
ttH events): Repeat 2012 analyses with increased
precision. Faster increasing reach in high mass searches.

« 2016/2017: Increase total statistical sensitivity by factor 3-
4 with respect to 2012.

o« 2022: End of run-IlI: factor 6 increased statistical
sensitivity
IFFFF we can keep the data quar°°°°°°°

100000 0

/£ _ 1 _

-nggs mass preC|S|ons 1000 0
~ 100-200 MeV enough? 1000 0
*Higgs self-coupling precision 100 0
Better than 20% needed?
*Higgs couplings? Few %? Better? ‘o
(e.g. J. Wells et al., arXiv:1305.6397) 0

bbb w wpwp o g vy WW ZZ  Zy  Jihy



Higgs Cross Sectio

With 100 fb!l approx 10 x more signal (8 x more background) than run-I

14 TeV/8 TeV
2.6
2.6
4.7
2.1
2.1
qq to WW background 2.1
gamma gamma bkg 2.1

ttH approx 20 x more signal



What can we measure

Coupling LHC Runa LHC (300 fb?)

Ky 15% 4-6% Results for Snowmass and

X, 20% 4-6% the European strategy group
K 50% 14-15%
' 40% 10-13%
K, 25% 6-8%

+ Example of expected deviations if new physics scale isat1 TeV

Kv Kb i ' TLEP publication

Singlet Mixing ~ 6% ~ 6% ~ 6% -
2HDM ~1% 0% | 1% arXiv:1308.6176

Decoupling MSSM | ~ —0.0013% ~ 1.6% < 1.5%
Composite ~ —3% ~—(3-9% | ~-9%
Top Partner ~ —2% ~ —2% ~ —3%

Typically, expect deviations:
Ak/k < ~5% [ A2
(with A inTeV)




Comparison on

ILC/TLEP are e+e- machines arXiv1308.6176

—
-

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

LN

Precision on coupling(%s)

— HL-LHC : One experiment only

HZZ HWW  Hbb

TLEP is now called FCC-ee



(Preliminary) The Higgs Sel

A key measurement for our understanding of the Higgs field potential!

g t H
055000 t w H.- TCOOOTTIT | ——
IN pp t -===< t t
t H S
g g t H

arXivl308.6176

g F
s 80 s &*s" : ILC or TLEP-500, ILC-1TeV, CLIC-3TaV -
E i — Difficult measurements!!:
2 of Evaluation till ongoing
S ot | [ { b |220% | for HL-LHC sensitivity
© 20F
A0k . 1 e+e- machines with
TS \ | sufficient energy and
-80
E ) \ FCC-hh can measure
HHH mu:\ling this process

"ILC500, TLEP500, HL-LHC'  "ILCaTeV, HE-LHC' 'CLIC3TeV, VHE-LHC'
0.5 abrt 1 abr1 3 abr 1 akr? 3 ab 2 ab Jab



Di-Higgs Producti

* One of the exciting prospects of HL-LHC
* Cross section at Vs=14 TeV is 40.2 fb [NNLO]
* Challenging measurement

* New preliminary results from ATLAS and CMS
* Destructive interference

* Final states shown today
* bbyy [320 expected events at HL-LHC, 3000fb]
* But relatively clean signature
* bbWW [30000 expected events at HL-LHC, 3000fb-1]
* But large backgrounds

* bbbb and bbtt final states under consideration

Early days for these studies in ATLAS and CMS...



What we can measure in R

« Many couplings to a precision of ~ 5% (b to 10%)

« Top Yukawa couplings to 15-20%

* Higgs to mumu to about 30%

« Higgs to Zgamma? Maybe combining ATLAS & CMS

» Access to more difficult channels such as VBF with H->bb
« Constrain invisible decay width to 20 %

« Total width of the Higgs if the theory follows data precision

* No access to triple Higgs coupling so far. With LH-LHC?
Unless we have some new ideas!!

* Note: we will produce ~ 25 Million Higgses in run-Il @ LHC
Better experimental methods to use more than a few per
mille? New Theoretical ideas to extract information from the
data? New Theoretical precision? This is the job description




Summary

In 2012 we discovered a new particle around 125 GeV.

The data has shown that this particle

has the properties

of a Higgs Boson related to the EW-symmetry

breaking.

The mass is ~125 GeV with a precision of order ~0.3%.
Rare processes now searched for: H—>Zy, ttH,
(H—pup)... The couplings to fermions seem established

This new particle could be the key to
the new physics side. Detailed study

our ‘contact” with
IS Imperative.

So far, at the 20-30% level, this Higgs is SM-like; Run-

IT data and HL-LHC will bring a new
(~ 2-5%) and access to new channe

evel of precision
S.

It may just take ONE deviation to s

now us the way...

Lot’s of room for new ideas!! (for LHC and FCC-hh...)
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