Status of the 125 GeV Higgs boson physics at LHC
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 [HC performance

* Experiments performance g

» Higgs production and decay

e Individual Higgs Physics Results: &
* H - 2z(4)) }Firs’r 13 TeV Higgs results
* H-yy

H - WW (212v)

VH(bb)

H- 1t

H - uu

LFVH - t/

ttH production } First 13 TeV Higgs results

* Properties:

« Mass Many more Higgs results produced by
« Width LHC, but not possible to present all of
* Spin/CP them in this talk.

« Couplings

 Future Prospects for LHC upgrades




LHC Luminosity and interactions per bunch crossing

Run-1 Results based on 2011+2012 data
Luminosity is measured with forward/tracking detectors and calibrated with beam

separation scans o
CMS Integrated Luminosity, pp
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* Pileup already at the design level and 3 B 50nsi<u>=19.6 -
above during 2012, thanks to excellent E -
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performance of the LHC. R i
* Peak luminosity (cm2s™): s E
7.7x10% (2012), 5.2x10% (2015). ° ok E
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OO

||||I\\I|I\\I|I\\I|IIII
5 10 15 20 25 30 35 40 45 50

about 4 fo'" during 2015 and up to 25 fo’ oo BB W B
expected in 2016. ean Number of Interactions per Crossing




ATLAS Detector

. |ATLAS ATLAS Collaboration
Magnetic field 2 T solenoid 38 Countries
+ toroid: 0.5 T (barrel), 1 T (endcap) 175 Institutions
Tracker Silicon pixels and strips 3000 Scientific Authors total
+ transition radiation tracker (~2000 with a PhD)

o/p; = 5:10%p; + 0.01

EM calorimeter Liquid argon + Pb absorbers
o/E = 10%/\E + 0.007

Hadronic Fe + scintillator / Cu+LAr (10A) 45 m

calorimeter o/E = 50%/\E + 0.03 GeV N

Muon O.prz 20/6 @ SOGeV tO 10% @ 1Tev Muon Detectors Tile Calorimeter Liquid Argon Calorimeter
(Inner Tracker + muon system)

Trigger L1 + HLT (L2+EF)

Toroid Magnets  Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker
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CMS Detector

M CMS Collaboration
B etrametic 42 Countries

calorimeter
hadronic

ekt 182 Institutions
14000 Tons 3300 Scientific Authors total
(~900 students)

15m

Detector characteristics

Width:  22m

Diameter: 15m
Weight: 14500t

o(E;)/E; ~ 100%NE[GeV] +5%

I I 1 1 I 1 I |
0om m 2m im 4m 5m 6m m
Key:

Muon

Electron

Charged Hadron (e.g. Pion)

— — — - Neutral Hadron {e.g. Neutron)

o(pT)pT~10%
at 1TeV

2 Electromagnetic :

! “' Calorimeter g

Hadron Superconducting -

Calorimeter Solenoid ’:‘

Iran return yoke interspgrsed H

Transverse slice with Muen chambafs i

through CMS I=
o(E)E ~ 3%NE[GeV] +0.3%

s(pT)pT ~1% @ 100GeV
o(pT)pT ~10% @1 TeV




DAQ and Trigger

Trigger Level-0,1,2 Event Readout HLT Out
No. Levels Rate (Hz) Size (Byte) Bandw.(GB/s) MB/s (Event/s)

w1 108 1.5x1068 4.5 600+300

w2 3X103 (4x102+2x10?)

w1 108 108 100 0(1000) (10°)
ATLAS Trigger Operation 2012 BOTh experimenTS hgve

600

Jetsimissing E, (delayed) | [Mproved their DAQ and
- | B-physics (delayed) .
— Minimum Bias trigger systems for Run-2.

i Eiecaens/phaions Current DAQ Performance
Jets/taus/missing E_ ° >— ]OO kHZ Q‘l‘ L]
Muons/B-physics e >= | kHz HLT output
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Data taking & Quality efficiency

CMS Integrated Luminosity, pp, 2012, Vs = 8 TeV

N
(&)

| | | | |
ATLAS Preliminary \s=8TeV
[ LHC Delivered

[ ] ATLAS Recorded
I Good for Physics

Data included from 2012-04-04 22:38 to 2012-12-16 20:50 UTC

N
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B LHC Delivered: 23.30 fb !
[ CMS Recorded: 21.79 fb !
CMS Validated: 19.79 i !

N
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N
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42l
Total Delivered: 22.8 fb™
Total Recorded: 21.3 fb™
Good for Physics: 20.3 fb™
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Date (UTC) Day in 2012
* ATLAS (CMS) data-taking efficiency for 2012 run was 93.1% (93.5%)
*The ATLAS (CMS) good quality data was 95.8% (?1%) of the recorded data
— High DQ also thanks to efficiency recovery from large data
reprocessing

A

Overall ~88% (85%) of delivered luminosity is used for
ATLAS and CMS physics analysis.




Computing and Simulation
The fast duty cycle of the LHC analyses is possible thanks to the Tier0

and GRID resources

- 4.5 B eventsiy S |“ .« Justin 2012, both CMS and

ATLAS experiments have
o . produced 3-4 billions of MC
events on the GRID and
~ Digitization+ processed ~3 billions of data
Reconstruction )
events at TierO.

Generation+
TR Simulation

O Symmert2 DREI O Summert2 DREIX O SummeriZ DREIX  © Summer 2_DR53X
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‘ « On a single machine, it would

120,000

require more than 15 thousands
years (without considering user
Data disk and group analyses, calibratfions,
reprocessings, ...).

100,000

80,000

60,000

Tier-0 disk
oo MCREPE *GRID is a crucial asset of the
LHC experiments to provide

..-----------------------n_ucat*anﬂ‘[j}&tjﬂ”gk‘“‘ physics resulfs in a timely manner.
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Summary of SM results

Jan20t6 CMS Preliminary

§ 7 TeV CMS measurement (L < 5.0 fb™)

N
(@)
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A T I A N A A § 8 TeV CMS measurement (L < 19.6 fb')
Bl A I - B B - # 13 TeV CMS measurement (L < 1.3 b
ol i NN I N RN BN — Theory prediction

== T S S S T T S S A Z cMs 95%CL limit

, G [pb]

« Good agreement
with SM
expectations within
uncertainties.
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* Experimental
uncertainties are in
some cases at the
level of the theor.
predictions
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All results at: http://cern.ch/go/pNj7 EW: Wiy, Zoll =ep Th. Asy, in exp. Ac

Preliminary measurements of the cross-sections down to few pb (~tens of fb in some
cases if we include also the BR).
Comparable to Higgs production ¢

total




Higgs Mechanism Birth

BROKEN SYMMETRY AND THE MASS OF GAUGE VECTOR MESONS*

F. Englert and R. Brout
Faculté des Sciences, Université Libre de Bruxelles, Bruxelles, Belgium

(Received 26 June 1964)

BROKEN SYMMETRIES, MASSLESS PARTICLES AND GAUGE FIELDS

P.W. HIGGS
Furil Institute f Meathemalical PEysies, Dubteersily of Edinbu rarh, e coblamd

Recelived 37 July 1964
VorLume 13, NuMmBer 16 PHYSICAL REVIEW LETTERS 19 OcTOBER 1964

BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS

Peter W. Higgs
Tait Institute of Mathematical Physics, University of Edinburgh, Edinburgh, Scotland
{Received 31 August 1964)

GLOBAL CONSERVATION LAWS AND MASSLESS PARTICLES*

G. 5. Guralnik,7 C. R. Hagen,i and T. W. B. Kibble

Department of Phyvsics, Imperial College, London, England
(BReceived 12 October 1964)

 EW Gauge bosons in previous
formulation of the SM were
massless.

» Four seminal papers in 1964
proposed a spontaneous
symmetry breaking
mechanism in relativistic
gauge theory.

*The infroduction of a complex scalar doublet allow to give mass to the W and Z

lbosons after syymmetry breaking.

* 3 deg. of freedom go in the longitudinal polarizations of the W* and Z
 Remaining d.o.f. is a new scalar particle - the Higgs boson

* Yukawa couplings to fermions was later introduced in the formulation of the SM
* In the SM, all Higgs parameters are determined once the Higgs mass is known.

Luca Fiorini
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Higgs Production Modes at LHC

Total x-section:

17 pb (17000 evts/fb') @7 TeV
22 pb (22000 evts/fb') @8 TeV
51 pb (51000 evts/fb') @13TeV

ﬁ \s= 8 TeV E §
< : =L
+ Dominant mode ggF ¢
? (87%) ]
O _|
R =
© -
B VBF (7%) s
107 E
B Associated VH (5%) N
107 = NN E
- Associated bbH, ttH (<1%) -
I_ | | | | ‘ | | | | |
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g q q qgr W/Z g t
-- H -- H g -- H
\
LY
AY
g q q q H g 7

(a) gg > H (b) VBF (c) VH (d) 1iH
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Higgs Decay Modes
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Fermionic modes: 7z, uu, bb

Bosonic modes: yy, ZZ, WW
W, Z

They can also provide indirect
measurement of couplings tfo
quarks at LHC (via virtual
l00pSs)
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@ATLAS P 77 z _ ‘ s M : €MS Experiment anh:e LHC CE-R‘N ;;N{m -
EXPERIMENT . 85099 / 0: \
http://atlas.ch / : s

Run: 182796
Event: 74566644
2011-05-30 07:54:29 CEST




H—>ZZ27"— 4[

“Golden channel”

* Signal Extracted with Profile Likelihood Ratio
L, 6,,)—» Bestit fixing mu, e.g. p=0 “conditional fit"

Alpr) = —21In -

- Three different channels: 4e, 4y, 2e2u arXiv: 1213.5353  CMS-PAS-HIG-14-028
- Very high S/B = 35:_M' PRI e
- Used to study mass, spin, couplings, width and = Bz ]
fiducial and differential cross-sections. 2 il zr.zz E
Main backgrounds: = 250 [ Jm=126 Gev
« /7% (irreducible) 20F ]
* ftbar, Z+jefts e E
10 =

:

l M“ Ml%

L(f1,0) » Bestit max Ih, “unconditional fit” 0780 100 120 140 160 180
m,, (GeV)

ATLAS 8 TeV Results _ arXiv: 1408.5191 _arXiv: 1408.3226
Significance 8.1 obs (6.2 exp) o $ ooof. ATLAS PH M
_ — +0.4 o L H=a o4 —sH (MINLO HJ+PS) + X H1
H - G/GSM @ ]2536 Gev - ] 4 -0.3 ‘;‘._ 0.05F- \s=8TeVJ.Ldt=20.3fb'1 ZZ—>H (POWH2G+‘::’S)S+XH—:
3 c MM gg—H (HRes) + XH ]
& 0.04F === XH = VBF+ VH+ fiH —|
CMS 8 TeV Results eaail :
Significance 6.5 obs (6.3 exp) o " g
w=o/c,, @ 125.0 GeV = 1.0 +0.3 0028 E
0.01;— —

No significant deviation from SM observed in the 020 40 60 80 100 120 140 160 180 200
fiducial cross section measurement. Py, [GeV]
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13 TeVH — ZZ*— 4l

First cross-section measurements at 13 TeV

ATLAS-CONE-2015-059 CMS Preiiminary 281" (13 TeV)
> 1 6 LI | T l T | LR | ITTT I TTTI I TTTT | TTTT i | LB w 1 = T T T ] T T T | T T T T T T T T T T T = O
@ - . ¢ Data el 3 i s
To) e * . y Y
o - H— ZZ* — 4l — R . é_ 10" >
B 1oL 13 TeV, 3.2 fb™ tt+V, VWV i 8 T
e » i Uncertainty . ko) - 5
o F 1 102 g
w 10 p ol
B i =)
N i s
8k b
D B -3 pas
B ® b 10 - -
B . 1074 Observed 4e -
4 = - —— Observed 4.
B | —— Observed 2e2u _
2 10} —— Observed combined B
B S Expected <
O i L l L L L ] L L L l L L L l L L L l L L L ]
80 90 100110120 130 140 150 160 170 118 120 122 124 126 128 130
m, [GeV] m,, (GeV)
ATLAS 118-129 GeV CMS 118-130 GeV
Final state Signal Signal zZzZ Z+jets,tf  SB  Expected Observed Channel de Ap 2e2p 4
| P GVVVY. WZ qq — ZZ 0.33£0.03 | 0.75 £ 0.05 | 0.92+0.07 | 2.00 £0.14
4u 1.79£021 167020 064+006 008+003 23 239x021 1 gg — ZZ 0.04 +0.01 | 0.08+0.01 | 0.07 +0.01 | 0.18"303
262 L19£014 1.06+013 044+004 007+003 2.1 157014 1 74X 017215 | 019+ 0.08 | 026£0.10 | 062702
2!;23 }gz x g-}g g-zg + g— :g gg‘; * g-gg g-g * g-gg ;f }-;g % g}g 3 Sum of backgrounds 054 01617024009 [ 1254013 | 280053
L e e Signal (my — 125 GeV) | 0917010 [ 170£0.15 | 2214022 | 482704
e === S E = ooEs Total expected 1457021 1270 1020 | 3454029 | 7.62702
Observed 1 3 4 8

Luca Fiorini
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A EXPERIMENT

Run Number: 204769, Event Number: 24947130
Date: 2012-06-10 08:17:12 UTC




8TeVH — yy

Final results from bboth ATLAS and CMS in 2014-2015 after impressive improvement

of calibration and energy scales.
arXiv: 1508.7819

arXiv: 1407.0558 19.7fb" (8TeV) - . arXiv:1407.4222 = arXiv: 1408.7084
& :—CMS ' ' ' . 8 180— [Ldt=451", Vs=7 TeV ATLAS e
= e ¢ Data . ] o = Ldt=203f", Vs =8 TeV =
TD/ 30—_ Ggy(H-vy) from LHC Higgs XS WG i £ 160 — I i T, —— Data —
B i AMC@NLO + XH . g 88 weoightod sum — Signal+background -]
C m POWHEG HJ + XH T = 140 Signal strength categories ]
- S POWHEG + XH - PN | = -=-- Background =
25k S POWHEG + XH, FW=5E°Gev*, e — Signal =
- % " - - - POWHEG + XH, FW=-5E° GeV* 1 - :
e g0§ [ XH = VBF+VH+iH . R . . E
~g§ i 1 sof— - =
154 : iR N -
- o ] s =
10 CE - aof— =
s S [t E 20— i
E b -_M%_'»_* i vvvvvvv et _E s 0;. |AJ ; | | ;
o [ e = o =
" o | | | i E s 3
> 0 1 2 >3 2 $
g 3 2 -5 —
g 2 g 110 120 130 140 150 760
o 01 m, [GeV]
§ N
jets
w=1.12+£0.27 @ 125.0 GeV w=1.17+£0.27 @ 1256.36 GeV
* Main syst. Uncertainties are PDF, theory * Main syst. uncertainty related to
uncertainties and showe shape model. luminosity meas. and photon isolation.
* Fiducial xsec measured for 12 variables » Differential xsec measured in / fiducial
in 2 fiducial regions. regions and 12 different variables.

Luca Fiorini 17



13 TeVH— yy

First Results with 2015 data

ATLAS-CONF-2015-060_ CMIS Preliniiery 2.7f" (13TeV)

> ' H ProoTreTTrrTTe 3 | d [ || I e
(31800 ™¢ ATLAS Preliminary  ppH—yy = Heyy |3 B eds i |5
N1600 B = . . -z
- =13 TeV, 3.2 - :
£1400 = 'S ® E Untagged 0 —a— = Percategory + 1o ‘::
21200 = m,, = 125.09 GeV = o ' 15
1000 = E Untagged 1 F"—| B Y &
800 = E L. 1 &
600 e data = : i= 0.69 04 &
400 - — s + biit : e . e
200 | - - - background, b — B - m,, = 125.09 GeV
_:I | | 1 |!| | | | 1:_ UntaggEda l_._-H
100 £ i E s : -
S 05 === ,* +++#‘T‘*¢é VBF Tag 0 |-.-—-I-—|_:
110 115 120 125 130 135 140 145 150 155 160  VBFTag1| —m——t=
m,, [GeV] L - El
TTH Tags | E =5 |
PR N I ST B
2 0 2 4 6 8
Both experiments fix mass to the Run-1 CMS 4 , ; , ot e
measurement, stronger constraint than o ‘main cafegories are selected with
with Run-2 data <2:| U T.'T\./O”OTG Analysis (MVA) classifier.
ATLAS provides a fiducial cross-section OTdd' lonal VBF categories and 1tH tag
measurement category
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leV Higgs cross-section

o)
%0 ATLAS-CONF-2015-069 S
) EENENUEIE R LR I T e A A i T S D R -
& oL ATLAS Preliminary — Opp oy My =125.09 GeV ig
? F A Hoyy 0 H-SZZ*>4 QCD scale uncertainty
b& 70F 4 comb. data syst.unc, ™ Tot.uncert. (scale © POF 1) -
r’_/_g
N
10F {s=7TeV, 451" o
= {s=8TeV, 203 fb" :
d {s=13TeV,3.2fb" ]
_10'..I..1(||11|1| ol N SN TR GO YO NS i A AR ] VNN Y I A ol 1
7 8 9 10 11 12 13
Vs [TeV]

5.1fb" (7 TeV), 19.7 b (8 TeV), 2.8 fb™' (13 TeV)

T

_IIIIIIIIII|Ill|||||l]|||||]i|

CMS Preliminary

+ Data (stat. ® sys. unc.)

= Systematic uncertainty

I:I Model dependence

“r*=** Standard model (m_ = 125 GeV)

pp - (H —4l)+X

II|IlII||IIII!IIIIIIIIIJIIIIIIIIIIIIL]JI

III|IIII[I'IIl|1IIIIl1ll|1||||l1|’l|'||l|']11r

¥00-S1-OIH-SVd-SIN

"IIIII|IIII|IJII|IIIJ|IIII

/7 8 9 10 11 12 13 14

/s [TeV]

First Higgs fiducial and total cross-section measurements @13 TeV

Luca Fiorini
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A]LAS Run 214680, Event 271333760

A EXPERIMENT

17 Nov 2012 07:42:05 CET

CMS Experiment at LHC, CERN

Data recorded: Thu Apr 19 09:14:14 2012 CEST
Run/Event: 191721/ 76089774

Lumi section: 111

Orbit/Crossing: 28960009 / 815




H - WW* - 2[2v

Features:
- ATLAS divides the data in Qjet and Tjet and 2jet (VBF) categories.
- CMS extracts signal from a 2D fit techniques of m, vs m_in 0/ 1jet and

2jet (VBF, VH) categories.
- CMS includes VH production. ATLAS has a separate search (arXiv: 1506.06641)

| B R I IS I cMS 49f" (7 TeV) + 19.4 o' (8 TeV)
% i ATLASH—)WW*__ 9‘ > E T T T T T T T T T T T T T _9‘
oS § feam e e [X
% 600 (@) n<1, ep+ee/up 24 = — H->Ww [Ji] DY+ets enOjet [
5 E ) gﬁ)sistat 14 : 1000 . Wijets WW [
i [ +syst | == -l
400 — [ HigggsSys — z % . WZ+ZZ+VWW ‘2
E B ww 1o ) B =
B [ Misid 15 S N
200 a8 vv —| - L |©
= O Top
B B DY
0 .
= C (b) Background-subtracted T 500
& 150 - ® Obs-Bkg —
o [k — Bkgtsyst ]
g - M Higgs
£ 100
= 503 )
()f 0 L 1 i 1 1 Hinadis i i i
; 0 100 200 300
B0 S0 50 =200} 250
m [GeV] m;; [GeV]
ATLAS Results CMS Results
Significance 6.5 obs (5.9 exp) o Significance 4.7 obs (5.4 exp) o
Signal Strength p=1.16"37 uw=0.83+0.21
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Run: 204153
Event: 35369265

_}5_ EXPER]MENT 2012-05-30 20:31:28 UTC
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H — 17 Analysis

* Main background is Z —» 7z modelled by tau-embedding of data Z —» uu
* ATLAS employs MVA analysis. CMS cut-based analysis includes VH. ATLAS has
a separate analysis.

arXiv:1501.4943 CMS, 19.7 fb™ at 8 TeV
_|||||||||||||||1||||||||_ (/)] ""I'"'I""I""I""I""m
Lo 5 . c —e— Observed =
o —_ Thad®had VBF ATLAS ] o u Th 23 Bkg. uncertainty X
S 400F | . : R L - Z <
»n - \s=8TeV, 20.3fb Pre-fit . = Z::J.L 3
qc) 350 —¢— Data — [ Electroweak : g
> 5 — 50 x H(125) - 10* B =
L Gl C—Jacp 15
Bz . 10
Il Others ] 10° pry
— =
I Fake t by =
72 Uncert. s B
a 10°
. 10
= >
| N 4.0
& (21}
. ?, 1.0 i@ O g R
8 08 .........................................................................................................................
6 7 0 50 700 50 200 50 300
— p? [GeV]
AN, 1)

Analysis includes leptonic and hadronic decay channels of the taus.
Events are divided in O-jet, 1-jet and 2-jet categories to enhance sensitivity to the VBF
production mode and to ggF production of highly boosted Higgs bosons.
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H — 17t Results

*Evidence of Higgs fermionic decays:
* Excess wrt expected background observed by both experiments
* Highest significance among fermionic channels thanks to sensitivity fo VBF process.

arXiv:1501.4943 = CMS, 4.9 fb" at 7 TeV, 19.7 iy’ at 8 TeV

N
o

> = -
8 : ATLAS o Data : L 4;_] B -su H[125 Ge v:—m 4 2
2 80 H— 1t VBF+Boosted — H(125) (u=1.4) 2500 KT €Ty Ty Ty OH [ e e E<
@ [ \s=7TeV,45fb" B 7 . T 1k 1=
c ERE » Il Others i - iz D
[ T . —h
L'; - 2/, Uncert. 5 2000 20 1))
@ 40 " 'l' =
c?) : : 40 1 1 1 —h
¥ 1500 0 100 200 300 —
- il = m.. [GeV]
c £ _

SM H(125 GeV)—1r
——— O bserved =

S / (S+B) Weighted dN/dm_ [1/GeV]

5 20 =
g | =Faa
s 10
g 0 : Oo 100 200 300
2 50 100 150 200 m,. [GeV]
MMC [GeV]
ATLAS Results CMS Results
Significance 4.5 obs (3.4 exp) o Significance 3.2 obs (3.7 exp) o
— 1.43 +0.43
f —0.37 u=0.78+0.27
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LFV H — tu Search

*CMS and ATLAS searches for LFV H — tu decay are adapted from the H —» 7z analyses.
* Main backgrounds are the Z — tr, W+jets and QCD production.

CMS 19.7 o' (8 TeV) L B B B I
I 1 i I I 1 | I I 1 I I I | 1] I I | I I I
uT, 0 Jets ' 1mi F==E Expected + 1o
1.32% (exp.) .’ ¢ Observed 2 — é TLAS P rel I1m I n ary Expected + 26 —
204% (obs.) | e i Vs=8TeV [Ldt=2031b — Obsorved
T, 1 Jet < Excluded
H e - Expected + 16 s — L] Exelude ]
1.66% (exp.) w—h
2.38% (obs) | [ Jexpected 26 [ - M7,y SRI
ut, 2 Jets 2 — =
3.84% (obs.) D - I had
f— u— o — —
o

ue, 0 Jets

2.34% (exp.)
2.61% (obs.)

.& (TR Comb
- MTIep’ SRnoJets
- MTIep’ SRwith.Jets

- u‘clep, Comb

- 1.01 (exp.)
il 43 (obs.) . Comb

|
2 4 6 8 10 12 14

ut, 1 Jet

2.07% (exp.) - -
B -

2.22% (obs.)

He, 2 Jets

2.31% (exp.)
3.68% (obs.)

H—-ut
0.75% (exp.) I L4
1.51% (obs.)

== : == ] l (g == l {[ | l = ] l ] ] |

|
0 2 4 6 8 10 0

95% CL limit on B(H—ur), % 95% CL upper limit on Br(H — ur), %
« CMS found 2.40 excess corresponding to best fit BR(H — 7u) = (0.84+°% )%

« ATLAS recently added t_u to t,_, u previous result. Best fit BR(H — 7u) = (0.53+0.51)%
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LFV H —>te Search

* Both experiments exploit final states with an electron and a tau decays to
hadrons or muon.
 CMS also has results for H - ey search, no excess obseved.

2200 Observed, et i
= Preliminary Bkgd. uncertainty .
2ooog_efcILL 0 Jet -:I i’ﬂ:_'ggs E
1800:_ I Other =
1600__ - tt, t, t L]
C [ ] Misidentified leptons |
1400— —— LFV GGF Higgs (B=100%)]
S S [ e (i oo LFV VBF Higgs (B=100%]]
1200— —
1000 —
8001 =
600 ]
4001 ]
200F— =
e ——
a8 -0.5F
0 100 0 30
M(esx) [GeV]
CMS Result
BR(H —» 7€) <0.7%, 95% CL
(exp. 0.75%)
Luca Fiorini
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ATLAS Result
BR(H —» 7€) < 1.0%, 95% CL
(exp. 1.2%)
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arXiv:1106.7663
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m, [GeV]
» Excellent mass resolution provides a clean signature.
« Result extracted from the fit of the m,,, Mass spectrum.

e Evidence of H —» tt and limit on H - uu means no universal coupling of the
Higgs fo leptons, as expected.
* Need significantly more stafistics fo reach sensitivity to the SM rate of H —» uu

Limit @ m =125 GeV: 7.0xSM
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0
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8 3
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-3 : ; E ;
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m,, [GeV]

(7.2 exp) (6.5 exg)

CMS:
Limit @ m =125 GeV: /.4xSM



VH — bbar

*Most abundant decay mode, but challenging due to the multi-jet background.

* Tag VH production mode and use MVA analysis to boost sensitivity.

* \VV/ — bbaris used as benchmark.

« CMS recently added a search for VBF production ggH(—bb).

« TeVatron has a combined significance of 2.8c @125 GeV in the H — bbb channel.

. AXiviqe9e2t2 arXiv:1310.3687_ __arXiv:1510.01010
) 10_ ATLAS ;33}13?22_1 0y E B CMS | . -M -'H+udsnu =
(5 - \s=8TeV ILdt: 20.3fo™ -Dibosonu_ : 7 E 5““__ s= TTeV, L=50f" [ wH [ Kid ]
o [ 0+1+2 lep., 2+3 jets, 2 tags £z Uncertainty 1 B - (5= 8TeV,L=183f" [Jw [ Single top .
o 8_— Weighted by Higgs S/B il = N [Jz+bb — VH N
Al = 400 [ Z+udseg W —
E B 2 % E O w+bb #2% MC uncert. (stat) E
o i & o - .
'..8 6_ — g 3[][]_— -]
= I ] @ N -
a : 200 -
@ e 8 : ]
E B i 100~ -
(v o | B ]
2 - ] D:
§ O:L '_+ : §1§E Lldor =022 =] Mc un :::arl.¢tatp
) B b 7 7 Cecccc + EEEEE_ :;!T 1E
-.8 [ | 1 1 | | | I 1 | 1 1 | 1 | 1 I | 1 I | 1 I_f_ HH.EE i
= 50 100 150 200 250 0 50 100 150 200 250
- i [GeV] m(jj) [GeV]
= ATLAS: = CMS (VH and VBF combination):
u=0.52+0.32(stat)+0.26(sysh) @125.36 GeV u=1.0£0.4 @125.0 GeV
Significance 1.4 (2.6) © Significance 2.0 (2.7) o
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ttH (H->bb, WW, ZZ, 17, vy)

« ATLAS and CMS covered broad range of Higgs boson final states and ttbar decay

mode

» b-tagging and top-tagging used to suppress backgrounds.

S.

* The analyses are characterised by large number of categories and control region.
« CMS recently added a new search for single top tgH production

arXiv:1503.05066
od
o 10°= ATLAS —4 Data
> = CMS \5=7TeV,5.0-51 " {s=8TeV. 19.3-19.7 f"’
c - o
I%’ - Mgy 0 =34 Y= +—— >
10%= <
= bb — —— -
C =
i o &
10% e - N
= — o
- Vs=8TeV,203f0" |
2L L 3' — +
10 = Combinreda ==
- Single lepton and Dilepton Same-Sign 21 — ——
-d ]%i_l [T IR SN NSRS N N NN BV A O A Ll L |__ Gﬂmb|na‘|ﬂn — +
E T —_ __E II|IIIIII|IIIIIII|IIIIIII
2 1ec L] u,=1.5) + Bgd 3 10 20 2 4 e e 0
D12 LiH g, =34 + Brgd o Best fit o/cg, at m,, = 125.6 GeV
g & e ‘-ﬂ-er-'!l!_'b"_ E estit o/ogyat my = 129.0 €
T 0.8E =
O 06E ) ) ) ) ) ) =
-4 35 -3 -25 -2 -15 -1 -05
ATLA log, ,(S/B) CMS

u=1.7+0.8 @125.36 GeV

Local Significance: 2.5 obs (1.5 exp) ¢
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8TeV: u=2.8+1.0 @125.6 GeV

Local Significance: 3.4 obs (1.2 exp) o
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13 TeV ttH Results

» 13TeV/8TeV Cross-section ~3.9: sensitive to potential new physics and quickly
approaching Run-1 sensitivity o SM production.

CMS ttH(bb) CMS ttH multipleptons
* Event categories: « SS dilepton and trilepton channels
11 (5) for lepton+jets (dilepton) « 2 BDTs to reject ttbar and ttV
* Bkg. Discrimination from BDT and ME & 14_9ﬂ§tff?’.”."{’f’ﬁ’¥,..,..,I.?-.?r.fP],(.T?’lT‘?Y)
CMS Preliminary 2.7 fb" (13 TeV) o It dilepton 1o
J2] T R IR L TR SRR T R O B R (R Lﬁ 12-@TTW ==
S 30 1 lepton, boosted SF e E 2 r Tz 16
GoF mi, W 10 oET 1%
§ 25— @V+ets [tV J1 E Ip3 g 5
8 C @mDiboson ghTot.unc. 7 P> C 9 :.:
[ C = (-n 81— — G_')
3 20 4= - 16
19 - 1
15 1o % 18
10 S 4r- =
; i "
1.5} 1 -8 3: | | —
bbb s |
g ] o g :
Z08 06 04 <02 O b2 D4 DB 0B 039" 05-0604-02 0 02 04 0.6 08 1
BDT (incl. MEM) discriminant MVA (ttH’tt)
CMS ttH(bb) @13 TeV CMS ttH(multileptons) @13TeV
u=-2.0£1.8 n=0.6*"_ .
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Higgs Mass and Width
Spin/Parity
Couplings

J— R T

-.l- a5 o

Why we call the new particle a Higgs Boson with high C.L.



Higgs Mass measurement

i 180 =
200 | - _.-107]
I > ~ .-~ Meta=stability - -1
o s &) - ac -7
S 150 £ 175 - e
= = e = 1
< _ » 2 Jar
g 100 | Stability g - . . ]
s & 170 ]
= ol 2 - - ]
| £ T o Stability :
0 _ PR T S NI 165 L i : : : : l : : : : l : : : : l : : : :
0 50 100 150 200 115 120 125 130 135
Higgs mass M), in GeV Higgs mass M, in GeV
A
* 0.15- Instability = 10** GeV
L=(cD)cD )-V(D) [ \
| — e ¢
V=400 + (00 . e KJ
At EW scale A~0.13 |
0.00 — Log,p, Q[GeV] 4

~10° GeV 1!

* Higgs quartic coupling A cdn become negative for energies of O(10'°) GeV.
Main corrections depends on m,  and m,, precise values.

* EW Vacuum stability up to Planck scaled excluded @ 95 C.L. without NP

. G.Degrossi et al. (arXiv:1205.6497, arXiv:1307.3536)




Combined Mass Measurement

* ATLAS and CMS finalized the mass measurement with Run-1 data after precise
calibration of the detector.

* Combined measurement of the Higgs boson mass is performed in the two
channels with the best mass resolution: H - yyand H — ZZ(4l) channels

 Signal strength is left free to avoid bias in the mass measurement.

arXiv 1509.00389
T T T | T T T T I T T T T

3 arXiv 1509.00389
S | T T T T T T T T | T T ] T | T T T T T T T T ¢ T T T T T T T T T T T T T T T T 5 T T T T T T T 1 T T
— B -=-- ATLAS H—yy i ATLAS and CMS b—=—Total [ |Stat. =3 Syst.
< B ATLAS and CMS m== ATLAS H—ZZ =41 | LHC Run 1 Total Stat. Syst.
g R R o s e CMS H—yy . ATLAS H—yy F—=———H 126.02+0.51 (+0.43 +0.27) GeV
®  2.Ofmw SRS S S CMS H—ZZ—4l  — CMS Hsyy == 124.70 £ 0.34 (+ 0.31£ 0.15) GeV
= [ e = All combined ] i
n - L’ ¢ - ATLAS H—ZZ—4l  f—— 12451+ 0.52 (+ 0.52 + 0.04) GeV
(_g B P X Best fit ] CMS H—ZZ 41 1@ 125.59 + 0.45 ( + 0.42 £ 0.17) GeV
D 2 — Il — 68% CL ] ATLAS+CMS yy —o—o 125.07 £0.29 (£ 0.25 + 0.14) GeV
i 2]
w R B EE N B ENRIEE Sk, TRUARN & o - ATLAS+CMS 4 == 125.15 £ 0.40 (£ 0.37 £ 0.15) GeV
: ‘\ 2 o . N : ATLAS+CMS yy+4l = 125.09 + 0.24 ( +0.21+0.11) GeV
1.5 * ¥ _ = i s P el e Tt o N R O 0| B B B [
Sl 8 A 3 123 124 125 126 127 128 129
E 5o e < ., ‘. 1] my, [GeV]
b e XNG ST e « Compatibility of the 4
1 = o R R e o m rements is 10%
- R i - easurements is 10%
- | | | | al » Uncertainty is dominated by the
0.5

1 1 | 1 1 1 | 1 1 1 1 1 1 | 1 1 1 | 1 1 1 1 1 | 1 1 1 1
124 1245 125 1255 126 1265 127 statistical error.
m,, [GeV] *Main syst. uncertainty related to
photon and lepftons energy scale

m,, = 125.09 £ 0.21 (stat.) £ 0.11 (scale) £ 0.02 (other) £ 0.01 (theory) GeV
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Width Measurement

* SM Higgs width prediction is 4.2 MeV. 1000 smaller vaue than W/Z bosons implies
possible sensitivity o additional decay modes — tool for discovery.

* Direct measurement of the width performed but has no sensitivity to SM prediction
3.5 107 <m, < 1.7 GeV).

* Higher sensitivity from indirect measurement from H —» VV off-shell and background
interference.
* Both experiments analyzed ZZ — 4l and 2I12v final states. ATLAS also includes H - WW,

> 4a1r|xli|v|1|5|0|3|'|011 |0|6|0| e L e ] e M o [ o CMS 19.7 b (8 TeV) + 5.1 fo (7 TeV)
= J 75
o B ‘ | —— 41 observed <
o 30 - ATLAS 's=8TeV: |Ldt=203 b B fl e 41 szz;\t[sd P
= [ H—2ZzZ - 212 & D ] N [—— 22v+4, . observed <
i 25 il e iM (stat @ syst) il . [ 2i2v + 41 ., expected E
(%) (50 A il e o i 5 i e ORI i 1 ] 8 ' i o
= - GQ+VBF—s (H'=s) 2Z ] i Combined ZZ observed 4O
) B Bl o2z T Combined ZZ expected ks
|_|>J 726 il R wz 7 S
(3]
= Z(—eelup)+ets . 6 (3)]
T ... . [0 wwiTop/z—te i
1 5 5 : - Other backgrounds il
- 4= AV
10— T i
- alal > (AR SNEE SRR
Y . m___'-'" e 1 "-’T:"?";‘| cove v b b g
400 500 600 700 800 900 1000 s e
mZZ [GeV] Iy, (MeV)
Assuming same on-shell and off-shell couplings:
ATLAS: o CMS:
I' < 22.7 obs (33 exp) MeV @ 95% CL I' <22 obs (33 exp) MeV @ 95% CL
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Spin-Parity Measurement

* Establish J” of the new boson fo verify SM “

prediction of O* CP-odd scalar
* Kinematic distribufions are used o 0,+
distinguish different signal models

CP-even w/ HD operators

1+ Axial-
» Probe different amplitude structures. : al-vector
» Test compatibility of data with distinct 1 Vector
simple models. 2, (g8) gg -> min coupling grav
 ATLAS and CMS results from H — ZZ, 2 _*(qq) qg->min coupling grav

H - WW and H - yy analyses

o Test statlstlcs:

£(JE)
q = —2In 75265
@ exclusion level 1 — a:
~ P(g>qobs| /5 4 Dke)
CLs = i
P(G>qobs|0F +bkg)
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Spin-Parity Results

arXiv 1602.04516

120 CMS _arXiv 1411.3441 x-zz.ww  197®'@TeV) 51’7 Tev) — | e —
o= Obsemed |-~ Expected i epe g iy minelr R e = —e— Combined (Obs. =
100F mic e WSie 0 Pl g 2 228 ATLAS TR AR e
[ [ N 00 V8 D T i s W BN T of Vs=8TeV,203 1 lep "had 3
0 moie mrie o0 DD DD L g ~ Fitto Optimal Observable " T (OPS) -
; : : : : 5 5 : : : : : : : : : : - ] 1.8j - -» - Expected (d=0, p=1.55) —
60 = I BRI I E B - -
w0l 1 e300 R '6 E
ERECEEER R B ~ =
l . —e—re—fy Te— 5] 1.48%= .
ﬁrriﬁli rflﬁ rr}hﬁhkkuk 1.2 =
| i B E—— 2
N E N RN 1 —
20} 1 III IlIIIIIIII 0.8 -
40 0.6 .
60t - _ ' - 3 o4F ; =
S Nﬁ # e w &2 % 'N% SR aﬁ FEHEEE G S 020 =
roduction roduction T R -?‘lé.ﬂ ‘:"at:,!' Co L T
i Phistl il 002 02 0 02 04
2Re(Mg, ,Mcpodd) ~ ~
= Msm : M= Msm+d- - Mcpodgd 9
| Msml
*Analyses are re-optimized for spin analysis. Alfernative spin hypotheses are
disfavored by ATLAS and CMS at >36 combiningH - ZZ,H - WW and H - yy
(ATLAS) final states.
* ATLASH - ZZ and H - WW are used to probe the tensor structure of the of the
interaction between the spin-0 boson and the SM vector bosons, including CP-
odd BSM contributions.
*Recently constraints on CP measurements from VBF H — 11. Strong sensitivity o
parameter of interest dfilde — results are compatible with the SM hypothesis.
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Signal Strength: Production and Decay

SM BR assumed

SM production assumed

1 > = >
ATLAS and CMS Preliminary --ATLAS - ATLAS and CMS Preliminary - ATLAS -]
LHC Run 1 --%IILSAS R ; LHC Run 1 St ;
- + -

- : =0 g u - ATLAS+CMS ‘h”

: —+26 :
Hoor —— @) utv =3 S o
o SM p-value: Z o SM p-value: =
n e 25% |ty > i 60% R

VBF
T 2 2z = =
B § 3 H ! —— o
H ' =) L : o
WH o S : S
& i e pww . Ea
m i @) —o— 9]
= 2 e 2
B o e e 'IU
i . > e >
; P . g e
1111 | | . l 1111 | L1 11 | 1111 | 1111 | L1 11 | 1111 o 1111 I | I | i L1111 | 1111 I L 111 | L 111 | 1111 I | I T | c
0 0.5 1 1.5 2 25 3 35 4N 0 0.5 1 1.5 2 2.5 3 3.5 4N
Parameter value P Parameter value
f .
e U = Ti and i = s = o =u, xu U=6/c
i~ SM BRY i = BR/ Hi SM
Oy SM* (o - )sm

+0.11 +0.07 +0.04 +0.03 +0.07 1y w=0 no Higgs
e u=109057, =1.09y7 (stat) —g g4 (€xpt) Zpo3 (thbgd) ggs (thsig) =1 SM Higgs

» Stat and Th.Sig tferms are of comparable size, th.Sig dominated by ggF
Cross-section uncertainty.
- Largest difference in p: 2.30 excess with respect to SM
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Significance of Combined Measurements

Observed Expected
Production process Significance(0)  Significance (0)
\VBF 5.4 4.7
WH 2.4 2.0
2= 2.3 2.9
\Yin 3.9 4.2
tthH 4.4 2.0
H>TT 5.5 0.0
H->bb 2.0 3.7

* Improved sensitivity thanks fo the combination
« Comparing likelihood of the best-fit with the u =0 and p, ., =0 hypothesis we

obtain:
* VBF production and H — 1t now established with more than 5o significance.

« gogF and H —» ZZyy.WW already established by individual experiments
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u,vs i, and Couplings scaling

4lIIIIIIIIIIIIIlllllllllllllllIIIIIIIIIIIIIIII E>|>

I BEE Loy
£ - | ATLAS and CMS .
HE - ATLAS and CMS d i> 1 § LHC Run 1 Preliminary "Z_',,!' §
-~ o LHC Run 1 SM p-value: | _ - W -
3. 3 o 5, .1 S 40-1L- — Observed 5
_ Prellmlnary 88% Eu_|> S SM Higgs boson 3
2F = gz ah E
» n - Ly 2
1= i 10°% U 7 -
N ] 1074 = I | | =
O . R

B CH-vw ] - {4E= =
B OH-zz | 2 12 3
1k I A - S A L T
% SM —68% CL [JH—- 5 2 0.6¢ { =
-+ Best fit [JHobb 4 & Q4 =
_2_IIII|IIII|IIII|IIII|IIII|IIII|IIIIIIIII|IIII|IIII_ 0.8 | A A B P A | A AU g B L M | . E

-1-050 05 115 2 25 3 35 4 10~ 1 10 102
f Particle mass [GeV]

uggF+ttH

* Measure ggF+1tH production and VBF+VH production for each
decay mode (No assumption on SM production or decay rates
needed for individual channels).

« Measurement of the combined rafio: p .. /Mo e,y = 1.06 72

« Within current precision Higgs couplings scale with particle masses
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Constraints on BSM couplings

ATLAS and CMS Preliminary
LHC Run 1
B . SM p-value:
K —=¢ 11%| > 8
Vi <1 : = X
| BR -0 g 2 [ATLAS and CMS
K —+1ic - — % /FLHC Run 1 Preliminary
Wi 126 5 — C
L - ; < i Observed
K g o = RS SM expected
- § < B
K- ———t— ch ¥
Ko X :
Kq ———i i
K'Y ——.—r— B
P N
BRBSM | | | | | | | | | : | |
0 02 04 06 08 1 12 14 16 1.8 2 O0 0.1 0.2 0.3 0.4 0.5
Parameter value BR
BSM

* Only o x BRs can be measured, without further assumptions on the
widfh of the Higgs boson cannot be measured: assume k <1 (as in

2HDM). H — Dark Matter would contribute to BR, o, BR/ = cn(f)r' ' (@)
« k, dominated by ttH process &, ?%M
Iy =

« BR,.,, < 0.34 at 95% C.L. (assuming k <1) 1 =BRygy’
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Higgs Sector Measurements
Prospects




LHC Upgrade

* Peak luminosi ~Integrated luminosity
60634 [EREEVE ‘m 3500

<«— HL-LHC

V

v

5 OE+34 Run 1 Run 2 Run 3 o le T e « | ~3000 fb-t
- - New P
Splices Injectors i 2500 &
— 4.0E+34 fixed upgrade ow-p* | =
W guads £
= —i o o™ < LN 2000 9
=% 3.0E+34 (V) W W) W W E
> —d il - - >
= 1500 =
o @
£ 2.0E+34 . *® =
= o0 1000 &b
3 / g
@ -
1.0E+34 L
. ~300 fb! >0
. il ~100 fb! — |
0.0E+00 ~* _— - : = e — . . L o

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37

Year

* In parallel design of electron-positron linear colliders ILC, CLIC
AT CERN for >2035: HE-LHC, VHE-LHC, TLEP.,...
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LHC Run?2 so far

a 1012 $ inelastic 100 3

T T T §
o [ Prediction ATLAS Preliminary 7 TeV, 20 b, Nat. Commun. 2, 463 (2011)
§ Measurement 13 TeV, 63 ub™!, ATLAS-CONF-2015-038

11
b 10 inelastic o Sy = L ppo>Ww
7 TeV, 36 pb™', PRD 85, 072004 (2012)
13 TeV, 85 pb", ATLAS-CONF-2015-039
¥ o2y
7TeV, 36 pb”', PRD 85, 072004 (2012)
13 TeV, 85 pb", ATLAS-CONF-2015-039

3 pp it

7TeV, 4.6 o, Eur. Phys. J. C 74:3109 (2014)
8 TeV, 20.3 fb", Eur. Phys. J. C 74:3109 (2014)
13 TeV, 78 pb ™', ATLAS-CONF-2015-049

T pp—tq

7 TeV, 4.6 b, PRD 90, 112006 (2014)

8 TeV, 20.3 b, ATLAS-CONF-2014-007

13 TeV, 3.2 fb™!, ATLAS-CONF-2015-079

% pp—H

7 TeV, 4.5 b, arXiv:1507.04548
8 TeV, 20.3 fb™, arXivi1507.04548
13 TeV, 3.2 fb"!, ATLAS-CONF-2015-069

L pp>2Z

7 TeV, 4.6 fb™!, JHEP 03, 128 (2013)
8 TeV, 20.3 fb™!, ATLAS-CONF-2013-020
13 TeV, 3.2b™, arXiv:1512.05314

pp > W — e FEWZ
pp — Z/y* =" FEWZ

top++ NNLO+NNLL

|l o
10 o NLO+NNLL

—

(@]

3]
AL B
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10°
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0_.|...|...|...|...|...|.
S 6 & 0 22

Vs [TeV]
* Run-2 Milestones in Higgs Physics:

* Improvement of mass and couplings measurements (e.g. observe H —» bbb and
VH prod.)
 Study Higgs boson fiducial, differential cross sections and CP-spin.
» Search for forbidden searches.
» Observation of ttH crucial to investigate the top quark Yukawa coupling
» Cross section increase (8TeV — 13TeV):
« Tt H: x3.9, The largest increase of all Higgs boson production modes

« Buf large increase also of the main backgrounds ft+X increase x3.3
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Sensitivity for Phase-1 and Phase-2

ATLAS Simulation Preliminary
[s=14TeV: [Lat=300 o' ; [Ldt=3000 i

Hopp  (comb) ; Assumm theory uncert. reduced b 50%, Run-1 exp. uncert.
(ttH-like) -
Aot (VBFike) s TGS
Ho/ZZ fcomb) ey kyz. K, 6% 3%
(VH-like) . ' . .
(ttH-like) ky, 12% 5% down-quark type
‘;E:I':zi k, 15% 7% Top Yukawa coup.
H-WW (comb.) k. 10% 5% lepton coupling
WBF-lik
i {Li}; k, 22% 7% 2nd generation
+0j .
FS7y {i{ncf; Measurement accuracy per experiment from
Hoyy  (comb) projections in:
P CMS: arXiv: 1307.7135
(VBF-iike) ATLAS: ATL-PHYS-PUB-2014-016
(+1])
(+0j)

_ 0 02 04
Assuming current theory uncert.

Exp. uncert. evaluated with Run-1 software
* Phase-1 and phase-2 will allow to measure rare decays (H - yu and
H — Zy) in addition to the main 5 and perhaps HH production.
* Some some production modes, projections indicate accuracy below
10% for the main decay modes.
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Projections of H — uuuand H — Zy

ATL-PHYS-PUB-2014-006
SR !

CMS [CERN-LHCC-2015-010] 14Tev T | | oo
5015 CNS Simulat S 30000/ — Background
p= - MS Simulation @ s | .
: 7 Phase Il 140 PU %EEDDD - — 5 Slgnal w20 i
=] = ]
{]1_ — Phase |, 50 PU L - \s=14TeV .
|  rase loged, 1405 EODGG:_ Ldt = 3000 fb” E
I 15000 .
0.05~ 10000[- ATLAS Simulation
i - Preliminary ]
B - H—Zy, Z—ee ]
R T R T T T L :I s -I...I....I...I...:

ot i 126 o [GeV] 025730 35 40 45 50 55 60

|.|.

my,-my, [GeV]

« CMS: revised projection, expect 5% uncertainty on H - yu coupling
measurement at HL-LHC (only a few tens produced during LHC Run-1,
according to SM prediction.
 H - Zy: In Standard Model, this decay proceeds entirely via loops
predominantly involving heavy charged particles:

« Sensifive to possible new physics

« Observation of the SM decay is possible at HL-LHC
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» Qutstanding performance from the LHC team and experiments is
dllowing to deliver an impressive amount of results on the Higgs sector.

» 136 papers published so far by ATLAS and CMS on Higgs physics
(including BSM Higgs searches).

« We are currently at the beginning of Run-2 of the LHC and many
properties of the Higgs boson have been already measured precisely. In
some cases beyond expectations (e.g. Higgs width).

*G00d connection between experimental and theoretical physicists was
the key in many cases of this success.

* LHC restarted delivering p-p collisions in 2015 with unprecedented
centfer of mass energy:

« Opportunity to perform searches for productions and decays
suppressed in the SM.

« Measurement of rare channels and production modes:
H - pu, VH(bb) and ttH

* Better measurement of H(125) properties.
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Higgs prod. Rates at TeVatron

Tevatron
10° — T T T T T T T
= Sipp—>H+X]) [pb]
_D = Vg =2TeV
o 10 g_...l.l ........................................ M, =175 GeV

\6/ ;ﬂ—m CTEQ4M

g t
-- H

9 F

(a) gg —» H (b) VBF ©) VH (d) fH

78% 7% 15% <1%

ggH is the dominant production mode.
VH is the subleading production mode
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TeVatron Results

TeVatron updated their Higgs boson search results with ~10 fb"
Most sensitive channels are (V)H —» (V)bb, H - WW. Analyses of H — yy and

H — tt are also included.
Tevatron Run Il Preliminary, L < 10 fb

Background p-value

E
= -1 e 1-CL, Observed
o Tevatl.'on Run Il .Lmtf-_< 10f" — 1_0: e m, = 125 GeV/c?
= SM Higgs Combination — - 1-CL, m,=125 GeV/c? N [ Combined (68%)
10 3 [ Expected+1 s.d. B ~i- Single Channel
1 B [ ] Expected+2 s.d.
1 0-1 1o H— T E
2c
102 H—> W'W
10° BT TR e * Hovr
10 -
_____________________________________ 4  H-bb [
1 0-5 1 1 1 1 1 1 1 1 1 I 1 1 1
180 200 N I O N N B

|
3 4 5 6 7 8 9 10

2
my, (GeV/c®) Best Fit o/oy,,

- : ~ Fit to signal strength
The minimum p-value is found to be 3.00 at mH =125GeV. (1.4+0.6)xSM @125 GeV



95% CL Limit/SM

95% CL Limit/SM

-
o

1

TeVatron Limits by channel

Tevatron Run Il Preliminary H—bb, L = 10 b

e IGbser;rved
----- Expected w/o Higgs

----- Expected if m_ =125 GeV/c?
[ Expected =1 s.d.
[ | Expected =2 s.d.

L B B T r T

i | | L |
20 100 110 120 130

140 150

m,, (GeV/c)

Tevatron Run Il Preliminary H—yy, L. = 10 b

int =

...I..I I IlExpelatlell:l :M'G I'I|itl,;|gS
—— Observed

| 41 =4 Expected
[ z2s4d. Expected

SM=1

100 105 110 115 120 125 130 135

140 145 150
my, (GeV/c?)

95% CL Limit/SM

95% CL Limit/SM

_y
o

1

110 120 130 140 150 160 170 180 190 200

Tevatron Run Il Preliminary H—=WW, L < 10 fb™
LB I I FL LI I B B B R B
=== QObserved
«ssss  Expected w/o Higgs
-+ Expected if m =125 GeV/c*
- [  +1 s.d. Expected
- [ ] =+2s.d. Expected

R |

m,, (GeV/c?)

Tevatron Run |l Preliminary H—t't, L, < 10 b’

----- Expail:ted w.n’cl Higgs
— Observed

| I +1 s.d. Expected
[ | +2 s.d. Expected

e e

SM=1

100 105 110 115 120 125 130 135 140 145 150
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Background p-value

TeVatron Results by experiment

DO, L, <07 b — L obeeved | 8" P T T Lomared @
k " ) wnm 1-CL, Expected g [ masan  Expacted iIf SM Higgs signad [ Expedtedt2sd.
10 - SM Higgs Combination - 1-CL. M=125 Gev T al sach m,, separately g
A |:| L < -g 1 F =  Expecled If m =125 GeVic® —
1 [ ] Expected +2 s.d. S .
S10 |
10 7T NG oA B~~~ ~ ~ ~ 1o ﬂ
e IR, i, g ’,.:‘:.: _______ 2 10 F 3
10? £ & : :
.o. :. -3-_ s _30—
10-3 ——————————————————————————————— - 30 " ;
] | I ) W, 104--I.--I-..I...I...J...
100 120 140 160 180 200 e e —am e s
M, (GeV) m,, (GeV/c?)

Local p-value distributions as a function of the Higgs mass for DO and CDF

experiments:
«D0: 1.70 @ m =125 GeV

- CDF: 2.0 6 @ m =125 GeV



H— vy

Features:
- Data sample divided in exclusive final states and the
analysis is further optimized to sub-leading production modes (VBF and VH).
- Robust cut-based selection is used to define the categories.

The main backgrounds:
- Irreducible: Di-photon yy
- Reducible: Photon + jets, di-jets (jet is misidentified as y), EW

Main Discriminant variable: o
m, ., harrow resonance on a steep falling background. M~y~ = \/El EZ (1 — COS (1’12)

vy’
= 10000f— —
8 C ATLAS .
_ ggF mVBF WH WZH =t N ° Data 2011+2012 a
— . . |- + 1
ATLAS Simulation H—yy ~ 8000 SM Higgs boson m, =126.8 GeV (fit) ]
nelusive | T = T Theqy  meeseses Bkg (4th order polynomial) .
Uncenv. central low [ o _ =
. — > 6000 — —
Unconv. central high [ L = —
Unconv. rest Iowpﬂ I : ..... H_)YY :
Uncon. rest high p_ I 4000 — —
Conv. central low p_| B : “ 1 :
Conv. central highp. |7 L Vs=7TeV |Ldt=48"b _
Conv. restlowpﬂ I 20001— B ]
gy = C Vs=8TeV |Ldt=20.7 b T
Conv. rest high P, : :
Conv. transition B o 500 = l } 1 1 —]
Loose high-mass two-jet N ﬁ 4005_ _E
Tight high-mass two-jet B heo] 300;— —z
Low-mass two-jet I _g 200;— + —z
ET"™ significance | L 100 - + 1 + 1Ay + + . + =
One-lepton T ! 0 ‘ I T ] H v
. 2] -100 + T I + + LR { ¢ ¥ *
ol by by by by by b v by wa by aa s g 200
0 10 20 30 40 50 60 70 80 90 100 S L L 1 L L
signal composition (%) L 100 110 120 130 140 150 160
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H — ¥y categories

Unconv. central
low P,

Unconv. central
highp_
Unconv. rest
low P,

Unconv. rest
highp_

Conv. central
low P

Conv. central
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Conv. rest

low P,

Conv. rest

high p

Conv. Pransiljnn

Loose high-mass
two-jet

Tight high-mass
two-jet
Low-mass
two-jet

Er significance

One-lepton

2012 data
combined

- T 7
— ATLAS Preliminary —
- . —=—  Data2012, f5=8TeV -
. : o _
- 5 f Ldt=207f0" -
5 L, -
N i £ H— vy ]
- o i
- . my=1268 GeV .
5 ; . -
- Y )
N . ’
- g . )
5 . -
B | | | | | | i _|._| | | | | | | | | | | | | | | | | |

-2 0 2 4 6 8 10

Signal strength



H— W TVBF

D_D 103 | I | I L I L I | L L | P I | I | L I L I LI Ig
o E ATLAS Preliminary ——Obs. 3
o 10°E () v EXp. m_=125GeV 3
— = HOWW' ' Siviv VBF H =
- []+H1o -
10 \s=7TeV: [Ldt=461f Iy =
= \s=8TeV: |Ldt=20.7 fb" :
1 = Y Vo
10" 1o
102 g 20
OB s {30
’ | | | | | :u

oo v o by by by by by by by
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Custodial Symmetry

1

2In AR, )

0 _| | | | I | I I | | | | | | | | | I | l I

- ATLAS Preliminar =
I Y p Mzt ez Kzl =

- \s=7TeV,|Ldt=46-481b"  — Opserved -
8E s=8TeV. |Ldt=13-20.7 6"  -- SM expected E
7 ;_ “ l‘ ,; _;
6 E
5F- R
4 13 einennane
3 i_ ,’,’ _i
2 i_ J‘",, _i
0:| | 1 | | | 1 \IM“'I,.__A-"'T’I | | 1 | | | 1 | | |:
0.4 0.6 0.8 1 1.2 1.4 1.6

Fit prefers A_<0 minimum. Compatible with A_>0at1.5¢ ?u.wj,
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ATLAS Preliminary
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ATLAS Preliminary

i+ 16

+ 26

Summariy of couplings

\s =7 TeV, [Ldt = 4.6-4.8 fb”
\s = 8 TeV, [Ldt = 13-20.7 b

| | [ | I i I [ | | . |
g“ I A SR——_ - .
Ex
K

= 2
0 < A
g > FV

<

. g
8 -
g%
K'Y
;ﬂj;
m "
F$% 1'Bi,u ; :
E & :
- [ L

i
y
B

-

0

1

parameter value

Parameter measurements are correlated



Spin Models

Table 1: Choice of coupling parameters for the spin-2 model considered in the current analysis. The
notation follows the one adopted in [12]. (from JHU)

= Production Decay Comments

configuration configuration
gg—>X:g1=1 gi=¢gs=1 Graviton-like tensor with minimal couplings
9> X: g1=1

General amplitude for spin-2 H—-VV

2+

m

AX 5 vV)= A" [ 207, 252 frtwa pr2us

n.ﬁa. ~U -\.
q 1 * * * f 1' *(2)
B il O bt
~yp ~
+m?, (29(2)1‘“1,6 et + 292 qua tuw (€77 €5* — e1%€5”) + ¢ J(g)q\g I‘WETE;)

2

1' q % *(2 *
+gé2) o ,wa laﬁf ( )+gg(; ,uqu F;wpor‘:l € q AZ ;wpcrqpq ( (q‘c2) +F2y(q‘:1))]

Cannot exclude generic spin-2 with current data set



‘Mass measurement

s I ATLAS Preliminary
o 10— Vs =7 TeV: [Ldt - 46-48f
B \s=28TeV: [Ldt =20.7 fb!
I 3c
E -
B -2InA(0
6l (0)
4 20
2 —
- o
u | 1 1 | | 1 1l 11 1 | | 1 1

-1 DIH1 2 3 4|H5
m,, [GeV]

- Mhyy= My —
H - ZZ: m, =124.3+%° (stat)**° ,(syst)GeV

0.

H — yy: 126.8 + 0.2 (stat) + 0.7 (syst) GeV

« ATLAS mass difference is reduced: Am_ = 2.3 *°¢__ (stat) + 0.6 (sys) GeV, 2.4 ¢ from
Am, =0 (p=1.5%). Am was 3.0 GeV and 2.8 ¢ in Dec. 2012

em, sysematics dominated by the photon energy scale.

« m,, mainly from muon momentum scale.
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ATLAS Mass Systematics

4 leptons
— Dominated by 4 muons (best resolution, less background)
« Muon momentum-scale uncertainty : 0.2%
(from Z, J/Y — pp)
— electron E-scale = > see below

Yy
— Per category systematic uncertainties:
« method ~ 0.3 % : (mainly from Z— ee MC/data)
» material in front of calorimeter: ~ 0.3%, up to 0.7%
» relative calibration presampler/calorimeter : ~ 0.1%
In each of the above: extrapolation in E @ transfer
frometoy
— Additional (global) syst uncertainties:
« E1/E2, linearity, lateral leakage,
conversion fraction ... 0.32%
— Global mass systematic uncertainty: 0.55% = 0.7 GeV



H —> T Analysis BDT

— LA L Y I L L N LN B 5 L A I L O O Y L B B B N B B -— AT T T T T T T T T T T T T |__
o ee + ep + uu VBF SR ATLAS Preliminary - t 105 L Mg + €Tnag VBF SR ATLAS Preliminary_: o 10 Thadthag VBF SR ATLAS Preliminary 3
i E = ~— ]
P [Ldt=203m" —+— Data © F [Lat=2031" —4— Data : 7 [ Ldt=203" —+— Data i
€ 10° — H(125)5 w1 < P C — H(125)5 1t ] = —— H(125) 1
¢ ls=8Tev e H(125) 17 (u=1) S gt fs=8Tev e H(128) 77 (u=1) ] e 0 (s=8Tev .. H(125) Tt (u=1)_
i lZ . > g Bz e 3 Ll Bz 3
I Others ) w - B Others ] I Others 3
[ Fake Lepton 3l [ Fake t i I Multi-jet i
102 72 Uncert, - 107 7/ Uncert. E 27 Uncett.
: : 10? E
10 E : 10 E
1 1 1
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 05 1
BDT score BDT score BDT score
105:|||||||||||‘||||||||||t o™ L Y I Y I Y I I Y L I B = -— L L L I L DL L IR
o E ee + ey + iy Boosted SR ATLAS Preliminary J S F ut,, + et,,, Boosted SR ATLAS Preliminary ] o 10° Tradhag BOOSEE SR ATLAS Preliminary
- ] B 1 - E
; L J' Ldt=203fb" —+— Data ] - 10° E—J Ldt=203fbh" —— Data - 0 _[ Ldt=203fb" —4— Data E
T 10tk — H(125) 1t i 42 = — H(125)= 11 E c 5= — H(125)— t .
0 = (s=8Tev e H(125) 7z (u=1) © Fls=8Tev H(125)> == (u=1) ] ¢ s=8Tev. H(125) tt (u=1) ]
w - lzZ ] U>J 10%E Nz 4 w 10° Bz _
r Il Others 1 S Il Others 3 . Others 3
1035— [ Fake Lepton = [ Fake ] - Multi-jet ]
g 722 Uncert. ] 10° 7/ Uncert. _: 777 Uncert. .
1 ] 10° P E
3 10° E E
] ] 10 E
E 10 E ]
1 1
-1 -0.5 0 05 1 1—1 -0.5 0 05 1 -1 -0.5 0 0.5 1
BDT score BDT score BDT score

* Data is divided in 6 signal regions and 9 control region to simultaneously fit signal and backgs.
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Higgs Potential (2)

The minima of the potential are on a circumference of radius:

D|= =v/42
Pl =

v
We rewrite the Lagrangian around a minimum: ——-+ 77(}5)

J2

The Lagrangian now becomes:
Vig)

& = 3(3un)(8"n) — uln?  pAn® — IAIn* + F(uP/A)

where the third and forth terms represent

the self coupling of the Higgs field: '
2 (b
3
I " ¥ 77T TN
I ‘\\ ff < n
/‘\ .;'\ Circle of minima
ff \\ ff \\ radius v
04/04/16
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Higgs Mass width

» The Higgs width also depends on its mass value, spanning several
orders of magnitude:

;1o3§| ERTITE -
) F :g
@ et /Q
I—¢I102§ / ?%
10¢ / = For high mass, the width grows as
1 a _ 3 3 a=mar-2 3
; / ; FII—mmH ~ (1.5 TeV mH .

10_1§ /
10'21/

100 200 300 500 1000
M, [GeV]

Width becomes equal to mass around 1.4 TeV
For mass >~1 TeV, the concept of Higgs resonance would disappear.

For mH=125 GeV, the width is about 4 MeV

04/04/16
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LHC Couplings Combination

arXiv 1507.04548 !J‘:G/GSM
ATLAS Input measurements =0 Hi
I | n=0 no Higgs
Individual analysis t1ioconpu 1 SM H
m,, (GeV) i — '
Overall: p = 117tg§; 125.4 ot u Iggs
= ggF:p=1.3270% |125.4 : : : . -1 14
VBF: 1 =087 1254 e, 197 fb (8 TeV) + 51 fb (7 TeV)
WH:p=10" |1254 e
ZH:u=0.1%7 1254 : oW o Combined CMS mH =125 GeV o
H o z2* Overall: p = 1.44tg:;§ 125.36 : '_'_' W= 1.00£0.14 Z<_
ggF+ttH: = 1.70° 125,36 : —— pSM =0.96 <
VBF+VH:u =037 15 5 i : I : '_l"__'l i L ;
i N Overall:p=1.16£§:§2‘i 125.36 . H— YY tagged o
goF: 1 =0.98"% | 12536 S T p=112+0.24 @
VBF:p =1.28""% |125.36 e 8
e Overall:p:1.43t§§ 125.36 : : : '_°_' H — ZZ tagged
ggF:n =207 |125.36 i i L HEERR——— n= 1.00+ 0.29
VBFAVH: = 124°0% | i - =
Overall:u=0.52t§::g 125.36 : : e : X |
VHoVED e H— WW tagged
e A s SRR p=0.83+0.21
H-— Hp Overall:p.=-0.7tz:; 1255 : : : : :
A
H — Zy Overall:u=2.7t::§ 125.5 : H =1 tagged
w=0.91%0.28
ttH bb:p=1.5"1{125 i s Sl e mamE
Mul1i|epton:p:2.1*:z 125 : : : ——
w:u:‘lﬁf;i 1254 | | | - ar i —e— i — : — i Iy H — bb tagged
e S ] e s i [ p=0.84+0.44
1 | 1 1 | 1 | 1 | 1 | | 1 | 1 |
\s=7TeV,45-4.7 b =2 0 2 4 0 05 1 1.5 2
\s =8 TeV, 20.3 fb" Signal strength (u) Best fit G/GSM

« Combination of ATLAS and CMS coupling measurements.
 Inputs sensitive to ggfF, VBF, W//H and ttH production modes

andfoH -y H—-»722,H—-WW,H — 1t,H - pp and H — bbb decay modes.




K, VS K, Contour

q_[_|_ 2_5 III|III|III|III|III|III IIIIIII|III|III T 1T T 1T T 1T T T 1 T T 1 T 1 1 T T 1T
v, [ _ L [ [ [ [ | | I i
- ATLAS and CMS %::g 1 “ .6 ATLASandCMS  SM p-value: -
- LHC Run 1 | - LHC Run 1 59%
ol Preliminary + EH-ww - - 2 g
- [JH-bb - 1.4 Preliminary -
i DH—)’C’C ] - 7
. [J Combined '_ _
1.5_— ] 1'2: i
i Z 1 3
1 3 ' :
i i 0.8_— 7]
0.9 i 0.6 [JATLAS B
- *kSM —68%CL i | *SM  —68%CL [Jcms i
[+ IBest fitl "-9’|5% CL| o 0.4 + Best fit ---95% CL [JATLAS+CMS
I R e b b b brv o brv o brv v by
OO 02040608 1 12141618 2 07 08 09 1 11 1.2 1.3 14
Kl Ky

« Couplings are grouped: K, =K,, = K,; K. = K, = K_= K.
« Assumptions: o; - BR = r
- g9 » Hand H - yy only through SM particles o oM o KzH: Yo
— only SM particles contribute to decay Lo ’ oM
o All results in agreement with SM (k, = k. = 1) within 10
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