] \
, l"'.,é;f{ww.
1

Kl L )
1y o

Ty




The LHC so far

An extraordinary combination of three
simultaneous fantastic performances!
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Data collection

LHC delivered 5fb™" in 2011
— Gave first hints for SM Higgs

Vs raised 7—8TeV in 2012

23.3fb! delivered
— 6 fb " allowed Higgs discovery
— Now tests of properties

Great effort by LHC team!

~90% of the delivered

luminosity is used in analysis

¢ Dedication from the systems
experts and shift crews.

Total Integrated Luminosity (b ')

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC
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ATLAS & CMS

¢ Precisly measure
¢ leptons,
¢ Y
© jets
® ETmISS

CMS DETECTOR

Total weight : 14,000 tonnes
Overall diameter : 15.0 m
Overalllength ~ :28.7
Magnetic field  :3.8T

s ~16m? ~137,000 channels

el + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC

CALORIMETER (ECAL)
~76,000 scintillating PbBWO, crystals

HADRON CALORIMETER (HCAL
Brass ic scintillator ~7,000 channels

©

—-’ —_—
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/

ATLAS: External
magnet provides
toroidal muon field
CMS superb central
solenoid



Detectors and LHC operation

ATLAS - 2012

Number of Channels | Approximate Operational Fraction

Pixels

SCT Silicon Strips

TRT Transition Radiation Tracker
LAr EM Calorimeter

Tile calorimeter

Hadronic endcap LAr calorimeter
Forward LAr calorimeter

LVL1 Calo trigger

LVL1 Muon RPC trigger

LVL1 Muon TGC trigger

MDT Muon Drift Tubes

CSC Cathode Strip Chambers
RPC Barrel Muon Chambers
TGC Endcap Muon Chambers

80M
6.3 M
350 k
170 k
9800
5600
3500
7160
370 k
320 k
350 k
31Kk
370 k
320 k

95.0%
99.3%
97.5%
99.9%
98.3%
99.6%
99.8%
100%
100%
100%
99.7%
96.0%
97.1%
98.2%

Subsystem

CMS Preliminary - June 2012

MUON CSC
MUON RPC
MUON DT
HCAL Outer
HCAL Forward
HCAL Endcaps
HCAL Barrel
Preshower
ECAL Endcaps
ECAL Barrel
Strip tracker

Pixel tracker

e e v v v P

0.9 0.91 0.92 0.930.94 0.95 0.96 0.97 0.98 0.99 1
Active Fraction

m ATLAS and CMS in very good shape: Fraction of Active Channels >96%
m  90% of delivered luminosity used in physics analysis




Running jobs: 192041.0
Transfer rate: 5.43 GiB/sec

Google earth
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Pileup

¢ Example: Z—pup
¢ Has multiple

overlayed

Interactions

— 25 seen here
¢ lracker can

distinguish them by

position
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A long history

¢ 1964 Brout & Englert, Higgs, Guralnik, Hagen & Kibble,
— Not taken too seriously until...

¢ 1967 Used in the formulation of the Standard Model
— Proven to be self-consistent in 1971

« 1973 Experimental acceptance of the Standard Model

¢ 1983 Discovery of W and Z bosons
— Closely linked to the Higgs boson

« 1993 LEP studies Z's and rules out m <53 GeV
— And indirectly excludes m _>300GeV

¢ 2000 LEP lower limit reaches 114.4 GeV
— Hint of production at 1157

¢ 2011 LHC excludes 130-550GeV, Tevatron 156-175
— Some indications for a particle at 1257?

¢ 4" July 2012 New particle found at 126GeV
— Consistent with the Higgs



Hunting the Higgs Boson




Higgs production

M gluon fusion
¢ The three most common modes W VBF
. . . WH
¢ Gluon fusion dominated discovery
— Top loop (+ BSM?) mH
« Vector boson fusion/associated Higgs

— Also used to tag signal Production
— Improves the purity ractions



Higgs production

g Gluon fusion

t

t ............ H

t

g
(a)
+7.2, +75, +0.2o° +3.5°°
19.7pb_ hpe /o(scale)_ 69 %o ( PDF) 0.69pb_ 0.6 Ve (scale)_ oy %o ( PDF)
1.57 pb +0-2 o, (scate) ¥2:6 o ( PDF)
-0z 700 5 (WH only)

« Cross-section errors on gluon fusion are the largest
systematics in rate measurement

¢ Inthe long term the associated or maybe VBF will give
stringent test of production rate



Higgs decay modes used

o H—ZZ
— ZZ—llll: Golden mode

— ZZ—llvv: Good High mass
— ZZ—lIbb: Also high-mass
¢ H>WW
— WW—lvlv: First sensitive
— WW—Ivqq: highest rate
o H—yy
— Rare, best for low mass
¢ H—tt

Higgs BR + Total Uncert

Ww

77

_ Uses VBF, low mass L R R [

¢ H—bb
— ttH, WH, ZH useful but hard

1 | 1
180 200
M, [GeV]



Rates by decay mode

Run 1 production in
each experiment

From 100 to 300000 oo -
events per channel...

..but total pp events:
m 2x10'° 1000
60 Higgs to llil events
Needs incredible
background rejection

1000000

10000 [~

10

1




Standard Model measurements

Production Cross Section, o [pb]

10"

Feb 2014 CMS Preliminary
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z;et(;s) — 8 TeV Theory prediction

¢ 7 TeV CMS measurement (L " 5.0 fo™)
¢ 8 TeV CMS measurement (L " 19.6 fb™)
— 7 TeV Theory prediction
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H —ZZ— Il

The golden mode

Good mass/energy measurement

¢ Electrons and muons are measured with O(1%) precision

Very low backgrounds

¢ Dominated by real ZZ—llll
¢ Plus some Zbb where b decays leptonically

But signal rate low

¢ Higgs couples strongly to ZZ
- But2 m>m, so one Z must be

off mass shall
¢ Z—ee or uu Bronly 3%

¢ Challenge to maximise efficiency
« Especially for low-p, electrons

CMS Simulation, Vs = 8 TeV
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H— ZZ* — 2e2mu
M, = 126 GeV




@ATLAS

EXPERIMENT
http://atlas.ch

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




Events/5 GeV

Signal Mass distribution

” e Data2011+2012 CMS \s=7TeV,L=511";Vs=8TeV,L=19.7fb"
40 : - SM nggs Boson A TLA? > : T I T T T I T T T I | T L l T T T I T T T E
C m,=124.3 GeV (fit) H—ZZ"—4l oA * Data E
35F h=129 \s=7TeV |Ldt=4.61b" O . ]
- [_] Background Z, ZZ* 5 A ™ - Z+X
- S Vs=8TeV JLdt=207f @ anb _ 3
T [ Background Z+jets, tt 30+ ArX . . 1
T PIB'726 B ol R
- D - 1
; 8 osf  [11312.5353m.=r2scev |

2013) 88.

]

pros pp 200 250 80 100 120 140 160 180

¢ Clear peak near 125 GeV
¢ S/B better than 1
¢« The Z—llll peak at 91 GeV is seen too; sanity check

¢ CMS use matrix element for each event to discriminate
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Rare decay,

— 2 per mille

— 110<m_ <150
Drove ECAL design

« CMS: Crystal PbWO,
o ATLAS: LAr accordion

Give good energy
measurement

¢ Need vertex position
to calculate mass

¢ Tracking shows it
Good jet rejection
also essential

\ | Run Nu

CATLAS

~ﬁEXPERIMENT

mber: 203779, Event Number: 56662314
Date: 2012-05-23 22:19:29 CEST




Events / 2 GeV

Events - Fitted bkg

H —yy mass spectra

10000 — ~ ~ T~ 1 o1 rr ot
— ATLAS —_ >5000 [T T | T T T T | T T T T I T T T T I T T T T I T T_]
8000 — ° Data 2011+2012 ] (b - CMS Preliminary —— Data 4
- SM H|ggS boson mH=126.8 GeV (flt) _ (5 : vg =7 TeV, L=5.1 fb-1 (MVA) S+B F'it :
: ......... Bkg (4th order polynomia|) : L(). | vg -8 TeV, L=196 fb_1 (MVA) """ E:(g Fit Component |
6000 — ] ~4000 | +10 _]
B 7 ~ B [ +20 .
- T Hovy = P - -
L - 9 L _
4000(— — c i ]
B 7 () - ]
C Vs=7TeV ILdt =481 ] LﬁSOOO L i
2000— — - -
[ Vs=8TeV Jldt =20.7fp" 103 i .
— — L | —
500 = 1 1 ! 1 1 = %2000 i i
400 ;— _; ol - -
300E- 5 ; i i
200~ + 5 1000+ -
100 E- + + | . . E I
R . I :
100 + f + ¢ ’ n i ]
-200 ¥ O 1 | 1 1 1 | | L1 L1 | 1 1 1 1 | L1 L1 | 1 1
100 10 120 130 140 150 a3 P 110 120 130 140 150

m,, [GeV]

« Background is assumed to be smooth
¢ Signal is small but clear

m,, (GeV)

¢ And grows in significance when analysed in classes
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Higgs Mass Estimation

’E ATLAS Combined (stat+sys)

L Vs=7TeV [Ldt=4.6-48f" = - Combined (stat only)
- Vs=8TeV [Ldt=20.7 fb H— vy
61— H— ZZ* — 41
51—
4
3
2
1
_IIII III‘\"II | NN S N I N N N S |
P21 126 127 128 129

my [GeV]

m = 125.5+0.2(stat) :'3-2 (sys)

¢« Two experiments very compatible
¢ Some internal tension in ATLAS

¢ Mass measured to <0.5%

-2AInL

-
O

CMS Prellmmary |s 7TeV,L<5.1fb' ys=8TeV,L<19.6fb"

- N W H» 00O N (0
TTpr ey rrrrreT TTTrrrrTrprrTT T1T 11T

o
T

my= 125.7+0.3(stat)=0.3(sys)

¢ Photons hard to calibrate precisely, experiments improving this

¢ The last parameter of the SM?

H —vY + H 77 — Combined
.1 (ggH,ttH), — H-ovy
n (VBF VH) H— 2z
1111111111111111111111 |
1 24 128
my (GeV)




Is that it?

« The SM was missing just one parameter, m,
¢ With that measured are we done?

¢ Not by a long way!
¢ Is this a Higgs boson?
- Need coupling to Weak vector bosons W and Z
- Should be Spin 0
- And Parity plus
¢ Does it match the SM Higgs?
- Does it interact with fermions at all?

- Does it do it proportional to their mass?
- Both quarks and leptons?

- Does it also couple to dark matter?
« We have started to check all of these questions



Events /2 GeV

Higgs to Zy )

Phys. Lett. B 726 (2013) 587

f
H
......... 7 .
f
CMS (s=7TeV,L=5fb'\s=8TeV,L=19.6fb"
1600 — —e— Data H=>2Zy
1400 - —— Background Model
- —— Signal m = 125 GeV x 75
1200
1000 C .: 1o
C D: 20
800 [—
600 —

400

200

?00 110 120 130 140 150 160 170 180

190

m,, (GeV)

(H>2Zy)

SM

95% CL limit on c(H—2Zy)/c
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v 0%
I T T L e e L
J Ldt=45f",\s=7TeV — Observed
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JLdt=20.3fb ,\s=8TeV P
+2c
ATLAS

I|IIII|IIII|IIIIIIIII

0 [
120

125 130 135 140 145 150

my, [GeV]
90744/

« Loop decay like H—yy; sensitive to corrections
¢ Observed(expected) limit 9-11(9)xSM Higgs

¢ Nothing unexpected here



H— WW—lviv

CATLAS
2 EXPERIMENT

Run Number: 204026, Event Number: 33133446

Date: 2012-05-28 07:23:47 CEST




WW—Ivilv

« The most sensitive channel for 130<m <200 GeV

— Still one of the 3 most important at 125 GeV

— But poor mass information due to 2 undetected neutrinos
« Good trigger, reasonable rate

— Largest background is non-resonant WW

« Also top when looking at WW+1 jet

— Backgrounds measured from control regions
¢« Request two leptons

- p>15,25 GeV in ATLAS

— All flavour combinations used (e-u has little D-Y background)
« Require missing E. (E®) and p-(Il) for WW
« Select signal using kinematics : e.g. A¢ and m,

selections

« Most backgrounds estimated from data
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WW signal region

Treat 0/1/2 jets separately
¢ Same flavour/DF both
¢ 2-jets (targeting VBF) right
Complex background mix
¢ Signal is extracted with a fit in 2
or 3 dimensions
¢ Poorly represented by plots
here
Excess seen in all channels

The Higgs boson decays to
WW

S/(S+B) weighted events / bin

Events / bin

1000

500

10

CcMS 4.9 b (7 TeV) + 19.4 fb' (8 TeV)
B e e e e e A T e e e
| -~ data B WZ+ZZ+VW o, _ 125 Gev |
— H—->wWw top e 0/1-jet
| w© B DY-+jets

i W+jets WwWW

0/1

L

top
- Wy(*)
W-+jets
B wz+zz+vvv

n 1 P
150 200 250
m; [GeV]
CMS 19.4 fb' (8 TeV)
—— T ——
| ®- data ww m, =125 GeV |
-— H—->ww [l DY+jets ex 2-jets, VBF tag ]
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Spin/parity

We know integer spin, not 1 from yy decay observation
¢ Unless Yang-Mills is evaded; e.g. Each photon is a pair..

We can measure in ZZ/\WW/yy

But there are caveats:
¢ General spin 2 tensor structure too complex to analyse now
> assume strawman production/helicity structure
- E.g. gg or qq production
¢ The bosonic decay projects out 0+ from a mixed state
- We are not sensitive to mixed CP MSSM for instance
So..we do learn something
— But most theorists are not expecting surprises here
— The rates match too well the 0* model...
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Spin analysis in Higgs decay

Z/Z decay has 7 observables
¢ Mass of the two Z's
¢ Overall global phi
¢ 4 spin angles
WW would be better due to large

decay asymmetry
¢ But the 2 neutrinos rob much
sensitivity.
vy lacks photon mass and their
decay angles
¢ But production angle sensitive

All of them bring sensitivity
¢ Analysis typically through BDTs
¢ Specific spins 0/1/2 models tested
¢ Spin 2 structure complex




WW, yyand ZZ

Entries
—
o
o

r ATLAS
L 1s=8TeV
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Spin/parity results

CMS Vs=7TeV,L=51fb"¥s=8TeV,L=19.7 fb’
§)° i —-@— CMS d - Median expected :
o> 60 [ Elo" = 1o - JP = 1o : : : 5
£ L o =20 .J + 20 : : :

6" 40 0 =30 | J" = 3o
20 ;
-20
—40
[0} 0; T 1 1 1+ 27 27 27 27

h
any any qg—X any qg—X any gg—X qg—X any gg—X gg—>X gg—X

¢ Most important result is that O* always matches data well
¢ Spin 1 is strongly disfavoured by yy observation

¢ Spin 2 model is example model, other could exist
¢ For any gg/qq production fractions



H— 1t status

« H—Tt Is a challenging analysis

¢ Multiple production:
¢ Gluon fusion

¢ VBF
. Most sem

¢ VH
¢ Multiple decay modes
¢ lep-lep
¢ lep-had
¢« had-had
¢« Use BDTs to extract
signal from background

¢ Control with Z—tr
¢ Control that via Z—pp
¢ Replace data p with 1




H—tt status

C 4 L T | T T T T | T T T T
o) 10 = —e— Data 3
o - [ Background (u=1.00
‘GC-‘.) - ------ Background (u=0)
L1>J 1 03 = - H(125) -7t (u=1.4)

C H(125)—=1t (u=1)

g Z 5013-

10? £ SLLASCONE2013-106
- Ho1t
10 ATLAS Preliminary
- [Lat-203m°
- Vs=8TeV
1 :—I- L1 1 l 1 11 1 I 1 | | 1 l | B 11
-3 -2 -1

log(S / B)

Events

108 CMS (unpublished), 4.9 fb™' at 7 TeV, 19.7 fb™ at 8 TeV
L] T L] L] l T T L] L]

SM H(125 GeV)—tt
= Data - background

[[-7] Bkg. uncertainty ]

SM H(125 GeV)—>tt

—8— Observed

1 07 20

ee Tl

6 e
10 eu M et 10E
o o v,
10° W b, M L

-
10*

0
log(S/(S+B))
10°

102
10
1

10"
-3 2 -1

0
log(S/(S+B))

¢« ATLAS finds 4.10 evidence (3.20 expected)
« CMS sees 3.20 evidence (3.70 expected)

¢ Together this looks very solid



Evidence for VBF

CMS Preliminary s =7TeV, L<5.1f" {s=8TeV, L< 19.6 fb""
. 7 = OF 0 L n. T
& A A 7 — B
% 10 - + Standard Model 7" ATLAS Prellmlnary = O ggH’ “agH’ TVH? TttH Observed =
=z - Best fit : ] = =
N3 et ; . Vs=7TeV [Ldt=46-48f" - fl sb ---Exp.for SMH |7
25 8 - eswal 5 . Vs=8TeV JLdt=203f" | °, g ' |
=0 - H S F ]
C : - ] 4= E
67 H . —H-> vy _ = .
L H " —H—>ZzZ* >4l i 6F —
= — HoWW Sy E E
- 4 =
2 ] 3F E
o ~ g B — 2\ E
T my=125.5GeV e SN / ] 1F <

| PR P S S S AN SRR 0; NM 1 |
_2 _1 1 2 4 1 1 1 - 1 1 1 1 1 L 1 1 1

0 3 % o 1 2 3

VY.ZZ* WW* 1T

M ogF et Hyer

« Use categories where the Higgs boson was seen with
forward VBF-tagging jets
¢ All 4 channels discussed contribute here
¢« Both ATLAS (40) and CMS (20) see something
¢ Together make good evidence for VBF
¢ This means we see vector bosons both in production and
decay
¢ So the interaction is well established



Higgs to uu

Emooo ATLAS Preliminary ; 23?stat) N CMS Preliminary Combination

; \s=8TeV, _[ Ldt=20.7fb" [ Single Top _ '8_0_07 Vs I= 8TeV L =1 9| 7 fb - I I3

'=10000 Houu [ W+ets — oy L ’

2 THK | ww ] =3 n .

L O . Z0.06 |- -
B Wz/zz/wy ] — ]
B Z+jets

o
o)
o

[ H[125 GeV] (x150)

o
o
g

o
o
¥

l

95% CL Limit ono x BR (H—
o
o
W

_ = N
* i
o
(@)

-
l

Data / SM

_l I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
120 130 140 150

my, [GeV/c?]

« Expect rate suppressed by (0.106/1.778)? ~ 1/280 w.r.t. 11

« Good efficiency & mass resolution improves things
¢ Obs(expected) limit 7(5)xSM - CMS
¢ Obs(expected) limit 9.8(8.2) xSM - ATLAS

« Clear evidence for lepton non-universality



H—bb status

e S e e N A
imi -e- Dat
. L ATLAS Preliminar Yy —at ) (best fity
D rr] 1= Vs=7TeVv [Lat=4a7m" vz —
O I n a n e Ca B Uncertainty
L Vs=8TeV [Ldt=20.3fb" 1 VH(bb) (n=1.0)

I~ O+1+2 lep., 2+3 jets, 2 tags
0.8 | Weighted by Higgs S/B

¢ But lost in gg—bb background
Use WH and ZH to improve s/b
Both ATLAS and CMS see

something of Higgs decay to bb 0.2 ;
¢ 2.10in CMS OEJY- ? I/////////// s

¢ 0.40in ATLAS |

0.6~ -

0.4

Weighted events after subtraction

N S BRI B
100 150 200 250

m,, [GeV
The Tevatron reported 2.90 for S —— -
H—bD  phys rev. Lett. 100, 071804 (2012) i T son -
There is some evidence B hieaas e
« Butitis not very solid yet
In the SM 57% of Higgs bosons L £
decay to b quarks £ - st
« We need this well measured to Iy
understand total decay rate £ - - "’“H**}*_%

-4 35 3 285 =2 15 05 0
10g(S/B)



So does H interact with quarks?

¢ Yes! g
¢ The gluon-fusion production process t
IS basically a top quark loop 3 [ — H
¢ Gluons couple to quarks t
¢ Top quarks are massive and couple to g
Higgs (a)
o If we do a 5-parameter fit: £ o amaspeimnay e
S b (5=7TeV,[Ldt-4648f" :
¢ I(W’ KZ’ Kt’ Kb’ KT R ol \'§=8TeV,det=20.3fb“ Observed
« We find the top coupling - Combined H- 1,22" WW"tr,pb S exeect

cannot be zero !
¢ ATLAS finds it a little lo -
¢ But 14% chance in SM \:

¢ Butisn'tit a bit indirect?




So look for ttH

« ttH has low rate but distinctive signature
¢ But complicated

« Several Higgs decay modes used:
« H—vyy, bb, leptons or tau
« ATLAS only used at yy, bb so far

CMS Preliminary {s=7TeV,L=5.01b";(s=8TeV,L=19.5 o'

" — T o CMS results (left) give 2.70

2 -t evidence for ttH production
¢ 1.20 expected

:: i - ¢ ATLAS found p =1.7+1.4 in
bb mode, no combination yet

LT o « Together there should be 30

wosge = evidence for this modes

Best fit olog, at m,=125.7 GeV

Hadronic Tt |

Same-Sign 2| — e




In summary

Gross, Moriond EW

19.03.14
_ 0.33
lJLYY — u=1 '57;"0.28 ——
Miww [— u=1.00"2 ATLAS —_
U o—u=1 .4j‘:f [m =125.5 GeV] i =
Mbb — n = 0_2'::67 -
Combined fit [— u=1.307" — —
0.27
l"“YY — uv= 0'773-0.27 Tt
| - +0.28
Uz I u=092"" ——
— +0.2
“ww [— nw=0.68""" CMS ——
| - +0.41 B
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Signal strength

¢ 5 big channels reasonably consistent
¢« ATLAS have opposite fluctuations to CMS!

¢ Errors includes systematics;
¢« PDF and QCD scale are largest



The couplings fit

m Basic ingredient: yields per category/channel (e.g., VBF 2J
tag of H-> vy)

Production modes: gg, VBF, W/ZH, ttH + Final states: yy, WW, ZZ,
bb, Tt Zy, un

m Follow prescription form LHC-XS working group assuming:
m Only one resonance + Narrow Width Approx. + SM Lagrangian
tensor structure (also implies CP=0%)

m Observed yields parameterized SM prediction x coupling
scaling factors «k~

s SM equivalent to all k=1
m [his simplified approach is sufficient for today’s available statistics
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The couplings fit

¢ Fit with only k,, and k;

¢ Allows multiple different
modes to be compared and
contributions assessed

¢ All channels are compatible
with standard model
expectations in fermion and
vector coupling

CMS Preliminary Vs=7TeV,L<51f" {s=8TeV,L<196 b’

. o SM Higgs ® Fermiophobic

ot

O Bkg. only




MSSM constraints
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¢ MSSM Higgs sector is defined . ATLAS Preliminary 3

by m, and tan( at tree level , (o=7ToV, [Lat= 46481 E

« But radiative corrections 5 =BTV, Lot =203 v E

im portant 5 Combined h — yy, ZZ*, WW*, tt, bb _g

¢ Old MSSM benchmark 4 SPes RS v E

scenarios fix all other 3 PE SO TR
parameters 2 ATLAS-CONF-20%4-(
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¢ One new approach is to
absorb radiative corrections
Into a single parameter used to
fit m_ at each point
¢ Only approximately true
¢ Deduce m,>400 GeV
¢ Within assumptions



New particle search

CMS Preliminary ys=7TeV,.L<51f" ys=8TeV,L<196 "

50— e -

_cl - Ky, Kg, BRgg, — Observed -
¢ Another possibility is to i ji: - Exp. for SM H :
ASSUME a SM Higgs ' 35E E
¢ But allow the loops to 3.0F E
have unknown particles 255 E
¢ ggF, H—vy 208 :
¢ Test for invisible/ oF 3
undetectable branching ratio .= 7 E
¢ CMS find Br < 52% @ o_oO: 0'20'4 nnnnnn 3 _'E'; nnnnnnn 5 fé nnnnnnnn :1
950/0 BRBSM

¢ ATLAS Br<41% (55°/o

expected)

¢ Loop strengths also with 20
of SM prediction



Search for Higgs decay to
Invisible particles

Need to tag production:
¢ ZH, Z—Il ATLAS/CMS

» ZZ background dominates

¢ ZH, Z—bb CMS
« VBF (CMS)
- Z+jets b

Control of missing energy
essential
Limits:

o Br<75% (62%) - ATLAS

¢ Br<58% (440/0) - CMS

Events / 100 GeV

Direct invisible Higgs hunt
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DM in Higgs-portal model

v LPDb]

S
X-

DM-nucleon cross section g
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Combination of VBF and

ZH, H — invisible CMS
Vs=8.0TeV, L =18.9-19.7 fb' (VBF+ZH)

Vs=7.0TeV, L=4.9fb"(ZH) B(H—s inv) < 0.51 @ 90% CL
my =125 GeV
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Higgs Width

Direct measurement of the peak lineshape
¢ Limited by experimental resolution
¢ CMS set 3.4 GeV upper limit from llll mode
Extract from peak position
¢ Interference with background moves yy peak c/f Il
- Or even use high/low p. difference in yy
¢ No results yet
Use high-mass tail of BW in llll (& interference)
¢ High-mass cross-section stable; take ratio to peak
¢ Assumes line-shape is not distorted by new physics
¢ New CMS result next slide
Extract from invisible, undetected cross-section discussed

¢ Assumes relations between couplings
¢ 6 MeV upper limit from ATLAS data



Width via ZZ mass distribution

Use observed lineshape
l’:::.ﬁil.\u - hi:i (¢-BR)sm = p(0 - BR)sm

off —peak off —peak,SM
dUgg—'rH—e‘ZZ - ‘dcrgg—eH — 27
dmyy dmyy

Need to understand interference
with gg—Z2Z2

¢ Assume K-factors same to 10%
Take measured on-peak oH

Using ZZ in llll and llvv modes
¢ MELA in llll suppresses qq—ZZ
[, <17MeV (35MeV expected)
¢ c/f4.2MeV in SM
Could this become measurement?
¢« Needs improved calculations

Events/5GeV
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What next? Run 2 and beyond

The increased beam energy increases cross-sections by a

factor 2.7
¢ ...and a factor 5 for ttH

100fb! in Run 2 will allow ~10 times the Higgs production
¢« Measurements becoming increasingly precise
¢ Testing the SM in a new sector

The BSM Higgs potential is huge
¢« NewareasinH, A,H" a, H*
¢ Will naturalness / the Heirarchy problem finally yield?
¢ Perhaps we find SUSY in Higgs decays — or vice versa

Then 300fb!, and finally 3000fb-" will allow detailed explorations
¢« Maybe even access to the self-coupling



To conclude

o After 50 years we have found something remarkably like
the SM Higgs boson:
« Mass ~125.6 GeV
« 07 jP strongly preferred over alternatives
« Decay to ZZ, WW, vy, 11, maybe bb

. Lack of decay to pyu
« Evidence for VBF and gluon fusion: ttH next?
¢ [,<17 MeV, m,>400GeV (with assumptions)

¢ The experiments are preparing for Run2

¢ In 2012 LHC worked remarkably well
« We have twice the discovery data already
« 300fb™" at 14TeV will allow great precision
« And maybe more discoveries...






