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




It was a team effort !
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CMS Run1 Higgs Scoreboard

19.7f07" (8 TeV) + 5.1 b ™' (7 TeV)
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CMS Run1 Higgs Scoreboard
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CMS Run 1 Legacy
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197107 (8TeV) + 5116' (7 TeV) 4
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Technological
Legacy
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CMS Fundamentals: PhySiCS

 Magnet & Silicon Tracker

 Muon Chambers

» Crystal EM Calorimeter
Particle Flow
Big Data & Multivariate Methods
Higher Order MC Tools

Legacy

EWK Symmetry Breaking
Higgs Mass Parameter
Spin & Parity

Origin of Fermion Mass

Fine Tuning & Hierarchy Problem
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Higgs Boson : Physics Legacy

A clear unambiguous new particle observed

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

iIn multiple decay channels ! B R —
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Technological Legacy:
Compact Muon Solenoid
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CMS: Compact Muon Solenoid
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Technological Legacy:
Compact Muon Solenoid

World’s largest all-silicon tracker

Near 100% efficiency

Impact parameter
resolution: ~ few 10um

Momentum resolution:
~1-3% for 1-100 GeV
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04 —CMS Simulation Vs = 8TeV
-
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CMS: Compact Muon Solenoid

CMS Simulation
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Allows to reconstruct muon momentum
and Higgs mass to ~1% level
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CMS: Compact Muon Solenoid

...then after a lot more hard work :

CMS Vs=7TeV,L=5.1fb";{s=8TeV,L=19.7 fb"
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Technological Legacy:
Crystal EM Calorimeter
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Technological Legacy:
Crystal EM Calorimeter

* Lessons in operating a calorimeter composed
of ~75000 crystals

* Operational Stability

* Temperature Control
( £0.05°C)

» Variations in light yield

* Monitoring over time

» Radiation Damage

mmm) Calibrations !
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Technological Legacy:
ECAL Calibration

vy pairs / 0.005 GeV/c?

Barrel: n°->yy
05 04 0.12 014 016 0.18 02

s , , , g 390
* In-situ inter-calibrations using 2 40
resonances, geometric symmetries, S e 105
electron E/p S 200
—> for each of 75000 crystals to 50
precision of 0.5% o
 Live monitoring of crystal el
transparency with laser light : once 80 60 40 20 O 2 o 60 50 0e
every 40 min for each crystal | cus sy
 Corrections for local containment, ¢ o - V? ”:‘“““: T
module boundaries, shower-shape, ¢ o N
pileup, etc. Eoolndi -
Each is a monumental task | & w ;SMI ml*ﬁillﬂ\mlf:
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Technological Legacy:

ECAL Calibration

From: Y.Yang Caltech PhD Thesis
3
pe-at 1O e N T e e e e B R BB
45:O-I0II| IIIIIIII |IIII|I|II|IIII| IIIIIIII —t No : | | |. .l. | | - :
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- CMS Data 7TeV 2011 —
30 :_ ...
C ° .
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0875 80 85 90 95 100 105 110

100 110 120 130 140 150
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160 170 180
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Example Trivia: CMS ECAL in-situ inter-calibration

has a ~40% impact on H->vyy sensitivity
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Physics Legacy: H2>vyy

S/(S+B) weighted events / GeV
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CMS Core Design

« Core design principles of CMS were indeed the key
factors for the Higgs discovery
« Strong spectrometer & all-silicon tracker

e (Clean muons
 Precision ECAL
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Physics Legacy:
EWK Symmetry Breaking

W and Z Bosons get
their masses from here

o(VW>WV)

...and we avoid unitarity
violation in VV scattering
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Physics Legacy:
Higgs Mass at Incredible Precision

Higgs Mass : the only free parameter of the

TTTT | ||||||||||||||||| | ||||||||| | |||||||||
~ /T T T T L L | ATLAS H—yy F————+ I Total
S - ATLAS and CMS —— H-oyy ]
c C LHC Run 1 —— Combined yy+4l ] cMSs HH}/}/ =] .
Nl 5 :_ ----- Stat. only uncert. . m Syst
u ATLAS H—ZZ 41 —
4 NN NS )i ]
- CMS H—ZZ 41 e
3 N\M\\Y )i = e
C ATLAS+CMS yy ]
2
E ATLAS+CMS 4] f—eo— ATLAS and CMS
T N\ ]
. - | ATLAS+CMS yy+4l = LHC Run 1
' ' ' el 1 Lo, Liviinnnn
124 125.5 126 124 125 126 127 128
m,_, [GeV] mH [GeV]

m, = 125.09 = 0.21 (stat) £ 0.11 (sys)

Si Xie Precision better than 0.2%
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Is it a Scalar?

* Alot of clever techniques were developed to
squeeze out as much information as
possible from the limited data sample

Scalar
Only ~25 Higgs| 5 ¢ i
events here | : 7 =z
q>) 63— B Z+X _;
L 5 :
af =
oF 3 —
Pseudo- ry ATRARANG (N
Scalar 0 0.102030405060.70.8 0.5’91)0-1
Matrix-Element based
Si Xie Likelihood Ratio
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Is It a Scalar?

—~ 120

o .
= 100;
:,/‘% 80"
£ 60f
X 40-

lmlil,-i ) ,'ah;l;li ,r#,*,

20

-20
-40
-60

* Pure pseudo-scalar ruled out at 99%
* Spin-1 and Spin-2 ruled out at 40 or more
« ...pretty sure the Higgs (mostly) is a scalar

CMS X = ZZ + WW 19.7 b (8 TeV) + 5.1 fo™! (7 TeV)
. - Observed - Expected 5 f ]
Mo +1ic WS+ i
0" +t20 [ | J + 20
0"+ 36 P+ 36

.il

+E

‘—‘T—‘NNNNNNNNNNNNNNNNNNNN

gg production

qq production

pseudo experiments

o
—

0.08
0.06]
0.04}

0.02}

30 -20 -10 0 10 20 - 30
-2x (L, /L)




Is it a PURE scalar?

Difficult to establish a definitive answer...

...but we can try to quantify




Is it a PURE scalar?

(1) Parameterize a hypothetical mixed state

Starting With SDiI‘I-O . Leading momentum

SM HZZ decay (a1) /jependent correction
2 2

AXj—o = ViVa) = v | [ag =™ Z(1A1)222 m§GZIGZz
non-SM ;i-' az f ;52) f *(Z)pv + as f ;ZSZ) f *(Z)mw Pseudo-scalars
- «(Z) rx «(Z) 7x (a3)
scalarS ::22) + ag'r waZ) f (Mmv 4 ag'r f;,,ﬁz) 7 (7).uv
'Y ——

ag’)’flzg')’)f*('y),yv + ag’}’f;‘é')’)f’*('y),yv) )

+
SM vy >




Is it a PURE scalar?

(2) Calculate probability density for observables as a
function of parameters

Observables/ Parameters
P(Q]|C) .,

(=(a,%a,“a",..)

Observables: m,, m,,, m,,, 5 angles

Si Xie
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Is it a PURE scalar?

(2) Calculate probability density for observables as a

functlon of parameters e e —
e g P Calculation

f gkg DDA D, g — | =
2 kg Poh+ N — -
feo Pug  Do- Do % P(pTr Yr ¢1 Myy, My, M3y, QlC) -

f%}wx my g & o

fi i W (B Y b8 doys(mye, my, ma, QA7)

e —_— prod(pT/ I¢[ S) X 7 d de

g

15 Doxg DY ml m2

faze,7 Dexg Duzg

f Dhg  Djy

f;rsv Dbkg ng
spin-one qq — X(f2) — ZZ Dig  Di- _;R _;R _G
spin-one decay X(fp) — ZZ 'Dgﬁg Dsee | C ) P | ) x
Spin-two qq - X(/P) —» 2z Dbkg DF
spin-two gg — X(JF) — ZZ D

LOtS Of Dlscrlmlnants Convolution with transfer functions

Lots of Templates...

Lots of Detalls Lots of integrals...
' * Lots of computation...

Lots of ingenuity...

BRSNS Smeil!
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Is it a PURE scalar?

(3) Fit data to extract and constrain parameters

CMS 19.7 b (8 TeV) + 5.1 b ™' (7 TeV) (- CMS 19.7 b (8 TeV) + 5.1 b ' (7 TeV)
j 16 _I T | T | T 1T | T | T TT I T TT I 1T I T TT I T | T l_ O ’-(\\] 1 T T T T | T T T / N T T |_9I5%l) Cll_ (3ID)
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< a3 m O '/' . ° ( )
o~ - —_ Observed, ¢ =0 or = (8D) i o O - >« Bestfit (3D)
v 12 ® H Y= 05— , \ XM -
i W Expected, ¢ =0 or = (8D) . . L® L ~ 4
- a3 T m = B y ? 3 i
10—~ — — . |
- ] @© I ‘-.. ]
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8K ~ %) 0f- S e -
7 i i
6 — - L i
gloseet™_ _ N\\_________ A4 i 7 © -0.5— @ —
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01 08 -06-04-02 0 02 04 06 08 1 - 05 o ; 0.5 1
Pseudo-scalar fraction f.; cos(0.s) Pseudo-scalar fraction f,; cos(¢,;)

Pseudo-scalar mixture above ~2 x SM Higgs ruled out <y
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Origin of Fermion Mass

Is Higgs responsible for generating fermion masses?
_/\dGL(I)dR + h.c. —)\u@L(I)C’U,R + h.c.

Higgs decays to 1t ?
Higgs decays to bb ?

‘\‘:‘\T UTe O
S 2
I o
> <
& 1so1 z
> S
A:) ‘_O



Technological Legacy:
Particle Flow & Tau Reconstruction

 Link tracks to EM &
Hadronic clusters
 |dentify e,u,y,h*,h"

* Find overlapping particles

« (Calibrate particles
according to their average
response

Si Xie
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Technological Legacy:
Particle Flow & Tau Reconstruction

Improvement over pure calorimetric reconstruction
~30% Better Jet Resolution
~40% Better MET Resolution

CMS Preliminary |
0.45 - H H : H H H H : H H : H : H 20 [ o . .g :
-\ s T : : Eo %' = CMS Preliminary 2010
----- O, 18 —e— 7-TeV data, 7.5 nb™, PF
E o\ S & . [ —=— simulation, PF
0.35 :_ ....... , ......... ......... ....... ...... e S e Elu,{ 16; 7-TeV data, 7.5 nb", Calo

i i i i —&— Particle-Flow Jets N - . N
i I © q4H —F— Simulation, Calo

iR O SUUURONUONON SNRPRONS SOOI OO VDK U0 O S
0.4 — i i i i i i| —H— Corrected Calo-Jets

Jet-Energy Resolution

E— ................. .......................... ..........................
C : : : : Minimum-bias events

C 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
% 50 100 150 200 250 300 350
YE, [GeV]
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Technological Legacy:
Particle Flow & Tau Reconstruction

CMS,\s = 7 TeV, 36 pb”

] 0.8 T T T
Well PerformingTau | & | .o
. Oz-=zt
Reconstruction R i
L .Qc%w'(
® t
0.4r .

Decay Channel Branching
Ratio

> hv, 11.6%
S h v 26.0%
T

= - (0}
T > halnlv, 95% single é@iﬁ
v > hhthy, 98% ey
T

T > nlv
T OV T ey T2nnny TUTE W

<
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Technological Legacy:
Particle Flow & Tau Reconstruction

CMS Simulation 2012

HPS 3p 8-hit
—o HPS 3 3-hit
—&— MVA excl. Lifetime
—&— MVA incl. Lifetime

—
<

III[II|

Well Performing Tau
Reconstruction

Fake-rate

~ 60% Efficiency ﬁ

@ 1-2% Mis-ID

IIIII|

P} > 20 GeV, n!l<23

Efficiency: Z/y — 1t MC
Fake-rate: QCD multi-jet MC (15 < P < 3000 GeV flat)

IIII|IlII|IIII|I[II|IIII|IIII|IIII|IIII

0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8
Efficiency
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Technological Legacy:
Era of Big Data & MVA Techniques

102

Production Cross Section, o [pb
-~ o

—
=i

I|I||II| ||I||II|| III|IIII| IIIIIIII| IIIIIIII| [ TTTHI

Backgrounds

CMS Preliminary

5 7 TeV CMS me

e Signal is smaller by
it > 3 orders of
magnitude

S:B <107

IIIIIII| | IIIIIIll

w W

ww

wz

zz

Y= | E

z Wy Zy _WW  qqll
All results at: http://cern.ch/go/pNj7




Technological Legacy:
Era of Big Data & MVA Techniques

Higgs : serious needle in a needle stack problem




Technological Legacy:
Era of Big Data & MVA Techniques

« MVA's used on an unprecedented large scale and
all were necessary to discover the Higgs:

Vertexing Photon energy regression
Electron ID & Iso Electron momentum regression
Muon ID & Iso B-Jet energy regression
Photon ID MET Recoil regression

Tau ID & Iso

Pileup Jet ID

H->WW S/B discriminator
H->vyy S/B categorizer
H—>bb S/B discriminator

Tau Vs Electron Discriminator
Tau Vs Muon Discriminator
B-tagging

Quarks Vs Gluons

Si Xie
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Physics Legacy: Fermion Mass

U) B T T T T I T T T T I T T T T | T T T T I T T T T I_
_ CMS, 4.9 fb" at 7 TeV, 19.7 fb" at 8 TeV D 80 CMS e Data _
> X ! 40k 2 sMH(125 GeV)-r: | c _ \s= 7TeV,L=5.0fb" B vH i
8 L M.Tfh, et,, T, T, eu Elzzta-background ()] _ \s= 8TeV, L _ 18 9 fb" |
— 2 2 . uncertainty = = .

= = : B ? g E - PP VH H- bb D ;L’b MC uncert ]
el — — - . —

g X P 0 ey 60 i -
& 2000 o) [ —— VH + VV MC uncert. ]
g [ -20F . 3 i 4

[ o
© [ -40 1 1 L] + 40+~ —
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L L SM H(125 GeV)—>tt ] L |
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o [ Czow ] N )
= - [ ] i L |
—~ B [ Electroweak §
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~ B ] - L — -
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0 50 100 150 200 250

m.. [GeV] m(j) [GeV]

H>t1:3.20 H->bb:210

Combined Significance : 3.8 o




Physics Legacy: Fermion Mass

* Pretty consistent picture of Higgs couplings
* \ery strong evidence that fermion masses are
iIndeed generated by Higgs Yukawa couplings

19.7 fo' (8 TeV) + 5.1 16" (7 TeV)
IIIIII I IIIIIIII I | I_

Q :Ill 1 L I
—~ [cMms t
N 1E
g | W
Lo_ 10-1 :_ _680/0 CL _
< : - 95% CL E
- |---SM Higgs

(M, g) fit
=68% CL
—95% CL

IllIllI | | lllllll 1
10 100
Particle mass (GeV)




Technological Legacy:
Era of Big Data & MVA Techniques

 Besides MVA methods, other novel techniques
were also developed:
« Kinematic fits
* Matrix element discriminants
« Special mass variables
( SVFit H->1tt mass, Razor )

Si Xie

CALIFORNIA INSTITUTE OF TECHNOLOGY




Technological Legacy:
Era of Big Data & MVA Techniques

« Razor variable mg developed in context for pair produced
SUSY particles decaying to visible & invisible particles
* Applies well to H>WW , and was used to measure m,,

19.4 fb (8 TeV)

400

Events / bin

200

LI | LI LI I T LI

—4- data top
[JH->ww [l DY+jets

I Waets WwW
B wzizzewy?

m,, = 125 GeV
eu 0-jet

4.9 0" (7 TeV) + 19.4 fb™ (8 TeV)

(o)
o

N

N

N
N\
N

AANNENNNN NS

—e— data - backgrounds
— HWW i

bkg uncertainty

m, =125 GeV |
eu 0/1-jet

S/(S+B) weighted events / bin

7
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7 SIS

TS ——
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Legacy: Experiment — Theory Feedback

 Many many new MC Tools and calculations
motivated by LHC Higgs experimental results:

* Higgs production has largest
LO->NLO->NNLO corrections of all LHC
processes

* Use of NLO MC popularized with Higgs @

_HC (eg. POWHEG, MC@NLO )

* Fully NLO + extra parton now being
commissioned for CMS : aMC@NLO

Si Xie

S
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Legacy: Experiment — Theory Feedback

* |mpressive achievements still in the pipeline:
NNNLO Higgs Cross section

 [mwosnmoswwosmno|  ze- | *  Scale variation
| uncertainty

T improves from
| 8% to ~3%

vs=13TeV | B Mistlberger @
Si Xie Moriond QCD 2015
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Legacy: Experiment — Theory Feedback

 New PDF uncertainties are also improved

Gluon-Gluon, luminosity

g NNPDF3.0 Ny

------- « CT14, NMHT2014,

"""" NNPDF3.0 are in much
better agreement now

* Uncertainty for ggH
cross section decreases
from 7% = ~2.5%

Generated with APFEL 3.0.0 Web

very good agreement now;
especially important now that
ggF known to NNNLO

2 3
10 1 1GeV] 10

J. Huston @ LPC Topic of
the week on Wednesday

INSTITUTE OF TECHNOLOGY
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Physics Legacy:
Higgs Boson and What Else?

Higgs Boson confirmed, with mass ~ 125 GeV
« Radiative Corrections to Higgs Mass:

3 AN
o, = S (i 2my 4 m + amt)A ()

500GeV

tends to push my, to high energy scales (GUT,
Planck) unless there is extreme fine tuning

* S0...we expected new physics @ ~ TeV scale

But...nothing so far...

TUTE
o\ 1)
S o

Si Xie 1
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Run 2 Prospects

CMS Run 1 Legacy

Si Xie
CALIFORNIA
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LHC Run 2

® Peak luminosity =~Integrated luminosity
6.0E+34 — ) — :

r— —

5.0E+34

4.0E+34

3.0E+34

1S3
LS4
LS5

2.0E+34

Luminosity [cm2s?]

1.0E+34

0.0E+00

10 11 12 13 14 15 1617 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

Run 2 : up to ~150 fb-1

1000

100

10

0.1

Integrated luminosity [fb]




LHC Run 2

* Run 2 Commissioning well under way

« 6.5 TeV Beam Energy already achieved

 If things go according to schedule,
expect collisions in mid-June

|+ LHC Pagel
LHC Pagel Fill: 3609 E: 6500 GeV 11-04-15 12

T o

BEAM SETUP: FLAT TOP

P N
6500 GeV I(B1): 5.34e+09 I(B2): 7.64e
1LY na o AL m

ntens
9E9
8E9-
7E9 .
6E9
= .
Z
2 5E9-
z
E 4r94
3E9-1
2E9
1£9+

BIS status and SMP flags
mits

0 0 0
e
Comments (11 _4 _ — Link Status of Beam Per

Global Beam Permit
1
Both beams up at 6.5 TeV!!! Setup Beam
Beam Presence

Moveable Devices Allowed In

u u
S I XI e Stable Beams
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LHC Run 2

What to expect on Higgs ?

Establi

Establi
Establi

IS
IS
IS

N H->bb decay
n VBF production mode

N ttH production mode

More precise measurements
More searches involving Higgs

| will give a sneak preview
of 3 chosen examples

Si Xie
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ttH Production

* Top Yukawa already probed through gluon
fusion production and H->yy decay

« But direct observation can yield more
information

ttH cross section
8TeV : 0.13pb
13 TeV : 0.51 pb (4 x bigger)

Si Xie
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ttH Production

3 Categories of Higgs Decays

— ¥V —

H->Hadrons H->yy H->leptons
H->Dbb L SWW
_%Thrh Leptonic | | Hadronic 1227
W 4>

4 lepton

Leptonic top || Hadronic top Same-sign | |3 lepton
Dilepton R
Si Xie w2

isel o
M
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H—>Hadrons

MVA discriminant

_CMS ttHbb

(s=8TeV,L=19.3fb"
Lepton + >6 jets + >4 b-tags

Events

ttH Production

3 Categories of Decays

H->vyy

CMS ttH yy hadronic  \/'s =8 TeV, L = 19.7fb'

Events

) a N 2]

Data/MC

Events

H->leptons

MVA discriminant

CMS ttH, pp* channel  {s=8 TeV, L= 19.5 fb"

L W tHwW

Fom 2yt
C @wz

r Others
L [ Non Pr
- ttHx5

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

208 -06 -04 02 0 02 04 06
BDT output

CALIFORNIA

—+ Data
— Bkg fit
M +10
26
— m,=125.6GeV -
160 180
my, (GeV)

Data/Pred.
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ttH Combined Result

CMS \s=7TeV,505.1fb" {s=8TeV, 19.3-19.7 "
B8 Expected + 16

Is=7TeV,505.1f" (s=8TeV, 19.319.7 "

— . mre --- Expected+ 2¢
- --- Expected (sig. inj.)
— bb [~ = Observed

Tth - ] ThTh

. .- 4l

8= — 3l

Same-Sign 21— —— Same-Sign 2
Combination — ——

11 1 11 1 11 1 | 11 1 I 11 1 l 1 L I 11 1 | 1 11 I 11 1 l 1 11 i i
e Lo b b b b b b uu b b Combination
Best fit o/cg,, at m, = 125.6 GeV 1

10
95% CL limit on o/cg,, at m, = 125.6 GeV

BestFit u=28+1.0 Significance : 3.40

Excess above SM expectation ~ 20

Si Xie
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Dilepton

Lepton+jets

Combination

ATLAS
ttH (H—bb)
Is=8 TeV, 20.3 fb”

{555 Expected + 1o

Expected *+ 26

—— Observed
Injected signal (u=1)

Si Xie

8 10

Best Fit u=1.5+ 1.1

Excess above SM expectation ~ 1o

12

95% CL limit on G/GSM at mH=1 25 GeV

1127,

41

21,

3l

2107,

All

ATLAS Hints?

H=lepton decays

— \s=8TeV, J Ldt=203fb"

ATLAS Preliminary

—a— Observed CL_ limit
...... Expected CL
------ Expected CL’ signal Injected ]

= Expected + T'c
[ Expected +2 ¢

10
95% CLg limit on p=o/c_

Best Fit u=2.1+1.3




ATLAS Hints?
H->bb __H>lepton decays

11274 — \s=8TeV, J Ldt=2031"

Dilepton ATLAS | ATLAS Preliminary

4 —
tiH (H—bb)
\s=8 TeV, 20.3 fb” 2t [

Lepton+jets

Combination

95% CLg limit on p=o/c_

BestFit p=1.5%1.1 Best Fit p=2.1+1.3

Excess above SM expectation ~ 1o

Si Xie



Higgs 2ur

« Off-diagonal Yukawa’s generally allowed
« Theories with more than 1 Higgs doublet (eg.
SUSY) , Composite Higgs, etc.

* Indirect limits on H>put or H>et only at ~10% level




Higgs 2ur

« Search in H>ut, and H->pur,, channels
« Signature is very similar to SM H->tt except:

(1) Muon is from prompt decay and carries
larger momentum

(2) Only one neutrino, so MET tends to be
collinear to visible tau decay products

Si Xie
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Higgs 2ur

« Categorize by N, bins

* Kinematic selection on lepton p, my, AD et

* Final discriminant is Higgs mass from collinear
approximation 10715" @ To0

> N T T T T l T T T T I -
8 2000 _—CMS e Data, ut,
o o [ Bkgd. uncertainty

[ zore
g 1600 vt
I Other

Misidentified leptons
= LFV GG Higgs (Br=100%)
...... LFV VBF Higgs (Br=100%) -]
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Higgs 2ur

* Observe small excesses in a few categories
 BestfitBR at 0.84% + 0.4%
» Significanceis 2.4 0

ut,, 0 Jets
1.32% (exp.)
2.04% (obs.)
pt,, 1 Jet
1.66% (exp.)
2.38% (obs.)
ut,, 2 Jets
3.77% (exp.)
3.84% (obs.)
(1L 0 Jets
2.34% (exp.)
2.61% (obs.)
ur 1 Jet
2.07% (exp.)
2.22% (obs.)
ut , 2 Jets
2.31% (exp.)
3.68% (obs.)
H-pt

0.75% (exp.)
1.51% (obs.)

.
SI r AN A4

CMS 19.7 b (8 TeV)
|l Ll ’ |l 1 1 I 1 ] ] |l I T |l 1 I 1 1 ]
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- X Expected ]
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I .

1111111111

l i l | l e
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95% CL limit on B(H-su1), %

CMS

19.7 fb' (8 TeV)
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066
087 %
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+0.85
0.81 5%

ut,, 2 Jets

58
005 1589

nT, 0 Jets

1.20
0.41 429

KT, 1 Jet

1.03
0.21 Yos

nt, 2 Jets
+1.16
1.48 11189

L]

H-pt

+0.39
0.84 557 %

RN FEEEE FTETE PN NN N

—
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15 -1
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Higgs 2ur

* Couple of examples of the excesses

Events / 10 GeV
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Higgs 2ur

All Channels Combined
S/(S+B) weighted Background subtracted

: 19.7 " (8 TeV
19-7 fb ! (8 Tev) 1 0 T T I T T T 1 I T T ( T )
> - g C ]
o) - CMS e . - CMS LFV H-syt signal (B=0.84%)-
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The other Higgs’s : A>ZH

* Any model with two Higgs doublets ( eg. SUSY )

predicts additional Higgs particles:
* Another CP-even scalar : H

A CP-odd pseudoscalar : A
* Two charged scalars ( H",H")

* Recently suggestions that large (A,H) mass
splitting may yield favorable baryo-genesis
 Then A->ZH is the most frequent decay mode

e So...let's search for it...

Si Xie
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A->ZH->Illbb

« Select Z>ee & Z->uu decays + 2 b-tagged jets
« Suppress ttbar by requiring low MET significance
« Search for excesses in bins of m,, and m,,

>1 200 =T I T I T I T I T 19|‘8 fb.' = TF\Q >1 400 LML N L L I A B A B LA |19|8 ﬂ::-1 (|8 TleV)
o [+ CMS o) i + CMS ]
(OD Preliminary ] (5 | Preliminary
(4\)1 000 E gzta 7 81 200 :_ —¢— Data -
"g L I Z+bb i "UE)'I 000 r E g:.]bb a
g) 800 - ] §+bx 7 o) - [ Z+bx 1
LIJ B Z+xx = B Z+xx i
I — LW 8oo|- T

600 N I tt lept j i . W ]
Ctidilep | 600 B ttlept 7

=t ] L [ Jttdilep

400+ Wz . - E w;v ]
2z 400 — e .

200r 200} -

O L | I | O B ]

0 100 200 300 400 500 600 0 200 400 600 800 1000

M., (GeV) M, (GeV)

Q .25 I z O 2 ;

S 1.5H bofotgogeids S 1.5¢ " 18

E L S e B S t $ t t I; 3 1; L Bt LI § t 4 % t ¥ t
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A->ZH->llbb

* Two most significant excesses found are in regions
centered at:

(1) M, ~93 GeV, m,,,, ~ 286 GeV
 Local significance: 2.6 o
 WithLEE: 160

(2) M, ~575 GeV, m,, ~ 662 GeV
« Local significance: 2.85 o
« WithLEE: 190

« Excess (1) is in a region where one expects
sensitivity to the signal.
* je. it's consistent with SUSY
Si Xie
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A->ZH->llbb

Expected Observed

CMS Freiiminary 198" 8TeV) _ o CMS preliminary 198767 BTeV) .
E 2HDIJI type-ll b'_ I+ type-ll b'_
— B).=1.5; cos(B - o) =0.01 \o\° cos(B - o) = 0.0 e
- o° SPTR
= I ] I
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CcmMs
167

19.7f07" (8 TeV) + 5.1 b ™' (7 TeV)
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Combination

CMS Run1 Higgs Scoreboard

19.7 16" (8 TeV) + 5.1 f6' (7 TeV)

Combined
W=100%0.14

CMSs

m, =125 GeV

— vy (untagged)

(8TeV) + 5.116' (7 TeV)
T

H — yy tagged
H — ZZ tagged
H — WW tagged
H — 1t tagged

H — bb tagged
SM Higgs

CMS 19.7 o™ (8 TeV) + 5.1 f5' (7 TeV)
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Summary : The Run1 Legacy

(1) Success in the core design of the CMS
experiment made the Higgs discovery possible

« Strong solenoid spectrometer & silicon tracking
* Clean muons
* Precision ECAL

CALIFORNIA INSTITUTE OF TECHNOLOGY




Summary : The Run1 Legacy

(2) The Higgs Boson is very Standard Model

* A spin-0 scalar as far as we can tell
 Mass =125 GeV with 0.2% precision
* No significant deviations from the SM predictions

||||||||||||||||||||| [TT T T T T T T T[T T T T TTTITT 197fb—1(8-rev)+ 51fb-1(7TeV)
IIIIII T T ||||||| T T l|||||| ]

ATLAS H—-yy k== e Total o N
= - CMS ' ]
CMS H—yy —o—i | Stat. Q> 1k :
1 Syst. & ¢ e oL
ATLAS H—ZZ 4l —— 5 [ b )
s 107F |—95% CL E
CMS H—ZZ -4l —=— -
"""""""""""""""""""""""""""""""""" 2 _
ATLAS+CMS yy i 107 E
ATLAS+CMS 41 HjEtH ATLAS and CMS 10_3 I (M,E) fit |
Tl T LHC Run T T =68%CL | ]
ATLAS+CMS yy+4i o
It el T i i, —95% CL
124 125 126 127 128 10¢ ol —

L 1 1 1 111 1 1 11 llllI 1 1 11 Illll 1
m. [GeV 0.1 1 10 100
 [GeV] Particle mass (GeV)

Si Xie
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Summary : The Run1 Legacy

(3) But there are intriguing hints ...

... or statistical fluctuations

10 19.7 o™ (8 TeV)
r _ | .1. _ 1 > L I T T l T T T
CMS Is=7TeV,505.1fb"Vs=8TeV, 19.3-19.7fb 8 . CcMS |:| LY Hosre o kpnal (Be0 4%
e i < 8- I:l Bkgd. uncertainty ]
~
bB — + _.g 61— —e— Data-Bkgd _
g
ThTh — . 1T
e
. 2
' R
(]
o
- i — +
Same-Sign 2| &
%)
Combination — —l— L ]
11 1 1 l 1 1 1 | 1 1 I 1 1 1 l 11 1 I 11 1 l 11 1 -4_ ]
-10 -2 0 2 4 6 8 10 L 1 | ! ! . ! | ! ! ) T

Si Xie

Best fit o/cg,, at m, = 125.6 GeV




Stay Tuned
For Run2

E: 6500 GeV 11-04-15 12

6500 GeV I(B1): 5.34e+09 I(B2): /.64e

FBCT Intensity and Beam Energy Updated: 1

Intensity

BIS status and SMP flags
Comments (11-Apr-2015 12:29:40) Link Status of Beam Permits
Global Beam Permit
Both beams up at 6.5 TeV!!! Setup Beam
Beam Presence
Moveable Devices Allowed In

SI Xle Stable Beams
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CMS Run1 Higgs Scoreboard

| significance
Channel Expected Observed
H>ZZ 6.30 6.50
H->vyy 92.30 5.6 0
H->WW 540 4.7 0
H>TT 3.90 3.80
H->bb 260 200

H>uu <010 040




L .S Technological Legacy:
Trigger & Computing

« 241M jobs completed from
2009 - 2015

* Average 3M jobs per week

i .  Up to 28K jobs

W backfill B t0-replay-express M t0-replay W relval

M analysis [ unknown W vmagenttesting [ skimming

M analysis-crab3-hc M processing M 0-express B 0-promptreco [ ] [ ]

M analysis-crab3 [0 t0-mergepack M procstep09 B hexrootd

M pbrobot [ t0-replay-mergepack B t0-replay-promptreco M gideinwmstesting I | I I n r | l I I I n
M reprocessing-merge M hctest M hcjobrobot M analysistest

M hiprocessing M ntegration M t-repack B kimming-merge

W hcdev I production-merge B hammercloud [ t0-alcaskim

B ©0-merge M deanup M t0-replay-merge . plus 36 more

Maximum: 6,658,636 , Minimum: 0.00 , Average: 3,006,404 , Current: 2,008,303

(1 = a
faydash Running jobs hb@
331 Weeks from Week 00 of 2009 to Week 19 of 2015 ! :
T T T — Completed jobs (Sum: 241,591,502)

reprocessing - 36.15%

30,000

production - 19.45%

M reprocessing 1 unknown - test W production ic - o,
B analysis W bsckiil mo B processing analysis - 10.16%
M znalysis-crab3-hc M vmagenttesting M relval M analysis-crab3

M hiprocessing [ skimming M t0-replay M t0-replay-promptreco

B 90-promptreco [ merge M analysistest W pbrobot

M privateproduction M reprocessing-merge M t0-replay-skimming M t0-repack

B t)-replay-express W hctest [ soreresults M ntegration

M )-express M hcjobrobot M preproduction [ backfill-merge

W «&im M skimming-merge B production-merge B doud-testing

B rammercloud M hexrootd W hedev plus 36 more

Maximum: 28,089 , Minimum: 0.00 , Average: 12,942, Current: 17,030
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H->ZZ Lepton Efficiency

Efficiency
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Technological Legacy:
ECAL Calibration

« Cluster corrections vs pseudorapidity

CI\IIISI Pfelilmilna'ry 2011 .W.'),e". e]eqtrpnlcgnQiqatps

1.14 = —— ECAL barrel - R9>0.94 — ECAL endcaps - R9>0.94 ]

1 1o~ ECAL barrel - R9<0.94 —e— ECAL endcaps - R9<0.94 -

11 inter-module Preshower -
boundaries

& e edge

<energy correction>

*.Illlllllllllllllll




Higgs Mass Systematics

ATLAS and CMS Uncertainty in ATLAS Uncertainty in CMS Uncertainty in LHC
LHC Run 1 combined result combined result combined result
IIIIIIIIIII IIIIIIIIIII IIIIIIIIIIIIII
ATLAS ECAL non-linearity / | 1 1
CMS photon non-linearity
Material in front of ECAL I I ]
ECAL longitudinal response ] ]
ECAL lateral shower shape | 1
Photon energy resolution | ]
ATLAS H — yy vertex & conversion .
reconstruction
Z — ee calibration 1 1
CMS electron energy scale & resolution 1] 1]
Muon momentum scale & resolution 1 | 1
ATLAS H — yy background modeling 1
Integrated luminosity |
Additional experimental ATLAS B CMS Combined
systematic uncerta!ntlles - Observed - Observed Observed
Theory uncertainties [CJExpected | [CJExpected | []Expected
IIIIIIIIIII IIIIIIIIIII IIIIIIIIIIIIII

0 0.05 0.1 O 0.05 0.1 0O 0.020.04 0.06 »
om,, [GeV]
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)
o
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z
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Higgs—-> Tautau

CMS, 4.9 fb" at 7 TeV, 19.7 fb" at 8 TeV

ee
0.05+1.60

uu
-0.54+1.38

eu
0.90+1.03

Tt

1.310.63

erth

0.31:0.55
T

W h

1.0120.41

H+LL' + I+Lrh
-0.33+1.02

m, =125 GeV

H—tt
0.78+0.27
o 1

4
Best fit u




Technological Legacy:
Era of Big Data & MVA Techniques

« Can measure my, to ~ 3 GeV : much better than the standard
H->WW analysis

CMS
| I I I

10 4.9 10" (7 TeV) + 19.4 fb™ (8 TeV)
I I I | | | I I |

-2 AlnL

gl = ewn0/1-jet, 6 x BR = (6 x BR)

SM ]




Higgs Width Measurement

Higgs Width < 22 MeV (~5.4 times SM prediction) at 95% CL

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

| ——— 4/ observed

------- 4] expected
—_— 202v + 4] observed
" ¥ onshel CMS 197167 (8 TeV) + 5.1 b ' (7 TeV)
------- 212V+4l°n_sh9"expected 'y L L L L L L L
60 —
Combined ZZ observed ¢ Data

09+VV —» ZZ
qq —» ZZ
B z+X

------- Combined ZZ expected

Events / 10 GeV
(6]
o

10 120 130 140 150
m, (GeV)

-

0% 2ie”
C¥ S BTSN B SR AT S BT ST ST BT AT ST ST

ST

10 20 30 40 50 60

0 - L .
100 200 300 400 500 600 700 800
Iy (MeV) m, (GeV)




ttH Production : H> Hadrons

Lepton + Jets Signal : Bkg Exp Signal Events

6+ jets, 2 b-tags
4 jets, 3 b-tags
o jets, 3 b-tags
6+ jets, 3 b-tags
4 jets, 4 b-tags
S jets, 4 b-tags
6 jets, 4 b-tags

Dilepton Signal : Bkg m

3 jets, 2 b-tags
4+ jets, 2 b-tags
3+ b-tags

0.3%
0.2%
0.5%
0.8%
1.3%
2.3%
2.6%

0.1%
0.3%
1.3%

28.5
12.4
18.1
18.9
1.5
4.4
6.7

7.4
14.5
10.0




ttH Production : H-> vy

Expected yield in 2012 8TeV data

Hadronic Channel | Leptonic Channel
ttH 0.51 0.45
Total Higgs 0.03 0.01

Data 32 11




Events

Data/Pred.

CMS ttH, e'u* channel  ys=8TeV.L=19.5fb"
L R e =

e Data _
250 m qH ]
- muw i
L -, ’Y .
20— m tty .
T B WZ ]
- [ Others .
15_— |
r o
100

|
!

Data/Pred.

02 04 06 08
BDT output

Q% 06 04 02 0

Events

Data/Pred.

- Data

M ttH

M tW
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o tty

= Wz

[ Others
[J Non Pr
@ Ch misld
= ttHx5
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—
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BDT output

Events
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ttH Combined Result

CMS ttH, p*u* channel s=8
™
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o Data
M ttH

M| ttW

0o tZ/iy*
= Wz
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Higgs 2ur

H — ut, H— ut

Sample 0-Jet 1-]Pét 2Jets 0-Jet 1-]e}tl 2Jets
misidentified leptons 1770530 3774+114 18410 | 42+17 16+£7 11407
Z —TT 187 £10 50+4 044+02| 65+3 39+2 13402
77, WW 46 + 8 15+3 02+£02 | 41+7 22+4 07+02
Wy — — — 2+2 2+2 —

Z — eeor uu 110 £ 23 207 01401 |1.6+£07 1.8£08 —

tt 22+0.6 24+3 09405 |48+07 30£3 18+04
tt 22+1.1 1343 05+£05|194+02 68+08 02+0.1
SM H background 71+13 53+£08 1.6£05|(19+03 1.6+02 0.6=£0.1
sum of backgrounds 21254530 513+114 54+14 16019 11849 5.6=+£09
LFV Higgs boson signal 66 £ 18 308 29411 | 23+6 13+3 1.2=+03
data 2147 511 10 180 128 6




A->ZH->llbb Bkg Model

* M,,, spectrum for Z+jets process is reweighted at
gen-level for NLO effects, by comparing madgraph
with aMC@NLO

« Afit to m, and product of b-tag discriminators is
done to determine correction factors for different

bkg components:
« Z+bb , Z+b+jet, Z+light jets, ttbar

Event yields after final selection cuts

] Zbb | Zbx | 7Zxx | tW | tt | WZ \ 77 \ WW \ Zh | tot. MC | data |
(3039 £51 | 494£24 | 780+37 | 29+4 | 127048 | 121 | 113+1 | 0.3£0.2 | 21.5+0.1 | 5758468 | 5776 |

Si Xie
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HH Production

. Primary channel to extract information on the Higgs
potential = structure of the EWK Phase Transition

. Two interfering diagrams:

(destructive)
T 2 T T T T

g 7 -~ BOX mm HHHself
% 15_" ::(zo ] COUp'Ing

s 4 i ’ g
t,b h,’
] N
] t,b N
10 °

/ }\‘SM

HHH HHH

A

Si Xie

CALIFORNIA

INSTITUTE OF TECHNOLOGY




Events/2.5 GeV

HH - bb yy

. Bkg suppressed by resonances & decay kinematics
. Resonant bkg : ZH & ttH , H>vyy

. Non-resonant bkg: bbyy , fake photons, mistags

20

25F

IATLLAS Slimullationl Preiiminlary ]

= H(bb)H(yy)

\s=14 TeV, 3000 fb™" 1
ttH(yy)

Events/10 GeV
%

T | T | T | T ]
ATLAS Simulation Preliminary 1
\s=14 TeV, 3000 fo"'

t ] ~ ™ H(bb)H(yy)
== bbH(yy) X 7 16 ™ bbH(yy)
' Z(bb)H(yy) ™ bbyy - - Z(bb)H(yY)
Others 7

CALIFORNIA

ttH(yy) —
X =
= bbyy .
Others 7

100 150 200 250
m,, [GeV]
Si Xie |AtL-PHYS-PUB-2014-019

: !
200

250
m, s [GeV]

Events/arb. unit

o

N o
3 w
T

.
N
IIIIIIIII

0.05F |

0.15F

0.4F

" ATLAS Simulation Preliminary -

\s=14TeV ]
= H(bb)H(y7) ttHiyy)
e bbyy = = Z(bb)H(yY) -
-llttrY mil be('ny) i

INSTITUTE OF TECHNOLOGY




HH - bb yy

. Preliminary projections show cross section
measurement sensitivity at the level of ~60-80%
per experiment - 50% for combination

Vs=14 TeV, PU=140
- CMS Phase Il Simulation | | :

~_Preliminary

—_
N
o

L

—_
o
o

0]
o

-
ol
I|III

ATLAS Simulation Preliminary
\'s = 14 TeV: 3000 fb"

I
o

-
o
II|III

Nominal Luminosity_:

N
o
T

Relative Uncertainty on Fitted Signal Yield [%)]
o))
o

Projected limit on the total HH yield (events)

C ---- Exp. 95% CLs
5 Etlo B i
- [Jx2o I | | | | L]
_I I 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 I 1 1 1 I 0 L L L ! L L L L L L L L L L L L L L L L L L L
S 0 2 4 6 8 10 1 2 3 4 5 6
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HH - bb yy

. Preliminary projections show cross section

measurement sensitivity at the level of ~60-80%

per experiment - 50% for combination

. But very sensitive to detector performance...
...and improvements still possible

Vs=14 TeV, PU=140 Vs=14 TeV, PU=140
— T T T T | T T T T | T ]

\° H T | T T T T [ T T J .l | T T .I T I | '_o‘ [T T T T T T T T T T T T T T
= gor. CMS Phase Il Simulation E =128 s Phase Il Simulation E
o = Preliminary 3 2 90 prelimina E
> = > E i 3
5 801 E Z 80F =
g 705 \\ = 5 20 E
& 3 » 70F 3
£ 60 = PN E
— [ [y -
5 505 \‘\. E § 50F \\\ E
5 40F E S 40 =
s a0- . 3 : a0t =
3 20E Nominal result - 2 o0b Nominal result =
=2 3 2 F 3
3 10 = g 105 =
0:I 1 | 1 - 1 [ 1 11 1 1 L1 1 I - 11 | 1 1 1 1 | 1 0 1 | 1 11 1 1 11 1 | 11 1 | 11 11 | 11 11 | 1
T 20 -10 0 10 20 30 -10 0 10 20 30 40
Relative Improvement In B-Tagging Efficiency [%)] Relative Improvement In Photon Efficiency [%] |

Si Xie
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Higgs Couplings

Translated to coupling measurements..
(with current systematics)

- Imﬂﬂﬂﬂlﬂ

% 6% 6% 8% 13% 15% 8% 41% 23% 28%
3000 5% 5% 4% 5% 7% 10% 5% 12% 8% 17%

ATLAS

LR R LR LR e o

9% 9% 8% 14% 23% 22% 14% 24% 21% 22%
3000 5% 5% 4% 9% 12% 11% 10% 14% 8% 14%

Si Xie
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Theory Systematics : What is needed
to keep it below 10% of total

Scenario Status Deduced size of uncertainty to increase total uncertainty
2014 || by $10% for 300 fb! by $10% for 3000 fb~!

Theory uncertainty (%) [10-12] || Kz | Agz | Ayz Kz | Yz | Az | Az | Ay
99 > H

PDF 8 2 1.3

incl. QCD scale (MHOU) 7 2 - 1.1 -

pr shape and 0j — 1j mig. | 10-20 - | 3.5-7 - - | 1.5-3

1j — 2j mig. 13-28 - 6.5-14 - 1 3.3-7 -

1j — VBF 2j mig. 18-58 - - 6-19 -

VBF 2j — VBF 3j mig. 12-38 - 6-19
VBF

PDF 33 2.8
ttH

PDF 9 3

incl. QCD scale (MHOU) 8 2

- Reduce Theory Systematics by 50%

—> Also Reduce Exp Syst by Lumi

ATLAS 524 55 4->4 957
CMS 522 522 452 5-23

CALIFORNIA

12> 11
724

11->9 1029
1027 522

K K K Ky Ko KK Ky K, SR

14214 8->7 14->11
12->10 8->8
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