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The Large Hadron Collider (LHC)

LHC7 TeV p-p

ATLAS and CMS: general
purpose detectors

ALICE: heavy ions
LHC-B: b-physics
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ATLAS and CMS detector
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ATLAS and CMS detector
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Due to personal work experience, my talk will focus on
ATLAS results. Expect similar results from CMS )



Tracking and calorimetry
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Missing transverse energy (MET): we are not able to (and it does not help
to) measure z-component of the missing energy




Higgs mechanism 1n a nutshell

The local gauge invariant Higgs (¢ ) Lagrangian is

2

L, = - V(¢),

¢

. T Y
(16‘M —gE-WM —-g EBM)q)

with the Higgs potential defined as
V() =1 o+ A (d70)
which has a minimum at ¢ =v/+/2 =/u?/2A . Make the substitution:

(I) _ ¢+ _ L (I)1 + 1(1)2 . L 0
9" | 2| ¢, +io, V2\ v+h )
$,.¢, and ¢, become the Goldstone bosons in the Lorentz gauge — absorbed

into the longitudinal polarizations of the three weak bosons in the Unitarity
gauge. Electroweak gauge symmetry 1s broken, and Higgs field aquires a mass:

m, =<2%v, v=(v2G,) =246 GeV

2
’

Thus, Higgs mass 1s not predicted in the Standard Model



o(pp — H+X) [pb]

Higgs production modes

Higgs couplings to fermions and Higgs production channels at LHC:
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Low mass SM Higgs + 2jets

— VBF

Wisconsin Pheno (D. Zeppenfeld, D. Rainwater, et al.) proposed searching
for a low mass Higgs in association with 2 jets plus central jet veto

aCentral jet veto is initially suggested by V. Barger, K. Cheung and T.

Han in PRD 42 3052 (1990)

Tagging
Jets

¢
O

Ll

Central Jet Veto Higgs decay

products

Very powerful to suppress the color-exchanging QCD
backgrounds. Best suited for H—1t and H—yy

Higgs signal, my= 160 GeV
— parton level
after jet reconstruction

-—— ft background, after jet reconstruction
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Higgs signal, m,= 160 GeV
— parton level
after jet reconstruction
I:_”‘} --- tt background, after
' jet reconstruction
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Bounds on the Higgs mass as of June 2012
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Electroweak precision measurements
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at 95% CL
From
theory
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Higgs decay channels

Braching ratios for a Higgs mass PR == g I s e
of 125 GeV: LD
channel BR g 10"
bbar 57.7% @
WW 21.5%
TT 6.3% 10_2?
7 2.6%
v 0.23% 10°—900""720 740 160 180 200

M, [GeV]

% bbar: highest BR, but suffers from bad mass resolution and large QCD
background

* WW: only the dilepton decay modes are useful at low mass, and can not
reconstruct the mass

% 11. bad mass resolution (MET used), high signal efficiency (all final
states are used: 11, 1h, hh)

* /.7 and yy: low BR, but good mass resuliton. Very low background for
77 and powerful S/B shape separation for yy
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Events / GeV
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Photon ID and calibration

Photon ID:

# Calorimeter shower shape variables O

— separate y from xt° y Jt

# About 40% photon are converted
photons when passing material — e+e-
pairs

l

# Combine variables with likelihood/
MVA or use pure cuts for photon ID

|||||||||||||||||||||I|||||||||||l||

> [T ]
Photon calibration: & 1200 __pata det=37 pb” ATLAS Preliminary
_ _ E 1000:_ — MC Z-see r
& Calibrate the EM energy using Z—ee  © | —Fittodaa g
9 . 0= 1.73+/-0.08 GeV ]

and J/'W—ee events G goof  hi<247

Gyc = 1.49+-0.02 GeV ]

& Extrapolate from e to y using MC 600 .
simulation 4001 7
@ Check calibration in the Z—-eey, 2001 .
Z—uPy FSR events — limited statistics :

and |OW photon pt 0/0 i |75| L1 |80| L1 |85| L1 |90| L1 |95| 1 |)|100 u.... 10
Mee [GeV]



Mass resolution and vertex
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# No tracks for the unconverted photons in the tracking system — need
calorimeter granularity to find the vertex (calo-pointing)

# Calo-pointing combined with tracking (likelihood) provides the best mass
resolution for H—yy: ~1.6 GeV

# Converted photons: conversion vertex extrapolation



Event Category

Diphoton selection

ttH leptonic

ttH hadronic

V' H dilepton
(ZH — ¢lH)

V' H one-lepton
(WH — tvH)

!

VH Emiss
(ZH — vwwH; WH — fvH)

!

V H hadronic
(WH — jjH; ZH — jjH)

!

VBF tight
(¢qqV — jjH)

!

VBF loose
(qqV — jjH)

Untagged
(99 — H)

H—yy updated

— ttH

— VH

— VBF

—_—

[ Phys. Rev. D 90 (2014) 112015 ]

Background composition
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#% Reducible background: y+jet (O=ub), and jettjet
(0=mb): mainly nt” faking photon — hard to model

o

} ggH With simulation, have to rely on data 1



H—yy updated

Uncertainty group oi?y*
Theory (yield) 0.09
Experimental (yield) 0.02
Luminosity 0.03
MC statistics < 0.01
Theory (migrations) 0.03
Experimental (migrations) 0.02
Resolution 0.07
Mass scale 0.02
Background shape 0.02
|_"|" 1 H  — Total
- l' : ’ — Stat.
- — Syst. -
B o ]
- H--I—I ATLAS ;
N g JLdt=451b", {s=7TeV —
- HeH |Ldt=20.3 0™, /s =8 TeV -
S i H Sy my-1254Gev |
T R R R S R A
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T My
B T — TR 130" 40 SV
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Now fitted signal strength is more
consistent with SM:
w=1.17+x0.27
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H—Z77—4] updated

* H—-ZZ—4l is the gold-plated channel — good mass resolution, powerful
rejection of SM background due to 4-lepton requirement

#* Suffers from low rate and total lepton acceptance loss

BR(ZZ—41)=0.45%, oxBR(H—ZZ 4l )=2.6 fb

Single lepton acceptance (tracking volume, trigger and reconstruction) is
high (~80%), but the total acceptance is low (0.844~0.4)

#* Require 2 pairs of same-flavor opposite-sign leptons

4 leptons with pT > 20, 15, 10, 7 (6 for muon) GeV (lep1, 2, 3, 4)
50 GeV <m12 <106 GeV, and 12-50 < m34 < 115 GeV
mll > 5 GeV for all same-flavor opposite-sign pair — J/y rejection

Lepton isolation (calo-energy and tracks around real leptons should be small)
and track dO cut (should come from hard IP)

# Main background is ZZ* and Zbb. Invert isolation or dO to estimate Zbb

16



[ Phys. Rev. D 91 (2015) 012006 ]

H—Z77—41 updated
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High mass two jets \:’: -
:_& .
VBF 5E H
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Low mass two jets : : : ,
J Very rich final state phase space — exploit Matrix
W(— jjH, Z(— jj)H Element (ME) discriminant and Boosted Decision
Trees (BDT) methods:
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H—Z77—4] updated

L ‘ T T T T T T T | T T T T ‘ T T

Source of uncertainty combined Zi 4 - ATLAS —22Z° gt _%
Electron reconstruction and identification efficiencies 1.6% g 35 P (S=TTeY j Lot=45 1"  Best it ]
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Electron trigger efficiency <0.2% = 9 N E
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w E ]
Muon reconstruction and identification efficiencies 1.5% o F =
Muon trigger efficiency 0.2% c ]
00 + pp backgrounds 1.2% 1.5 - E
QCD scale uncertainty 6.5% e e E
PDF, o uncertainty 6.0% 0.5 E =
H — ZZ* branching ratio uncertainty 4.0% OE\..J\..J.lu..m..\l..\.lz
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9 \s=7Tev ILdt=4.5fb’1 B sivei i, - 125 Gov - 150 Signal VA Z +jets, tt  S/B Expected  Observed
I—N Vs =8TeV J‘Ldt=20A3 b I:IE‘“'@'W“d ZZ', Zujets
Q  qr -4 0.08
m _ T LI . 162+16 741+£040 295+033 16 265+1.7 37
= nm N HEE = =
050 ¢ hiiéER % . 006
. - ::!:.!:: : " _ 40.45 +0.25
- P o o 0.04 HoeP+bbH+tTH X B/Bsm = 1.66 Ty (stat) Zy'75 (syst)
Or = AT -4 19 1.60 +0.36
- “. e " pvBR+vE X B/Bsw = 0.26 Ty (stat) T (syst)
L I | °
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H—Z77—2¢2 candidate event

@ATLAS
EXPERIMENT




Higgs Mass measurement

categories width Classify events for best
Inclusive 1.67 mass resolution
Unconv. central low pr 1.35 3 e[ 71T T T
Unconv. central high pp 1.21 ‘3, 0145 {5=8TeV E
Unconv. rest low pry 1.53 2 012k Horrm, =125 GeV 3
Unconv. rest hlgh PTt 1.36 %A 0 1; Central - high p_
Unconv. transition 1.86 % F : mgda
Conv. central low pry 1.52 Z 0'08? | F:fwhjg’""w Pr ]
Conv. central high pr,  1.35 0.061 R ]
Conv. rest low pry 1.88 0.041 .
Conv. rest high pry 1.64 0.00F- R
Conv. transition 2.41 Oled s
10 115 120 125 130 135 140
m,, [GeV]
Hoyy:  125.98 + 0.42 (stat) + 0.28 (syst)
a__ Qg . > B ]
Similar to coupling & 0.1 ATLAS Simulaton -
. 0 [ B
measurement, fit 2- S o = me-iEscey 1
. ~0.08- e N
dim PDF of mass of 0 e ]
BDT OUtpUt 5&0-065 I?gtzg*T—;\Z/uZe/ZeZH -
g r m=124.78 + 0.01 GeV 7
T .04 ©=1.77+0.01 GeV _
. = - Fracti tside + 26: 20% .
Z mass constraint = . :
ImprOVGS HIggS maSS 0-02; With Z mass constraint 3 .. ?
i ~ o | 4 ! #.
resolution by ~15% ose bt | e

My, 0e/2e2u [GEV]

H—4l:  124.51 £ 0.52 (stat) £ 0.06 (syst)

[ Phys. Rev. D 90 (2014) 052004 ]
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categories width
Inclusive 1.67
Unconv. central low pr 1.35

Unconv. central high pr 1.21
Unconv. rest low pry 1.53
Unconv. rest high pr 1.36
Unconv. transition 1.86
Conv. central low pry 1.52
Conv. central high pyy  1.35
Conv. rest low pry 1.88
Conv. rest high pry 1.64
Conv. transition 2.41
H—yy :

Similar to coupling
measurement, fit 2-
dim PDF of mass of
BDT output

Z mass constraint
improves Higgs mass
resolution by ~15%

H—4] :

[ Phys. Rev. D 90 (2014) 052004 ]

Higgs Mass measurement
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0.02f

Classify events for best
mass resolution

135 140
m,, [GeV]

125.98 + 0.42 (stat) + 0.28 (syst)

L T
1 ATLAS Simulation . ]

e m,=125GeV
Gaussian fit 7]

| H->ZZ*—2u2e/2e2n
L Vs=8TeV
r m=124.78 + 0.01 GeV

|

4/ 0=177+0.01 Gev N
I Fraction outside + 26: 20%
r [ ]
[ ]
L o L ]
B With Z mass constraint ® °
@ ; . J
80 100 120 140

My, 0e/2e2u [GEV]

124.51 + 0.52 (stat) + 0.06 (syst)

LA L L L L
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L L
C ATLAS

<

£ J—

(V] [ -1 ]

b 6_vE:7TeVILdt:4.5fb — Hoyy =
F Vs —H->ZZ" > 4

------ without systematics j

:20
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0123 123.5 124 1245 125 125.5 126 126.5 127 127.5

m, [GeV]

Combined mass measurement:

125.36 + 0.37 (stat) + 0.18 (syst)

The compatibility of the
two measurements are at
20 level (4.8%)
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H—)WW_) 212\/ [ Phys. Rev. D 92 (2015) 012006 ]

Can not reconstruct the Higgs mass — background rates estimation is
crucial in this channel

Devide analysis into 6 categories: (ey, pe) x (0-jet, 1-jet, =22-jet)
@ Leptons pt > 22/10 GeV, mlI>10/12 GeV, opposite charges

Preselection | # E%‘i‘e‘l 40 GeV. E“““ is the MET component perpendicular to
the closest lepton or Jet Eis = EXSSif A > 71/2

_ @ anti-kt jet pt>25 GeV (>30 GeV if [n]>2.5)

Pre- O[T I I I I I I

N (b) All jets, en

W
o

selection

¢ Obs + stat DY
~ Exp x syst [ Top

Events / bin
N
o

mww -

O Misid 4

TLjZO Tszl TLJZ2 =HV|IggS .
/\ 10

ep  ee/pp ep ee/pp
ggF'- VBEF-
enriched enriched O
| ~ 2 3 4 5 6 7

ep (8TeV) eu ee/up

[ I | | o
ggF-enriched VBF-enriched




H—->WW--2[2v
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(a) =0, ep -

Due to spin correlation:
v @ Large pt(ll) — kill Z+jets

& Small mill

@ Small AD(Il)

(b) nj=0,en | B = DY
artas ] Bl— ww
8TeV, 20.3fb" | ._ vV




Events /10 GeV

Events / 10 GeV

H—->WW--2[2v

Unable to reconstruct Higgs mass — reconstruct transverse mass instead:

me =\ (B + 1)’ — | ptt +py |

[ I T | T I T | T I
400 ATLAS

- 8TeV, 20.3fb™
200
200 '

- (c) n;=1,en
100

0 50 100 150 200 250

1 | I 1 1 | | I

m+ [GeV]

ATLAS
8TeV, 20.3fb™

200

(b) n;=0, ee/up
100

100 .
- (d) n;=1, ee/up -

7 /+
oy
, /,
pa v = |

50

O 1
50 100 150 200 m[GeV]




H—->WW--2[2v

Obtain the WW control sample by the ptLL or mT cut:

N
o
o
1

— T T T ] L
(a)n;=0,en | . ATLAS
+ Obs+stat | Vs=8TeV
~ Exp+tsyst 20.31b

N
o
(@)

Events / 10 GeV

M Higgs
Bww
Ll Top
B DY
0 Misid
+ HVV

N

o

o
|

100

Events /10 GeV

“50 100 150 200 250 50 100 150 200 250
m+ [GeV] m+ [GeV]

Obtain the top survival probability in O-jet bin with MC correction factors obtained
from b-tagged control sample: pesp
2

I PBtag,exp
f;%)(ee_l_E}mss 0‘7) f‘;g)(gg+ mISS) X=P2MC % 1

P, full-jet veto survival
probability
P,: jet veto survival

] pBtagMC probability derived

1

\]
L F ' F |

B - from b_tagged Samp|e
Top background (Npata = Nnon-top) (Expected) full-jet
events in O-jet bin = in initial [1+E,miss X veto survival

(Signal region) sample probability




Events / 10 GeV

Events / 10 GeV

800

600

400

200

150

100

50

H—->WW-=212v

| T T T T T 1 I T T 1 ‘ T T ‘ T T T

ATLASH—->WW# ]
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¢ Obs+stat
% Bkg+syst

M Higgs
B ww
[ Misid
B vv
[] Top
B DY

T
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\II|III|\II|III|I

T
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ackground-subtracted
¢ Obs - Bkg
% Bkgztsyst
M Higgs

I\I\|IIII|I]II‘III
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50 100 150 200 250
m+ [GeV]

T T I L I L I L I T T I L I L I T
= 5 ATLAS i
_C
o H—->WW*—= [vilv
3 \s=7TeV, 4.5 b
s 4 (s=8TeV,20.3 b -
g + Obs (f,=128,{1=0.94) ]
n 3 [ Obst1c ]
[¥] Obs+2c
[] Obs+3c
2 - -
1 - —
O -I 111 I 1 1 1 1 I 1 11 1 I 1 1 1 1 I 111 1 I 1 1 1 1 I 1 1 1 1 I 1 1
110 120 130 140
m,, [GeV]

Final fit to mT (BDT) distribution for ggF
(VBF) category, with one norm factor per

control region

Uger = 1.02 £0.19 1322 —=1.02
wer =1.27 Ty Tonp =127
(stat.) (syst.)
Combined:
_ +0.23
w =109 Ty5

+0.29
—0.26

+0.53
—0.45




VH—WW multilepton channel

4 leptons 3 leptons

q

q

[ ATLAS-CONF-2015-005 ]

Analysis is divided into a number
of categories:

» Different numbers of
leptons and jets

» Whether the leptons are of
Same-Sign (SS) or
Opposite-Sign (OS)

VV and VVV (V=W/Z/y) are the
main background. Top and single
W/Z also present in 2-lepton
modes

Final fit result;

pve = 2.9777 (stat.) T (sys.)

Combined with the ggH and VBF
modes to contribute to the
coupling measurement
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H—tt Update

Higgs Yukawa coupling is a
crucial part in the SM.
Direct search for Htt decay
will confirm it is a SM Higgs

others

17270

€e, eu, uu, e’Eh’ UTh, ThTh

| | | || |
| [ |

'tb

dtMp 'tbpthad ThadThad

Leptonic and hadronic decays of taus

@ MMC ditau mass v. A
reconstruction: scanin °®
the allowed phase

space region (MET,
angles...) for the most
likely solutions that are
consistent with the N
kinematics of tau
decays

AB (T, V)

vis’

t-hadron

#* Boosted Decision Trees (BDT) is used
for the final fit for signal strength

# MC-data consistency is checked for
each BDT input variable, before the BDT
fit is carried out

[ JHEP 04 (2015) 117 ]



/Z—7t background

#* Z—1t (dominant background) is estimated from data using embedding:

l/_

‘Z -y data | HepEwt Z-1MC

Tauola|

(ESD) [T (EVNT)
- simulation
remove muons digitization
reconstruction
Z~ uu data z TMC
o (ESD) © )ESD)@

Correction for trigger and acceptance:

Original Z—mumu events

:

» Unfold out

Muon trigger/reco efficiency

:

embeddmg
-TT overla
O

muon — tau replacement, embed
into original event

re- reconstructlon

\

Z-.n hybrid
(ESD)

\ J

1) Replace muons from Z—pu data by
taus and decay the taus

2) Embed the simulated tau decay products
into the original event

:

Fold in (trigger
emulation)

Lepton/tau trigger efficiency

:

Lepton/tau reconstruction
efficiency

:

» TauSpinner

tau-tau spin correlation




H—tt Simultaneous Fit

S o tot

/' Z—t¢ control region S

~

l\\ (sing|e bin) j,z' 1 modelling of JES %/s%

R\ A—
BR(H — t7) %

le Signal Region A 2 S\
p (BDT Shape) Normalisation of Z — 17, , ,4_%\;%

Tau energy scale response _,_.é\l\

T

Ilep

Flavour response of JES %

”
IXJ

Flavour composition of JES D e

s
e Underlying event ~—é\§—
~~ Z—tt control region \ ER— O T S—
| for jet—wm fakes ) Normalisationof Z —» 7, 7, ;\\%\/—«
4 (single bin) . §¢ T
T el Normalisation of t/tt background for Nz :

= : N |
channel N

010G L Al

(5 7§]

boosted category in TiepThad

_E 'E S|gna| Region ........................ J $/< ,: ...............................
lep “had (BDT shape) Luminosity »—g%—«

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

ATLAS —e— Pull
/s=7TeV,4.51fb" ~— 7 +1o Post-fit Impact on
's=8TeV,20.3fb" | .\ -1o Post-fit Impact on u

T T A I A A A

2 -1 0 1 2 3
Pull = (6 - 0,)/A6

VBF Signal Regi . . .
(BDT shape) % The signal and control regions in

each channel and the systematic

ThadThad . .
errors are fed into a combined

Boosted Signal Regi - - - . .
O BDT shape) likelihood ratio for simultaneous fit




Local p

H—tt Result

arX|v 1501 04943

FATLAS L latov. 208" MMC weighted by In(1+S/B) in each BDT bin:
10 Y MVA Observed Hott o
g—CBAObserved 3 > e T B e e e I e B e s e -
[ F My Bpectediorm, - 125 o El & | amas . Do .
o = © 80 H— 1t VBF+Boosted — H(125) (u=1.4) ]
107 E é T \s=7TeV,4.5 fb'1_1 = gt_h;:; ]
2 © 60 1s=8TeV,203fb" Fakes ]
10 = L; 5 72, Uncert. ] ®
108k : g 40 7] X
of T ] ? i <
107¢ 4o £ 20 100G
10°F E! : . S
5 * ] 0 S
6L b b b
1000 110 120 130 140 150 9 20 T e 1 R
my, [GeV] ‘;; 10; ........ H(110) (uj 6) w
a -
5 arXiv:1501 04943 3 of
- IH—>1:1: éu‘t Based Ane|11y3|s e = '5) o e ]
F 95% C.L. 7 ()
4'55 \s=8TeV, 20.3 fb’ o Sl 3 z 50 100 150 200
C exp. m _=125.36GeV =1.43 MMC
4C cut-based = .. Py g [GeV]
3-5 :_ (exp. r-nH_125 .36GeV u=1.. 43)_:
- ATLAS X Bestfit ]
3 - c - .
pal E The combined fitted signal strength:
of E
- . +0.27 +032
s
0.51 E This corresponds to 4.50 for 125 GeV
C [ | | I B |
foo ~ 110 120 130 140 150 (3.40 expected)

m, [GeV]




Entries/ 2.5 GeV

Pull

H—pp

[ Phys. Lett. B 738 (2014) 68 |

» “Simple” analysis but made difficult by low branching fraction and
overwhelming Z/y* — p*u- background

“* Analysis categories: VBF / 3 separate pT(H) bins
% Result: observed y < 7.0 (95% CL) (expected: u <7.2)

TT [T T T T[T T T T[T I T T [T T T T [T T T T [ TT T [ TTTT

LI B
- ATLAS

1 4
60: VBF de'[ =20.3fb —:
503 ¥2/ndof = 18.6/19 Vs=8TeV _f
0 —e— Data E
40 Background model —
E + —— Signal [125] x 50
30—
20 f—
100
— :
4= 3
28 4 ¢ E
bt R SREE ST
4F =
110 115 120 125 130 135 140 145 150 155 160

My, [GeV]

S

95% CL limit on u

o)
o

40
30
20

10

m— | T | I 1 I T | T T T 7
- ATLAS H— -
- = i ]
-~ — Observed CL 5=/ TeV 451 7
- ----Expected CL s=8 TeV 203 fb" T
- <10 i
- [+ 20 .

120 125 130 135 140 145 150
m, [GeV]



Entries/ 2.5 GeV

Pull

H—pp

[ Phys. Lett. B 738 (2014) 68 |

» “Simple” analysis but made difficult by low branching fraction and
overwhelming Z/y* — p*u- background

60
50
40
30
20

10

0
4
2
0
2
4

“* Analysis categories: VBF / 3 separate pT(H) bins
% Result: observed y < 7.0 (95% CL) (expected: u <7.2)

T

\III|\||I|IH]|IIIIII

TT T[T T T T[T
ATLAS

VBF
¥2/ndof = 18.6/19

LI L B B

[TT T T[T I T T[T T T T[T T TT[TTT

f Ldt=203fb"
Vs=8TeV

L1

—e— Data
Background model
——— Signal [125] x 50
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;

Ppbat g
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My, [GeV]

(¢p]
=
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Eg 40
|
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>
> 20
10
0

— Observed CL
---- Expected CL
[+ 1o
[ ]+20

CATLAS

I 1 | 1 1 1 1
H—u'w
s=7TeV 451"

s=8 TeV 203 fb™

120 125 130 135 140 145 150

m, [GeV]

We’d better see this signal before building future u"u- colliders



H—bbar [ JHEP 01 (2015) 069 ]
ZH — vvbb WH — (vbb ZH — (*("bb

0 lepton 1 lepton 2 leptons

2 b-jets 2 b-jets 2 b-jets

2 or 3 jets 2 jets no Njet requirement

MET > 30 MET > 25-50 MET < 60

mT <120 83 <mLL <99
2 bins in pT(Z) 2 bins in pT(W) 1 bin in pT(Z)
Z% 5w w* = z° =l
Z° w' Z°
™ TR \\ H° —bb \\ HO »pb



H_)bbar [ JHEP 01 (2015) 069 ]

» Extensive background modelling required (multijet background is
small due to large MET or lepton requirement)

< SHERPA modelling of pT(W) distribution improved by reweighting
Ap(j1, j2)

> 80000 TLAS —— Data 2012

L L L R I L L > T
ATLAS —— Data 2012 ® 80000

20000 20000

10000 F 10000

@ 70000/ Vs=8TeV I VHOD (1=1.0) 0 70000F (Vs=8TeV B VHOD) (1=1.0)
- E -1 [T Diboson ] g C -1 [ Diboson ]
:IE) 60000 :_ [ Single top _: g 60000 :_ [ Single top _:
> E ] Multijet . > C ] Multijet m
L 50000 :_ - W+hf _: L 50000 :_ - W+hf _:
- W+l 3 C T w+cl -

40000 W+ = 40000 w4 -

B I Z+ht 3 c I Z+ht =

30000 [ Z+cl 7 30000 [ Z+cl -

C C]z+ ] C Jz+ ]

e, - o e
S e - j 1.14 . -
e +yt +

A '™ S IR AR i T UNURPRIVS AT 3 TR T8 +‘|"+++++_{

8 0.9 “'*"*’*m+"+++++++++++++++++ﬂ 5 0.9 - - t +;

Qv Q"

0 50 100 150 200 250 0 50 100 150 200 250

pTW [GeV] p¥" [GeV]

“ Similar reweighting is carried out for other SHERPA samples, such
as the Z+jets background



Events/ 0.1

Data/Pred

» Dijet mass in most discriminating 0-, 1-, 2-lepton

Events / 25 GeV

Data/Pred

10°
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LI B B B

ATLAS
{s=8TeV [Ldt=203fb"

p¥> 120 GeV

0 lep., 2 jets, 2 Medium+Tight tags

PRI IR IR NURI Ui
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—e— Data 2012
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=
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----- Pre-fit background
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10*

H—bbar

» BDT output distributions in most discriminating 0-, 1-, 2-lepton regions:
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H—bbar

[T T T ‘ T T T T [ T T T T ’ T T T T é T T T T
-o— Data 2012
10—~ ATLAS 1 B VH(bb) (1=1.0)
- Vs=8TeV [Ldt=203fb Diboson
" 0+1+2 lep., 2+3 jets, 2 tags [ Uncertainty

8 | Weighted by Higgs S/B

I ‘ 11 \ I | I | I | |

|

C o1 ‘ I I ‘ I [ I | I

50 100 150 200 250
m,, [GeV]

Weighted events after subtraction / 20.0 GeV

To validate the bbar analysis
Method, the process decays of
V+Z—Dbb is extracted to give
w=0.74 +0.09(stat.) = 0.14(sys.)
— confidence in signal modeling

A SM Higgs in bbar decay is
excluded for 1.2xSM rate.

The fitted signal strength

w=0.51"3 (stat.)?3 (sys.) | 1.40

95% C.L. limit on c/cg),

1

- ATLAS [§=7TeV, J Ldt=4.7fb"

- —e— Observed (CLs) [s=8TeV, _[ Ldt=20.3 fb"

Commee- Expected (no Higgs)

[ Expected (m_ =125 GeV)

C mm:te

:I | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1

110 115 120 125 130 135 140

my, [GeV]
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H—bbar

[T T T ‘ T T T T [ T T T T ’ T T T T é T T T T
-o— Data 2012
10—~ ATLAS 1 B VH(bb) (1=1.0)
- Vs=8TeV [Ldt=203fb Diboson
" 0+1+2 lep., 2+3 jets, 2 tags [ Uncertainty

8 | Weighted by Higgs S/B

‘ 11 \ I | I | I | |

50 100 150 200 250
m,, [GeV]

Weighted events after subtraction / 20.0 GeV

To validate the bbar analysis
Method, the process decays of
V+Z—Dbb is extracted to give
w=0.74 +0.09(stat.) = 0.14(sys.)
— confidence in signal modeling

A SM Higgs in bbar decay is
excluded for 1.2xSM rate.

The fitted signal strength

w=0.51"03 (stat.)"0 2 (sys.) | 1.40

95% C.L. limit on c/cg),

1

- ATLAS [§=7TeV, J Ldt=4.7fb"

- —e— Observed (CLs) [s=8TeV, _[ Ldt =203 fb”

Commee- Expected (no Higgs)

[ Expected (m_ =125 GeV)

- E 1o

:I | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1

110 115 120 125 130 135 140

my, [GeV]

Does Higgs couple less to down-type fermions ?
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Higgs coupling combination

» Some terms we used without explanation:

(O' y BR)obs
Signal strength: = (o - BR)sm

SM
| _ oy - F?M m%m%
Coupling strength: o -BR(i - H — f) = Ty e
Iy ~FH

» Coupling framework assumes only modifications to the coupling strengths,
not tensor structures

T e o e
M HRes + XH

E L+ m e
< Assume itis a SM CP-even scalar e | %TL Jf : o

'8 [ A;%r Fs=8'|"eV,- 20.-3fb'1 o
% Assume production and decay = ﬂ» T#" ATLAS pp--H
kinematics do not change appreciably 109, g i _
the SM expectations, e.g., the § T T |
HigngifferentialCrosssections 3 +

r 2

s 1-ts :f*l‘ ,i‘_"—j*'.— o

g 1T t

=

00 20 40 60 80 100 120 140 160 180 200
Py [GeV] 39



Higgs coupling combination

ATLAS Preliminary |~ o(stat)

sys inc.

m,=125.36 GeV | _ {ineory

)

Total uncertainty

H — vy 105

+0.16

+0.28 | “o't1
u=1.17
: ~0.26 |"00

o(theory)

+loonu

HH
HH i

H — ZZ* fgig?
10.40 |“01
w= 1.4677 [fots
-0.34 |-0.11

—
-
HH

H — WW* fgilg
40.24 |“014

w=118""[,

' ~0.21 | 0%

i HH

1
-

T

= 3%
H —bb +0.39 +a2t
u=0.63""" .

: 037 105

[ ATLAS-CONF-2015-007 ]

We assume the following:

HgeH ttH — HggH — MttH

UVBF,VH — UWVBF — UVH

+0.30
H— -029

10.42 |56%
w=144""1"%
' 037 1516

LT
T}

VBF+VH

f

u

+36

H — uu “36

87 [207
w=-0.7"" 104
-3.7 |-04

+43

H—2Z -42
" +1.;
-1
w=27%81
' -4.5 |-03

+0.10

Combined S0
+0.15 |-0.10

u=1.18

' 0141687

[N L I B

N W~ 01O N

Vs=7TeV, 4.5-4.7 fb’ -1

Vs=8TeV, 20.3fb"

0 1 2 3

Signal strength (u)

Combined p:

118

* Standard Model
+ Best fit

= 68% CL
===95% CL

III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

m, = 125.36 GeV

_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

2 1 0

IIII|IIII|IIII|IIII|IIII_
ATLAS Preliminary =
Vs=7TeV, 4547 " ]
Vs=8TeV, 203" ]

—H-WW S

—H-27Z

H—-bb 1

—H-—=yy ]

H—=tt T

4 5 6 7/
f

MggF+ttH
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Higgs coupling combination

¥L]_ 4_I | T T T | T T T | T T T T T T T T T T T T T T 22

E ATLAS Prelim. E ¥Lj_ . :I I*[ IStI Idl (Ij'{/lldl |I T T T 1T L | LI | T I. T ! LI I:
3 (o7 o 45470 = of D ATLAS Preliminary -
- Vs=8TeV, 203 fb" ] - —68%CL 5=7TeV, 4547 b ]
2F m, = 125.36 GeV — 1.8 =r95%0CL Vs=8TeV, 203 -
1= = 1eF -
= = C ]
O = 1.4 =
- ———— 4 12k =
_1: /P p \ - 1: :
: H— yy. ] - ]
—2// %H—&Yz - - .
C CH—-wWwW ] 0.8 —
-3F « sm —68% CL * :_’S) — n ]
- , — D ] 0.6 my=125.36 GeV -
: |+ BeSt flt | ---95°/°ICL l I | Door]blned : _I | - I L1 1 1 l ) I T I L1 1 1 l ) I T - l 111 1 l L1 1 1 l 11 1 l_
465206 08 1 12 124 16 1. 09 09 1 105 11 115 12 125 13
Ky, Ky

Double minima because of the H—yy loop: % Probe coupling of Higgs

2 2 boson to fermions and
~K-=11.28 K, - 0.28 K |-
v | W ! bosons

% Kg*Ky < 0 is disfavored at the

w
y ~40 level by profiling

_H % Assume only SM particles in
v the loop
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Higgs coupling combination

# Use data from H—1t and H —bbar to determine the Yukawa ratios

Is the Yukawa coupling democratic in
up- and down-type?
/\: 30 _I TTT | TT 1T | TTT I-I T -I TT I LI l LI I T T 1T | LU | LU I T I_
<° - ATLAS Preliminary iy iyl .
= C Vs=7TeV,4547f" aeam SM expected N
c 25 Vs=8TeV, 203 fb" = Observed ]
o - :
20F% =
15 —
10F =
5 . "‘_ ]
L1 11 | 1111 | I‘I"Ycly."l' 11 I L1l l 1111 | l\l“ \ 4”] 1 | 1111 I L1 1l

s

5 2 -15 -1 -05 0 05 1

g

Ay, =Ky /K,

15 2 25

u

30

25

-21n A(xlq)

Is the Yukawa coupling democratic in
leptons and quarks?
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[ arXiv:1507.04548 ]

Higgs coupling combination (ATLAS + CMS)

197" (8 TeV) + 5.1 b (7TeV)
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Implication of a light Higgs

[ JHEP 08 (2012) 098 |
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[ JHEPO3 (2015) 088 |

Charged Higgs
@ Analysis is divided into low mass (< top mass) or high mass (> top mass)
regions:

H/' g b

Y

/ b

g

|
Low-mass High-mass

@ Search for all-hadronic mode (to construct mT), and require tau+MET
trigger

<> At least four (three) selected jets for the low-mass (high-mass)
<~ At least one of these selected jets being b-tagged

<> At least one hadronic tau with pt>40 GeV

< MET > 65 (80) GeV in the low (high) mass region
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Charged Higgs

@ Main backgrounds are real taus (from ttbar, W/Z) and fake taus (from QCD)

< Real tau background is estimated from muon+jets data, with muon
replaced by tau simulation and embed into the original event
<> The fake tau is estimated by loosening tau ID

@ Transverse mass distributions after selection:
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Charged Higgs — result interpretation

@ Model independent search limits:
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Charged Higgs — result interpretation

@ Model independent search limits:

1
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@ MSSM tree-level relations:
However, loop level top ans
me = m?+md, stqp corr_ectlons S|gn|f|cqntly
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Charged Higgs — result interpretation
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[ Eur. Phys. J. C (2015) 75:335 ]

Probing the off-shell Higgs

Off-shell signal ggVV background
gg—H*>VV (interfere with signal) qqVV background

@ Signal strength and coupling scale factors:

gg—H*—-VV .

Toffshell 3 5 3) - 2 )
Jg—H —VV, ~ _ Kgoff-shell\3) " K off-shen\®
ofi-shel, sm ()

,Uoﬂ‘—shell(s'\) =

gg—H->VV 2 2

o K, on- " Ky on-
[ bl = on-shell _ g,on-shell ™ V,on-shell Away to measure I,
on-she gg—H-VV T /l"SM
7 on-shell, SM HI*H
In general, we can assume K___ ;.1 = K q_aen » PUt due to possible new
physics entering the ggH loop, we can also have

2

2
K g,on—shell <K g,off —shell



[ Eur. Phys. J. C (2015) 75:335 ]

Probing the off-shell Higgs
2

\% g Vv q %
NN
A + |

Off-shell signal ggVV background
gg—H*>VV (interfere with signal) qqVV background

@ Signal strength and coupling scale factors:

gg—H*—-VV .

Toffshell 3 5 3) - 2 )
Jg—H —VV, ~ _ Kgoff-shell\3) " K off-shen\®
ofi-shel, sm ()

,Uoﬂ‘—shell(s'\) =

gg—H->VV 2 2

o K, on- " Ky on-
[ bl = on-shell _ g,on-shell ™ V,on-shell Away to measure I,
on-she gg—H-VV T /l"SM
7 on-shell, SM HI*H
In general, we can assume K___ ;.1 = K q_aen » PUt due to possible new
physics entering the ggH loop, we can also have
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Probing the off-shell Higgs

@ The analysis considers gg—H*—VV and ggVV together as signal (due to
their interference). However, higher-order correction (K-factors) is known for
the former, not for the latter

@ Parametrize the results in terms of their K-factor ratios:

H* SM
T gg—(H*—)VV (Uoftshell, Myv) = K7 (myy) - foft-shell * Ty ey yy (Myv)

H* B SM
+ ‘JKgg (mVV) : K (mVV) ’ MOﬁ-Shell ' O-gg_)v‘/’ Interference(mVV)

B
+ KS(myy) - 0gg-vv,cont(myv) .

RE Kgg-VV) _ Kimwy)

" Kgg = H = VV) K (myy)

@ For ZZ—4l final state, calculate the Matrix Element (ME) for each event
based on {m,,,m,,,m,,,cos0,,cos0,,$,cos0",¢,} using MCFM (can fully
construct the initial and final state 4-momenta). The discriminant:

Ph
ME =1
OglO(ng"'C'PqEI)

P is the Matrix Element squared for each process, ¢=0.1 to balance gg and qq



Events /0.2

Probing the off-shell Higgs

@ For ZZ—-212v, and WW—evpv, use my as the discriminant, but to reduce the
higher order effect on ggWW, a new definition is used: Ry = \/mﬁ +(a-my ")’
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Probing the off-shell Higgs

@ The off-shell signal strength limit:
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@ Can be combined with the on-shell measurements to estimate Higgs width:
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Higgs — 1nvisible
[ ATLAS-CONF-2015-004 ]
VBF Higgs— invisible:
@ Require MET trigger

@ Basically rate counting
@ Have dedicated ZIl and WIlv control

regions
Process Yield + Stat + Syst
ggH Signal 20 6+ 10
VBF Signal 2860 S5+ 49
Z — vv+jets 3390+ 22+ 13
W — Cv+jets 237+ 17+ 18
Multijet 2+ 2
Other Backgrounds 0.7+ 02+ 03
Total Background 578+ 38+ 30
Data 539

95% CL Upper limit result:

BR(H — invisible) < 0.29
(<0.35 is expected)




[ ATLAS-CONF-2015-004 ]

VBF Higgs— invisible:

@ Require MET trigger
@ Basically rate counting

@ Have dedicated ZIl and WIlv control

Higgs — 1nvisible

regions
Process Yield + Stat + Syst
ggH Signal 20 6+ 10
VBF Signal 2860 S5+ 49
Z — vv+jets 3390+ 22+ 13
W — Cv+jets 237+ 17+ 18
Multijet 2+ 2
Other Backgrounds 0.7+ 02+ 03
Total Background 578+ 38+ 30
Data 539

95% CL Upper limit result:

(<0.35 is expected)

BR(H — invisible) < 0.29

[ Phys. Rev. Lett. 112 (2014) 201802 ]
VH with H— invisible:

@ ZH-ll+invisible

BR(H — invisible) < 0.75 (0.62 exp.)
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@ VH-—sjj+invisible

BR(H — invisible) < 0.78 (0.86 exp.)




. . [ ATLAS-CONF-2015-008 ]

Higgs Spin/CP

@ Use Effective Field Theory (EFT) to parametrize the HVV vertex (assume
Higgs is a spin-0 scalar):

Ly = {CaKSM [%811222#2“ +8HWWW;W_'“]

11 7
—IA [CQ/KHZZZ,uvZ'uV + Sa/KAZZZ,uvZ'uV]

1 1 — -
35X [CQKHWWw;VW HY 4 SQKAWWw;vW “V]}X()

where Vv = lngp“vpg Is the dual tensor, and o is the mixing angle:

2
c,=cosd, S, =SsIna.

@ The definition of the pure Higgs CP states:

JF Model Choice of tensor couplings

KSM KHvv Kavvy
0"  Standard Model Higgs boson 1 0 0 0
0, BSM spin-0 CP-even 0 1 0 0

0~ BSM spin-0 CP-odd 0 0 | /2




Higgs Spin/CP

@ If the Higgs is a spin-2 tensor, the relevant Lagrangian is

L= DXy + Z X

For the EFT to be valid upto A=1 TeV, an cut ( p> <300 GeV) on the
Higgs pt is applied

@ To test the fixed spin/CP states against alternatives, the following are used

WW—evv O-jet category: M, Ad,, P> E o> APy

vy: Collins-Soper frame angle
‘COS 8*‘ and diphoton p~

ZZ—41: angles 6",®,,d,0,,0,
and BDT,, (to reject ZZ I:>
background)




Fixed spin/CP test results
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Mixed spin/CP states test

@ Also consider the mixture of SM and BSM CP even/odd

For ZZ—4l, use ME-based variables instead of angles
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Summary

After Higgs boson discovery, main focus has shifted to its property
measurements:

Its precise mass determination (yy and ZZ—41)
Its couplings to different SM particles

Its spin/CP, and its tensor couplings

Its total width, other decays (such as invisible)
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Most Run 1 Higgs results are finalized with improved methods, sensitivity
and errors. Our understanding of the new particle has been push to an
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Summary

After Higgs boson discovery, main focus has shifted to its property
measurements:

Its precise mass determination (yy and ZZ—41)
Its couplings to different SM particles

Its spin/CP, and its tensor couplings

Its total width, other decays (such as invisible)

Most Run 1 Higgs results are finalized with improved methods, sensitivity
and errors. Our understanding of the new particle has been push to an
unprecedented level

Combination of coupling measurements are always made to test any
deviations from SM predictions. So far, no significant deviations are
observed

While some measurements with Run 1 are still on-going (not all analyses
are covered in this talk), most analyses is geared toward precision
measurements with Run 2
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Backup Slides
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Higgs decay width

102 [ TE)[GeV]

0 _ Higgs width

- 23]
I'H—O.STeV mH

50 100 200 500 1000
M, [GeV]

The Higgs decay width increases dramatically when above 200 GeV, and
its interference with SM processes becomes sizable — tough for heavy
SM-like Higgs search



