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Introduction

Phys. Lett. B 716 (2012) 1-29

The Higgs boson, predicted by

' i ATLAS 2011 - 2012
Brout-.EngIert-nggs mechanism, ot L= t6an
was discovered at LHC by ATLAS Vs=8TeV: [Ldt=5.8-59 fb"

and CMS in July 2012

Nobel prize was awarded to
Francois Englert and Peter Higgs
in 2013

With LHC Run 2 data at 13 TeV, SR A TR 135 140 145, %0
need to re-discover the Higgs M [5eY]
boson and measure Higgs

couplings and other properties

Use Higgs boson as a tool to
probe new physics (not in this
talk)

Englert Higgs

Photo: A. Mahmoud Photo: A. Ma “d .
Francgois Englert Peter W. nggs

Prize share: 1/2 Prize share: 1/2
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Higgs Boson Production at the LHC

LHC Higgs Cross Section Working Group
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ggF: dominant,
larger initial state
radiation from
gluons

VBF: two forward
jets with high
mass and large
rapidity gap

VH: vector boson
(v, I', qq’)

ttH: many b-jets,
leptons, E{miss



Higgs Boson Production at LHC

LHC Higgs Cross Section Working Group

8 TeV (Run 1, CERN 13 TeV (Run 2, CERN o(13 TeV)/
Report 3) Report 4) o(8 TeV)
ggF 19.27 NNLoQeD +NLOEW  48.58 nsloacpandNLOEW  2.52
VBF 1.58 NNLO QCD + NLO EW 3.78 NNLO QCD + NLO EW 2.40
WH 0.70 NNLO QCD +NLO EW 1.37 NNLO QCD + NLO EW 1.95
ZH 0.43 NNLO QcD +NLO EW 0.88 NNLo acD + NLO Ew 2.13
ttH 0.13 (nLo acp) 0.51 NLo Qcp + NLO Ew 3.92

« From 8 TeV to 13 TeV, the cross sections increase by a factor of
2-4.
« Uncertainties of ggF:
« CERN Report 3: 8% (QCD scale), 7.5% (PDF)
« CERN Report 4: 4% (QCD scale), 3.2% (PDF)

N3LO ggF: Anastasiou et at., JHEP 1605 (2016) 058
PDF4LHC, Butterworth et al., J.Phys. G43 (2016) 023001
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Higgs Boson Decays

LHC Higgs Cross Section Working Group

:‘? 1?‘ BERRRRE H e v § Decay mode Branching fraction [%]
=l: o5} H — bb 575 + 1.9
RS A& 2 H— WW 21.6 +0.9
o« < i H > gg 8.56 + 0.86
e | H— 17 6.30 + 0.36
S10° E H = cc 2.90 +0.35
i ] H— 277 2.67 +0.11
10° : H—yy 0.228 +0.011
; : ] H— Zy 0.155 +0.014
1056100 1205 a6 760180 200 0w 0022 = 0001
: M, [GeV]

' 125 GeV

* Low BR channels (ZZ—4l, yy, Zy and pu) have better mass
resolutions but small rate

« Channels with higher BRs (the rest) are challenging
experimentally

* Note: BR (H—pu) = 2.19E-4; BR(H—»ZZ—4l) = 1.26E-4
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Status of Individual Channels

LHC Run 1: data taking in 2011 and
2012 with Vs = 7 TeV (~4.5 fb-') and
Vs = 8 TeV (~20 fb1)

LHC Run 2: data taking in 2015 and 2016
with Vs = 13 TeV (~20.7 fb™).
13.2 b to 14.8 fb-! are used for the results

H—yy v
H—»ZZ*—4l v
vy & ZZ combination
H—->WW*—lvlv 4
HoT11 v
VH, H—bb v
VBF, H->bb + vy

ttH, H->bb v
ttH, H->multi-leptons v/

v
v
v

S X X

v
H—up will be covered by Liang Li
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Higgs Mass Measurement from ATLAS and CMS at Run 1

* Higgs mass is the only free parameter in BEH mechanism

 Mass combination using yy and ZZ channels gives:

m,;=125.09 £ 0.24 GeV PRL 114, 191803 (2015)

T T T I T T T T I T T T T I T T T T I T T T T I I T I
ATLAS and CMS —e— Total Stat | SySt
LHC Run 1 Total Stat Syst
ATLAS H—yy —— 126.02 + 0.51 (£ 0.43 £ 0.27) GeV
CMS H—yy == 124.70 + 0.34 (£ 0.31+ 0.15) GeV
ATLAS H—>ZZ -4l I . i 124.51+ 0.52 ( £ 0.52 £ 0.04) GeV
CMS H—ZZ -4l —t—— 125.59 + 0.45 (£ 0.42 £ 0.17) GeV
ATLAS+CMS yy I—EI—I 125.07 £0.29 (£ 0.25 £ 0.14) GeV
ATLAS+CMS 4] I_}E_I 125.15 £ 0.40 (£ 0.37 £ 0.15) GeV
ATLAS+CMS yy+4l I—@—I 125.09 + 0.24 ( £ 0.21 + 0.11) GeV
1 I 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 I 1
123 124 125 126 127 128 129
m,, (GeV)

Uncertainty is at the level of 0.2%
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H _)YY ( Ru N 2 ) ATLAS-CONF-2016-067

« Signal: small BR, but good

L e e e e e o LA B s e ey o s s
200

mass resolution 5 o o oo E
» Select 2 tight isolated photons 7, "k o S voiotsmol
with cut on py/m,, > 0.35 (0.25) t2of- E
« Background composition: DE e, E
continuum di-photon (about ool E
719%), y-jet and jet-jet fake “E -
20—
(about 21%) o
 Signal extraction by fitting the i
. . . % 0
m,, distribution o
z [T TS Pt 110 120 130 140 150 160
% fo,' Vs =13TeV, 13.3 fyb" | m,. [GeV]
o 4000? "’. %:f{iflet j
= jet-jet
woo e, gy StatiUne. ] Y 0 Fine n granularity of first layer
L e ] can help reject 7o background
OF0 20 g4 ‘15?;1\ ""[(‘;;\1/?0
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H_)YY (Run 2) ATLAS-CONF-2016-067

-

% ATLAS Prel|m|nary my 1250939V
g [ -4- data, tot. unc. [] syst. un(j. —ilgj’:'/_N1'\.l‘|]-00PS+XH:
Fiducial region | Measured cross section (fb) SM prediction (fb) i{ AEAAA A /S
Baseline 432 £ 149 (stat.) £ 4.9 (syst.) | 62.8%% [N°LO + XH] : )
VBF-enhanced | 4.0 £ 1.4 (stat.) £ 0.7 (syst.) | 2.04+0.13 [NNLOPS + XH] N
single lepton 1.5 £ 0.8 (stat.) + 0.2 (syst.) 0.56 £ 0.03 [NNLOPS + XH] o050
» Fiducial cross section measurement: —
reasonable agreement between data and Y M
theory 00 2‘0 4‘0 6‘0 Bb 160 1é0 14‘10 1éOpy1é[%e$(])O
o L L L B L L L B B B
| ATLAS Preliminary e . .
| Ve-1aTev, 1831 Toel |« Results consistent with SM
o - . tyy =025 1% expectations
oy . w =025 | o Run 2 signal strength
oer - T e R measurement have smaller
Yoo =0.59 '3 . .
R S A S e uncertainty compared with
o L o 088 05
= Run 1
MRun—1 | —e— MRun_1=1-17 -0.26
[ | i | | M R
2 1 0 1 2 3 4 5
Signal Strength
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H—ZZ*—4l (Run 2) ATLAS-CONF-2016-079

Good signal mass resolution and
S/B. Small rate.

Lepton pT'234 > 20, 15, 10, (5)7
GeV (mu)e
FSR correction and kinematic fit with

Z mass constraint improve the signal
mass resolution by 15%

Background: continuum ZZ*:
normalization and shape taken from
MC simulation. Z+jets, ttbar
(normalized from data control
regions)

Events/2.5 GeV

351 ATLAS Preliminary .2 02 m, = 125 Ge)

. -
I Z+jets, tt ,

tH+V, VWV ]
w7 Uncertainty

30

C 13 TeV, 14.81b"

15 F

10 F

25 F

20 [

CH— 77" — 4l

90 100 110"

Final State Signal Signal Z7* Z + jets, tt S/B  Expected Observed
full mass range ttV.vvVv, , WZ
4p 8.8+ 0.6 82406 3.11+0.30 0.31 £0.04 2.4 11.6 0.7 16
2e2p 6.14+04 5.5 +0.4 2.19 £0.21 0.30 £0.04 2.2 8.0+04 12
2u2e 4.84+04 44404 1.394+0.16 0.47 £0.05 2.3 6.2+04 10
4e 4.84+0.5 42404 1.46 +0.18 0.46 £0.05 2.2 6.1+04 6
Total 24.5+ 1.8 223+1.6 8.2+0.8 1.54 4+ 0.18 2.3@1.8 %

15/8/16
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¢ Data —

40 150 160 170
m,, [GeV]

118 <m4l<129 GeV
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H—ZZ*—4l (Run 2) ATLAS-CONF-2016-079

Take the events between
118<m41<129 GeV

m,, [118-129] GeV

.. | py,>30GeV
Boosted Decision Tree e
. or more jets
(BDT) method is used to
improve the sensitivity erovomy| Lot I tet ] [ m<i20Gev | [ mp120Gev ]
. . . I P Discriminan e
Signal extraction by fittiNg | juscounting | | Zimm™t | | Pigiminant| | 55raive | | Sanminant
the BDT OUtlet BDT ZZ: BDT_1jet: BDT_2jet_VH: BDT_2jet_VBF:
Use m,=125.09 GeV " -y - b b
e KD= * ARy ° Mj P44
log(ME,,,,/ * An; * An;
MEz,) Any;j © Ang;
g 22T T T T T T T T T T T $jiin(ARZj) : ﬁiijn(ARZJ)
= 2 ATLAS Preliminary ~ tBestit -
1o f-2z 4 ol
’[‘ 1.6;13Tev,14.8fb . é
T . E . r
2 | Compatible to SM prediction
EO; * 1.1 sigma for Og4e Lo 4+
) gﬁi * 1.4 sigma for o\gr vy
0:2? - E
R R W T N

5_ 3 35
xBR(H = ZZ*) [pb]

OggH-+bbH-+tH
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Combined measurement with ZZ* and yy
(Run 2) ATLAS-CONF-2016-081

Input: 13.3 fb-' yy & 14.8 fo! ZZ

H— 77" — 4¢

Category Target
V H-leptonic VHlep
0-jet ggF
1-jet ggF

2-jet VBF-like VBF
2-jet VH-like  VHhad

H—vyy
Category Target
1tH leptonic top
ttH hadronic top
VH dilepton VHlep
VH one-lepton VHlep
VH Emiss VHlep
V H hadronic loose VHhad
V H hadronic tight VHhad
VBF loose VBF
VBEF tight VBF
ggH central low-pp;,  ggF
ggH central high-pt, ggF
ggH ftwd low-pr; ggF
ggH fwd high-pr, ggF

Build combined likelihood
using the categories from
individual analyses

POI

Aa) =

t~
N\
v
CHE

» All systematic uncertainties (nuisance) are varied to

maximize the profile likelihood (profiled)

» Nuisance parameters: about 200
» Signal normalization uncertainties and experimental

uncertainties between the two analyses are

correlated

15/8/16
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Combined measurement with ZZ* and yy

ATLAS Preliminary m,=125.09 GeV
\s=13 TeV, 13.3 b (yy), 14.8 fb™ (Z2)

-o- Observed 68% CL SM Prediction

OggF b g

Over —_—

/Hhad ®

VHlep ——

Oiop —_——
HHHH“}H“HH Hl“lH L1l HH“H}“H

Parameter value norm. to SM value

(Run 2)

ATLAS-CONF-2016-081

: : —1.13 +0.18
Combined signal strength: /£ = 1. _0.17
a Tt
2 100 ATLAS Preliminary — Gpyy My =125.09 GeV _
% [ AH-yy 0 H-ZZ*—4l QCD scale uncertainty
b& - comb. data syst. unc. mm Tot. uncert. (scale ® PDF+a,)

Vs=7TeV, 451"
Vs=8TeV, 20.3fb"
Vs =13TeV, 13317 (y7),

7 8 9 10 11

14.8 b (Z2Z*) ]
42 13
Vs [TeV]

» Higgs boson production is observed in the 13 TeV dataset with a local
significance of about 10 o (8.6 0 expected)

* No significant deviation from the Standard Model predictions is

observed
15/8/16

Haifeng Li (Stony Brook) - Higgs results in ATLAS
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% PRD 91, 012006 (2015
H_)WW _)IVIV (Run 1) JHEP08(2015)1§%7 )

« Large rate but worse mass . 30?_‘1” T A T T oes
resolution due to the two missing S (s=8TeV, 203107 |~ EXP= ¥
neutrinos g 18%p

. : . e, M :EI\V)I/.Wd

« Categorization: split by lepton 13 M

. { B Hi
flavor and number of jets due to 7T
different background composition — T A=l

- Use transverse mass (m<) or BDT o K
score as discriminants: selection

where EYY = /(p%0)? + (my,)>, n, =0 ny=1 ny =2
mr = \/(E’L;f + pyl‘b)z - ”{f +pl{‘u|2’ ep eefup  eu eef/up
ggk- VBF-
enriched enriched

* Also have WH (3 leptons) and ZH ” <8|Tev> en cefun

(4 IeptonS) analyses | ggF-enriched IIVBF—enrichecli

15/8/16 Haifeng Li (Stony Brook) - Higgs results in ATLAS 14



* PRD 91, 012006 (2015
H_)WW _)IVIV (Run 1) JHEP08(2015)1§37 )

[ | T T T T T T T T | T T T T | T T T T | T T T T ]
- ATLASH—>WW#. VBF: 26 G
800 - Vs=8TeV, 20.3fb" ] - e
B \/§=7T6V, 4.5fb-1 1 T [ 1 7 1T ] 7 1T T [ T 1]
> i <1 / ] ATLAS |t Obs = stat
® 600 — (a) n;<1, ep+ee/pp _ < ! Obs
(OD - ¢ Obststat - g P s (s=8TeV, 20.3f0" | 7 Exp = syst
- - % Bkgtsyst ] g 18 Hyge
@ 400 - M Higgs i B Hopr
5 i Eww ] ' mDV
2 i 0 Misid i 20 | ww
200 — 8 vv — Ewud
- 0 Top §
i B DY T o s s = e SR
0 P | 1 2 3
L - BDT bin number
B (b) Background-subtracted : _
150 ‘ Obs - Bkg ] Signal significance Zg
: % BkgiSySt : Category Exp. Obs. Obs
> i M Higgs - Z Zo Zo
g 100 - - goF 4.4 4.2 —
— u . . . 3.2 r—
T f ggF:4.4 0 ver > _
42 50 _ VH 0.93 2.5 e
o) u . W H only 0.77 1.4 f
A B i ZH only 0.30 2.0 e
0 r . geF+VBF+VH 5.9 6.5 r—
- B e e
B | 1 1 1 /l 1 1 1 | 11 1 1 | 11 1 1 | 1 1 1 i 0 12 3 4 5 6

50 100 150 200 250
m- [GeV] Combined: 6.5 0
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H—T1T (Run 1) JHEPO4 (2015) 117

- 0.220
Toq VBF ATLAS

* 17 has 3 final states: I
— Fully leptonic: 12.4%
— Semi-leptonic: 45.6%
— Hadronic: 42% 318%
» Experimentally challenging T e
« Boosted ggF and VBF are most - atas P ]
sensitive categories e mran Y

Il Others n
60— (s =8TeV, 20.3 fb" - Fakes ]

77 Uncert.

« /Z—TT1is estimated using Z—pu data
where [ is replace by simulated T
(2015 JINST 10 P09018)

40

In(1+S/B) w. Events / 10 GeV

20

 Data-driven method to estimate 71- 5 20F -
fakes FA TN I et L -

» m,, is reconstructed with kinematic fit ¥ ot ot
2 50 100 150 200

method (missing mass calculator)

m¥MC [GeV]
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H—T1T (Run 1) JHEPO4 (2015) 117

« Use BDT method to improve ATLAS  oeyenese oo rotl uncertaly
sensitivity . il

« Signal extraction by fitting
the BDT score

—o(theory)

3 : :

4| +0: . .
4| o : :
. : :

: S B

ool | _ SN NS

Bl oqy

HIES e IR D]

N

7] : : : : ;

Channel and Category | Expected Significance (¢) | Observed Significance (o) H—> Tl 1=2.070 ‘§é : Do : :
101 : : HH . . .

TepTiep VBF 1.15 188 | b 5 NI A O IS
Boosted w=3.0%% 14 R i e I

TlepTlep BoOsted 0.57 .72 | b LS PR S S I S
VBF n=17388s| L e

TlepTiep LOtal 1.25 2.40 — T . . . .
0.3 . —— . . : .

TlepThad VBF 2.11 2.23 H— TgTha n=1.072 §‘§ i
Boosted 1.11 101 | e R A
TlepThad DOOSLE Boosted n=09%51"88| | >—|—< t : : :
Tlep Thad Total 2.33 2.33 _10+06 s T T — — — ’
VBF L="1.U 95| o4 i ] : i :

Thad Thad VBF 1.70 2.23 +8,g 1t
ThadThad Boosted 0.82 2.56 H > Tahag w=20%7{"08| @ /'
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ORI S S B

ThadThad Totel - i Boosed  p=36%48| | e
Combined 3.43 O 451 N - el R

Vs=7TeV, 451"
Vs=8TeV, 20.3 fb™

454 O Lep, had channel is the most sensitive channel

Signal strength (u)
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VH, H—bb (Run 2) ATLAS-CONF-2016-091

« Largest BR (~58%). ggF events can not trigger
detector. Rely on VH production to trigger

« Signal mass resolution is worse.
It includes

* 0O-lepton (ZH, Z—vv),
— Missing ET > 150 GeV

Significance of longitudinal impact parameter

600 L | T T T T T T T T

€
+ 1-lepton (WH, W—Iv) 70 Do
— Electron or muon, p; > 25 GeV 0 E
— Tight isolation - E
— Missing ET > 30 GeV o
— p;/>150 GeV I
« 2-lepton (ZH, Z—ll) channels w0t 1 2 3 4seremo 20

p, [GeV]
— Isolated di-electron or di-muon

— Leading lepton p; > 25 GeV, sub-leading lepton
pr>7 GeV

15/8/16 Haifeng Li (Stony Brook) - Higgs results in ATLAS 18



VH, H—bb (Run 2) ATLAS-CONF-2016-091

* For O-lepton and 2-lepton channels, the main background is
Z + heavy flavor production
* For 1-lepton channel, W and top are main backgrounds
> o Tt I T LM B oy = T e LA S
O 5o ATLAS Preliminary mm Ve est0) ] 8 L ATLAS Preliminary mavhebso 4 G [ ATLAS Preliminary - VHGD) (10 ]
S L G=13TeV fLdt=13.210" Diboson ] S [ -13Tev [Lot- 132" Diboson - 8 120/ fs=13TeV [Ldi- 1321 g boson -
~ | Olep., 2 jets, 2 tags Single top i ~ B ., 2 jets, i _' ~ I 2lep., 2 jets, 2 tags Single top -
§ a0 ry > 1s0GeV =reeed 1 2 O e ST T £ ok ere ey o)
L : /// Pre-fit background ] Lﬁ B -5:1?;}:%‘:0’”) ] LE - Pre-fitbackground 1
C ] 600 N Pre-fit baczground ] 80 r 1
300 — l i - ]
et O-lepton ] - 1-lepton g s0F- 2-lepton i
ool HbZZ ] 4001~ S
E m E » M,ﬁfﬁﬁéﬁ; 40__ ........
100:_ 200__ E wmm 20:_ /////////////////
L] = S S IS SE3 AR S B T e e A AN
© V°E I RN RN B A S05 % A
= 0 150 0 250 B0 ° 0 100 15020020 B 5 50 100 150 200 250 300

m,, [GeV]
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ZH

WH

Combination

VH, H—bb (Run 2) ATLAS-CONF-2016-091

ATLAS Preliminary V{s=13 TeV, [L dt= 13.2 fo”

(1.94) 0

| ;T(;t.‘ et ATLAS Preliminary (s=13 TeV, [L dt= 132 b
B Stat. Tot. (Stat. Syst.) | _"LTO'L"'"""""""_
R T Sl b zwam a0
— ke 0.33+095 (068 +068) 1lepton |- H—e—= 025755 (Tose Z087)
Olepion [~ k—e— 0.47: 06 (1035 1052)
’;H L @Ug;?ggg:b comivmion |- weu| 020008 (19 0%)
Best fit u=o/c_ for m =125 GeV 0 2 Best?it u=o/onfor mj=125 (3.190\/
* Observed (eXpeC’[ed) Limit Do Significance
significance is 0.42 "% | &y Obs. | Exp. Obs | Exp.  Obs.
O-lepton | 1.470¢ 2.0 | 0.07 0.15 | 1.45 1.02
I-lepton | 2.0798 2.1 | 0.15 0.46 | 1.04 0.10
2-lepton | 1.8*07 1.7 | 0.13 0.57 | 1.14__-0.17
Combined | 1.0703 1.2 | 0.03 0.34| 1.94 0.42

15/8/16
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VBF, H—bb + Y (Run 2) ATLAS-CONF-2016-063

« Single photon is used to
trigger detector at the

- T T T T

F ATLAS Preliminary —— Data E
C —— VBF H(125 10
180s =13 TeV, 12.6 o' pumz+y ((QCD))+ T

m T T T T T T -
E ATLAS Preliminary —— Data E
E —— VBF H(125 107
180 (g - 13 Tev, 12,6 fb " -Z+y((QCD))+YX E

= Z+ v (EWK E M Z+y (EWK)
I F Low BDT Ngn?;{és Bksd 160; Mid BDT Nc:nlyqes Bkgd
I rS eve 140 — Uncertainty 140 —— Uncertainty

Events /10 GeV
2
Events / 10 GeV

120#
« Use BDT method to iy
separate the events into ; Mt
three categories N R

Data-Bkg
o0s ooo
oL
——

——
(Data-Bkg)/Bkg
ocodb ooco
o WhLOoOLvw O

= E
0 100 150 200 250 300 350 400 450 0 100 150 200 250 300 350
m,, [GeV] m,, [GeV]

T ATLAS Preliminary —s— Data ]
— —— VBF H(125 10+
T (5= 13TeV, 126 o' mm 72y (00D 7
E H z EWK] ]
E High BDT NJnEés Bkg)d B
£ —— Uncertainty ]

Events / 10 GeV
3

b ot
ot :
. fd +++++++++

Expected limit 6.0 *2:3

Observed llmlt = 60 861‘160 20 140 160 153-; 200 220 240
. my, [GeV]
Observed signal strength u  —3.9 58

-2.7

wWhLOoLvWw O
| TTT

(Data-Bkg)/Bkg

oo ooo
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ttH (Run 2)

« Direct probe of top Yukawa coupling
« Search for the ttH production in
— ttH, H->bb: largest branching ratio (58%)

— ttH, H->multi-leptons (contributions from WW/ZZ/11
decays, including T leptonic and hadronic decays)

— ttH, H—-vyy

q t,b g t,b

q t,b 9 g t,b

Representative LO diagrams

15/8/16 Haifeng Li (Stony Brook) - Higgs results in ATLAS 22



ttH, H->bb (Run 2)

b
H_4<::
b

ATLAS Simulation Preliminary

{s=13TeV, 13.2 o

Dilepton

s/ \B
o
(6)]

s/ \B
o
(6)]

0

15/8/16

3j,2b
S/B = 0.0%

>4, 2b
S/B=0.1%

s/ \B
o
(6)]

s/ \B
o
(6)]

3j,3b
S/B=0.7%

>4, 3b
S/B =1.8%

0

s/\B
o
(6]

0

Haifeng Li (Stony Brook) -

>4j,>4b
S/B=6.1%

Main background is ttbar + heavy
flavor production

Events are classified with BDT or
Neural Network (NN) methods

ATLAS Simulation Preliminary
Vs =13 TeV

[t +tight [ JtT+>1c [T+ >1b
[li+v [ INon-t

Dilepton
3j,2b 3j,3b
>24j,2b >4j,3b 24j,24b

>& €

Signal regions are shaded in red, while the control regions are shown in blue

Higgs results in ATLAS

ATLAS-CONF-2016-080
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Events /0.2

Ratio to Bkgd.

15/8/16

ttH, H->bb (Run 2)

Events yields at different analysis
bins ordered by log,,(S/B)

P L B B B B L N
10°EATLAS  Preliminary -4 Data
{s=13TeV, 13.2fb™ ttH (u o, 0 =40)
10° BtH —21
|:|Background

7/, Bkgd. Unc.
- Bkgd. (u=0 fit)

ttH (bb) Combined
Dilepton and Single Lepton

—
o
™

IIIIIII| T IIIII|T| T IIIIIII| T IIIIIII| T IIIIIII|

.?Illllll 1 IIIII|_|_| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII|

T
. T
Ll O

(7]
-
L L.

—_

Haifeng Li (Stony Brook) -

ATLAS-CONF-2016-080

ATLAS Prellmlnary ttH (bb) (s =13 TeV, 13.2 o™

T UL LG B BN B B
—Tot

Stat.
Tot. ( Stat. Syst. )
+2.9 , +1.4 +26
Dilepton ——e— 4.6 -2.3( 1.3 -1.9)

Single Lepton

Combined

ol s by by b by by P T Ly
0O 2 4 6 8 10 12 14 16 18
Best fit p = o/6 for m, = 125 GeV
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ttH, H->multi-leptons (Run 2)

ATLAS-CONF-2016-058

Signature: 2-4 |ept0nS ATLAS  Simulation Preliminary B QMisReco []Other
. S = e Non-prompt Diboson
CategorleS' B\rack:g?ozn\c;composition SttZ/?/ " %”W
 Two same-charge light leptons  zomuee 20071ay e 2001y
+ N0 T, 4 |
« Two same-charge light leptons

T oNne Ty 4

« Three light leptons 2 0es
* Four light leptons %

Main backgrounds:

o ttW, ttZ: estimated from simulation

* Di-boson: estimated from simulation

* Non-prompt light leptons: estimated from data control regions

« Electron charge mis-identification: estimated from data Z events

« Hadronic T mis-reconstruction: estimated from simulation and
normalized to data control region

v &
€6
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ttH, H->multi-leptons (Run 2)

ATLAS-CONF-2016-058

T T I T T T T I T T T T I T T T T I T T T T I T T T T
2 ooF . . . . — ; ATLAS Preliminary Vs=13 TeV, 13.2fb"
g ATLAS Preliminary - Data W itH (SM)
gol. V5 =13TeV, 13.21b" Caw By ] —tot. stat. tot (stat, syst)
Pre-fit [T Diboson [ Non-prompt 2£0 21 - s
Il QMisReco [ Jother Thad +2. +1. +1.
op // Total Uncertainty ] H = 4.0 -1.7 (—1-1 v 1 -3)
ot ] 2¢1 3.6 (428 +23
7 Thad b—e——- 6.2 77 (53, )
50F ] .
7
401 +1.7 +1.2 +1.2
S 0.5 s (5o, 113)
30F
o l f ar| e < 2.2 (68% CL)
10F T 5 [ e
inati +1.3 +0.7  +141
. i 1 —— Combination | (= = 25 77 (57 Zo9)
fO}}ya 2’/&01;7@ 2"007;73 2‘&77}73 Sr e Lo PR T T TN T S AN SN S SO SN ISR S ST S BN R N N
e e T 0 5 10 15 20 25

best fit e for m =125 GeV

QMisReco: charge mis-ID
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ttH Comblnatlon (Run 2) ATLAS-CONF-2016-068

Channel Significance
Observed [o"] | Expected [o]
ttH, H — yy -0.2 0.9
ttH  H - (WW,t1,2Z7) 22 1.0
ttH, H — bb 2.4 1
tt H combination 2.8 1.8

T & F T T & E [ & e [ L ok LT
ATLAS Preliminary s=13 TeV, 13.2-13.3fb*

e (Fot-} {Stab 5 5yst.) Signal strength measurement:

| oy | 0 (*’ '« Central value is compatible
g T s e with Run 1 measurement
s 1| mem A (G2 s e Uncertainty is smaller
e i 04282 ) compared with Run 1
g pees | 27 3 03.80)

0 2 ~— 6/ 8 10
best® etor m, =125 GeV
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Summary

* Most of Higgs results have been updated to use Run 2 data

« With 13 TeV data, Higgs boson is observed again
(significance is ~10 o)

* No significant deviation from the Standard Model
expectations is observed.

Outlook for Run 2:

 Itis expected to have 100 fb-! for the whole LHC Run 2 (by
2018). We are going to measure the Higgs boson with higher
precision using established channels and keep searching for
the channels which are not observed yet
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ATLAS Detector

4 R
Inner Detector; "Calorimeter: ~
ml < 2.5 In| < 4.9 ,

Solenoid 2 1 EM : Pb-LAr; 6/E ~ 10%/VE & 0.7%
Tracking and vertexing : Pb-LAr; o/E ~ 10%/ \;9_ 17

. -Seint - ~ o o
o/pr ~0.05% pr®1% | Had : Fe-Scint.; o/E ~ 50%/VE®4% |

p
Muon Spectrometer;
In| < 2.7

Air-core toroidal & gas
P chambers

fﬁ’:)lorimefers O'/pT ~ 2% @ 50 GeV
Pixel detector flgm:'zrzgigﬁ:‘z;‘:?sp " \O-/ pPT ~ 10% @ 1 TeV

LAr electromagnetic calorimeters

25m

Toroid magnets

Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor tracker

[40 m long, 25 m high. 100 M read-out channels j
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LHC Run 1 and Run 2

LHC Run 1: data taking in 2011 and
2012 with Vs = 7 TeV (~4.5 fb-') and
Vs = 8 TeV (~20 fb1)

W
o

ATLAS Online Luminosity
2011 pp Vs=7TeV

\

N}
($)]

= 2012 pp Vs=8TeV
m— 2015 pp Vs=13 TeV
w2016 pp Vs =13 TeV

\

Delivered Luminosity [fb™]
N
o

LHC Run 2: data taking in 2015 and

/

—
)]
IIII|IIII|IIII|IIII|IIII|IIII

10 E 2016 with Vs = 13 TeV (~22.4 fb")
5 =l
/ :§ 'g 140:_‘“‘\‘“‘\““\‘“‘\““\““\““\““\““\““__
0 | | | | | | | ] - 5 ATLAS Online, (s=13 TeV fl_dt=22.4 fb“_:
yao P\Q( ‘)\)\ OO\ ; 1205 B 2015:<>=137 ]
Month in Year g 100 B3 2016:90=252
g 80 :_ Bl Total: <u>=21.4 _:
% 603— —
Run 2: 13.2 fb'' to 14.8 fb-! are used for NS E
) C 13
the results 200 34
G_HHM coaa b I )

ol b T =
0 5 10 15 20 25 30 35 40 45 50
Mean Number of Interactions per Crossing
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ATLAS Upgrade during Shutdown

* |nnermost silicon pixel
detector layer (IBL)

e 33 mm from beam

* Improve tracking and bjet

tagging (~4 times better for light
flavor jet rejection)

o

IBL _ TN |

D e \\ T 600f
IR &&ﬁ%‘i 0} “‘ /—-3: F  ATLAS Preliminary o Data2012 (5e8TevV ]
oo AN V S & 500 00<n<0.2 o E
; \\ B | ! ° E e Data2015,{s=13TeV
@ 3% o
| j/f ' 4 Bhadron with o0 __ E
NWESETL 4/ pT=50GeV will 0= T :
LYY &/ travel 3mmin the - T ]
s o 100}~ —_— =
- o transverse g ERREE
v e ' direction 0 P ‘ e .
4x10" 1 2 3 4 567890 20
p, [GeV]
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H—yy

Definition of fiducial regions

Table 1: The summary of the selection criteria that define the fiducial regions.

diphoton baseline ‘ VBF enhanced ‘ single lepton
Photons 7l < 1.37 or 1.52 <|n| <2.37
py >0.35my,, and py’ >0.25m,,
Jets - pr > 30GeV, |y| < 4.4 -
- m;; > 400GeV, |Ay;;| > 2.8 -
- |A¢yy,jj| > 2.6 -
Leptons - - pr > 15GeV
Inl < 2.47

ATLAS

A wAﬁtot

0.2 -0.1 0 0.1

Preliminary

EM energy resolution
ggH pert. QCD

y id efficiency

bkg ggH fwd Iow-pn
luminosity
BR(H—vy)

ggH Pdf

ggH jet bin (2))
underlying event

bkg ggH centr. low-p_
bkg ggH fwd high-pn

EM energy scale

R L I IS
—

L7

/‘// 7
7
///,
7
=
u {s=13TeV, 13315 —— Pul

ogH Prefit Impact onfu
my=125.00GeV ;77771 Postfit Impact onfi

lllllllllllllllllllllllllllllllllllll

15 4 05 0 05 1 15
(B-6,)/A0

— Selection: two isolated photons with p;, >0.35m,,, p;, >0.25m, and |n|< 2.37
(excuding 1.37<|n|<1.52)

— Signal model: double-sided Crystal Ball (parameters from simulation)

— Background model: exponential of polynomial, or Bernstein polynomial

— Dominant systematic: photon energy resolution and background choice bias.

15/8/16
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H—yy

BogH HVEBF wH [HzH HuH  [bbH tHib tWH

ATLAS Simulation Preliminary H-yy Vs=13 TeV

ttH leptonic

ttH hadronic

VH dileptons

VH leptonic
VHMET

VH hadronic tight
VH hadronic loose
VBF tight

VBF loose

ggH fwd high-pn
ggH fwd Iow-pn
ggH central high-pﬂ

ggH central Iow-pﬂ

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Fraction of each signal process per category

ggH VBF WH ZH 1iH bbH 1Hjb WH
Category %) fB) &%) fB) %) fR) &%) [ %) (%) %) f%) %) (%) %) f%)
Central low-py 12.7 92.7 6.9 3.9 6.3 1.3 6.0 0.8 3.5 0.3 14.2 1.0 4.6 0.1 3.8 0.0
Central high-pr, 1.2 78.2 2.4 12.8 2.1 4.0 1.8 2.2 2.9 2.0 0.4 0.3 3.7 04 5.1 0.2
Forward low-pT; 22.0 92.1 12.5 4.1 13.0 1.5 12.7 1.0 5.1 0.2 24.9 1.0 9.5 0.1 4.8 0.0
Forward high-pT; 1.9 76.8 4.1 13.4 3.9 4.6 3.7 2.8 3.6 1.5 0.8 0.3 6.6 0.4 4.8 0.1
VBEF loose 0.5 46.3 73 51.6 0.2 0.6 0.2 0.4 0.3 0.3 0.4 0.3 3.4 0.5 0.6 0.0
VBEF tight 0.1 23.8 5.4 75.5 0.0 0.1 0.0 0.1 0.0 0.1 0.0 0.0 1.2 0.3 0.1 0.0
V H hadronic loose 0.4 64.6 0.4 4.3 3.9 16.5 4.1 11.0 1.7 2.6 0.5 0.6 1.0 0.2 2.2 0.2
VH hadronic tight 0.1 48.9 0.1 2.5 1.8 28.1 1.6 16.9 0.5 3.1 0.0 0.1 0.3 0.2 0.7 0.2
VH Efl‘?iss 0.0 2.4 0.0 0.6 0.6 28.5 1.9 55.8 0.6 10.9 0.0 0.0 0.3 0.7 1.2 1.0
VH one-lepton 0.0 0.2 0.0 0.0 1.3 83.7 0.1 3.0 04 104 0.0 0.0 0.4 1.3 1.1 1.3
VH dilepton 0.0 0.0 0.0 0.0 0.0 0.0 1.2 95.1 0.1 4.5 0.0 0.0 0.0 0.0 0.2 0.4
ttH hadronic 0.0 3.8 0.0 0.5 0.0 0.3 0.1 0.8 11.5 88.1 0.0 0.2 2.2 2.5 10.1 3.8
tfH leptonic 0.0 0.3 0.0 0.1 0.0 0.7 0.0 0.4 8.4 89.3 0.0 0.2 3.1 4.8 8.3 4.3
Total efficiency (%) 38.9 - 39.2 - 33.2 - 33.5 - 38.6 - 41.2 - 36.2 - 43.1 -
Events 568.8 44.6 13.7 8.9 5.9 5.6 0.8 0.3
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Run 1 H-vyy

Phys. Rev. D 90, 112015 (2014)

180

160

140

120

100

E weights / GeV
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40

20

——T7 T T T T T T
fLdt=451b", {s=7 TeV ATLAS
- s =

det_20.3fb,\Fs_8TeV 4 Data
S/B weighted sum )

. . — Signal+background
Signal strength categories
===+ Background
— Signal

m,, = 125.4 GeV

o 5.20

H45-|-"||||””_III|III|III|III|III|III|III

data - fitted bkg
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m,, [GeV]
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y E
99F 2 E
categories ]
3 ATLAS E
VBF [ [Ldt=451" s=7Tev 3
categories [ . 3
E JLdt=2031b", {s=8TeV 3
VH - H = yy7,m,=1254GeV A
categories | 1
ttH : :
categories | ]
B o 3
Combined | b 3
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FrorrrrTrTr T T T B

[ -+ Bestfit ATLAS =

r —— 68% CL JLdt=450" (s=7TeV ]
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= X SM e H o _ ]
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H—-Z/Z*—4]

Lepton definition Acceptance factors A[ %]
Muons: pt > 5 GeV, |n| < 2.7 Electrons: pt > 7 GeV, |n| < 2.47 Decay Production mode
_ Pairing Channel geF VBF WH ZH iH
ISJeta)dlmgdPalr. y 1S{FOS.le?ptorsl Ii)gl; \lmth smal.lest.ligz - nlllggl 4 509 550 438 465 536
ub-leading pair: emaining epfon pair with smallest |my — mg| 4o 396 439 344 360 446
- __Event selection 22e 400 429 340 355 424
Lepton kinematics:  Leading leptons pt > 20, 15, 10 GeV 2e2 459 486 380 404 472
Mass requirements: 50 < mp < 106 GeV; 12 < m34 < 115 GeV ' ' ' ' '
Lepton separation:  AR({;, £;) > 0.1(0.2) for same(opposite)-flavour leptons
J/y veto: m(t;,£;) > 5 GeV for all SFOS lepton pairs
Mass window: 115 < mygp < 130 GeV
> 1007\ L ‘ L ‘ L ‘ L ‘ L T \7
&t ATLASPreliminary ¢ Daa 1
H — Total B
% L Inverted Isolati1on CR it ]
= 80 13Tev,148f7" ... Z+heavy -
C
Narrow peak (1.6-2.3 GeV @125 GeV) on g Zeight
top of smooth background 60 ]
40 -
Lowering muon pT cut from 6 to 5 GeV — ol ]
~8% increase on the signal acceptance : ]
;d—J o L A--‘---\--v"r"\"""‘\“\ Ly \‘“\" == 3
50 60 70 80 90 100
m,, [GeV]
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Run 1 H—-ZZ*—4l

Phys. Rev. D 91, 012006 (2015)

% 80 _I T | T T T T | T T T T | T T T T | T T T T | T T T T ]
G | ATLAS ¢ oDaa -
g 70 T H L 775 s 4] [ signa (m, =125 GeV = 1.51)
2 60 - 5=7Tev J.Ldt=4.5 o B o-ocorouna 2z E
G>) - ; - Background Z+jets, tt 7
w T Vs=8Tev J.Ldt =203 » N
50 C ////% Systematic uncertainty ]

40 | * =

30 =

20 - =
10 -

Z *Z

0

100 200 300 400 500 600
(h) m,, [GeV]

16.2+1.6 7.41+040 2.95+0.33 26.5+1.7 37
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Combination with ZZ* and yy

ATLAS Preliminary m,=125.09 GeV
/s=13 TeV, 13.3 b (yy), 14.8 b (Z2)

-8~ Observed 68% CL SM Prediction

(o 'B)SSF .-
ol . _
0872, | — |
el —— _
)I/YHhad ®

(o )z/YHlep ——
o8| —— |
I N U N T N TV N N A N A A R B

-4 2 0 2 4 6

Parameter value norm. to SM value

15/8/16 Haifeng Li (Stony Brook) - Higgs results in ATLAS

39



Run 1

15/8/16

ATLAS
my = 125.36 GeV

— o(stat.)
sys inc.
- O(theory )

— o(theory)

Total uncertainty
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H— vy
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Run 1 H—-T1T

. VBF Boosted
. Variable
‘l:. g VBI‘: I . Dat‘a 1 99 10 T Boo‘ste d I N Dat‘a ’; TlepTlep  TlepThad  ThadThad | TlepTlep  TlepThad  ThadThad
2 {5=8TeV, 20.31b" — Z§}§2§ Eﬁj 54) e || 5-8Tev, 203" — ZE] Sﬁ; Eﬁ:} ')4): myMe . . . . . .
2 10 ATLAS o 1 £ 107 atLas mZow 3 AR(11,72) . . . . .
g) Il Others g Il Others ]
I Fake © I Fake © 1 s4,
“ 772 Uncert. w 10° 772 Uncert. E A, j2) * b *
51,52 . ° i
102 7]]'1 X 77]‘2 ° ]
p¥otal ° °
g 5 T ™ E 15 Sum pr . .
s e bt » s . a s N Pt /pE . .
- ! hd LJ _Y_‘—‘T‘:‘_L — I . e L 9 -
g 0.5 % 0.5 ET'5¢ centrality . . . . .
L P P T L L P P P L
e 4 05 0 0.5 1 e 05 0 0.5 1 Mes .
BDT output BDT output
(C) (d) My 0y i
e e 107 e . Ag(ly, b2) b
~ Tpadl) VB‘F ‘ —— Dat‘a ! Thadl Bot‘)sted ‘ —— Dat‘a Sphericit
. E
2 hae e ,1 — H(125) (1=1.4)4 2 10%F M . — H(125) (1=1.4) phenieity b
P [s=8Tev,203f0" H(128) (ut) 8 g [5=8Tev.203m’ T H125) (uzt) ] 7 R
S PLATLAS o ] c 10°F ATLAS o 3 Pr
> Il Others > p.]l .
w 5 [ Fake © w T
10 77z Uncert. E Erlfliss/p% °
77777777777777 mr L] L]
min(AWl[zyJ'EtS) °
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§ é 1.5 CWIWZ (77[) .
4 ° Y Py 7
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e g 05 0 05 1 e 4 -05 0 05 1 e
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(e) (f)
Table 5. Discriminating variables used in the training of the BDT for each channel and category
at /s = 8 TeV. The more complex variables are described in the text. The filled circles indicate
which variables are used in each case.
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VH, H->bb

Selection 0-lepton 1-lepton 2-lepton
Trigger ERiss EZS (u sub-channel)
Lowest unprescaled single lepton

Leptons 0 loose lepton 1 tight lepton 2 loose leptons

(= 1 medium lepton)
Lepton pair - - Same flavour

opposite-charge for uu

E%niss > 150 GeV > 30 GeV (e sub-channel) -
my - - 71 <my < 121 GeV
ST > 120 (2 jets), >150 GeV (3 jets) - -
Jets Exactly 2 or 3 signal jets Exactly 2 or > 3 signal jets
b-jets 2 b-tagged signal jets
Leading jet pr > 45 GeV
minA¢(EMS, jet) > 20° - -
AP(ET"™, h) > 120° - -
Ag(etl jet2) < 140° - -
Aqﬁ(E%niSS, E%ﬂssk) < 90° _ _

LI

p‘T/ regions

[0, 150] GeV (2-lepton), [150, o] GeV

15/8/16

Table 1: Summary of the event selection in the 0-, 1- and 2-lepton channels.

Haifeng Li (Stony Brook) - Higgs results in ATLAS

42



Run 1 ttH

Multi leptons: Phys. Lett. B 749 (2015) 519-541
bb: arXiv:1604.03812

T T T I T T T I T T T T T T T T T I T T T I T T T I T
. ATLAS [s=7Tev, 45 o' |
total [s=8 TeV, 20.3 fb”
statistical (tot) (stat)
_ _ +2.6 +2.5 ]
HH(H — vy) | ® | u=1.2 s 17
_ +1.4 +1.1
ttH(H — WW/tt/ZZ) [— F—e—-H u=21 " 0
- T == =1. +1.0 +0.6 ]
ttH(H — bb) u=1.4 10 06
- . . | [T — +0.8 +0.5 ]
ttH Combination u=1.7 " 08 .08
1 I 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1

L P R
-2 0 2 4 6 8 10 12
Best fit u for mH=1 25 GeV
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VH, H—bb

Variable O-lepton  1-lepton  2-lepton
p¥ _ X X
E7s X X X
p% X X X
pf’l? X X X
mpp X X X
AR(by,bs) X X X
|A7](b1, b2)| X X
A¢(V, bb) X X X
|An(V, bb)] X
HT X
min[A¢({, b)] X
my X
my X
MTop X
|AY (V, H)| X

Only in 3-jet events
Pt X X X
My X X X

Variables used in the multivariate analysis
for the 0-, 1- and 2-lepton channels.
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95% C.L. limit on o/cg,,
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JHEPO1 (2015) 069
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—e— Observed (CLs) s =8 TeV, I Ldt=20.3b"
...... Expected (no Higgs)

— e Expected (m,, = 125 GeV)
- El+to
:I | 111 | 11 1 | 11 1 | 111 | 11 1 | 11 1 | 1
110 115 120 125 130 135 140
my [GeV]

1.40 for 125 GeV

Events / 4.0 GeV

- ATLAS Simulation
' Pythia VH, H — bb MC
- 2lep., 2 jets, 2 b-tags
0.08 L p¥ inclusive f

0.06 | O Global Sequential Calib. (GSC)
- + Muon-in-Jet Correction 1
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Higgs Coupling Measurement

« Coupling information can be extracted from individual processes

ttH/bbH production
decay BT S

i/b

H ----- t/b

t/b
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Higgs Coupling Measurement

« Coupling information can be extracted from individual processes

WWH/ZZH | production

t/bga R ————— H

(a) q (b) q

i/b

H ------ t/b

t/b
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Signal strength and fitting framework

o. - BR/
,U{ l :,uixlff

 (0)sm - (BR gy

Leading-order motivated framework: k-framework

W,Z
8
7 W ST —— f O'(I?) : Ff(l?)
H 0-1 . BR = d R
I'y
g (@) (a) W,z
2 SM 2 ] i
Definition of modifier: K; = O'J-/O'J- or K; = I/ /FéM.
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Dictionary

Effective Resolved
Production Loops Interference scaling factor scaling factor
a(ggF) v t-b K5 1.06 - k7 +0.01 - &7 — 0.07 - kekpy
o(VBF) - - 0.74 - k%, +0.26 - &2
o(WH) - - K%V
o(qq/q99 — ZH) - - K
(g9 — ZH) v -7 2.27 k2 +0.37 - & — 1.64 - kzK,
o(ttH) - - Kt2
o(gb — tHW) — -W 1.84 - k7 + 1.57 - k3, — 2.41 - ik
o(qq/qb — tHq) - =W 3.40 - k7 +3.56 - k3, — 5.96 - kikw
o (bbH) - - K
Partial decay width
FZZ _ _ K%
rvw - - K%V
r v =W < 1.59 - k5, + 0.07 - k7 — 0.66 - kyyk;
e _ _ K2
be _ _ K}%
| R - - K/%

Total width (Bgsm = 0)

0.57 - k7 +0.22 - &5, + 0.09 - K3+

0.06 - k2 +0.03 - k2 + 0.03 - 2+
2 2

0.0023 - k5 + 0.0016 - k7, +

0.0001 - k5 +0.00022 - &

FH \/ - K
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Profile likelihood and systematics

Nuisance parameters: about 4200 NPs (most of them are
related to MC statistics uncertainties), one single fitting
takes hours

A(@) = L(a, 6(a)) * RooFit development

>  Asymptotic method

L(a,6)

POI

* Most of experimental systematics are assumed
uncorrelated
* Main correlated systematics are the signal theoretical

uncertainties
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Higgs Coupling Measurement with ATLAS and CMS at Run 1

arXiv:1606.02266

ATLAS and CMS & ATLAS+CMS - —————————r T
LHC Run 1 DA £ |§ e ATLAS and CMS wZ
B ; — 1o interval < E LHC Run1
——— —~$=— — 2 interval 5
——— —— n
o ; g]> 107"k E
i v
Kw =
o =
B 102F 1
Ky —o—
*‘_E*
2ot : ¢ ATLAS+CMS
|KT| =t e N SM Higgs boson |
— — [M, €] fit
B i [ 68% CL
K, - T [ ]95%CL
| h : 10_4:” o T i =
e | ——— 107! 1 10 10°
" — Particle mass [GeV]
111 1 | 1111 | 1111 | 1111 | 1111 | 11
-2 -1 0 1 2 3
Parameter value _ 8v,i _ My i
Yv,i = \[Kv.,i oy VKv.i ,
2 SM 2 )
ki =o;lo;" or ki =T"/Tg,. B 8F,i _ Mmr i
YF,i = KF,i 2 = KF,i v’
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