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- LHC Run2 physics program successfully finished in 2018!!

LHC Run2 Status

. ATLAS and CMS recorded ~150fb"! (140fb-! for physics) at s=V13 TeV
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s =13 TeV

~  [JLHC Delivered
D ATLAS Recorded

Delivered: 158 fb™'
Recorded: 149 fb™’
Physics: 140 fb'

D Good for Physics
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Month in Year

Pile-up increased significantly =» Severe condition for experiment
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ATLAS Online, 13 TeV

Ldt=148.5 fb

2015: <u>=134
2016: <u> = 25.1
2017: <u>=37.8
2018: <u>=37.0
Total: <u> = 34.2
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Mean Number of Interactions per Crossing

(higher trigger rate, performance degradation)
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Highlight of Experimental Performance

- Physics object performances are under control in <y> 50~60!!

Mean b-tagged jet multiplicity

b-tagqing efficiency pile-up jet mitigation
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Higgs Decay Branching Ratio

125 GeV Higgs is “miracle” =» Accessible to various decay modes!!

LHC HIGGS XS WG 2016
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M, [GeV]

H->WW
H>ZZ
H->vy
H>1T
H->bb
H->cc
H->up
H->Zy

Branding
Ratio
@ 125 GeV

21.4%
2.62%
0.23%
6.27%
58.2%
2.89%
0.022%
0.015%

Observed in

_ Run1

(clean final state)

Observed in Run2

- Run3 - HL-LHC

Reaching more difficult and lower decay

mode




Higgs Production at LHC

gluon fusion vector boson fusion (VBF)  associated prod. with W/Z associated prod. with it
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- 1 WH 1.3pb
10-1L 4 ZH 0.88pb — Observed in Run2
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Outline

- Run2 achievements (so far)
- Higgs Yukawa sector
- Higgs precise measurement

- Cross section measurement (inclusive/differential,

“simplified template cross section”)
- Coupling measurement (combination)

- Higgs-pair production
- BSM Higgs search

- HL-LHC Prospect
- 125 GeV Higgs boson measurement
- Higgs-pair production
- BSM Higgs Search

ATLAS Simulation Preliminary
Is =14 TeV: |Ldt=300 b ; [Ldt=3000 b

*x K
* v/
* v/
vV X
v v
v v

-1

H—yy  (comb) @
1

H— ZZ (comb.)

Extrapolation based
on Run1 analysis

H— WW (comb.)

H2Zy  (incl)

Run2 results

Hos bb  (comb)

H—tt (VBF-like)

H-pp  (comb.)




Outline -mm

- Run2 achievements (so far re———
" Alot of Higgs (Search/Measurement) results in Run2
v Main results using 36fb-1 or 80fb-1 (up to 2017 data)
=» Full Run2 results (~140fb-1) will come soon

v HL-LHC Prospect are updated based on improved
Run2 analysis

Impossible to cover all results (show selected(biased) results)

- Higgs-pair production
- BSM Higgs Search
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Search for ttH Production

- Provide direct top-Yukawa interaction

- 13 TeV ttH cross section is X 3.8 higher than 8 TeV :

- Experimentally final state is quite complex g

(ttH>WDbWb+Higgs decay product)

’_H <W/Z <’C
LgQQQQQQQQQQ/ W/Z T

t@-———————- _J H
__’__

Y
Y
b

H <
_>__
b

—

Various Higgs decay modes used
v  H>WW/ZZ/t1 (multi-lepton)
v Use leptonic decay from W/Z or 1
=> Relatively clean
v" Difficult to reconstruct my
v' H->vyy (Golden channel)
v Clear my peak can be observed
v’ Statistics is quite limited
v H->bb
v High statistics
v" Difficult to reconstruct my due to wrong b-jet
assignment
v tt+HF bkg modeling is extremely difficult
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Search for ttH Production H = oxBRye

. HOvyy : ATLAS, CMS update with 80fb-"

v' ttH events categorized by number of lepton (ttH Had, ttH Lep)
v MVA(BDT) performed for each category to discriminate from non-ttH background
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CMS Pre//mmary 35 9+415fb" (1 3 Te
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E 40% ttH | M =1-7 | Al caltegorle; ] 8 35; ¢ Data ATLAS -
- % = H_)YY " S/(S+B) weighted = e} 30 [ Continuum Background \/§ =13 TeV, 79.8 fb1 E
*2 30 f— $ Data _E S - -=-=-- Total Background my, = 125.09 GeV ]
2 o5 5_ — S+B _E » 25 — Signal + Background All categories =
% = ] ...... Background 3 E;_m C In(1+S/B) weighted sum ]
D 20F B tio = © 20F —
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CMS py = 1.750:8 (exp. 2.70) &

— +0.5
00 ro 120 130 140 150 160 170 180 ATLAS pyn = 14755 (exp. 3.70)

m,, (GeV) Sensitivity is still statistically limited




ttH Observation in Run2

- Combined all decay modes
- ttH->vyy : statistically limited
- ttH ML, ttH->bb : systematically limite

T ! T T | T T ! T I T T T T | T T T T I ! T T T I T !

ATLAS e Total Stat. [ Syst. — SM
Vs=13TeV, 36.1-79.8 fb™
Total Stat. Syst.

ttH (bb) H = H 0.79+ J3 (* 2% ,+0.53)
ftH (multilepton) H—— 156+ 0% (% 620 % o7 )
ftH (vy) ——— 139+ 05 (£ 0o, + %)
ttH (Z2) Je <1.77 at 68% CL
Combined H==H 132+ % (£0.18,+ 22
| | 1 1 | 1 | | | | | | 1 1 | 1 | | | | | 1 1 1 | | |
—1 0 1 2 3 4
SM
O/ O

Observed significance : 5.8c(exp. 4.90)

signal strength : 1.32"0:28

*ttH ML, ttHyy 80fb-"
not included

5.1fb" (7 TeV) + 19.7 fo (8 TeV) + 35.9 o' (13 TeV)

@ Observed
CMS = 11G (Stat @ syst)
L ) mmm +1G (syst)
_ 5 —— 120 (stat @ syst)
fTHWW*) ————gu————
ftH(ZZ*) (=

tfH(’CJ”C_) ——_.i——

ttH(bb) —'-.-'—
7+8 TeV -—-_-—
13 TeV | —ag—
Combined ———

111

Observed significance : 5.2c(exp. 4.20)

signal strength : 1.26"331

Both experiments observed slightly high signal strength (~still 1o level)
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ATLAS D
(s =13TeV, 798 fo! = :;:;oi; e
2 leptons, 2 jets, 2 b-tags B Z+jets

tt
[ Single top
Il Wi+jets
Uncertainty
..... Pre-fit background
— VH,H — bb x 80

H—->bb Measurement

- VH channel is most sensitive for H>bb measurement

- Lepton from weak boson can eliminate huge QCD background, make
trigger easy (lepton and MET trigger) 102

- Sensitive to High-ptV region (higher S/B) o

' Olep  [dlep _l2lep

ATLAS >150 GeV >150 GeV  75-150 GeV  >150 GeV

10*

Events / 15 GeV

10°
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CMS  >170 GeV >150 GeV  50-150 GeV  >150 GeV S »ﬂw~~~**w+++++ DLH[ T
T 0.5 ol L Lol i H
. . . . . . o 100 150 200 250 300 350 400 450
- MVA discriminants used to extract signal (myy,, pr¥, my, and jet kinematics) P! [GeV]
510" (7 TeV) + 18.9fb™ (8 TeV) + 77.2 b (13 TeV)
-6 107 CMS ‘ Data 8‘ ,106:_ll L l_I.I_IDIataI L I_I: _l |AIT|LIA|SI TT | 1T | T T l T T [ 1T | 1T | 1T | ]
‘E 6 = [ Background 2 = A LAS 1 B VH, H - bb (1=1.16) - 18F Vs =13 TeV, 79.8 fb +3|:taH bb (11=1.06) ]
’ . > i Single top 16 0+1+2leptons - Diboson -
g.ackglrouBnd llincertaz;nty o 10° = M Z+jets E C 243 jets, 2 b-tags Y Uncertainty E
T Slonale Backgroun c -cnvlillgl;t ; 14? Weighted by Higgs S/B Dijet mass analysis ?
i Diboson 12F -
10° E C m ]
. 10 _+_ bb -
10° ] analysis 1

Events / 10 GeV (Weighted, backgr. sub.)
T

o 15 _._.=¢4—?— O \

‘\g 1 ¢ ° - * :CE _2:_1|1| L

8 0.5t | | p—— ; l f 40 60 80 100 120 140160180200
-3 25 -2 -15 — 0.5 0 g

m,, [GeV]

log, ,(S/B) ' ' ' “log, (S/B)



H—->bb Observation

- Both experiments combined other production modes
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- Sensitivity is quite similar . . .
<5.1fb" (7 TeV) +<19.8 b (8 TeV) + <77.2fb" (13 TeV)

0 1 2 3 4 5 6 7 8 9
H—bb Best fit u

T T T T I T T T T I T T T T _l T T T : I T T T T I T T T T I T T T T CMS PY Observed
ATLAS H—bb Is=7TeV, 8 TeV,and 13 TeV e +1o (stat ® syst)
4.7 b, 20.3 fb!, and 24.5-79.8 b’ H—bb m— +1 (SYSt)
— Total Stat.
Tot. ( Stat., Syst.) ; stat  syst
+1.16 [ +1.01 +0.57 ggF : 2.80+2.08 +1.30
VBF+ggF K ® - 1.68 112 (—1.00 1 —0.51 )
VBF | ——— 2.53+0.98 £1.17
+0.56 (+0.28 +0.48
ttH|  p———— 1.00 T5o, (Zo27 046 )
ftH | —— 0.85 +0.23 + 0.37
+0.22 +0.14  +0.17 :
VH Fed 0.98 922 (14, 54e) WH - 1.24 +0.29 + 0.24
@
"""""""""""""""""""""""""""""""""""""""""""""""" ZH -e- 0.88 +0.24 +0.16 E
+020 (+0.12 +0.16
Comb. Y 1.01 % (o125 015 ) : %
1 I 1 1 1 1 | 1 1 1 1 | 1 1 | 1 | 1 1 1 1 | 1 1 1 1 Comblned ? 1'04 i 0'14 i 0'14 (@))
0 1 2 3 4 ) 6 7 U I AN BN A S
o
Z
o
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Observed significance 5.40 (5.50) O.bserved significance 5.40 (5.50)
Signal strength p=1.01£0.12(stat.) "0 1¢(syst.) Signal strength p=1.04=£0.14(stat.)=0.14(syst)




VH Production Observation

- ATLAS claims an observation of VH production mode
- Combined with H>ZZ, H>vyy
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ATLAS VH \s=13 TeV, 79.8 fb™
—Total  —Stat, Observed significance 5.30 (exp. 4.80)
Tot. ( Stat., Syst.)
. +1.30 1.26 +0.32
H—) ZZ | @ H 0-94 _0.87 (t0.85 ) 1-0_14 ) Signiﬁcance
Channel
Exp. Obs.
Hovy|  p—f— 1.03 0on  (Toso > 05 ) H— 277" =4 11 1.1
H > 1.9 1.9
et o o e e e e
027 otE 00 i H — bb 43 49
= +0. +0. +0. S o o e o
H— bb H 1.17 -0.25 (20146 5 019 ) VH combined 4.8 5.3 R
......................................................................... &
Comb. Her 113 +028 (fg-;g | 13-;3 ) -
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Ratio to SM

VH Cross Section Measurement

ATLAS measured “differential” cross section in the context of

[ J
Simplified Template Cross Section (STXS)
= ATLAS Preliminary VH, H-bb, V-leptons cross sections: 3 Measurement region SM prediction Result Stat. Unc. Syst. Unc. [fb]
B {s=13 TeV, 79.8 fb™ ® Observed ==tot. unc ==stat. unc i (lyg| < 2.5, H — bl_)) [fb] [fb] [fb] Th. Sig. Th. Bkg. Exp.
10° &= : = Expected [theo. unc. —= W 150<pr <250GeV | 240 £ 11|20 + 25|+ 7|+ 2|+ 13|+ 9
= VW ; V=2 1 Wl 220GV | 708,.£..034 .88 E.02 LA LR 08 L 25 L £ 09
= - I - 4 Z—llww,T5<py <150 GeV | 506 + 41| 8 + 45|+ 3B+ 10+ 2|+ 19
10% - ! "f = Z—llww,150<py <250 GeV | 188 + 24| 14 + 13|+ 1|+ 1]+ 6|+ 3
- T —— 3 iZ - lvv,pp > 250 GeV 49 + 05|85 + 40|+ 37|+ 08|+ 12|+ 06
10 _# ! I —ﬁ - 5 prV-bin : highest p1V bin still statistically limited
= 4 E =
B 1 } i s, 4r , , — ]
i i _— —_— ] na [ ATLAS Simulation Preliminary :
. ; : E * - * _{ g 3.5 —g,, =0.004 -
1 * = 1”? ﬂ % [ —Tp=0.023 ]
ol- &+ : e . ~ 3F —t,-t;=0.008 E
150 P 75 150 P2 @, f ! .
P TTTR80 Gy TR rs, | U0Eps  TR00 > 2.5 - =
2 G - ; ]
T QSOGSI/ el/ OGGI/ T 506@'/ el/ o) C : 5
2 ]
Only Dimension=6 operator considered (linear+quad term) 1.5 =
| — a
- - 1E [ .
Parameter Expected 95% CL intervals Observed 95% CL intervals - H .
Caw [—0.018, 0.004] [—0.019,—0.010] [J [—0.005, 0.006] 0.5 WH-hbb 4 ZHo(llywibb 3
cnn [—0.082, 0.023] [—0.092,0.029] ' "0 P25,  Bpz T80 PRos
_ _ 0 <7 <0 T7<00
T [—0.034, 0.080] [—0.036,—0.024] | J [—0.009, 0.010] r <250 Gely Ger 77750 G, 750 Gely Geyy
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- Search for highly boosted H->bb associated with ISR jet ~ xqe¢ N
& ATLAS Prellmmar —e— Data [ SMHiggs (u, = 58) ]
- Require two jets (R=1 .O), pt>480 GeV, 250 GeV 825_ s =13 TeV, 805fb1y — QCDFit  —— Velets(n,=15)
__g o0k Signal Region QCD Fit + 16 — Top ]
- Higgs candidate is leading large-R jet with two b-tagged 2 ¢
track-jets 15; large-R jet
- QCD background m; modeling : polynomial exponential 105_
function (validated by loose b-tagged control region) S S
a)
F signal - Signal 8
agr sig q/g jet process g O -
topology (ISR) 539 i S P T P T I N
(0] 3
Y ->' 1?(19H||HI|HI|IIllllcaéolTllldlvlJltl+l1l' %
VBF 25% g OE ,Topa :es- o g
o
(9gF modeling : Vi 227 T 2
Powheg+MINLO with finite O 15600 720 140 160 180 200 220 >

top-mass-effect correction) Signal candidate large-R jet mass [GeV]

py = 1.5+ 0.22(stat) 1052 (syst) + 0.18(th) : obs. 50
Uy = 5.8 + 3. 1(stat) + 1.9(syst) + 1.7(th) : obs. 1.60




Entries / GeV

Data - fit
¢ (data)

Direct search for interaction of Higgs with 2"d gen. fermion

Search for H>pup

Extremely small BR(H=>up) : 0.022%

- High statistics is required

- Narrow peak m,, can be observed (Analysis is simple!)

- Extract VBF-like signature by BDT categorization =» Separate
high S/B region

VBF category

50

40

30

20

10

- ATLAS Preliminary
— VBF tight
x?/ndof = 31.2/48

IIIlIIIIIlIIII

B B L L B B L L B B B

\s=13TeV, 79.8 " —
H—pp analysis
—e— Data

Background
——— Signal x 20

i{*-+++ﬂ-wﬁﬁ#ﬂﬁ;ﬁ+++W’*+++-+++++-+-H;¢;+++ﬁ§

[0 115 120 125 130 135 140 145 150 155 160

m,, [GeV]

Weighted Events / 0.5 GeV

—~

S/(S+B

x10° 35.9 fb ' (13 TeV)
= CMS All categories
10 Hopp S/(S+B) weighted
{i=0.7 for m =125 GeV ¢ Data
8t | S+Bfit
6 B component + 1 s.d. (2 s.d.)
4
2 .
0' ........ [ I R RS R R
200 ' ' ' B component subtracted
. 4 1 X boogp b
L $ ¥ ¢
—200F { H , { : , , , , ,
110 115 120 125 130 135 140 145 150
m,, [GeV]

Events / 0.05

Data/MC

LA DL B L L
ATLAS Preliminary

107 --Data
Ys=13TeV, 79.8 fb” %E%*K ,
H — pp analysis :
6 .
10 110 <m,, < 160 GeV, > 2 jets =$;t:)oson
— ggF [x50]
10° ggF — VBF [x50]
—— VH [x50]

category

ttH [x50]

0.5
04

202 0 02 04 06 08 1
BDT score

No significant excess yet

ATLAS (80fb-1)
Obs. 0o (Exp. 0.90)

CMS (36fb-1)
Obs 0.90 (Exp. 1.00)

Statistically limited analysis

Possible to reach to SM
cross section in Run2
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Measurement of Higgs Properties
- H>vyy and H>ZZ->4l are golden channels to measure Higgs boson precisely

H->vy H>ZZ7-2>4l

* Branching Ratio ~0.2% - Tiny Branching Ratio ~0.012%

* Narrow m,, peak : 0~1-2GeV « Very clean (4e, 4p 2e2p), high S/B ~(2/1)
* Background can be determined  « Narrow 4lepton mass peak : my, resolution

by data side-band

% LN > R N N R L CMS Preliminary 2016 + 2017 77.4 0" (13 TeV)
i ¢ Data ATLAS Preliminary () - P ® Data > o0F T "1 T — T

g 1500_’ — Signal + background Vs =13 TeV, 79.8 fbo™" 17 G | ATLAS Pre“mmary Signal (m. 125 GeV) 8 - é Data

= | ---Continuum background  m, = 125.09 GeV 1 w100 H— 77* — 4] o vt 200 = [IH(125)

~ In(1+S/B) weighted sum, S = Inclusive | C\l B - 2z ~ 180FE Cjag—2Z, Zy*

@8 Ny - 13 TeV, 79.8 fb”' B z-ets, i, tE+V, VWV %) - 9922, Zy*

S 1000 2] 380 % Uncertainty S 160 B Z+X

2 > o

= § H140E

g I L 120 -

C?) 500 60 100

IllllllllllllllllllllllIllllllllllllllllllll

I 80
I 40 60
H—— | } I } 40

60 20

40F 20

0 ho 990 o  utTerL A

Data - Cont. Bkg

—He 0 T3040 T80 180 80 90 100110120 130 140 150 160 170
m,, [GeV] m,, [GeV]



Cross Section Measurement (H->ZZ->4l)

- Cross section measurement using Simplified Template Cross Section (STXS)

- Reconstructed event categories matches with “reduced” Stage 1 bin to maximize

precision in the current statistics

i
Particle level Reduced
production bins

Reconstructed event categories

st« =0, pT‘" <100 GeV

0j-p,*-Low |

p,H <60 GeV

P <60 GeV

1j-p;*-Low

= 1-jet 60 < p. <120 GeV

60<p,*<120 GeV| N, =1

1/-p,;*-Medium

p;H>120 GeV

P> 120 GeV

1/-p;*-High

2 2-jets)

Py <200 GeV

Py > 200 GeV

Hadronic V decay

| VBF-enriched-p/-Low |<— m >120 GeV
L)

| VBF-enriched-p/-High |<—

p/ <200 GeV

p{ >200 GeV

m; <120 GeV

H VH-Had-enriched

N,,=0, p;#'>100 GeV

Leptonic V decay H 0fp,*-High

N, =5
lep

ttH Hadronic

‘ ttH-Had-enriched

ttH Leptonic

\
\
\
\
H VH-Lep-enriched }
\
\
\
\

‘ ttH-Lep-enriched

ATLAS
Preliminary

13 TeV, 79.8 fb

115 < m, < 130 GeV

ggF-0j

ggF-1j -p?-Low
ggF-1j -p’T’-Med
ggF-1/-pZ-High
ggF-2j
VBF-p’T-Low
VBF-pl -High
VH-Had
VH-Lep

ttH

T | T T T l T T T | T T
— ATLAS Preliminary
. H-oZzZ*

13 TeV, 79.8 b’
— Reduced Stage 1 - ]yHl <25

| T T T |
+ Expected SM

'm Observed: Stat + Sys

SM Prediction

cBlb] (oB)_ [b] |

g 870+ 165 720 +50

| — 1005105 17020 |
B _—— - 8055 120820 |
- 7427 2415 |
B I — 1604110 140430 |
B L — 240:95 872527 |
N | —— /3 30495 41704 o
e g | 204100 35977 N
- - : 20+25 165708 N
§§>_ <60 PR
i B St S

G-B/(G-B)SM

Measurement is still dominated by data statistics




All Higgs
events,
lyal <2.5

Cross Section Measurement (H->vyy)

- Cross section measurement using Simplified Template Cross Section (STXS)

Reconstructed event categories matches with “reduced” Stage 1bin to maximize
precision in the current statistics

- ggF and VBF bins are divided by pt" and particle-level jet (pt>30 GeV)

STXS Regions

te pH < 60 GeV -

le 60 5p1” < 120GeV IE

— l-jet,

1A Tl

0 120 < pH < 200 Geve |
H B EBENEIMe

p.{." > 200 GeV

0 ggF + gg—Z(—qq)H, —

1
o n
to pH > 200GeV -8

>0 et
e pH < 60GeV

1
L
n
n
n
n
n
n

not VBF-like,
— > 2-jet, {
VBF-like*,

bp_l':'jj < 25GeV

’_I_L

ap;’jj > 25GeV

----------
Hijj

|
T < 200 GeV,
— VH-like®

o 60 < pH < 120GeV weaperses

te 120 < pH < 200GeV MR-t

i 5
VBF-like*, {
] [ I,HU > 25GeV srrenn .

| g 99—>Haq L.
(VBF + V H hadronic), LLLLY 5.5 L. Rest
7 > 200 GeV -,

.q.q.—>.14’l~r L] l

La VH (teptonic decays), - |

Reconstruction Categories
ggF 0J Fwd, Cen (28, 29)

ggF 1] Low (27)

ggF 1] Med (26)

ggF 17 High (25)

ggF 11 BSM (24)

ggF 21 BSM (20)

ggF 2] Low (23)
ggF 2] Med (22)

gF 2J High (21)

VBF low-pi// BDT tight, loose (18, 19)
VBF high-p&// BDT tight, loose (16, 17)

'VH had BDT tight, loose (14, 15)

qqH BSM (13)
VH lep High, Low (9, 10)
— (Z—vv) VH MET High, Low (11, 12)

gg > ZH

tm top (t7H,tHq,tHW)

L (z—c0) VH dilep (8)
— (had decays) ttH had BDT1-4 (4-7)

ressssssnmunl

= bbH (merged at all stages with ggF)

“VBF-like: mj; > 400 GeV, |Ay;;| > 2.8
TVH-like: 60 < mj; < 120 GeV

L (lep decays) ttH lep BDT1-3 (1-3)

'IJLAS Prellmlnary
Vs=13TeV, 79.8 fb™
H—yy, |y |<2.5

=ggF, Oj:

agF, 1j, O<p”<60 GeV

=ggF, 1j, 60<p"<120 GeV'

.I EEEEEEEEEER IIIIIIIIII
:IIIIII EEEER IHIIIIIIIII
199F, 1), 120<p1<200 GeY

qg—Hqaq, 0<pj <200 GeV

.ggF + gqg—Hqqg, BSM- I|ke|—EE|—-| 0.76

VH, leptonic
Top

le Total [ ] Stat. m

0.92
1.23
0.89

0.65
1.40

1.38
1.13

——

_ W

Syst. = SM

Total ( Stat. Syst. )
+0.23 +0.16
oo (X017 "o, )
+0.68 +0.43
-0.61 ( +0.52 -0.31 )
+0.50 ( +0.43 +0.27 )
-047 -0.42 -0.21
+0.85 ( +0.70 +0.49 )
-0.76 -0.68 -0.35
+0.56 +0.29
-0.52 ( +0.47 -0.21 )
+0.47 ( +0.36 +0.30 )
-0.40 -0.34 -0.21
+0.50 +0.45
-049 ( -0.43 +0.23 )
+0.71 ( +0.65 +0.29 )
-0.64 -0.59 -0.25
+0.44 +0.37 +0.23
-0.38 ( -0.34 -0.19 )

—2 ol 0

1 2

3 4 S

(6 xB)/(ox B)SM
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Different Cross-section measurement
- H>vy, H>ZZ->4l signal regions are dominated by ggF

- Higgs pr is sensitive to perturbative QCD and new particle effect in

" I | | | | | | [ [
— L L L LR NN AL LN R B B > ~ - N
> [ ATLAS Preliminary Hoyy \s=13Tev, 79.8f"] @  0.12f— ATLAS Preliminary t Den . -
g - Data, tot. unc Syst. unc; Q) [ H>22" >4 [ Syst. uncertainties —
£ + + + Data, fot. unc. yst- une: Pe) - 13 TeV, 79.8fb™ I MGS5 FxFx K = 1.47, +XH ]
= 1 B gg—oHdefautMC + XH 3§ &= 0.1~ NNLOPS K = 1.1, +XH ]
Q 1 = 7 = -
8 n NNLOJET®SCET + XH 3 ARG VBF+WH+ZH+ttH+b.bH .
~ = 0.08 Total stat. @ syst. uncertainty __|
g ©=t XH = VBF+VH+ttH+bbH | _% L H] p-value NNLOPS = 7.8% |
S~ N —
N: 2\= o/ ) = 1 p-value MG5 FxFx = 9.4% -
107" . p(X ) 31% 1 S 006 I Im —
= N, ] L ; : —_ 3 -
|8 . . 1 p(x2)=31% 21
) L ] 0.04[ % z 3]
ot : — I. g -
10725 " 3 " e x
g : 0.02_— + + l+ + 5__
! 4 — - © -
. e = 0 Csmantrrnstrz sz s i v cmad ]
: o * e R [
+ - E o I+
g | o i
5 1 =
© _
g o L OEit BLSGICGRISLTEISLEISREE BIVESTERIRNE SRCERSERRRRRRS —
3 t ) . 1 pe i i .
g O L PR ISR ST SRR SR AN TN SUNNT S SR (NN ST SR SO SR N SR S ST SN NS S ST S S S S T rE _. - I I
2 0 50 100 150 200 250 300 350 0.5 A L .
& o7 [GeV] 0 10 15 20 30 45 60 80 120 200 350 1000
T
Py 1GeV

loop and deviation of Yukawa coupling

- High ptH is sensitive to contribution of new physics

10

4

3E

2 i3 .
TR I

s
0 15 30 45 80 120 200 350 600 *

Distribution compared to state-of-art theory predictions

CMS rreliminary 35.9 fo™' (13 TeV)

= S

—o—

Combination ﬁ
Syst. unc.

H—bb

Hovy

H—ZZ

aMC@NLO, NNLOPS

UL IR AL L llll:_:L T T TTIT
e
<
o

oy from DOI: 10.23731/CYRM-2017-002
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Events / 2.5 GeV

Weighted events / 10 GeV

Data - bkg

L1 I L1

1

—I!IINY!II|IIT\{YIII'IIIIlllllxllllllllllllll—
| ATLAS Preliminary ® = ]
_1 oo | Signal (mH=125 GeV) |
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— VH,H - bb x5

IlIIIlIl
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Higgs Global Combination

- Higgs properties measure with many production and decay channel

T T T [

ATLAS CMS ATLAS CMS ATLAS CMS ATLAS CMS ATLAS CMS

2019/2/17

ggF O O O O O O O O

VBF O O O O O O I | @) O

WH O O O O 1O o |

ZH O O O O O o | |

ftH O O O O O O O O 90 results not included

O : 80fb-1 results included

u = —= BI:f = p; % ! 1 dhe
(o; - BR" )sm

Inclusive signal strength measurement : oo

ATLAS : = 1.137002 = 1.13 + 0.05(stat.) + 0.05(exp.) 393 (sig. th.) + 0.03(bkg.th.)
CMS: p=1.17+0.10 = 1.13 + 0.06(stat.) >33 (sig. th.) + 0.06(other)
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Both experiments show slightly high signal strength (~10 level)
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AN
S~
(0))
-
o
AN

Production Cross Section f

- Most generic parametrization : one signal strength for each production and decay mode (u; )
(9gF, VBF, WH, ZH, ttH)x(yy, ZZ, WW, 11, bb, (uu))

- The parameter not having sensitivity is merged or fixed in SM
35.9fb" (13 TeV)

I l o I Observed +-16 —— e Ob d
ATLAS Preliminary P Stat. uncertainty CMS — 1o iSnetre\;sm
Vs=13TeV, 36.1-79.8 b Syst. uncertainty =
my = 125.09 GeV, IyHl <25 SM prediction
: T
144 iﬁﬁl"i (@) . .
zz e =) Consistent with SM
ggF ww ===
TT FgEA
comb.| = n No significant trend
144 p——— m
7z ' > between ATLAS and CMS
VBE ww ._E.E._.:
o] o s T
comb. = . .
vy — = Uncertainties on -
4 I . . ©
VRO, —_ production cross section ?;
comb. == I
o . T (ATLAS) :
w ——i o (ggF) ~8% accuracy S
H+tH == I ~ >
S| == i} o(VBF) ~18% g
comb.| oo W=t = o(VH) ~30-40% (new Hbb
-1-050 05 1 15 2 25 3 35 4 L results are not included)

6 x B normalized to SM value 8 1& o(ttH) ~20%




Coupling measurement in K-framework

2 SMI
2 sMm_ff
o XB)ir = k0
( )lf iYi K%{FSM

7]

Production Effective modifier Resolved modifier

Oggl /i?] 1.04 fsf + 0.002 Iig — 0.04 K4k
OVBF - 0.73 K3, + 0.27 k%,

%qq/q9—ZH - K%

Ogg—ZH - 2.46 KQZ + 0.46 fﬁf —1.90 kz Ky
OWH - K3y

OttH - K7

OtHW . 291 K7 + 2.31 kY, — 4.22 Kekw
OtHgq - 2.63 fﬁf + 3.58 /@‘Q,V — 521 Kekw
OvbH : K

Partial decay width Effective modifier Resolved modifier

r.,, K% 1.59 K,%V + 0.07 fi? — 0.67 kK Kt
| - I€2Z

Tww - Koy

T, . K?

Cp - ng

Lo - /{i

| Ko L1174+ 0.01 k7 — 0.12 Kykp
Tz, Kiz4) L12k%, — 0.12 kw ke

Total width

Efective modifier

Resolved modifier

Uy

2
K

(0.58 kj +0.22 K3y + 0.08 k7 + 0.06 57 + 0.03 k7 + 0.03 K2
+0.0023 k3 + 0.0015 k7, ) + 0.0004 &2 4 0.00022 57,) /(1 — Bpsni)

: ggH

t/hh  W----—- H
interference

Kb 4P Kt

t/b A
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Coupling Measurement (test of SM)

- Assuming no BSM particle in the loop (resolved H->yy and ggF loop)

N~
—
N
AN
W
(0))
-
o
AN

: e m m
- Parameter : reduced coupling strength modifier (kg TF N 7")
’ e — 35.9fb” (13 TeV)
£> - . - > T T T T T LRI '
- ATLAS Preliminary . > 1F t
f 12_ Vs=13TeV, 36.1-79.8 b 7 ,_r*g = |> : CMS wZ
S - m,=125.09GeV, ly,| <25 'W'V t 3 @ i
Elz 10_1__ ---------- SM Higgs boson _— — 1
= - o 107°¢ 3
E . E ELL|> L ]
_2_ ,.—'4" | L : :
" g_ - b\ —g ] o / E
i i T SM Higgs boson |
10° . New VHbtresults _—"1 —— (M, &) fit '
- [ 051 =79% are not included 102 o :
4 — - Q]
10 SO | o el ,E \:’i’ZG ©
|£ 1.3_— I I ] 4 8
= ob ] s 10%E, . " L - ®
° 44F . o 19 ' o
el e I o 5
0.8 - O 05 o
L B — I
0.7 e e e T (] 0 b Ll Ll Ll
107 1 10 102 o 107" 1 10 102

Particle mass [GeV] Particle mass [GeV]




Coupling Measurement (effective Ioop)

2019/2/17

- Test effective modifier Ky, Ky

- ggF, H>vyy induce loop in the SM
> k4, k, may derivate from the SM if new

particle contributes to the loop induced
process

- All other couplings are fixed to SM e ——— e ——————

g S A L L L B B B AL IR LR =3 e ren | |
1 3[_ ATLAS Preliminary 4 Best fit ] cmMs
T Vs=13TeV,36.1-79.8 b —68%CL T 141
- m,=12509GeV,ly,| <25 ----95% CL 1
1.2 * SM ~
- _ 1-0.06 i
1 1—_ - 1'0§—0.06 1o S
Ar _ +0.07
a = 1.00£0.06 2
- . ®
Uy ~ o
- ] 1 % S
0.9 - N &
N ] T
0 8:I 11 | 111 1 | | I T | | L1 11 | L1 1 1 | | T | | | T | | | | I 11 1 I: B D10 region -t 20 region + BESIfIt * SM eXpeCIed
09 095 1 105 1.1 115 1.2 125 13 A T R R R S
K 07 08 09 1 11 1.2

g K,




Coupling Measurement with effective loop
(with/without BSM contribution)

- Bgsyy = 0 : No BSM contribution to the total width

« Bgspy(Biny) = 0 : Allow BSM contribution to total width

Bgsy < 0.26 @ 95% CL

ATLAS Preliminary 16 interval ==
s =13 TeV, 36.1-79.8 fb" 2 o interval ——
my, = 125.00 GeV, |y, | <2.5
] ~10% = .
~11% e -
— ~14% e | — -
_ ~22% ——tm— -
_ ~16% —-0-— —"'—
i ~11% = -
s o 1T L s T
BSM BBSMZOﬁ—
I S R R R A

35.9fb™ (13 TeV)

CMS ® Observed
— ; == 1G interval
K, - ~11% 4  —2cinterval
” B Bgsm = 0
Wl = o9,
e ~17% =+
iy ~27 %o
i ~14% T
i ~15% ~*
|Ku| ~| OOA) | : i | |
_2| L1 |_1| L1 1 o | I 1 L1 2 | I | 3 L1

Parameter value

Bi, < 0.22 @ 95% C

35.9 17 (13 TeV)

CMS ® Observed
B : =15 interval
KZ -
| : — 2 interval
Ky - [icy| < 1
__:.__
ficgl e
|KY| ——
|Kl-l| —o—o——
Binv -
Bundet by
II\IIIIIII\III|IIII|IIII|IIII|II\I|IIII|IIII

-5 -1 -05 0 05 1 15 2 25 3

Added H->inv search results
=>» separate By, Bunget

Parameter value



Higgs pair-production in Run2

. . . A r—>—— @ — — — — — —- 8 66006660¢ o H
. Search for Higgs pair production i "

K K
INZ o«
- Destructive interference between diagrams e P p— h
- SM cross section o(pp—=>HH) = 33fb(NNLO+NNLL) at

13 TeV HH production at 14 TeV LHC at (N)LO in QCD

9 Super tiny at LHC Bl Lty My=125 GeV, MSTW2008 (N)LO pdf (68%cl)

- If trilinear coupling (Ayyy) deviates from SM, signal i

cross section (k) = A?,ZH ) can be

_ HHH
increased/decreased

- No unique strong channel, combine all of them

T 40 (34%) :

bbyy (0.27%) 4y(0.0005%)

bbTT (7.2%) TTVYY(2.9%) 417(0.4%)

bbWW (24%) yyWW(0.1%) TIWW(2.6%) 4W(4.4%)

-h
o
-

o(nyLolf]

-
o
[=]

MadGraphS aMCaNLO

final states are complicated
« Sensitive channel is HH->bb+X having high =>» Still room to improve analysis
branching ratio (HH—->4b, bbyy, bbTT)




Selected Di-higgs analysis

- bb1t (ATLAS) at 36fb-"

- Optimize analysis TigpThads ThadThads

separately

* Introduced BDT as final discriminants

(myy, M, my,, MET, and angle correlation)

=>» Sensitivity improved by factor of 2 from

previous analysis

c LA L L I I L L L L L L L
m 7 P ¢ Data
@ 10°= ATLAS Preliminary  _*_ NRH -0
£ s Vs=13TeV, 36.1 fo - HS :: =2
o 10 [~ - K,=5 =
|_|>J HH — bbt*t \:lTop-quar?( 3
5[ ThadThag 2 D-1ag8 [ jet — 1,,, fakes (Multi-jets)
10 1 Z — 1t +(bb,bc,cc) |
= jet — 1, fakes (tt) =
4 I Other B
10 [ SM Higgs =
Uncertainty 3
10% kreenc@uesssy Pre-fit background
102 ___________
10
1
-E; 1 2E_T TT I T 1T I T 1T I T 1T I T 1T I T 1T I T 1T I T T I T 17T [ T I_E
% ’ 1§\\\w\\\\\\\\\\\§\¢\\\§\\\§\\\\\\*\\\\\\\\\\ T g
E0.85_1llIlllIlll]llIIlllllllllllllllllll[lll—E
a -1 -08-06-04-02 0 02 04 06 08 1

BDT shape varied by k, B°T

Events/(5 GeV)

CMS

. bbyy (CMS) at 36fb-"!

 Perform 2D fitting (m

J

A

Myy

125
GeV

»

_______

i(bb) VS M, )

to mitigate single Higgs+jets

production

- Selected 2b+2y events are further
categorized by M,,; distribution

and BDT (b-tagging variable, Helicity angle

and HH transverse balance)

* hon resonance background estimated from

sideband

35.9fb" (13 TeV)

30—
- pp—HH-bbyy

20_—

25~ High-mass region

E High-purity category

e
¢ Data

Full background model —:

------- Nonresonant background

——— SM HH signal (x20)

Events/(1 GeV)

125GeV

CMs 35.9 o' (13 TeV)
4 — sm-e-em
- pp—HH-bbyy ¢ Data
12 High-mass region Full background model ]
10|~ High-purity category =~ -...... Nonresonant background |
B ——— SM HH signal (x20)
8i— |
of
>
i ] :
ll ]
i ” il U\—
g lll'lllllll.lll!lllll RS
?OO 1 20 140 150 160 170 80

m,, [GeV]




Search for Higgs pair production in Run2

- First Run2 combined results (36fb-"1)

HH— bbbb

HH— bbrt*t

HH— bbyy

Combined

upper limit on Higgs pair production cross-section
Observed 0.22 pb(exp. 0.35pb) = 6.7(10.4) X SM

L L L L
—eo— Observed
------ Expected

[ Expected * 16
Expected + 2¢

ATLAS Preliminary
Vs=13TeV, 27.5-36.1 b

oot (pp — HH) = 33.4 fb

Obs. Exp. Exp. stat. |

129 207 185
126 146 119
204 263 25.1
}. 6.7 104 92
L PR SN TS T T NN SN S ST T SN S SN AT ST T S A S S T T NN SO S S
0 10 20 30 40 50 60 70 80

95% CL upper limit on OggF (pp — HH) normalized to Ggsg/lF

5.0 <K, < 12.1 (-5.8 < K, < 12.1)

Run | combined
Observed 43.1xSM
Expected 46.5xSM

bbVV

Observed 78.6xSM
Expected 88.8xSM

bbbb

Observed 74.6xSM
Expected 36.9xSM

bbtt

Observed 31.4xSM
Expected 25.1xSM

bbyy

Observed 23.6xSM
Expected 18.8xSM

Run Il combined
Observed 22.2xSM
Expected 12.8x SM

CMS

gg—HH

—e— QObserved

- - - Median expected
I 68% expected
95% expected

e = - -

1 L L L 1 L 1 1 I 1 1
20 30 405060 100 200 300400
95% CL on o, /oM

Observed 22.2(12.8) X SM
-11.8 <K, <18.8 (-7.1 <K, < 13.6)

678910




Upper limit on trilinear coupling

- Run2 combined results (36fb-1)

CMS 35.9fb" (13 TeV)
5‘ 102 = LA L L L L L O L L I O L |E § 3500_.. 95% CL upperlimits : : : :
o C - - - bbbb (exp. --- Combined (exp.) ] — H — Observed
— s -§°bs3 —— Combined (obs.) : T 3000 B - = = Medianexpected i i
I R bbg*z' Sgﬁg'_; [ Expected +1c (Combi_ned) i : I 68% expected
I - -~ bbyy (exp.) Expected +2c (Combined) 0 H [ 95% expected
0 10 —— bbyy (obs.) === Theory prediction — Q, -
= E 2 2500 f— | _ »

8__ - 2 v : Theoretilcal Predlctilon
\-:6) : P, ] 2000 i B e
o I =
5 - 3 1500F | N\
E : : 1000H0 0 e \
5 1071 ATLAS Preliminary \ __
Q E Vs=13TeV, 7 ;
= [ 275-36.11b" ] S00 AN Y
— - i : : . : : : :
(-210—2||||||||||||||||||||||:‘|‘VV||||||||||||||||||| Tllllillllillllillll. |I||il||li||lli
32 20 15 -10 -5 0 5 10 15 20 20 s S0 s 0 s i
o _ =

K = Ay Mgy A~"*HHH "*sm

upper limit on Higgs pair production cross-section Observed 22.2(12.8) X SM
Observed 0.22 pb(exp. 0.35pb) = 6.7(10.4) x SM 11.8 <K, < 18.8 (-7.1 < k) < 13.6)

-5.0 <k, <12.1 (-5.8 <k, <12.1)




Search for H- invisible

- ATLAS recently combined three H->invisible searches

* Invisible BR in SM is very small (ZZ->4v), 0.1%
=» any observation would be evidence of new physics

- VBF channel gives stringent upper limit in Run2

- MET trigger (METyine > 180 GeV),
VBF topology (An;>4.8, m; > 1 TeV)

- VBF topology dominant background : W->Iv+jets,
Z->vv+tjets (estimated in the dedicated control region)

I I N

N\

\
I
[
[
I
[
[
I
H |
]

gom EEm o E—— o S S S oy

« VBF(2jet)+MET Z/W(%qq/ll)+MET/ y

> T .
£ L ATLAS Preliminary | - E B, <024 ATLAS Prelim.
;E B \s=7TeV, 471" ] 2, = All limits at 90% CL ~ Ys=7TeV, 4.7 fb'1_1
n) _ Vs =8TeV, 203" ] 10740k \s=8TeV, 20317
c 08 (5-13TeV.36.1 10"  — a E Vs =13 TeV,36.1 fb
S = Observed limit : % = H|ggs porta|s
= immams Expected limit+ioc | = —
E o06kmny Expected limit £26  — © 1074 _ el
= All limits at 95% CL E Fermion wimp
() . = Other experiments
o ] g Cresst-lIl
o — — .
5 048 - 107% «+ DarkSide50
: - ot LUX
0.2F = PandaX-Il
- 10746 =+ XenoniT
: : E L1111 III 1 L1111 III 1 11
0 ' ' ' ' ' 10° 10?
V(had)H Z(lep)H VBF  Combined Combined Combined GeV
Run 2 Run 2 Run 2 Run 2 Run1  Run1+2 Mywive [ e ]

Obs. BR(H~>inv) < 0.26 (exp. 0.17)@95% CL Higgs poral interpretation



LHC / HL' : HL-iL% PROJECTi!

LHC

Run 2 \ | Run 3

LS1 EYETS 14 TeV 14 TeV
13 TeV 13.5-14 TeV energy
injector upgrade 5to7 ><|
splice consolidation cryo Point 4 imi - nomina
7 TeV 8 TeV I’:unon collimators DS collimation Fnr{e?rgré}lign ) HL LH(_: luminosity
P2-P7(11 T dip.) regions installation

R2E project

Civil Eng. P1-P5

2026

2025

2024

2021 2022

2020

2019

2018

2016 2017

2013 2014 2015

2012

2011

experiment

o H X nomir HH”'US‘:‘;/
P hase 1 | —— — | upgrade phase 2

. experiment
75% beam P'P% nominal luminosity ’/——{

oty | _— L I
EX HPNP2019 (300 b | egrated
- So far, no clear hint (both direct, indirect) of new physics at LHC

. HL-LHC starts ~2026, Vs=14 TeV, accumulate 3000fb! in 10 years
- We’re at most only analyzing 80fb-" (~3% of total expected data!!)

- HL-LHC is Higgs factory : 180M single higgs, 110K di-higgs
- Accessible to corner of phase space, rare production/decay mode

- Recently Yellow Report published :
- Cross section/coupling measurement

* higgs pair production/BSM Higgs search
| can’t cover all of them....



https://arxiv.org/abs/1902.00134

125 GeV Higgs Precision Measurement at HL-LHC

- Extrapolate results from Run2 analysis (36fb-! or 80fb-") to 3000fb"

- It is not straightforward to extrapolate from inaccessible phase space in Run2

[ - - \
Extrapolation assumptions
v Signal and background cross sections increase to 14 TeV
v' Assume experimental condition (reconstruction eff, resolution and fake
rate) is similar to Run2 (Harsh pile-up condition compensated by .
LHC: Pileup of 25
detector upgrade -
v" Assume enough MC statistics = neglect MC stat.
Baseline for systematic uncertainties (Reduced systematic : S2)
v' Signal and background theory systematic uncertainties are halved
v Experimental systematic uncertainties =& Reduced e
‘/ LumanSIty Uncertalnty 25(y0 9 10% Source Compone'nt Run'2 uncertainty Projection minimur;lAuncertainty
Muon ID 1-2% 0.5%
Electron ID 1-2% 0.5%
=» Not precise extrapolation et il i i
. et energy scale bsolute .5% .1-0.2%
but reasonable assumptions S b i
\_ Pileup 0-2% Same as Run 2
Method and sample 0.5-5% No limit
Jet flavour 1.5% 0.75%
Time stability 0.2% No limit
. Jet energy res. 'Vari?s with pT' and . Half of Run 2
Several exceptions : T e T Em R
v" PDF uncertainty reduced more than half light mis-a (551 Varies with pr and Beines fni
. . . c-jets (stat. aries with py and 5 o limi
v' HH analysis consider acceptance increase of light mis-ag, (sat) Varies with pr and 7 No limit

Integrated lumi.

2.5%

1%

b-tagging |n|<2.5 2 |n|< 4.0

2019/2/17

HPNP2019 @ Osaka



125 GeV Higgs Precision Measurement at HL-LHC

- Combination of ATLAS and CMS results based on extrapolation from Run?2

2019/2/17

Higgs production cross section (S2) Higgs Branching Fraction (S2)
N ‘5?1”‘*‘( 00 Tb-.1 perexperment (s =14 TeV, 3000 fb™" per experiment
[ Total ATLAS and CMS ~ Total ATLAS and CMS
— Statistical HL-LHC Projection —— Statistical I
— Experimental — Experiimental HL-LHC Projection
—— Theory Uncertainty [%] . Theory
Uncertainty [%]
2% 4% TotsatEe 2% 4% Tot Stat Exp Th
GQQH :'_. 16 07 08 1.2 BW =0 26 10 15 19
O\gg —— 3.1 18 13 21 BZZ =3 e e S e
BWE 28 1112 23
GWH — 57 33 24 40
B =.. 29 14 13 22
Oy — 42 26 13 3.1 Bbb — 4.4 15 13 40 %
@)
— BMM = 8.2 7.4 15 30 ©)
OiH —— 43 13 18 37 %
BZY 19.114.3 32 12.2 o
0 0.02 004 0.06 0.08 0.1 012 014 T %
Expected relative uncertainty 0 e T kT T T
Expected relative uncertainty
2-5% precision@3000fb-1 : 5-10 times better than Run2 2-4% precision for main decay modes

ttH dominated by signal+bkg theory uncertainty < 10(20)% for H>pu(Zy)



Coupling Measurement at HL-LHC

2019/2/17

(s = 14 TeV, 3000 fb™' per experiment

T Combination of ATLAS and CMS extrapolation
] Total ATLAS and CMS from Run2 analysis
— Etat'St_"’a' . HLLHC Projection * Expected uncertainty on k-framework
— cXperimenta . . e
—— Theory P— (coupling modifiers)
2% 4%, Tot Stat Exp Th
Ky = | 3 1.8 08 10 13 |™
Ky = 8 07 1. : : ..
W =— 17 08 01 Dominant coupling modifier parameters
K, = 15 07 06 1.2 | M~ can be measured 2-4% level (limited by
Kg = 3 28 06 06 Do theoretical systematic)
K; == 34 09 11 31
Kb —_— 3.7 13 13 3.2 %
— S
K: = 1.9 09 08 15 |= S
K, B=— ? - . =
b= 43 98 10 Statistically limited 5
KZy —' 98 72 1.7 64 L

0 002 004 006 008 01 012 0.14
Expected uncertainty




Differential cross section measurement at HL-LHC &
+ pr"' measurement combined H->vy, . prHmeasurement in ttH+tH production using H>yy :
H>ZZ, H>bb
CMS Projection f-éb-db-}g_;-(-;g};\-/-)-‘: - Single Higgsf produlctic.)n is also sensitive f%% o
S Fw/ YR8 syst uncert, (82) ~ s ; to self-coupling = indirect measurement \
T i - Hneert ATLAS+CMS " distribution d ; . ‘g E_
= * . . IStribution depends on ON K; = —— ’
% - ' T g AT iy /" Nnn
Qo 10 g e ‘\\‘
T = w CMS Phase-2 Simulation Preliminary 3ab' (14 TeV)
Q _2 —_ * Combination S
< 10 E 4 o —#— Stat + exp. syst. + ggH+VH theo. uncert.
~ E O]
b = § 102 — i Hadronic categories only
< 3 :_ Syst. unc. S = i Leptonic_categories only
10 E o [ || I Expectation x; = 10
E " S : ) + -------- Expectation x; =-5
107 ;_ aMC@NLO, NNLOPS ? = o {tH+tH theo. uncert. ttH-yy
c : " :
C 6y from CYRM-2017-002 T :
it 1 — i m
5 120 EU - P (b >350 GeV)/150 Gev —?g
= C :b-c | E S
S R L : ®
o C — IYM<25 | | | g o
_-.(;_D 0.8 :_ L Hoyy: pz > 20 GeV, I’ < 25 i é
E(EG 0I = '15' = I30I = I45I = I80I : '1'2(')' '2'(:)c')I '3'5(')' '6'0(')' ' 'oo >=2 jets: p'T>25GeV, In’l<4, at least one b jet ; %
pH (GeV) 1025 80 120 200 350 i et T
T Py e
RO : H . .
3-6% accuracy in pr'<600 GeV 68% Confidence interval -2 <k, < 5.5

~18% pr">600 GeV (stat dominant) Complimentary with the direct dihiggs production



Di-Higgs/Higgs Self-coupling at HL-LHC

bbzZZz*(4l)
—e— Combination

- ATLAS Combined analysis : HH—>4b, - CMS Combined analysis : HH—>4b,
bbT1T, bbyy bbrT, bbyy, bbVV, bbZZ

/-‘\H 8 |||||||||||||||||||| [Trrrrrrrrrrrrrypros |: CMS Phase-2 3000 fb_1 (14 TeV)
i FA TLAS Pre“mmary Dl . 3 ' Simulation Preliminary Assumes SM HH signal
~. 7— Simulation and Projections from Run 2 data —e— pbtt B \_C/ - - —
¥ _F §=14TeV,3000 b, , = 1 ] < —e— bbbb I
E 6 - Systematics uncertainties included - bbYY = (\.J —— bQ'C‘C
- - = Combination —— bbVV(vlv) {

S E —— bbyy

49 -

A

95%

0 1 23 4 5 6 7 8

68%

Combined measurement (with systematic)
Expected Sensitivity 3.00

uncertainty on u 40% (1.0%0.4)

68% Confidence interval on k), 0.25 <k, <1.9

Expected Sensitivity 2.6
Uncertainty on u 40%
68% confidence interval on k), 0.35 <k, <1.9
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Di-Higgs/Higgs Self-coupling at HL-LHC

- ATLA ATLAS+CMS Combination

bbTT,

(0 0]
522 ]
-2AIN(L)

IIIIIIIIIIIIIIIIII
<

Col
EXxp
unc
68¢

ATLAS and CMS 3000 fb™ (14 TeV)

12
i * HL-LHC prospects
10'_ —e— ATLAS
i —— CMS
ol * =—e— Combination
sl
e \Wo o ome [
o
O_I Ll | Ll | Ll
-2 -1 0 1 2 3 4 5 6 7 8

95%

68%

Expected significance (k,=1)

4.00 (with systematic)

68% Confidence interval
0.52<k,<1.5

95%

68%

VO70" T TS T VAar- UKy Ui 99N I I.g

2019/2/17

[
e
[
o
o
®
)
o
N
o
Z
o
I




BSM Higgs Search at HL-LHC

) g g b
g 9 b

- Heavy Higgs Search (®—>171) extrapolated from Run2 (36fb-"

. 4 signal region : (ggF, b-associated production) X (T.4Thad;

ThadThad)

- Much larger parameter space over Run2 exclusion has 50

sensitivity

T T I T T T T | T T T | T T T T | T T
10 ATLAS Preliminary — Baseline --- 50 sensitivity 3
F  Projection from Run-2data [+ 16  ---- Unreduced sys. J
T Vs=14TeV, 3000 fb”! +20 ----Stat.unc.only ]
gluon-gluon fusion [ Run 2 exp., 36.1 fo

10—4||||||||||||||||||||
500 1000 1500 2000

m, [GeV]

Exclusion limit ~0.4fb at 2.25TeV

T T | T T T T | T T
10 E ATLAS Preliminary — Baseline -~ 50 sensitivity
E Projection from Run-2 data [+ 16 ---- Unreduced sys. 3
[ Vs=14TeV, 3000 fb" +20  ---- Stat.unc. only ]

b-associated production [/ Run 2 exp., 36.1 fb

e
......

T IIIIIII| T IIIIIII| T T-FT

1500 2000
m, [GeV]
Exclusion limit ~0.3th at 2.25TeV

1 | 1 1 1 1 | 1 1
500 1000

tang

T T | T T T T | T T T T | T T T T I T T_]
| ATLAS Preliminary — Baseline -~ 5 sensitivity
Projection from Run-2 data [+ 10 ---- Unreduced sys.
~ Vs=14TeV, 3000 fb™ +20 ---- Stat. unc.only ]
60— hMSSM scenario 77 Run 2 exp., 36.1 fb” —
40
20

500 1000 1500 2000

Expected exclusion m, [GeV]
tan >10 for m,y=1.5 TeV




Summary

- Run2 Higgs analysis already made great achievement in 36fb-1/80fb-
- H->bb observation : 5.40 (ATLAS), 5.40(CMS)

- ttH observation : 5.80 (ATLAS), 5.20(CMS)

- VH observation : 5.30 (ATLAS)

=>» Earlier than expectation from Run2

- HL-LHC prospects show lot of promising Higgs results
* Precision measurement of cross section/coupling : 2-5% level

- Significant increase of search sensitivity for rare production/decay : Higgs pair
production ~40 (k,=1) in ATLAS+CMS combination

- We don’t analysis full Run2 data yet!! ©
- 36fb-1/80fb-1 = 140fb-" (X 4/ % 1.8 more data!!)

- Still many improvements of analysis techniques (e.g. ML)

Many full Run2 results will come in 2019!!
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ttH->yy Categorization

- BDT input variables does not have correlation with m,,
- lep : jet and lepton 4 momentum, photon 4 momentum (pt/m,, instead of pr)
- had : jet 4 momentum (up to Gjets), b-tagging information, photon 4 momentum

- Background modeling from m,, sideband (105 GeV <m,, <120 GeV, 130 GeV <m,, < 160
GeV)

- Signal region keep 85%(97%) ttH signal, reject 89%(43%) non-resonant background

1IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_

Q : 7 4(2 1 :l T TT I T TTT I |||||||||||||||| | T T TT I T TTT | rTTT | T ||_|:
o - ATLAS —— Data Sideband i o - ATLA S —— Data Sideband .
> ] e . > — Ty 1o
- T Vs=13TeV,79.8 fo . . Non-ttH Higgs i L ~ Vs=13TeV.79.8 fb" r~3Non-ttH Higgs [
5 F - 1 N , v
o Had region (It o Lep region (|
s | SRI s K ‘
[ o T B 11 |
o L. © 107E =
L L C ]
107 == - ]

LR
2

o
O
_L
O
T\D
O
(.O
- -I
oL :‘
= 1
o '
ol
o 1
1
1
-
' 1L}
.l
1
. l-.
1
OrrT 17117

—

<
no
|

T

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

01 02 03 0.4 050

1

o _ _ BDT Output
subdivided into three categories subdivided into four categories
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Search for ttH Production

- H> multi-lepton : CMS update with 80

- Category with 2lep(same-sign), 3lep has best significance

2 F I\g:‘,s Qiiﬁ:ﬁfry 517 (15 TV CMS Preliminary 41.5fp" (13 TeV)
o _ 51000 et ereny Eher o Combined | =075 ' [ D%stat) *>*(syst)]
BDT discriminant is used P EE W B feze
to extract signal 80 p-td0n® | s
- lepton kinematics o0 = — e E
. T C pn=0.

« jet multiplicity I“' e Y '

. — [T ] +1.03
« AR(lep-jet) p=1130

21 + 21h

ttV(V) background / §\\§\§\\Y\=''\\\\\\\i&\_-\i\\\\\\\\\\\\\\ﬁ\\§ b= 0.00 7

3l

=» constrain with control 3 7 _ .09 082
. . T <3 c + _+_ H=U.29 60
region (low jet multiplicity, g2 n - 4 3+ T,
. @ E : +1. L
Z region) 08 T + =09 e
Fake background 24 s s 0 _ 0.99 38
H - BDT u_. '169 lIlllIlIIIIIIII IIIIIIIIIIllIlI

=» dominant systematic Y L - S R
source signal strength (combined Run2 80fb-!) : u = 0.961)3% Best fit u(tfH)

Obs(exp) significance (80fb-1) : 3.20 (4.00)



Events

Data/pred.

100

1.4
1.2

0.8
0.6

ttH Multi-Lepton

BDTs have been trained separately for each channel

including 1,

MVA with kinematic variables, hadronic top tagger
, jet tagger (D) is used in 2l

( pmax
thad

Two discriminant ttH vs ttV, ttH vs ttbar)

CMS Preliminary 415 o (13 TeV)

L 2lss I u(ttH)=

I~ ¢ Observed Uncertainty Non-prompt
| [T Charge mis-m []Conv. [CJRares

- EEWK W W + tww [tz

T ItH

'ﬁ
-+
_+_
_+.
_+
+ E

N
N
ol
(o]
-
o

Data/pred.

C [ Jconv. [Rares

80— Wtw + tww [tz

CMS Preliminary 415" (13 TeV)
100 T 3lu(tH)=i
¢ Observed Uncertainty Non-prompt

[ ewk
[ RG

N
NN ;\—~ < RIIANRTRIININ AR
i |
0.8—4— .
0.6, l ,
1 2 3 4 5 6
BDT

Category

26ss 4 113,

34

17,

Leading £ cone py

Trailing £ cone py

Minimum of AR (leading ¢, j)
Minimum of AR (trailing £, j)
AR(leading £, trailing £
Transverse Mass of leading £
Transverse Mass of trailing £
Maximum |3] of £ collection
Signal leading £ x signal trailing £

AR AR AA

Average of AR(jj)
Number of jets (py > 25 GeV)
Number of loose b-jets
Mass of keading medium b-jet pair
Mass of leading loose b-jet pair
E Imiss

T

x>

res-hTT
Hadronic t pr
Disd

DR

o A

Leading 7, pr

Trailing 7, pr

Mass of leading 7, + trailing 73,
AR(kading 7, trailing 7, )
cos(8)* (leading Ty, trailing 7, )
Minimum of AR(leading 7;,,j)
Minimum of AR (trailing 7, j)
Minimum of AR( T, f)

HAAAAK AR

oA A AR

Mass of keading £+ leading T,

Mass of trailing £4 leading T,
AR(leading £, leading T,)
AR(trailing £, leading T,)

AR(£, 1) for same-sign pair of (£, T,)
Average of AR(€, T)

b3

MEM

X

X

Number of variables

17

13

—
ra

[e] 8 ]6] 8




VH Higgs Effective Lagrangian

- Strongly Interacting Light Higgs basis

L= Lgpn+ Z ¢iOi = Lsy + ALsirag + ALp, + ALF,

o ()’

V2

ALsiLu :%3”(HTH) O, (H'H) + QCT (HTﬁH) (HTﬁ#H) -

3
Cy _ Cd _ Cy 7
+ ((_9 yo HYH G H up+ 5 ya H'H @ Hdp + ~ y H'H LLHIR) + h,.c.)
__________________________________ :
+'“” g (HT IWH) D'/UW)' it e (Hﬂ?H) 9B,
1

! Qmu 2m~

"zc'H'u'j""""""'." |l(-H-B-J """""" '
H——m— (D"H)'o" (D"H)W, I+:,V—(D“H) (D"H)Byuw
_ g

HTHB#I/BHI/ (g Jb HTH(«a Gy

0y
NIH 772”




Boosted H->bb analysis ATLAS

do/dpr(H) [pb/GeV]

- High p; Higgs (p") is sensitive to new physics 11001 25 Gov
- H>vyy, H>ZZ->4l cross section is too small to access high p; :Z
due to low statistics 04
- 29fb with pr*>400 GeV

* (pp2H+X)*BR(H->bb) : 17fb : 2000events
© (pP>H+X)* BR(H>vyy) : 0.07fb ~10 events B _
* (pp2H+X)* BR(H>ZZ->4l) : 0.0003fb ~0.01events e a0 a0 o0 800 aoe 300

pr(H) [GeV]

000 ——aaa
POO=NPOON
T T

- Selection

- at least two larger-R (Anti-k;, R=1.0) jets, pt>480(250) GeV €
trigger requirement

- Signal Region : Require 2 b-tagging (WP : 77% eff)
- Control Region : no b-tagging

q/g jet
(ISR)

| CRqep | SR
: : Z + jets 0.28 0.80
- Signal/Background component V + jets WTJ,‘*;; pndl Do
- ggF is dominant but VBF/VH is not negligible /;;in‘ial‘i;"t‘;fw e Lo
» Z(—>bb) is dominant resonant background ! Dileptonic 0.04 | 0.03
in SR ggF 049 | 0.53
I H = bb VBF 0.17 0.25 bb
7 wh 021 | 0.12
ZH 0.12 0.10




Boosted H=>bb analysis (ATLAS)

§ L 'ATLAS Pre:;Tlnary o CR |

= Simul 13 TeV Qco 3

- Background estimation © pymasaoo P g

- Non resonant QCD background : parametric function 2 I ]
=>» function is validated in CRqcp data 10

T IIIIIII
L1 IIlIIII

- Z/WH+jets : my shape from MC, normalization fitted to o
data O .
- ttbar : MC with extra scale factor from CRyq ; TSP S S T I

| IIIIIII

5 12
i 1.1
» CRypar UHjets events (90% pure ttbar events) 5 o
- Estimated normalization factor 0.84 0:80 - = 200
Signal candidate large-R jet mass [GeV]
- Systematic uncertainty
[ ] I I ~ 0
Higgs theory uncertainty (prV>400 GeV) ~30% | Impact on Signals (VAG?/4)
- Experimental uncertainty : jet energy/mass scale and Source | Type | Veietsd Higes F27 (100 Ge) | 2 (175 GoV)

. . Jet energy and mass scale | Norm. & Shape 15% = 14% : 23% 18%

mass reSOIUtlon, b'tagglng Jet mass resolution Norm. & Shape | 20% % 17% & 30% 20%
V + jets modeling Shape 9% = 4% E 4% <1%

tt modeling Shape <1% E 1% ¢ < 1% 11%

b-tagging (b) Normalisation 11% = 12% E 11% 15%

b-tagging (c) Normalisation 3% o 1% E 3% 5%

b-tagging (1) Normalisation 4% E 1% ¢ 4% ™%

tt scale factor Normalisation 2% = 3% & 2% 58%

Luminosity Normalisation 2% i 2% k 2% 3%

Alternative QCD function | Norm. & Shape 4% o 4% F 3% 17%

W/Z and QCD (Theory) Normalisation 14% = - [ - B

Higgs (Theory) Normalisation -5 30% & - -




Search for H->cc (and Prospect)

- Direct search for the interaction of Higgs with 2nd § [ ATLAS Simuaton 5
generation fermion -3 (5 =13TeV. 1 o Cancany s | 10490
= yw 104 O
- BR(H>cc) ~2.9% B +: 5
5 10° 0.35 ©

- Analyzed only VH->llcc channel

- Dedicated c-tagging algorithm : c-tag eff 41%, b-jet eff 25%, 1025
light eff 5% g

- Final discriminant : m (tighter selection than VH->1lbb analysis)

I
h |

2 SRR L _ 5456}810 20 30
e O A s Crvne 3 briet rejection
E E 2 c-tags, p? > 150 GeV -th+jets ]
5 ik =z . No significant excess in 36fb-!
- WD ow ] 95% CL upper limit on o(pp—~>ZH)*BR(H->bb)
10° : E 2.7pb (still 100 X higher than SM)
10 HL-LHC prospect (3000fb-1)
1 95% CL upper limit on signal strength
”ZH(CC)<6'3

3 14 * Analysis improvement is required (c-tagging, MVA)
<10
< 08
S 0%%g5 80 700 720 740 160 1:130| 200

m,, [GeV]



Reconstructed Event Category

Property Measurement

« STXS measurement

. . _— P ggF-0) [ | VBF-p"-T-Low
ATLAS Simulation Preliminary g - 4\, B VBF-p/-High
. -~z [ VH-Had
H— ZZ* — 4l B PPl -Med o V| o
13 TeV, 79.8 fb” I ooF-1j-p!-High g ttHtH
Il ooF-2 B bbH
0j -p4T'-Low
1 -p"'T'-Low
1 -pi'-Med
1 -pi'-High

VBF-enriched-p"T-Low
VBF-enriched-p’T-High
VH-Had-enriched
VH-Lep-enriched

0j -pi‘-High
{tH-Had-enriched
ttH-Lep-enriched

0 04 02 03 04 05 06 07 08 09 1

Expected Composition

Nicely separate targetting signal process
Oj-pr#-High category : require Nje=0 pr#>100 GeV
=» enhance VH->Iv(missed lepton)4l and vv4l

Py ttH lep BDT1
=8 ttH lep BDT2
Q ttH lep BDT3
S ttH had BDT1
pt ttH had BDT2
e ttH had BDT3
© ttH had BDT4
2 VH dilep
g VH lep High
o VH lep Low
3 VH MET High
o VH MET Low

qgH BSM

VH had BDT tight

VH had BDT loose

VBF High-Hjj BDT tight
VBF High-Hjj BDT loose
VBF Low-Hjj BDT tight
VBF Low-Hijj BDT loose
ggF 2J BSM

ggF 2J High

ggF 2J Med

ggF 2J Low

ggF 1J BSM

ggF 1J High

ggF 1J Med

ggF 1J Low

ggF 0J Fwd

ggF 0J Cen

ATLAS Simulation Preliminary

0 0.10203040506070809 1
Fraction of signal process / Category

H-yy
m,=125.09 GeV
Vs=13TeV

[ goF
Il VBF
[ ]WH
Il aa—ZH
I gg—ZH
B ttH

[l bbH
[ ]tWH
[ ]tHjb




1/N dN/dm,, / 0.5 GeV

Mass Measurement (ATLAS)

0.04

0.02

% 50:| T T T I T T T T T | I+| IDI | T T T :
F ata 3
8 457 ATLAS | 3
o F (s=13TeV,36.11b" — Fit
= 40 7z, g [ |Background
P . ackgroun ]
S 35 E
o -
30p- E
25k =
20
15F 3
10 =
5 *—;
0 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 I:
110 115 120 125 130 135
m,, [GeV]
0.16 T T -
C H-vy, mH=125 GeV ATLAS Simulation ]
014~ Vs =13 TeV —
0.12 —
C ggH 0J Cen (6,,=1.59 GeV)
0.1— o MC ]
C —— Signal Model 7
0.08— .
C ggH 0J Fwd (64,=2.10 GeV) ]
L e MC B
0.06[— Signal Model ]

O *-0:0=0:0- 00
115

130 135

140

m,, [GeV]

- Mass measurement in Run2 (H>vyy, H>ZZ->4l)
- H->vyy : dominated by systematics (EM calorimeter response,

material)

- H>ZZ->4yu : dominated by statistics (4 resolution is excellent)

124.97+0.24 (0.19% accurac

2

I I I ! ! I
ATLAS

Run 1 H—-4/ ' . 4
Run1H-yy |
Run 2 H—4l ——
Run 2 H-yy —

Run 1+2 H—4/
Run 1+2 H-yy

Run 1: Vs =7-8 TeV, 25 fb", Run 2; s = 13 TeV, 36.1 fb'

e Total

Run 1Combined ——
Run 2 Combined ——

Run 1+2 Combined ——
ATLAS + CMS Run 1 ——

Stat. only

(Stat. only)
124,51+ 0.52 ( £ 0.52) GeV

Total

126.02 + 0.51 ( +0.43) GeV
124.79 + 0.37 ( + 0.36) GeV
124.93 +0.40 ( +0.21) GeV
124.71+ 0.30 ( £ 0.30) GeV

125.32 £ 0.35

—

+0.19) GeV

125.38 £ 0.41

I+

0.37) GeV

124.86 £ 0.27

—_ o~

+0.18) GeV
124.97 +0.24 (£ 0.16) GeV

_________________________________ _I___________________________________________________

125.09 + 0.24 ( +0.21) GeV

123 124 125

1

26

| I |
127 128

m,, [GeV]
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STXS Combined measurement

. Stage 0 STXS measurement (CMS) - Stage 1 STXS measurement (CMS)
e | R (mergedwith ggF) (merged with ttH) - mainly for ggF and VBF (no sensitivity for VH and ttH

VH - bbH tH yet)

ﬁl @ > WH - Merged several blocks depending on the current
—— sensitivty
merged
g9 — ZH
CM S 3591 (13 TeV) | .
X v
107 99 — 10 ot @ syst) 3 Coaveres| (EEmEEE - FER
3 i * — £20 (stat @ syst) ]
(o) L H+V(qq) = 10 (syst.) ' i
~— SM prediction
NS 10F VBF E
N 0 i ]
m s H+W(lv) .
- r ttH+tH E
N 1 ' H+Z(ll/v) ’ 3
M i ] S E gg—H ot ATLAS preliminary s Dam =
X i 1 = F Vs=13TeV, 36.1 fb’ _
B 10'E Stage 0 Simplified Template Cross Sections i G P qq—Hqq 7]
E Iy <25 E o gg—H, 4ot Hyy andH-2Z"~4] p.<200Gev [N SM m
- ] = ol pi<e0Gev Mu=12509GeV,ly, <25 * + ]
X — N -
- 5 E —_ =
102 f_ bb i 3 |— gg—H, = 2-jet =
N 10F * ' T E B gg—H, 1-jet R 520060V * P — %
N E ' 1= m? fg 60 < pf <120 GeV or VBF-like 9999 v 99/qq—ttH__| g
9 1F 3 =~ 16} 1 L] =
— 04 — =14} 1 . gg—H, = 1-jet ==
L ] — il ] gg-ld. it H = 200 GeV —9
m 1o ' Hu 3 - o il + 1 120 < pf! < 200 GeV e -9
: E B +qq—Hqq A2
1 0—2 E_ | 3 8 pIT =200 GeV E




dogy/ dly, | [fo]

Ratio to default MC + XH

Differential Cross Section Measurement

. ATLAS H->vyy, H>ZZ->4I (80fb-)

- Compare to state-of-art theory prediction

Sensitive to PDF

80 :
- ATLAS Preliminary H—yy, Vs=13TeV, 79.8 b
r -¢- data, tot. unc. syst. unc
60 . gg—H default MC + XH
- & gg—H SCETIib+MCFM8 + XH
B9 XH = VBF+VH«+ttH+bbH |
40 .
o
20 .
0 s
£ T T T T T I T T T T T
2.
1&#—:&— — —
==
O_
0O 02 04 06 08 1 12 14 16 18 2 22 24

Iywl

No significant deviation from theory found

G, [fb]
3,

—
K

2

—
=

Ratio to default MC + XH

Np.jets: Niets - Sensitive to signal composition and PDF

F I
-ATLAS Preliminary

-

N,

I ]
H—yy,Vs=13TeV, 79.8 " 5
-4 data, tot. unc. | syst. unc. ]
— gg—H default MC + XH =
B9 XH = VBF+VH+ttH+bbH ]

B il

(p,>30 GeV, i <25)>1,N_ =0]

jets n

------
--------

G [fb]

Theory/Data

3.5

25

N

f-llIIIIIIIIIIIIIIII;IIIIIIIIIIIIIIII

|
ATLAS Preliminary
H—Z7* - 41

13 TeV, 79.8 fb

!

¢ Datla l

[ ] Syst. uncertainties
B MG5 FxFx K = 1.47, +XH

NNLOPS K = 1.1, +XH

Total stat. ® syst. uncertainty

p-value NNLOPS = 18%
p-value MG5 FxFx = 17%

'IIII|IIH|IIII|IIII|IIIIIIIIIIIIII




Combined Measurement (X-sec)

- ATLAS

Process Value Uncertainty [pb] SM pred. Significance
(lya| <2.5) | [pb] | Total  Stat.  Exp. Sig. th. Bkg. th. [pb] obs. (exp.)
ggF 478 | £40  (£31  TED O 409 +1.3 44.7 £ 2.2 -

VBF 4.25 | 1070 (+0.63  toR2 o2 1Y) | 3.51540.075 | 6.5 (5.3)
WH 189 | Fo%  (f04 Mo 0% +0-23) | 1.204 + 0.024

ZH 059 | To35 (103  +0.14 0 +0.11) | 0.79479:933 } 41(3.7)
ttH+tH 0.71 | +0.15 (:l:O.lO +0.07 T35 t8;8§) 0.58670 0% 5.8 (5.3)

- CMS

Production process Best fit value =~ Uncertainty
stat. syst.
+0.14 +0.08 +0.12
ggH 122 T —0.08 —0.10
+0.11 +0.07 +0.09
(o) (Coer)  (Toos)
+0.30 +0.24 +0.17
VBF 073 Toa7 —-023 —0.15
+0.29 +0.24 +0.16
To27) (o) (Fpas)
+0.58 +0.46 +0.34
WH 218 Iyss —045 —0.32
+0.53 +0.43 +0.30
(Tos1) (o) (Too)
+0.44 +0.39 +0.20
ZH 087  Tow ~0.38 ~0.18
+0.43 +0.38 +0.19
(Toa) (Cozp) (Koar)
+0.30 +0.16 +0.26
ttH 118 53 ~0.16 —021
+0.28 +0.16 +0.23
(To2s)  (To1s)  (Too)
Decay mode Best fit value ~ Uncertainty
stat. syst.
+0.29 +0.19 +0.22
H — bb 112 g5 ~0.18 022
+0.28 +0.18 +0.21
(Zo27)  (To1s)  (Zo2o)
+0.26 +0.15 +0.21
H— 17 102 5% —015 019
+0.24 +0.15 +0.19
(To22) (o1 (Toa)
+0.17 +0.09 +0.14
H— WW 128 Toi6 —0.09 ~0.13
+0.14 +0.09 +0.11
(To13)  (Fooe)  (Too)
+0.19 +0.16 +0.11
H— 77 106  “5i7 —015 ~0.08
+0.18 +0.15 +0.10
(To1e)  (To1a)  (Zoos)
+0.18 +0.13 +0.12
H— 9y 120 Zoy —011 ~0.09
+0.14 +0.10 +0.09
(To12)  Coze)  (Coor)
+1.25 +1.24 +0.13
H— pp 0.68  Ty% 124 —0.11
+1.20 +1.18 +0.19
(N7 i) (Coos)
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Combined Measurement (k)

- ATLAS

T T T T

ATLAS Preliminary

Vs=13TeV, 36.1 -79.8 b
my = 125.09 GeV, |y, | <2.5

Parameter (a) no BSM (b) with BSM
Kz 1.07 £ 0.10  restricted to kz <1
KW 1.07+£0.11  restricted to Ky <1
Kb 0.971035 0.8510 15

K 1.0979-1 1.057013

Kor 1.0210 1% 0.95 +0.13

or 1.027999 0.981 008

s L0071 0972210
Besm - < 0.26 at 95% CL

T T T T T 1 S_\
ATLAS Preliminary —IO'B X
Vs=13TeV, 36.1 - 79.8 fo’ o6 e
my = 125.09 GeV, |y, | <2.5_ ke
0.43 0.38 —0.4
| —0.2
— —0
0.53 0.56 0.28 0.62
L _| —-0.2
0.62 0.42 0.55 —_0.4
- 0.34 0.60 0.47 -0.6
-0.8
-0.28 -0.31 -0.22 -0.14 -0.20 -0.25 -0.28
| | | | | |

S W ¥ P P




tang

tang

BSM combination

- Parameter constraint for 2HDM

N~
—
ANy
AN
S~
(0))
-
o
AN

10

T T T T ] T T T T I T T T T I T T T ] Q C T T T T ‘ T T T T ‘ T T T T ‘ T ] - — e N
| ATLAS Preliminary - Obs. s5%CL ]l g | ATLAS Preliminary [ Obs.95%CL ] Coupling scale factor | Type | Type 11 Lepton-specific Flipped
| s=13TeV,36.1-7981" .. g FhOes. I | Vs=13Tev,36.1-79.817 .. E':S’ FaDes: i :
2HDM Type-| ——SM 2HDM Lepton-specific —— SM Ky Sm(IB - @)
10k ] 10¢ : Ku cos(a)/ sin(B)
- ] i ] Kd cos(a)/ sin(B) —sin(a)/ cos(B)  cos(a)/sin(B)  —sin(a)/ cos(B)
| ] I i K¢ cos(a)/ sin(B) —sin(a@)/ cos(B) —sin(a)/cos(B)  cos(a)/ sin(f3)
1:_ = 1= -
10—l - ST gL SR E—— PRI BRI
-1 —0.5 : 1 -1 -0.5 . 1
cos(f-a) cos(f-a)
C T T T T { I. t T T | T T T T | T T T T ] Q C r 1 - ; | T 1 1 ; | T 1 1 : ‘ T 1 1 .
- ATLAS Preliminary T Bos 2% L 1§ | ATLAS Preliminary [ Obs.95%CL ]
L Vs=13TeV,36.1-79.8f0" __ .. Exp. 95% CL 1% | Vs=13Tev,36.1-79.81" E::t 52;3”&' 8
2HDM Type-Il —— M 2HDM Flipped —— M
E \ . 10 £ Y ]
r ] F \ ] [
L g B ] X
L T 4 :::A (]
i . ] ©
- T L 4 @)
1_ ] @
: ] 1= E o
N ] C ] S
L - - 1 N
I ] I ] o
- 1 Z
i | 1 i ] o
1 | | i
10_ ' ' ! : ! ' ' ' ' ' . : : : ' ' —1 1 1 Il | 1 1 1 1 1 1 1 Il ‘ 1 1 1
- 0.5 0 0.5 11075 05 0 05 !

cos(f-a) cos(-)



Arbitrary units

Arbitrary units

Higgs Pair Production

- Acceptance Dependence as a function of K,

0.14\||\‘|||\‘||\\||\\||\\|||\|||\|

- ATLAS Simulation Preliminary -

0.12 .

0.04] :

o i
0.08 !

0.06] :

0.021

300 400 500 600 700 800

Vs =13 TeV

My [GeV]

0.14\|||||\\\|||||‘\\\||||||‘\\|||||

- ATLAS Simulation Preliminary -

0.1~
0.08F

0.06]-

0.02f

0.04 |

s=13TeV

=K, =-5

Depending on K,, myy distribution varies
Ky, = 2 = hardest myy (higher acceptance)
K) = 5 > softest mHH (lower acceptance)

“55 ATLAS Simulation Preliminary

4E {5=13 TeV, HH—> bbt*t T Thag SLT
3.5

3
2.5
2
1.5
1
0.5

0III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III

20 -15 -10 -5 O 5 10 15 20
K

.
ThadThad

Acceptance x Efficiency [%)]

A
bbTT acceptancechanges from
1% to 3% (ThagThag) bbbb changes by ~factor 2

1.5% t0 4% (TiepThad) bbyy change by ~30%
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Search for DiHiggs Resonance

- Dihiggs resonance combined results

N
~
~
AN
=~
(o))
~
o
Q]

E 1 03 gl T | T 17T |_I _I T | T 1T LI | T 1T T1TT | 1T TT | T T 17T Ig
2 - - - - bbbb (exp.) --- Combined (exp.) 3 CMS 35.9fb" (13 TeV)
T Al . g%gt;_(&l))(s.)) —e— Combined (obs.) . S - — : 5
T 10°¢ — bbt't (obg..) W Expected t1c (Combined) = 4 : Spin 0
0 - - - - bbyy (exp.) Expected +2c (Combined) 5 i A Observed
- — bbyy (obs.) —— hMSSM (tanp = 2) = P - = = . Median expected
o 10 = o T I I 68% expected :
T - 1 7 >1<~ . frb il [0 95% expected
S i 1,77 2 5 ‘ SR 5
a 1 =1 £
© S = o
5 1 . 5
= 1 O_‘| E = =
E U F E E
b B . —
8 102 ATLAS Preliminary B O i
= - Vs=13TeV, 27.5-36.11b" spin-0 - X F g
c_l) 10—3 _I ol by b v b by vy b o | |— © [ ©
O\O 300 400 500 600 700 800 900 1 OOO = eens I ................ I ............ I .......... I ......... I ....... x ...... I ..... | ........................................ I ................ ' (xtg
& mg [GeV] 300 400 500 600 700 1000 2000 3000 O
S my (GeV) <
No significance excess found &
5
Z
: t i 0
Cross section limit (95% CL) Cross section limit (95% CL) T

0.83pb at 260 GeV 0.83pb at 260 GeV
0.02pb at 1TeV 0.02pb at 1TeV




LH-LHC Differential Cross Section

- Combined H>vyy, H>ZZ
- Highest p; bin (p;>350 GeV)

1 e —e—

; ?3-.— :.;-.-.».7* ‘;‘ 1 :.
) » o —e— 8 =
O] — e ¥ -
.; —1 i e 2 — .o mmmmm
o x - — ATLAS Preliminary S slE L ATLAS Frofmi P —
B | - Projection from Run 2 data e ekt
o 5 3 Projection from Run 2 data —
10 é_ @:14TeV, 3000 fb RPN 10_1 — \f§:14 TeV, 3000 o L6 m—
— Hoyy+H->ZZ -4l - Hoyy+H-SZZ -4
B B [ HL-LHC No Sys
1% % :tt:g ';O SySSt : [ I HL-LHC Sys. + Stat.
= I HL-LHC SZZ.I;d S;IS- st — lHL-LHCI) Scale(lj Sys. + Stat. . | —
_1 v oo b by 1o 1 | T | [T BT AR . . | o 11 =
o E 10 e - N BN BN
g Eminéucnininonenj{. T 09F
o 0 30 75 120 350
10 20 30 45 60 80 120 200 350 1000 p’ [GeV]
p [GeV]

8 % accuracy (still stat limited) in ptH>350 GeV
Boosted H->bb channel will improve high-p stat
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DiHiggs Extrapolation from Run2

- HH->4b channel (ATLAS)
- Extrapolating from Run2 analysis of 24.3fb-"
- 8% improvement of b-tagging eff is applied

+ QCD multi-jet background (95% of total)
=» assessed using data-driven technique
=>» largest systematic source of this analysis

Trigger in HL-LHC is crucial
if jet threshold increase from 40 to 75 GeV,
sensitivity down by 50%

2 3.4 (— l T T T l T T T l T T T l T T T —] .E | T T | T T | T T | I' T 'I | T T | LI T

o F 3 m10°=  ATLAS Preliminary % s 5
— o . . —1 ~ = i i tt (all-hadronic: =
2 3.2E ATLAS Prelimin ary : g F I;_ro;ectlon from Run idata B < onatodroni
S 3 Projection from Run 2 data - <1>>1 ') == LIS SI0C IS NoR FESOnMI it S
é — = =1 1 L E =
- 2.8 Vs=14TeV, 3000 fb s 10°E -
S 2.6 HH—bbbb - g 3
[z - 3 a3l _

3 24F - 10 E = i

> 29 = = - : 5

o o . 107 E O

2 o= p = - ] ®
S - === Expected 95% CL limit 3 - -

Y A Statistical uncertainty only = = E S

15 E_ * Background modelling uncertainty < 1L _E 1 ;— = %

L et it ey - E = o

: | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | : 10—1 B I IL_IL_Jl I Ll I | R - I LAl | I I_ I
0 0.2 0.4 0.6 0.8 1 200 400 600 800 1000 1200 1400 1600 1800 2000
Background modelling uncertainty, relative to current level m,, [GeV]

1.40 (without systematic), 0.60 (with Run2 sys)



DiHiggs at HL-LHC

- bb1T (MoOst sensitive analysis in - bb1T (MmOst sensitive analysis in Run2)
Run2) - truth level particle studies convoluted
* bbTepThag, PDThaqThag @Nalyzed separately with smearing
» BDT trained with k,=20 (softer my - Higgs pair : single Higgs : bkg = 2:1:1
distribution) =» not fully optimal - BDT trained with k,=1

- MC stat uncertainty neglected

. , . » 2.00 with systematic
- 2.10 with baseline systematic scenario

/-,\_ | T | T T T I T T T | T T T I T T T | T ] > 9 [ T T T I T T T T I T T T T I
L« 7F — No sy_stematic uncertainties - 8 . ATLAS Simulation Prellmlnary ‘(— 14 TeV 3000 fb1
- - — Baseline ] ~ 8 B8 SM HH-bbyy
£ 6 IS W BT MC statistical uncertainty neglected e - - B Single Higgs
= - --= Current systematic uncertainties - % 7 = I bbyy
= - o ] o - I Reducible
5F ATLAS Preliminary = & °F Others
- Projection from Run 2data . 5F - Stat. Unc.
4 Vs=14 TeV, 3000 fb, HH—> bbr*t = =
n Assuming SM signal, «, = 1 . 4k
2 :—“‘ """""""""""""""""""""""""""""""" _': 20 2
1= Fooo 1
SECRREERL. CHNUS .\ RN ——f- ;'---‘-;.-‘f --------- 4 1o
OF M AL - o110 120 130 140 150 160
-2 0 2 4 6 8 10

Ky m,, [GeV]



Measurement at HL-LHC

- Indirect Kk, measurement using ggF Higgs p: Z 145

differential measurement g § [

- if charm Yukawa coupling is enhanced, pt" tbc 3 12}
spectrum would be softer o 2

- Differential cross section measurement of 3 2a A & .
H->yy and H>ZZ->4l can be used to constraint 3

the charge Yukawa (k) § 08
g =

.
$)]
Illlllllllllll

CMS Projection 3000 o' (13 TeV) CMS Projection 3000 fb™ (13 TeV) GeV]

- |— Combination | W/ YR18 syst. uncert. (S2) M_Q 53— — Combination| W/ YR18 syst. uncert. (S2) 7 PTh
1H—H-2Z 6 Fl—H—2zz 6

He vy 4
- N | H =y
/ - s -5 o
- « no BSM particle in the loop
—14 2:_ —4

0 1 , , :

i 3 g s+ with/without coupling

o oF dependence on the

: i + P branching fraction
—1:— =1 B E_ —1

- |#Bestfit  ASM 20 —10 |  B(Ke Kp) - [+Bestft *SM --20 —1o |Bunconstr.

L e b e b b by | =0 _3_| L v b b b by %0

-6 -4 -2 0 2 4 6 -10 -5 0 5 10

KC Kc



-2In(AL)

DiHiggs (HE-LHC Projection)

- HE-LHC : 27 TeV, 15ab-"

68%CL
. . [03,1.8] 95%CL < bbyy
- Combination of bbyy and bbrtT [-03,33] ]
[0.2,2.]u[6.3,7.2] | | | I | | d bher
[-0.4,8.2]
- Expected uncertainty on K, ~10-20% 118771 1 [ ] { bbb
[-1.2,7.4] ] ]
[-2.7,8.7]
----------------------------------------------------------------------------------------------------- e 4G -1.1,8.8
i HL-LHC/HE-LHC - 25,102 — - 1
L ) ) — [0.5,16] -1 combination
r HL-LHC combined . (Ol s [ ]
- T Vs=14TeV,3ab" E
- HE-LHC combined ) wery [ | ] tth, hsyy N
- — _ 1 | S 1A 5
:_ Vs =27 TeV, 15 ab _: 3 %:?q jgjg% MM {1 exclusive fit %
R S e A =90 -2.,39 . =
8- - [[—5.‘7. ]] Wl % Y. 1 globalfit
6 - S
E E %8?1%% z 1 combination é
G prevmrsrsssennXossnnn Qs s ——————————,s el 26
2:_ E [[_Odﬁ"12'§2]] ALY { exclusive fit .
S W, 1 R o2 T Loman 3
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