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Outline

Higgs boson searches and properties with up to 140 fb' of data
* Overview of each single decay channel
* Combination

* Properties: mass and width measurements
Di-Higgs searches

Prospects in view of High Luminosity LHC

Comparison with CMS results

All ATLAS and CMS public results are available here:
https://twiki.cern.ch/twiki/bin/view/AtlasPublic
http://cms.web.cern.ch/news/cms-physics-results
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Main motivations for the Higgs searches

@ The Higgs boson plays an important role in the SM: it provides mass to the

elementary particles, through the electroweak spontaneous symmetry breaking
(EWSB)

@ |tis a fantastic new tool to test the Standard Model of particle physics

@ Several studies investigating the Higgs boson are possible:

* Cross-section measurements

Couplings with SM particles

Improving of the precision on the Higgs mass Tlf
Measuring the Higgs width EG GE :ENE

Di-Higgs production
BSM Higgs bosons?
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LHC and ATLAS operations

@ LHC accelerator performance during Run-2 was outstanding!
* LHC delivered ~156 fb~" of proton-proton collisions
* Record of instantaneous luminosity: 2.1*103* cms™

@ Very good ATLAS data-taking efficiency
* ~147 fb' recorded and ~139 fb" good For physics (95%)
* Luminosity uncertainty for the fFull Run-2 dataset: 1.7%

@ Maximum average number of events per Bunch Crossing
<pg>=33.7inRun2 @ 13 TeV

<pu>=20.7inRun1 @ 8 TeV

Low-p data-taking peak
provided special samples
for precision W physics!

Recorded Luminosity [pb "/0.1]
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ATLAS detector overview

LHC

LAr hadronic end-cap and
forward calorimeters

Torcid magnets LAr electromagnetic calorimeters

Muon chambers Solenoid magnet Transition radiation tracker

Semiconductor tracker

@ General purpose detector with 4n coverage

@ Sub-detectors optimized to reconstruct final states as produced by SM processes: jets, charged
leptons, neutrinos. Four major components :

* Inner Detector, Calorimeter, Muon Spectrometer and magnet system

@ Integrated with the detector components — Trigger and Data Acquisition System, a specialized multi-
level computing system, which selects physics events with distinguishing characteristics

* Collision rate: 40 MHz
* Accepted event rate: ~1 kHz
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Efficiency

Data / MC

Detector performance
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Higgs boson production at LHC

9 rssssooe. 48-5 pb q q H g 0.51 pb t
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ggF (~87%) fusion (VBF) (~7%) VH (~4%) ttH (~1%)
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@ Distinct topology from each production mode

@ Rare production modes difficult to probe, but important 10757,

foaaady T
For beyond the SM (BSM) scenarios 6 7 8 9 10 1

IIIIIIIII IIII|IIII|:
1 12 13 14 15
Vs [TeV]

@ Improved accuracy from theory calculations: inclusive a(ggF) now calculated at N3LO in QCD
and NLO in EW, with 5% uncertainty (still dominated by QCD scale and PDF+a,)
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Higgs boson decays

H— ZZ* — 4land H — yy: high
resolution channels and precise
differential measurements

Decay channel Branching Ratio [%)]

H — WW* high BR, but low mass

H—-WW 21.6 £0.9 resolution
H — gg 8.56 = 0.86
H — 77 6.30 + 0.36
T = cc .90 £ 0.35 H — uu: very small BR, but access
H— 77 2.67=0.11 to couplings to 2nd generation
H — ~~ 0.228 +0.011 f .
H — Z 0.155 + 0.014 ermions
H — up 0.022 £ 0.001

H — 1T, H —bb: high BR, but low
S/B, important to directly probe
Higgs boson coupling to fermions
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H—ZZ*—-4%

ATLAS-CONF-2018-018

Low branching fraction: BR(H— ZZ*) ~2.7%
further reduced by [BR(Z—ee,up)]? = [6%]? m==p BR(H—-ZZ*—-4l) ~0.01%

Non-resonant ZZ* background is the only relevant background in the analysis
(irreducible background, estimated from MC simulations)

Reducible backgrounds (Z+jets and top mainly) strongly suppressed with the event selection

12% of uncertainty on combined fiducial cross-section

Uncertainty still statistical dominated

Ofid =4.04+0.41(stat.)+0.22(syst.) fb
Ofid,SM = 3.35+0.15fb

i ¢ Data
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https://cds.cern.ch/record/2621479/files/ATLAS-CONF-2018-018.pdf

H-vy

ATLAS-CONF-2018-028

Clean experimental signature and good invariant mass resolution

BR(H->YY) ~ 0.23%

Analysis performed exploiting an event categorization to target the main Higgs production modes

Signal yield extracted from a simultaneous signal+background fit of the m,, distribution

Background function chosen as the one that minimizes the fitted signal yield in signal+background
fits in a background control sample. Double-sided Crystal Ball function for the signal modeling

Sum of Weights / 1.0 GeV
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https://cds.cern.ch/record/2628771/files/ATLAS-CONF-2018-028.pdf

H->WW*

ggF+VBF Phys. Lett. B 789 (2019) 508
WH+ZH arXiv:1903.10052v1

@ 2" largest Higgs branching fraction - BR(H->WW*) ~ 22%

@ Access for measurement of the Higgs boson couplings with vectors bosons (W and Z) and fermions (Top mainly)
@ Two analyses targeting different Higgs production modes: ggF+VBF and WH+ZH, both with ~36fb™" at 13 TeV
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1 Events split in 3 major Signal Regions on Njets
- Njet = 0 and Njet = 1 (ggF dominated)

- mrt used as discriminant
- Njet = 2 (VBF dominated)

- BDT used as discriminant

Data-Bkg.
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@ ggF XSec uncertainty dominated by systematics (10% from
theoretical predictions on ggF, WW and Top)

@ VBF analysis still suffers of low statistics

@ Observed (expected) ggF and VBF significances: 6.0 (5.3) and
1.8 (2.6) standard deviations, respectively
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Events split according the lepton multiplicity (3 and 4) and
charge/flavour composition — 4 Signal Regions

ZH analysis: cut-based. For WH, a BDT discriminant is also used

The combination leads to an observed (expected) significance
for the combined VH production mode of 4.1 (1.9) standard
deviations

Uncertainty still statistically dominated
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https://www.sciencedirect.com/science/article/pii/S0370269318309936
https://arxiv.org/pdf/1903.10052.pdf

Events /0.35

Pull (stat.)

H - b b Phys. Lett. B 786 (2018) 59

Dominant decay of SM Higgs boson: BR(H » bb) ~ 58% o 7813TeV Significance
. . . Exp. Obs.
Analysis targeting the VH production mode —— o 13
o ) o ) ) 1tH 1.9 1.9
Boosted decision trees trained in eight signal regions and outputs VH 51 49
used as the Final discriminating variables in the analysis H — bb combination 5.5 5.4
Double observation: Higgs decay to bottom quarks and VH production mode Channel 13 Tev Significance
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H — bb 4.3 4.9
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https://www.sciencedirect.com/science/article/pii/S0370269318307056?via%3Dihub

H —>TT Phys. Rev. D 99 (2019) 072001

Weighted events/ 10 GeV &

Data—-Bkg

Higgs boson decay to pair of z-leptons is most promising channel to explore Yukawa-couplings to fermions

Smaller BR than H » bb, but better experimental accessibility 3.{wms |~ irme] & Tame | imma] 3l

Events are categorized into exclusive signal regions [

SM Z - ttis the major background in all the regions

Measured cross-section times BR in agreement with SM
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https://link.aps.org/doi/10.1103/PhysRevD.99.072001

—— Ul ATLAS-CONF-2018-026

@ Most sensitive channel to investigate couplings to 2nd generation fermions
@ Very rare process, but high di-muon mass resolution makes channel accessible
@ Signal would appear as narrow resonance over smoothly falling background
» primarily Drell-Yan, but also diboson and leptonic top decays
@ Events splitin category according to muon pseudo-rapidity and di-muon pair transverse momentum
@ Analysis sensitive to two Higgs production mechanisms: ggF and VBF

@ A boosted-decision-tree (BDT) is used to maximize the separation between the VBF signal and background
@ Best fit value of the H — pp signal strength: p = 0.17}-0
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https://cds.cern.ch/record/2628763/files/ATLAS-CONF-2018-026.pdf

Higgs production with Top quark pair (ttH)

@ First ATLAS observation of ttH production mode — lowest cross-section among the main Higgs

production modes
Phys. Lett. B 784 (2018) 173

@ All the main Higgs decay channels involved in this search

) e e e U e ) S e ) L R T
ATLAS e Total Stat. [ Syst. — SM
Analysis Integrated ttH cross Obs.  Exp. e e e o
luminosity [fb™!] section [fb] sign.  sign. fiH (0B) I-El_d 0.79% %1 (+ 9% 4053)
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-1 0 1 2 3 4
Oy Oy
ion i - Ferrr — 110 20% accuracy
@ The measured total cross-section is found to be: 07 = 670 + 90 (stat.) *, 7 (syst.) fb o combination
oS =51 0 0 o IS I S S o s o0t LB R
in agreement with SM prediction: 5073 fb 2 0.9- ATLAS .
=50 % O.8f— I Theory (NLO QCD + NLO EW) _f
% 0_7; $Sta‘.os‘)yombined data é
. . N © hee -
@ Statistical and systematic uncertainties comparable - :
0.5 E
@ Main systematic errors come from: 0.4 E
I . 0.3- s
* Theory uncertainties on ttbar + heavy flavour and ttH signal e =
* Experimental uncertainties on non-prompt backgrounds 01 -
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https://linkinghub.elsevier.com/retrieve/pii/S0370269318305732

U pdate on ttH (H —)VV) ATLAS-CONF-2019-004

First ATLAS Higgs results with full Run-2 dataset (~140 fb™)

Observed (expected) significance of 4.9 (4.2) standard deviations w.r.t. the background-only hypothesis
The analysis is performed using a simultaneous fit in seven signal-enriched event categories

* 3 leptonic categories + 4 hadronic categories, based on BDT score

Measured cross-section times BR(H— yy)

oyim X By, = 1.5910:30 fb = 1.5910:3¢ (stat.) *0-13 (exp.) 701} (theo.) fb  25% single measurement accuracy !

in agreement with the Standard Model prediction

ttH(— yy) = 1.1570% fb

| T T T T | T T T T T T T T I T T T T l T T T T
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BaCkground MOdcling 2‘1 20 O : 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 1
Flavor Tagging 0.9 1.1
Yegions Ot e 110 120 130 140 150 160
Pileup 1.0 1.5 m,, [GeV]
Luminosity and Trigger 1.6 9.3
Higgs Boson Mass 1.6 1.5
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Higgs differential cross-sections

& [fb]

Theory/Data

H—ZZ*—48 H- yy H>ZZ7*—48

. s s X RTINS CMS Preliminary
T T T T | T T T T | T T ]

3.5

‘ ‘ — | | ‘ | 137.1 o' (13 TeV)
[ . - — —_~ T | )t Tl
- ATLAS Preliminary ﬁ S;S‘t’_ uncertaintios ] 3 ATLAS Preliminary H—yy, (s =13 TeV, 79.8 fo S E ! ! 1
U R MG5 FxFx K =147, +XH ] Q 4 Data, tot. unc. | Syst. unc: () 1e BN L E
13 TeV,79.8 b NNLOPS K = 1.1, +XH ] =, o + O E m— Systematic uncertainty
- e . 1 | ] E C N
o5 484045 XH = VBF+WH+ZH+1tH+bbH | ;Q.- 99—H default MC + XH = SN gg-H (NNLOPS) + XH
“r Total stat. ® syst. uncertainty | o 1 - Bl NNLOJET®SCET + XH ...-9 10'E %4444 gg—H (POWHEG) + XH =t
= foug | N E 3
oF p-valus NNLOPS - 18% — g:% L £<1 XH = VBF+VH+ttH+bbH Lo A 2277 XH = VBF + VH + ttH (POWHEG) ‘é
r p-value MG5 FxFx = 17% = _ S5 [ 2 A
C ] 10 v|_
1.5 -] -2 |
- ] a 107
B : J ®) F
1__ . [h z ] =~ [
E - of! ©
- E1|] ] 102K e 0n
0.5— - — b © E
= ] © F
oF T e s o) o §
T T T T T T T T 4
% 2 o107,
1.5 = + 9 1.2k
g + Z 155§
| S (R _ = & n—o—o—la{a Eal Z  0.8F]
£ s il |
ol S : 4 1
0.5 | ‘20 1 ) 1 | ! h gog PN 0 0 i
0 1 2 3 >4 § 0 5 100 150 200 250 300 = vsi50 0 50 100 150 200
N 4 p,(H) (GeV)

ATLAS-CONF-2018-018 ATLAS-CONF-2018-028 CMS-PAS-HIG-19-001

ATLAS: H-yy and H-ZZ* measurements with 80 fb-"
CMS: H—»ZZ* measurements with fFull Run-2 dataset — unprecedented precision

Many differential observables measured (including Higgs rapidity and leading jet p.) - all in good
agreement with SM expectation = no evidence of new physics

Precision still dominated by statistics (~20%) — more data and channels will further improve it!

Systematics uncertainties ~10% (larger for Njets > 2)
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https://cds.cern.ch/record/2621479/files/ATLAS-CONF-2018-018.pdf
https://cds.cern.ch/record/2628771/files/ATLAS-CONF-2018-028.pdf
https://cds.cern.ch/record/2668684/files/HIG-19-001-pas.pdf

Higgs combination
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ATLAS nggs Comblnat|0n ATLAS-CONF-2019-005

T | LI I ] R R § I T T 7T | LI | LI | LI I LI I LI | ; F T 1§ | LI
@ ATLAS combined results are based on the ATLAS Preliminary —s—Total Sta. EmSyst || sm
. . . Vs=13TeV,24.5-79.8 fb"
combination of the below analyses: = 125,09 GeV, Iy | <25
-76%
Analysis Integrated luminosity (fbT) Pau ol islat, Syst
H — vy (including ttH, H—vyy) 79.8 goF I-\IEH 1004 wans| woor; E0Y
H— ZZ7Z*— 4¢ (including 1tH, H— ZZ*— 4¢) 79.8
H— WW*— evuy 36.1 VBF ———— 121 R2( e, ais)
H— 1t 36.1 o y
VH,H — bb 79.8 WH f % — 1830 9% ( oz, 93)
VBF, H — bb 24.5-30.6 , 2 , . oo
H — uu 79.8 ZH I — i 1.05 Tooe( 2024, F017)
ttH, H — bb and {tH multilepton 36.1 ttH+tH H | 121 192 ( gy, 02
H — invisible 36.1 - o
Db Pt e Al 2 06 08 1 12 14 16 18 2 22 94 26
< 8_| Ty ETd | TT T T T T T T T | TT T T T T TTT ‘ TT T T T TTTT \_ CrOSS'SeCtiOn normalized to SM Value
£ _[ ATLAS Prelimi — Total 2 . .
7 et N s All major production modes are now
o E \s=13TeV,24.5-79.8 b emeve Big: . . er
' gl ™= 12509GeV.Iy, <25 T FemoveSig . - observed with a significance > 5o
[ P -18% e tat. ] ~ . . ~ .
; . ; Uncertainty source Ap/ p [%]
o ] . L. Statistical uncertainty 4.4
4; 1 @ Dominant syst. uncertainties: I ———— 5
N b ° Slg nal th eo ry (4.2%) Theory uncertainties 4.8
F 7 ) Signal 4.2
3- E * background theory (2.6%) =) Background 26
2} { o Electro n/photon energy Experirr.lentél uncertainties (excl. MC stat.) 4.1
- ] ( d resolution (2.2%) FE i
.I-_ N A scale an & /0 Backgroynd modeling 1.6
- 1 * luminosity (2%) Jets, B e
0_| IS AN AN e o v 1 Flavour tagging 1.1
1 1 1 1 2 1 3 =) Electrons, photons 22
Muons 0.2
Experimental precision approaching theory H . T-lepton 04
precision even before using the Full Run 2 statistics 8 % uncertainty Bfbr L6
MC statistical uncertainty 1.9
p= 111108 = 1.11 £ 0.05 (stat.) 503 (exp.) Ty 03 (sig. th.) +0.03 (bkg. th.) oGy 76
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http://cdsweb.cern.ch/record/2668375

CMS Higgs combination

arXiv 1809.10733

@ CMS exploits 2015 and 2016 dataset for the combination (~36 fb™)

@ The following decay channels are included in the combination: H-»yy, H-»ZZ, H-WW, H-1t, H-bb,

andH -
HH u=1.17£0.10 = 1.17 4 0.06 (stat) 7952 (sigtheo) + 0.06 (other syst)
35.9 b (13 Tev) 9 % uncertainty
CMS . Ob§ewed . . ) . ) .
- - — it @ Dominant uncertainties: Signal theory (5%), luminosity
- zZ| o (2.5%)
o Ww "
R i A @ 50% level improvement compared to Run-1 due to
e — increased cross-section, improved theory uncertainty,
22l —— additional event categories
> ww — 35.9 fb* (13 Tev) 35.9fh™ (13 TeV)
T -
puu [ : CMS @ Observed CMS ® Observed
1Y = +]c (Stat @ syst) . = +1G (Stat ® syst)
L 27f g - : e — Assuming ; S
= wWw | T L_.__ B u| SMXSec __
?{3 s B Assuming B
T zz| -— B =——— SM BRs Pz =
35; i Mo i JLE i “""
ZZ} —i— : i
i I WWwW | ' MZH ——.-.—— ur'c __.__
= T —.—- B B
bb PR I 1 | T | 1 i i
4 2 0 6 8 10 P L
ur - - :
| i - uf
||1I|u|:l|“|J||||\|u|I1|u|uu|uu | Ll | Ll |
0 0.5 1 15 2 25 3 35 4 -2 -1 0 1 2 3
Parameter value Parameter value
Signal strength modifiers per-production mode (left) and per-decay mode (right)
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https://arxiv.org/pdf/1809.10733.pdf

Simplified Template Cross-Section method

@ Simplified template cross-section (STXS) define a common categorization framework for Higgs
analyses

@ Allows to measure the Higgs boson production cross-section in exclusive kinematic bins

@ Reduce model dependence, maximize sensitivity to new physics, minimize the theoretical
uncertainties, constrain coupling modifiers (kappa), EFT coefficients, BSM tests

His Ky

I gk
arXiv 1610.07922

= EFT
= coeffs
T
= [ ] . low p¥ I
o e a [ = Ot | ”
= [ MVATow pr(V) | ~ | high p}. _ . specific
x ! I.V!\{A high 'PT(V)! b very high p}. _ | BSM
H— 7 - |a’(bl_)H)| I o(tH) |
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Simplified Template Cross-Section method

T | T T T I L I T T T | T 1 T | T T T | T LI I T T T I T T T | T T T | T T T
ATLAS Preliminary —e—Total Stat. @ Syst. | sM
Vs=13TeV, 245-79.8 b’
m,, =125.09 GeV, |yH| <25
Py =40% Total Stat. Syst.

|
ggF F==H 1.04 009 ( +007, '907)
VBF —=—=— 12l Tl . )
WH C - — 188 0 B )
ZH b 1605¢ S04l sbmdy “002)
ttH+tH pae— | 121 B wonzs 2950
1 | 111 | 111 | 111 | 111 | 111 | 111 | E L1 | 111 | 111 | 111
06 08 1 12 14 16 18 2 22 24 26

Cross-section normalized to SM value

Cross sections for ggF, VBF, WH, ZH
and ttH+tH normalized to their SM
predictions, measured with the
assumption of SM branching fractions

ATLAS Preliminary ol e
B../B 0.86 +0.14 ,+0.12 +0.07
Vs=13TeV, 36.1-79.8 fo’ =z 86 912 (011> —0.08)
B_/B 063 035 (+0.22 +o.27)
m,=125.09GeV, |y, | <25 b5~ 22 03 928 (018 022
H B /B 0 86 +0.18 +0.13 +0.12
p.. =89% ww/Bzz 86 516 (—0.11° —0.11)
SM B../B s 4029 ,+022 +0.19
F—e—Total Stat. v =2z 087 024 (019 —0.14)
== Syst. || SM = 0 3 4 3 )
Total Stat. Syst.
; +0.18 ,+0.16  +0.09
ge b Gt X By . 129 547 (L0145 —0.08)
Liat. BH +0.43 ,+0.37 +0.23
9g—H, 1-jet, pf < 60 GeV x B, =1 o e e e
i H +0.38  +0.33 +0.18
9g—H, 1-jet, 60 < p7< 120 GeV x B, |-.i.| ol il e e e
i H +0.81 ,+0.71 +0.39
g9 —H, 1-jet, 120 < p7 <200 GeV x By, o= 180 s e o)
St mH +0.84 ,+0.73 +0.43
9g—H, > 1-jet, p.= 200 GeV x B, = os )
e +0.56 +0.46 +0.32
9g—H, > 2-jet, pY < 200 GeV x B, = I
+0.45 ,+0.36 +0.27
qq—Hqq, VBF topo + Rest x B, ] 1571055 sp o aslisis)
+1.35  +1.31 +0.32
qg—>Hag, Yk topa X B == 012 4743 (Li4p —o24)
j 151  +1.34  +0.69
qq—Haqq, p', 2200 GeV x B, == -0.95 J_“1 | (J_“1‘29, J_“O_72)
v +1.24 +1.02 +0.71
qq—Hlv, p; <250 GeV x B, == 2t el ke e 4
v +2.32  +1.44  +1.81
94 bl = 250GV B Fo—— 191 149 (L4000 —0.66)
99/qq—Hll, p¥ <150 GeV x B, Fgﬁq 0.85 i’]gg (j)g;‘ t?;g)
v +1.29 ,+1.02 +0.79
99/qq—Hil, 150 < p;< 250 GeV x B, ==+ ges o o
v +3.03 ,+1.87 +2.38
, Pl 2 =2
99/qq—Hll p;2 250 GeV x B, 292 L eai Ly
+0.39 ,+0.30 +0.24
el i e 144 533 (Zo27 —0.19)
1 1 1 I 1 1 1 | I | | 1 1 I | 1 | 1 I 1 1 1 | 1 1 1 1
-10 -5 0 5 10 15

Parameter normalized to SM value

Stage 1 STXS
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Fermion and gauge boson couplings

@ Extended Higgs sector models allow for non-SM couplings to fermions and bosons

@ Assumption 1: universal coupling modifiers for all vector boson and fermion couplings

Ky = Kw = Kz
KF = Kt = Kb = K¢ = Ky

@ Assumption 2: no new particles in the loops - BR__, =0

35.9 b (13 TeV)
T | L § 3 T T

L LN L L L B B B A T 1 T 1 rT T[T T rrrIr] L I ! J
3 2—ATLAS Preliminary + Bestfit = - CMS [] to region
- Vs=13TeV, 24.5-79.8fb* g . 21 ,
1.8_ m,, =125.09 GeV, |y | <25 —68% CL 4 S Sl
C p,, =41% ----95% CL 7 - +  Besti
16:_ we SM _: : Y SM expected
14:_ _: 1.5+
1.2 o ﬁ
1 = [
0.8 = Ui
0 6:_ — Combined — H—=yy E I
E —H-=ZZ H-WW E
0.4 = | |H—-bb DH%‘E’C
02:_ H—bb —H-r17 _: OI5_@H—>ZZ DH%YY
_I 1 | I 1 1 1 | 1 1 1 | 1 1 1 I 111 | 1 1 1 | 1 1 1 ] 1 1 1 | 1 1 1 | 11 1 I l_
0 02 04 06 08 1 12 14 1.6 18 2 e Mot
K\ 0.5 1 15
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Tree Level Higgs couplings

. . . . . 2
@ In SM coupling of Higgs to fermions « m_and for massive weak bosons « m,? P .
|4
@ Within current precision, Higgs couplings scale with particle masses 3 Ry
: : : : r
@ Good agreement with expectation from SM across wide particle mass range e
o ———— 35.9 fb™ (13 TeV)
= = il = = o ! R LR ! R !
> ATLAS Preliminary ol > 1k t
:‘ TE Vs=13Tev,245-79.8 10" A = |> - CMS wZ
© - m,=125.09GeV, |y, | <25, p_, =72% ",.o*’ 5 E [
Elf I — SM Higgs boson il ol —
2 107 E 5 o 10°'F E
- o L
| /’-'-' = E |LT
1072 = ot b = V,
= " = 102§ E
ol B N N SM Higgs boson
E A A —— (M, g) fit ]
b [ N 07 o ]
E 1_3? ) ST E P a j _ REF
- 12F ol 107%E E
S i } ~ " + c% 1.5m— : l = = ———
v 1L [ o i e o N R B P S S B Y S S . ]
0.9 i o ] 55 SRRt E —# """ frososasans 4‘“’“"‘_‘
0.8 - @) a 3
07E | | - S 05 :
iy 1 10 107 o » I —
14 107" 1 10 10

Particle mass [GeV]

Particle mass [GeV]
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Higgs properties
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Higgs mass (ATLAS)

Phys. Lett. B 784 (2018) 345

@ Higgs mass measured using the yy and
ZZ7*—4lep Higgs decays @ 13 TeV

Total

(Stat. only)

H—41 124.79 +0.37 ( +0.36) GeV
H-yy 124.93 +0.40 ( +0.21) GeV

Combined 124.86 +0.27 ( +0.18) GeV

- T
> B ]
& [ e Data ATLAS 7
< 600 ...... Background S
@ I —— Signal + Background Vs=13TeV,36.1fb" .
= 500 — Signal In(1+S/B) weighted sum
2 E -
2 F

N 400F

300

200F

100F

20F
10E

Y= ! + | I | | =]
110 120 130 140 150 160
m,, [GeV]

Y weights - fitted bkg
o

@ Still room for improvements for the 4lep

channel, dominated by statistics

Events /2.5 GeV

50: T T T T | T T T T ¥ T T T | T T T T | T :
45t ATLAS ST

© {5=13TeV, 36.1 fb" — Fit :
405_ H—ZZ*— 41 []Background

1 LI |
125

130 135
m,, [GeV]

O O
1010 115 120

Systematic effect

Uncertainty on m#%% [MeV]

Muon momentum scale
Electron energy scale

@ Syst. uncertainty comparable with the Pile-up simulation

stat. uncertainty in the yy channel

@ In both channels, syst. uncertainties
dominated by experimental ones:

Simulation statistics

40

26

10
8

energy / momentum scale and resolution Lateral shower shape

24th June 2019

Source Systematic uncertainty on m}; [MeV]
EM calorimeter cell non-linearity 4180
EM calorimeter layer calibration +170
Non-ID material +120
ID material +110

+110
7 — ee calibration +80
Conversion reconstruction +50
Background model +50
Selection of the diphoton production vertex +40
Resolution +20
Signal model 420
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https://www.sciencedirect.com/science/article/pii/S0370269318305884

CMS: JHEP11(2017)047

Higgs mass

ATLAS: Phys. Lett. B 784 (2018) 345

T —
AI TLAS - Total Stat. only
Run 1: s = 7-8 TeV, 25 fb”", Run 2: {s = 13 TeV, 36.1 fb” Total  (Stat. only)
Run 1 H—4/ - = 124,51+ 0.52 ( £ 0.52) GeV
Run 1 H—yy . 1 126.02 +0.51 ( £ 0.43) GeV
Run 2 H—41 — 124.79 + 0.37 ( + 0.36) GeV
Run 2 H—yy -—ol—- 124.93 £ 0.40 ( +0.21) GeV
| Runts2Ho4 S 124.7140.30 (£0.30) GeV
Run 1+2 H-yy ———— 125.32 £ 0.35 ( +0.19) GeV
| Run1Combined = #—e—u 12538 £ 0.41 (£0.37) GeV
Run 2 Combined —_—— 124.86 +0.27 ( £ 0.18) GeV
| Run1+42Combined — T 124.97 £0.24 (+016) GeV
| ATLAS+CMSRun1 -i.—- """""""""" 125.00£0.24 (£0.21) GeV
o ey b by by by b
123 124 125 126 127 128
m,, [GeV]

@ ATLAS (yy+42, Run 1+ Run 2): m, = 124.97 £ 0.16 (stat.) + 0.18 (syst.) GeV

0.19 % uncertainty

@ CMS (42 only, Run 2 with 36 fb"): m, = 125.26 + 0.20 (stat.) £ 0.08 (syst.) GeV  0.17 % uncertainty
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https://www.sciencedirect.com/science/article/pii/S0370269318305884
https://link.springer.com/article/10.1007%2FJHEP11%282017%29047

Higgs width

@ SM prediction for a Higgs boson with m_, =125 GeV - 4 MeV

e I, too small to be measured directly at the LHC - experiment mass resolution ~ 1-2 GeV in the
best measured channels

@ Any deviation would imply a decay to non-SM particles

@ Best direct limit from CMS H—4£ channel (36 fb™") : T, < 1.10 GeV (95% C.L.) JHEP11(2017)047

@ Indirect limit from ATLAS: in the Higgs off-shell regime, o .., , does not depend on the total width
r,, whileo_ does Phys. Lett. B 786 (2018) 223

n-shell £
o on
= A B S (JH /JH)exp I_H
€ 14 ATLAS i Gof T /gror [SM
Y bt oszzsazpy e Rt ( H / H )5 M H
1213 Tev, 36.1 fb! O oy il on/off
[ Kgv, on-shell = Kg/v, off-shell ] : . = Uexé . FH
10r : experimentally:  Hon/off = — 5, 757F = Moff = Mon - SM
E SM H
8
- @ Assuming the ratio of the Higgs boson couplings to the SM
oF predictions are constant wiFth energy from on-shell production to
4F the high-mass range and 128, /u¥BE =1
2f @ combining H-»ZZ*—»42 and H-»ZZ*—202v channels (36 fb-1)
: 4
0

Observed (expected) 95% C.L. limit on I, < 14.4 (15.2) MeV

Ty
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https://arxiv.org/pdf/1706.09936.pdf
https://www.sciencedirect.com/science/article/pii/S0370269318307494

Update from CMS on Higgs width

@ CMS H-4£ analysis with ~80 fb-"(2016 + 2017)

@ Results combined with ones at 7 and 8 TeV

@ Studying both the on-shell and off-shell Higgs production, CMS put the most precise

measurement on Higgs width:

Parameter

Observed

Expected

* 95% C.L. interval

Ty (MeV)

B2 o 08916 41y [0i0,18.7]*

-2 A InL

5 L fb (7Tev) + 19.7 fbt (8Tev) + 77.5 fb (13 TeV)
| T T

CMS

| — Observed

-- Expected

Lol — Observed, 2016+2017

-- Expected, 2016+2017

arxiv 1901.00174
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https://arxiv.org/pdf/1901.00174.pdf

Di-Higgs searches
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ATLAS di-Higgs searches

Measuring Higgs self coupling (A provides direct probe of Higgs potential

HHH)

Measuring K, = A, /A, " helps verify SM electroweak symmetry breaking

Measurement of k, possible by studying HH production

, , _ HDBS-2018-58
HH production cross-section at 13TeVis ~ 30 fb

* 1000 times smaller than single Higgs cross-section

Two Higgs decays — many final states available === .
H
* bbyy has low branching ratio j} °..
---H
* bbtt, bbbb have higher background Rex g Tridngle Dlzgcim

* new channels added recently: WWWW, WWyy and WWbb

Results of searches for non-resonant and resonant production presented here

* Both ATLAS and CMS results use 2015 and 2016 dataset @ 13 TeV

24th June 2019 Marco Sessa - USTC
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-58/
https://it.wikipedia.org/wiki/Kappa_(lettera_greca)

ATLAS di-Higgs searches

| ATLAS . T
T fs5=13Tev, 275-36.117 2 Eiggggg .
- oM (pp > HH)=3351b Expected + 20
B = Obs. Exp. Exp.stat. |
HH= bt - 125 15 12
HH—> bbbb | A ' 129 21 18
HH-> bbyy I + . 203 26 26
HH— W'WW*'W i - - + 160 120 77
HH— W'Wyy F - . + 230 170 160
HH—> bBW*W" I | } 305 305 240
comoinea| P s S
10 102 10" 10*

95% CL upper limit on Or (pp — HH) normalised to cjg"F

Di-higgs production studied in 6 channels

10°

Limit on renormalized ggF(HH) cross-section is
found to be 6.9 times SM expectation

No statistically significant excess of events
above the Standard Model predictions is found

Limits on resonant production mechanism
(both spin-0 and spin-2 hypothesis explored)

Results statistically limited, will benefit from Ffull

Run 2 dataset!

B‘ 1 O _I T I L I LR | I | g 810 1k S TTTT T I_
=3 C ; J |~~~ Exp. 95% CL limits
= B ]
n - 1 |7 Obs. 95% CL limits
i ; 1 S
a — bbb
= 1F E
El - 1 [T bbes
© E ]
L 1 |~ bbyy
" Allowed x;, interval / 3iS a5
10-1L-at 95% CL i Gomb.
5 Obs, Bip. ! ] Comb. 15 (exp.)
E (Exp. jstat.) \ ATLAS ]
" 5.0-12.0 | -5.svz.o \ el Comb. +26 (exp)
- 53 %11.5) 1\ / A
el : I( | )I ' V | 27'|5 I '|1 fo | = Theory prediction
L s T R E T,
4 5
Allowed «, interval at 95% CL
-5.0 — 12.0
e "ATLAS | ... EXP.95% CL __ Obs. 95% CL
TS Vs=13TeV, 27.5-36.1 fb" limits limits
i
1 spin-0 —_— WWWW W'Wyy
T 1L
oAt — bbBW'W’ — bbbb
© C
107" ;— — bbt*t = bbyy
F Comb. 1o
10_2 __ == Comb. (ObS.) (exp.)
(Ce%‘_t)" 20 e piilk RS

3x10?

10°

2x10° 3x10°
mg [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-58/

CMS di'HiggS Séq rCheS Phys. Rev. Lett. 122 (2019) 121803

@ CMS result on HH search includes the bbyy, bbtt, bbbb, and bbVV channels, where V represents
a W or Z boson

@ For the non-resonant production mechanism, the observed (expected) 95% C.L. corresponds to
22.2 (12.8) times the theoretical prediction for the standard model cross section
» Expected limits similar between ATLAS and CMS: 10 vs 12.8 times SM prediction respectively

@ Values of k, in the range -11.8 <k, < 18.8 are still allowed (95% C.L.) by the observed data

@ For the resonant production mechanism, upper exclusion limits at 95% C.L. are obtained for the
production of a narrow resonance with mass ranging from 250 to 3000 GeV (for either spin-0 and
spin-2 resonances)

CMS 35.9 b (13 TeV)

__ 350.CMS 35.9 b (13 Tev) CMS 35.9fo" (13 TeV)

gbeVd i Q2 95% CL upper limits a H
Expocied 86.8xSM o I L) | === Observed =P Spin 0

= % 3000 [ el ("3";;"22::5‘:2’9" ,\ T E Observed

[ % aE i = = =+ Median expected

ggggd 74.6xSM g. 2500 i ] \ ........ >I E. [ 68% expected
Expected 36.9xSM HH % H8#88 Theoretical Prediction 1 [ 95% expected

— 99— i Q
bb 2000 Frmm—i - :n & 102
Obs:rsed 31.4xSM < Observed SM: ©
Expected 25.1xSM : g

- 4 il Median expected 1500_ ..................... :.g
bbyy =
Observed 23.6xSM - 68% expected 1000 I
Expected 18.8xSM 95% expected . O 10

| S _ _ _ _ _ mmmm 0 T T i o
Combined S ; : / o
Observed 22.2<SM H R
Expectadi2oM | | BTN TR DS B . S-S o T gy

L L L P Y L L o < 4 ! i il
6 7 8910 20 30 40 506070 100 200 300 400 o = = 2 ; = = K =;15 H/k o 300 400 500 600 700 1000 2000 3000
95% CL on o, /oM AT HHH ~sm my (GeV)
Non-resonant analysis Non-resonant analysis Resonant analysis
Observed limit 22.2 -11.8<k,<18.8 Spin 0 hypothesis
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Constraint of k, from single Higgs measurements

Ke

The most recent constraints on the Higgs boson trilinear self-coupling, A
have been set in the context of a direct search of double Higgs boson

production

Higgs trilinear self-coupling contributions need to be taken into account for

Single Higgs processes do not depend on A, at leading order (LO), but the wﬁ“ﬁ e S
the calculation of the complete next-to-leading (NLO) electro-weak (EW) |~ S ol

corrections

HHH?

Global Fit to constrain the Higgs trilinear coupling, where all the Higgs boson production and decay

channels are modified by parameters:

pir(ka) = pi(ka) X pp(ka)

ai(ka) y BRr(ky)
osmi  BRsms

The differential distributions of the VBF, WH and ZH production modes are exploited to constrain k, by
using the cross-section measurements in regions defined within the STXS framework

BT S > 150

[ ATLAS Preliminary *

14 {s=13Tev,36.1-79.8 o - 1.4
[ m,=125.09GeV,x,=1

0.8 —se%CL T _ 08

- U - 12f

1.1 = 1.9F
1 ' P 1
0.9F * sm e 0.9

F % sm

[ # BestFit
[ —68%CL
[ ---95%CL
T I N PR B B

C REEE SR e
[ ATLAS Preliminary

[ fs=13Tev,36.1-79.8th™

] [ m,=12509GeV, k. =1
1.3 - 1.3¢

Analysis Integrated luminosity (fb~T)
H — yy (including ttH, H — yy) 79.8
H— ZZ*— 4¢ (including t1H, H— ZZ*— 4() 79.8
H— WW*— evuy 36.1
H—> 1t 36.1
VH, H — bb 79.8
ttH, H — bb and ttH multilepton 36.1

Ky = 40733 =4.073 ] (stat.) *1-8 (exp.) 45 (sig. th.) 705 (bkg. th.)

K

_7_\|\| L Ll L L Ll Ll . 0_7_\
-20 -15 -10 -5 0 5 10 15 20 -20 -15 -10 -5

ATL-PHYS-PUB-2019-009

excluding at the 95% C.L. values outside the interval -3.2 <k, < 11.9
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Prospects for Physics at HL-LHC
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High Luminosity LHC (HL-LHC)

Where we are now!

LHC / HL-LHC Plan

13 Tey Ml 13.5-14 TeV

splice consalidation
bution eallimatars

R2E project

14 TaV

injEctor upgrate
cryo Point 4
05 collimation

P2-PT{11 T dip.)

L HL-LHC

Civil Eng. P1:P5 '_'\‘
& ‘- . -m:hal]
o ,méfﬁ experiment
EE__‘_“M ﬁm norrinal bmincaity I “mmw I—'—: — upgfﬂdﬂ phﬂ“z
" oxm 500

Run 2 Run 3 Run 4-5

<u>~37 <u>~55 <u>~140-200

L up to 2.0E34 Hz/cm2| |Lup to 2.0E34 L up to 7.5E34

installation

14 TeV

S5t 7x
I'!{II"I‘.‘.II'I.El_
luminosity

anergy

@ So far we have collected only ~5% of the total potential dataset!

@ Many upgrades to the LHC and the detectors are needed to achieve the final goal
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ATLAS Phase-2 upgrades

Muon System:

Innermost RPC layer for trigger redundancy

Small MDT to sustain higher particle rate
MDT included in trigger

Total replacement of the
Inner Tracker

New trigger system
organized in 3 levels
Expected trigger rate ~10 kHz

Front-End electronics
in the calorimeter system

(silicon pixel and strips)
with better radiation hardness
and up to |n|<4.0

High Granularity
Timing Detector
(Forward calorimeter)

25m

Tile calorimeters

) ! LAr hadronic end-cap and
. forward calorimeters
Pixel detector :

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet Transition radiation tracker

Semiconductor tracker
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Systematic uncertainty assumptions

@ Two scenarios have been explored with different predictions of the systematic impact at HL-LHC

@ Scenario 1 (S1): conservative scenario using the uncertainties of the current Run 2 measurements (not
realistic, just for reference)

@ Scenario 2 (S2): this scenario implements a reduction of the systematic uncertainties according to the
improvements expected to be reached at the end of HL-LHC program in twenty years from now

Theoretical uncertainties for signal and background are generally reduced by a factor of 2 (joint study
with LHC Higgs Cross-Section Working Group and theory community)

Luminosity uncertainty (~1%) w.r.t. the current 2-3%
Uncertainty due to the size of MC simulations negligible

For certain analyses, some systematic uncertainties are treated in a specific way — details be found
here: arXiv 1902.00134v2

Source Component Run 2 unc. Projection minimum unc.
Muon ID 1-2% 0.5%
Electron ID 1-2% 0.5%
Photon ID 0.5-2% 0.25-1%
Hadronic 7 ID 6% Same as Run 2
Jet energy scale  Absolute 0.5% 0.1-0.2%
Relative 0.1-3% 0.1-0.5%
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. Varies with p and 7 Half of Run 2
PSS scale Varies with analysis selection Half of Run 2
b-Tagging b-/c-jets (syst.) Varies with pp and 1 Same as Run 2
light mis-tag (syst.) Varies with pp and Same as Run 2
b-/c-jets (stat.) Varies with p4 and 1 No limit
light mis-tag (stat.) Varies with py and No limit
Integrated lumi. 2.5% 1%
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Systematic uncertainty assumptions

@ Two scenarios have been explored with different predictions of the systematic impact at HL-LHC

@ Scenario 1 (S1): conservative scenario using the uncertainties of the current Run 2 measurements (not
realistic, just for reference)

@ Scenario 2 (S2): this scenario implements a reduction of the systematic uncertainties according to the
improvements expected to be reached at the end of HL-LHC program in twenty years from now

Theoretical uncertainties for signal and background are generally reduced by a factor of 2 (joint study
with LHC Higgs Cross-Section Working Group and theory community)

Luminosity uncertainty (~1%) w.r.t. the current 2-3%
Uncertainty due to the size of MC simulations negligible

For certain analyses, some systematic uncertainties are treated in a specific way — details be found
here: arXiv 1902.00134v2

Source Component Run 2 unc. Projection minimum unc.
Muon 1D 1-2% 0.5%
Electron ID 1-2% 0.5%
Photon ID 0.5-2% 0.25-1%
Hadronic 7 ID 6% Same as Run 2
Jetenergy scale  Absolute 0.5% 0.1-0.2%
Relative 0.1-3% 0.1-0.5%
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. Varies with pp and Half of Run 2
P scale Varies with analysis selection Half of Run 2
b-Tagging b-/c-jets (syst.) Varies with py and n Same as Run 2
light mis-tag (syst.) Varies with py and Same as Run 2
b-/c-jets (stat.) Varies with p4 and 1 No limit
light mis-tag (stat.) Varies with py and No limit
Integrated lumi. 2.5% 1%
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Projected precision per production (52)

@ ggF will be measured at ~2% level precision, even less combining ATLAS+CMS results

. ~ 0 Tt ° °
@ ttH will be measured at ~4% level precision Uncertainties on XSec/SM XSec
Single experiment measurement ATLAS+CMS combination
3000 b Vs =14 TeV, 3000 fb ' per experiment
ATLAS andCMs [l stat + Exp. | Total ATLAS and CMS
HL-LHC Projection + Theory —— Statistical HL-LHC Projection
—— Experimental
.ATLAS .CMS —— Theory Uncertainty [%)]
Tot Stat Exp Th
GggH E OygH — 1.6 0.7 08 1.2
Oygg = OvyBr —— 3.1 1.8 1.3 2.1
O\wH = OwHF——— 57 33 24 40
Oz = Oy — 4.2 26 13 3.1
Ol F Oy —— 43 13 18 37
01 02 03 04 o5 0 002 004 006 008 01 012 014
Expected relative uncertainty Expected relative uncertainty
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Projected precision per decay (S2)

@ Branching fraction with vector bosons will be measured at ~2.5% level precision

@ Slightly higher for fermions

BWW
B
Bbb
Buu,
B

Single experiment measurement
3000 fb™

ATLAS and CMS [l stat + Exp.
HL-LHC Projection + Theory
Pras  Pows
-
—m
™
—m
.
———
0 0.05 0.1 0.15 0.2 0.25

Expected relative uncertainty

B'['[

Uncertainties on BR/SM_BR

ATLAS+CMS combination

(s =14 TeV, 3000 fo™' per experiment

Total ATLAS and CMS
- Stat'St_'Cal HL-LHC Projection
—— Experimental
—— Theory
Uncertainty [%]
Tot Stat Exp Th
— 26 1.0 15 1.9
— 29 12 15 22
= 2.8 11 12 23
= . 2.9 14 13 22
— 4.4 15 13 40
— 8.2 74 15 30
‘19.1 14332 12.2
0 0.05 0.1 0.15 0.2 0.25

Expected relative uncertainty
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Projected precision on couplings (S2)

@ Most of the couplings will be measured with a precision of ~2%

@ Only ku and kawill remain statistically dominated

| | | | | 3009 o \E = 14 TeV, 3000 .fb.-1 per experiment

ATLAS and CMS [l stat - Exp " Total ATLAS and CMS
HL-LHC Projection + Theory — Ef(a;‘;srtii;aelntal HL-LHC Projection

B Bous — Theoy e
KY Ky g 1.8 0.8 1.0 1.3
Kw Kw = 1.7 08 07 13
Kz Ky = 1.5 0.7 06 1.2
Kg Kg = 25 09 08 21
Ky K= | 3.4 09 11 31
Kp L =—— 3.7 13 13 32
K¢ T/ 1.9 09 08 15
Ky Ky =— | 43 38 10 17
Kzy Kzy BP= |98 72 1.7 64

0 002 004 006 008 0.1 012 0 002 004 006 008 01 012 014

Expected relative uncertainty Expected uncertainty
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Differential distributions

@ We expect to probe Higgs p. up to 1 TeV with about 10% precision
@ Left: ATLAS H—-4£ + H-yy combination for 3 different scenarios

@ Right: CMS H—4£ + H-yy + H—bb for Scenario 2 CMS Projection 3000 fo* (13 TeV)
'S‘ 10 =w/ YR18 syst. uncert. (S2)
reh) - Ac(p: > 600) / 250
S_D_ e aantan TR Ac(p!! > 200) / 120
m leen T e '8_ - e Ac(p!! > 600) / 250
% — e e = 101? L.v --------
()13 B e e IQ_'_ E + Combination o
2101 o % 1072 = ¢ H-bb T e
=+ [ ATLAS Ppreliminary M < 10_3; 4 Hoy
€| [ Projection from Run 2 data s I Hozz s8]
107 = ({s=14TeV, 3000 fb™* ——o A
- Hoyy+H-—>ZZ -4l 10 ? aMC@NLO, NNLOPS X
[ o, from CYRM-2017-002 £
103 ¥ HLLHCNosSys e
= I HL-LHC Sys. + Stat. g 15¢ '
~ W HL-LHC Scaled Sys. + Stat. B K |
e b b b b b b s s Ly, [ GEJ_ 1i S S B Lt e s S s B %
o 1L o i |
£ 0o R e R TR
0 10 20 30 45 60 80 120 200 350 1000 = H
pll [GeV] p7 (GeV)
ATL-PHYS-PUB-2018-040 CMS-PAS-FTR-18-011
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Prospects on Higgs mass and width

@ H-ZZ*—48 channel has the best precision on the Higgs mass and width

@ The precision on the mass value will be driven by the muon channel. The table shows the
expected precision by ATLAS with 3000 fb™ for different scenarios (improvements due to

upgrades in the Inner Tracker)

ATL-PHYS-PUB-2018-054

Combining ATLAS and CMS results

Current Detector
4 momentum resolution improvement by 30% or similar
4 momentum resolution/scale improvement of 30% / 50%

4 momentum resolution/scale improvement 30% / 80%

Ao MeV) | Avat MV) Ay MV) — from 4 and yy channels a precision on
52 39 35 Higgs mass of 10-20 MeV is expected
A 0 <t arXiv 1902.00134
38 30 24
33 30 14 Today: ~220 MeV of uncertainty

3000 fb™ (13 TeV)
|\\\I|\\IJ|\I\IL

L T T 1 1 I T 1 11 I T 1 1 1
. CMS Projection |
13 ? — w/ YR18 syst. uncert. (fai:O) _:

i w/ Run 2 syst. uncert. (f_=0)

. --- w/ Stat. uncert. only (fai=0)

@ CMS gives these predictions on Higgs width 95% C.L.

interval for both S1 and S2 scenarios:

Parameter Scenario  Projected 95% CL interval
'y (MeV) 51 2.0,6.1]
I'y (MeV) S2 2.0,6.0]

to be compared with the current value: [0.0,13.7]
CMS-PAS-FTR-18-011
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Prospects on di-Higgs production

Statistical-only Statistical + Systematic

ATLAS CMS ATLAS CMS
HH — bbbb 1.4 1.2 0.61 0.95 . ece -
HH - bbrr 55 le a1 L4 @ Expected significance of the di-Higgs search
HH — bbyy 21 18 20 1.8 for each individual channels as well as their
HH - wVV(vy) - 0.59 - 0.56 - : 1
HH — 0522(4) oy 037 combination with 3000 fb
combined 3.5 2.8 3.0 2.6
Combined Combined
4.5 4.0
i ATLAS and CMS HL-LHC prospects 3 ab-1 (14 TeV) AI_’I_LIAISIa‘nq ICMIS ~ il 30|00 fb:1 |(1,4,T,9|V? ~
:C', SM HH significance: 40 P — gom K HLLAG prospects
< 1o 0.1 <x1<2.3[95% CL| - - —cMs
: 0.5 < 1 < 1.5 [68% CL] bbyy bBoc — 1 o Sl uneaIny
99.4% cL o[ bbre i g — | R
[ - bbbb gDt = —— ‘
6 =SS SIS S, maaaj
E bbZZ*(4) bBVV(ivlv) | e -
95% CL 4% - bbVV(ivlv) _ s | i
i bbzz(4l)| . o
2_\1‘ “'\ [ | 4
68% CL g combined ! : " l 'll l l I l
ol 2 0 2 6 8 10 12 14
K “a
@ 95% CL expected limit on A/A,,: @ Second minimum of the likelihood is excluded at 99.4% CL

[-0.18,3.6] for CMS
[-0.40,7.3] for ATLAS
[0.1,2.3] for the combination

@ Expected a measurement of k, at 50%, if HH is observed

with a significance of 40

24th June 2019

Marco Sessa - USTC

46



Conclusions

Overview of the Higgs boson measurements updated with Run 2 data

Results shown in terms of total and differential cross-sections, couplings and Higgs boson
properties (width, mass)

Bosonic decay channels continue leading Run 2 measurements of ggF
(reaching 10% precision) and VBF (reaching 30% level precision) cross-sections

All the results are consistent with the SM predictions
Theoretical uncertainties are coming to play an important role

Many analyses to be updated with the fFull Run 2 dataset — ATLAS and CMS combinations
expected

The Higgs boson is yet to be fully explored. Currently <5% of the LHC potential has been
used. The HL-LHC promises to deliver a much larger dataset where precision
measurements will be possible — entering a new era of Higgs precision measurements
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Exotics searches - Summary

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: March 2019 [Ldt=(32-139)fb? Vs=8,13TeV
Model £y Jetst ET™ [Ldt[i™) Limit Reference
T T — T T Ty T — T T T —T
ADD Gk +g/9 Oe,p 1-4j Yes 36.1 Mp 7.7 TeV n=2 1711.08301
g ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n = 3HLZNLO 1707.04147
L ADD QBH - J - 37.0 M, 89TeV n=6 1703.09127
2 ADDBH high ¥ pr >lepu >2j - 3.2 | Mg 8.2 TeV n =6 Mp =3TeV,rot BH 1606.02265
g ADD BH multijet - =3j - 3.6 | My 955TeV.  n =6, My =3 TeV, 10t BH 1512.02586
S RS1 Gek — vy 2y - - 36.7 | Guk mass 4.1 TeV k[ M = 0.1 1707.04147
Bulk RS Gyx — WW | ZZ multi-channel 36.1 Ggk mass 2.3 TeV k/Mp =10 1808.02380
g Bulk RS Gk — WW/ZZ — qqqq O ep 2J - 139 | Gk mass 28TeV k/Mp =10 ATLAS-CONF-2018-003
Bulk RS gkx — tt lTep 21b 2102 Yes  86.1 | Bkk Mass 3.8 TeV r/m=15% 1804.10823
2UED/RPP lepg 22b=23j Yes 36.1 KK mass 1.8 TeV Tier (1.1), B(ALY — 1) = 1 1803.09678
SSM 2 — £ 2ep - - 139 | Z' mass 5.1 TeV 1903.06248
g SSM Z2' — 11 27 - - 36.1 Z' mass 2.42TeV 1709.07242
2 Leptophobic Z — bb - 2b - 36.1 Z' mass 2.1TeV 1805.09299
8  Leptophobic Z* — tt Tep 21b 2102 Yes 361 |Z mass 3.0TeV rim=1% 1804.10823
® SSM W' — &v Tenu - Yes 79.8 | W' mass 5.6 TeV ATLAS-CONF-2018-017
g’ SSM W' — 1 1t - Yes 36.1 W' mass 3.7 TeV 1801.06992
8 HVT V" — WV — gqqq model B 0 e, 2J - 139 |V mass 4.4 TeV gv =3 ATLAS-CONF-2018-003
HVT V' — WH/ZH model B multi-channel 36.1 V' mass 293 TeV gv =3 1712.06518
LRSM W; — tb multi-channel 36.1 W’ mass 3.25 TeV 1807.10473
Clqqqq - 2] - 370 |A 21.8TeV i, 1703.08127
Clétqq 2ep - - 36.1 A 400 TeV o7, 1707.02424
Cl tttt ztep 21bz1] Yes 361 A 2.57 TeV |Car| = 4r 1811.02305
Axial-vector mediator (Dirac DM) 0epu 1-4j Yes 36.1 Mined 1.55 TeV 8¢=0.25, g,=1.0, m(y) = 1GeV 1711.03301
= Colored scalar mediator (Dirac DM) 0 e,u 1-4j Yes 36.1 Mined 1.67 TeV g=1.0. m(y) =1 GeV 1711.03301
Q VVyy EFT (Dirac DM) 0epu 1J,<1]  Yes 3.2 M. 700 GeV m(y) < 150 GeV 1608.02372
Scalarreson. ¢ — ty (DiracDM) O-1e,p  1b,0-1J Yes 36.1 my 3.4 TeV ¥y =04,1=02, my) =10 GeV 1812.09743
Scalar LQ 1% gen 12e >2j Yes 36.1 LQ mass 1.4 TeV p=1 1902.00377
Q | ScalarLQ2" gen 12 >2] Yes  36.1 LQ mass 1.56 TeV p=1 1802.00377
= ScalarLQ 3 gen 27 2b - 36.1 | LQjmass 1.03 TeV B(LQY - br) =1 1902.08103
ScalarLQ 3" gen 0-1ep 2b Yes  36.1 LQj mass 970 GeV B(LQ§ = tr) =0 1902.08103
VLQ TT = Ht/Zt/Wh+ X multichannel 36.1 |Tmass 1.37 TeV Su(@) doublet 1808.02343
= VLQBB- Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
% 'Fu VLQ T3 To3lTsys = Wt + X 2(SS)/z3eu 21b,21] Yes 36.1 Tsy3 mass 1.64 TeV B(T5 — We)=1, e(Tg s We)=1 1807.11883
:"‘:’ 2 VLAY - Wb+ X lepu =1b=1j Yes 361 |Y¥mass 1.85 TeV B(Y = Wh)=1, ca(Wb)=1 1812.07343
VLQ B — Hb+ X Oeu,2y z1b=z1j Yes 79.8 |Bmass 1.21 TeV xg=05 ATLAS-CONF-2018-024
VLQ QQ — WgWq 1ep 24] Yes 203 |@mass 690 GeV 1509.04261
5 @ Excited quark ¢* — qg - 2j - 139 q" mass. 6.7 TeV onlyu’ and d', A = m(q") ATLAS-CONF-2019-007
© 5 Excited quark g° — gy 1y 1] - 36.7 |q° mass 5.3 TeV onlyu" and d', A= mi(q’) 1709.10440
g £ Excited quark b* — bg - 1b1j - 36.1 b* mass 2.6 TeV 1805.09299
w § Excited lepton £* 3ep - - 20.3  |liFmass 3.0 TeV A=3.0Tev 14112921
Excited lepton v 3eut - - 20.3 ¥* mass 1.6 TeV A=16TeV 14112921
Type Ill Seesaw 1eu >2]j Yes 79.8 N° mass 560 GeV ATLAS-CONF-2018-020
LRSM Majorana v 2u 2] - 36.1 Ng mass 3.2 TeV m(Wg) =4.1TeV, g = gr 1809.11105
5 Higgs triplet H*= — £¢ 2,34 e (SS) - - 36.1 H** mass 870 GeV DY production 1710.08748
£ | Higgs triplet H** — 1 et - - 20.3 | HEE mass 400 GeV DY production, B(H* — fr) = 1 14112021
6 Multi-charged particles - - - 36.1 multi-charged particle mass 1.22 TeV DY production, |g| = 5e 1812.03673
Magnetic monopoles - - - 7.0 monopole mass 1.34 TeV DY production, |g| = 1gp, spin1/2 1509.08059
Vs=8TeV \f§=_13TeV Vs=13TeV . ""_1 L e L el L EE—
partial data full data 10 1 10 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown.

rSmall-radius (large-radius) jets are denoted by the letter j (J).
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Summary of Long Lived particle searches

ATLAS Long-lived Particle Searches* - 95% CL Exclusion

Status: March 2019

ATLAS Preliminary
[Ldt=(34-36.1)fb! Vs=8,13TeV

Model Signature  [£dt [m7Y] Lifetime limit Reference
A | T T T T T T T T T T | T
RPV v} — eev/euv/upv  displaced lepton pair 20.3 Xlll litetime 7-740 mm m(g)= 1.3 TeV. m(y})= 1.0 TeV 1504.05162
GGM y‘f —ZG displaced vtx + jets 20.3 Xg litetime 6-480 mm m(g)=11TeV. m(y})= 1.0 TeV 1504.05162
GGM v§ — ZG displaced dimuon 32.9 x‘l’ litetime 0.029-18.0 m m(g)=1.1TeV. m(y})= 1.0 TeV 1808.03057
GMSB non-painting or delayed y 20.3 [ lifetime 0.08-5.4 m SPSBwith A= 200 TeV' 1409.5542
AMSB pp — x5 v x7 disappearing track 20.3 X; lifetime 0.22-3.0m m(yy)= 450 GeV 1310.3675
§ AMSB pp — yf(‘i. Y1 X7 disappearing track 36.1 XT lifetime 0.057-1.53 m m(x})= 450 GeV 1712.02118
@ AMSB pp — y;y?, Y1 X7 large pixel dE/dx 18.4 Xf lifetime: 1.31-9.0 m m(yy)= 450 GeV 1506.05332
Stealth SUSY 2 ID/MS vertices 19.5 S lifetime 0.12-90.6 m m(&)= 500 GeV 1504.03634
Split SUSY large pixel dE/dx 36.1 g lifetime >09m m(g)= 1.8 TeV, m(y{)= 100 GeV 1808.04095
Split SUSY displaced vix + E.?‘i“ 32.8 g lifetime 0.03-13.2m m(g)= 1.8 TeV, m(y{)= 100 GeV 1710.04901
Split SUSY 0/,2-6jets -*—E.’r“iss 36.1 g lifetime 0.0-21m m(g)= 1.8 TeV. m(y{)= 100 GeV | ATLAS-CONF-2018-003
H—ss low-EMF trk-less jets, MSvix 36.1 | s lifetime 0.18-1200 m m(s)= 25 GeV 1902.03094
2 FRVZH - 2yq+ X 2 e— p-jets 20.3 | ya lifetime 0-3 mm m(yq)= 400 MeV 1511.05542
?I FRVZH — 2y + X 2 e—, u—, m—jets 3.4 4 lifetime 0.022-1.113 m m(yq)= 400 MeV ATLAS-CONF-2016-042
% FRVZ H — 4yq4 + X 2 e—, p—, m—jets 3.4 | yaqlifetime 0.038-1.63 m m(yy)= 400 MeV ATLAS-CONF-2016-042
:_.‘:g H— Z4Zy displaced dimuon 32.9 Z4 lifetime 0.009-24.0 m m(Zy)= 40 GeV 1808.03057
H— 224 2 &, + low-EMF trackless jet 36.1 24 lifetime 0.22-5.3 m m(Zy)= 10 GeV 1811.02542
VH with H — ss — bbbb 1 —2(+ multi-b-jets 36.1 |slifetime 0-3 mm B(H — ss)=1, m(s)= 60 GeV 1806.07355
5 $(200 GeV) — ss low-EMF trk-less jets, MS vix 36.1 s lifetime 0.41-51.5m  xB=1pb, m(s)= 50 GeV 1902.03094
§ $(600 GeV) — ss low-EMF trk-less jets, MS vix 36.1 s lifetime 0.04-21.5m o x B=1pb, m(s)= 50 GeV 1902.03094
d(1TeV) > ss low-EMF trk-less jets, MS vix 36.1 s lifetime 0.06-52.4 m o xB=1pb, m(s)= 150 GeV/ 1902.03094
. HV Z7(1 TeV) — qvgv 2 |D/MS vertices 20.3 s lifetime 0.1-4.9m o x B=1pb, m(s)= 50 GeV 1504.03634
§ HV Z'(2 TeV) — g, 9. 2 ID/MS vertices 20.3 shiel\r‘ne o o S . .0:1-I10I.1I .n:| . rpr—1pr m(s)—l soleg\./ g 1504.03634
0.01 0.1 1 10 100 cT [m]
Vs=8TeV Vs =13 TeV
Ll AT | AR | M AT | Ll L
“Only a selection of the available lifetime limits is shown. 0.01 0.1 1 10 100
7 [ns]
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Top mass and ttbar cross-section

ATLAS+CMS Preliminary Migp summary,Vs = 7-13 TeV  May 2019
LHCtopWG
"""" World comb. (Mar 2014) [2]
stat total stat
total uncertainty i m,,, + total (stat+ syst) Vs  Ref.

LHC comb. (Sep 2013) LHctopwa |—H—|—| 173.29+ 0.95 (0.35+ 0.88) 7TeV [1]
World comb. (Mar 2014) H*H 173.34+ 0.76 (0.36+ 0.67) 1.96-7 TeV [2]
ATLAS, I+jets H—-—H 172.33+ 1.27 (0.75% 1.02) 7TeV [3]
ATLAS, dilepton —g—— 173.79+ 1.41 (0.54+ 1.30) 7TeV [3]
ATLAS, all jets H——s——H 175.1: 1.8 (1.4£1.2) 7TeV [4]
ATLAS, single top —t——t= 172.2+2.1 (0.7+ 2.0) 8 TeV [5]
ATLAS, dilepton H—-H 172.99+ 0.85 (0.41+ 0.74) 8 TeV [6]
ATLAS, all jets H— 173.72+ 1.15 (0.55+ 1.01) 8 TeV [7]
ATLAS, I+jets = 172.08+ 0.91 (0.39+ 0.82) 8 TeV [8]
ATLAS comb. (Oct 2018) H*H: 172.69+ 0.48 (0.25+ 0.41) 748 TeV [8]
CMS, l+jets |—i—~+—| 173.49+ 1.06 (0.43+ 0.97) 7TeV [9]
CMS, dilepton —tt= 172.50+ 1.52 (0.43+ 1.46) 7 TeV [10]
CMS, all jets I—-I—-o—f—l 173.49+ 1.41 (0.69+ 1.23) 7 TeV [11]
CMS, l+jets HeH 172.35+ 0.51 (0.16+ 0.48) 8 TeV [12]
CMS, dilepton I—H——I 172.82+1.23 (0.19+ 1.22) 8 TeV [12]
CMS, all jets HeH 172.32+ 0.64 (0.25+ 0.59) 8 TeV [12]
CMS, single top H—e 172,95+ 1.22 (0.77+ 0.95) 8 TeV [13]
CMS comb. (Sep 2015) HeH 172.44+ 0.48 (0.13 0.47) 748 TeV [12]
CMS, I+jets ) 172.25+ 0.63 (0.08+ 0.62) 13 TeV [14]
CMS, dilepton o 172.33+ 0.70 (0.14+ 0.69) 13 TeV [15]
CMS, all jets e | 172.34+ 0.73 (0.20+ 0.70)

: [1] ATLAS-CONF-2013-102

fer s

_ i

E (6] PLB 761
NI B R R R | N Coooa |

165 170 175 180
mtop [GeV]

ATLAS+CMS Preliminary
LHCtop WG

NNLO+NNLL PRL 110 (2013) 252004
My, = 172.5 GeV, ocs(MZ) =0.11810.001
scale uncertainty

scale ® PDF @ Qg uncertainty

ATLAS, dilepton epn (W
PLB 761(2016) 136, L =32 b

ATLAS, dilepton ee/up * ——a—
ATLAS-CONF-2015-049, L =85pb™"

ATLAS, l+jets * ———mt
ATLAS-CONF-2015-049, Lm‘ =85 pb"

CMS, dilepton ep

PRL 116 (2016) 052002, L _ =43 pb!, 50 ns

CMS, dilepton ep -

EPJC 77 (2017) 172, L = 2210, 25ns
inf

CMS, dilepton ep *
CMS-PAS TOP-17-001, L =3591b", 25 ns

G - summary, Ys=13 TeV

Sept 2018

total stat
Or + (stat) + (syst) + (lumi)

| 818+ 8+ 27+ 19 pb
— 749+ 57 £ 79+ 74 pb
| 817+13+103+88 pb
746 + 58 + 53 + 36 pb
3 815+ 9+38+19pb

803+ 2+ 25+ 20 pb

CMS, I+jets 7‘ 44 888+ 22 +20pb
JHEP 09 (2017) 051, L_=221b
CMS, all-jets * 1 —Fe— 834+25+118+23pb
CMS-PAS TOP-16-013, L =253 fb’
NNPDF3.0 JHEP 04 (2015) 040
MMHT14 EpPJc 75 (2015) 5
* Preliminary
CT14 PRD 93 (2016) 033006
ABM12 PRD 89 (2015) 054028
[ocs(mz) = 0.113]
I|III|III|III|III|III|III|
200 400 600 800 1000 1200 1400
o, [pb]

@ Precision reached by ATLAS on Top mass: 0.3%

@ Waiting for updates at 13 TeV
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Searches for high-mass resonances

Di-jet analysis
ATLAS-CONF-2019-007

I I !
ATLAS Preliminary

Di-lepton analysis (ee and pp)
arXiv 1903.06248

T T T
¢ Data

T T T
¢ Data

[2] T [} T
s ATLAS = c 107F amLas .
1 0 {s=13TeV, 139 fb" op Gl o 10°E Vs=13TeV, 1391 op querks
\/§=1 3TeV,139fb = Dielectron search selection E;.:o:on ; i s Dimuon search selection E;:o:on ‘
. Data ] Multi-jet & Waj 10 —Z, 2 TeV)
Background fit S i 10 =
= BumpHunter interval —2z,@Tey) 103 B — 27, (5TeV)
o q,m_ =4.0TeV i oF
q, mq* =5.0TeV - 102
ey q 10E
1E
g*, 6x0.1 1072
p-value = 0.8 1 i i
Fit Range: 1.1 - 8.1 TeV = E I R O } ' T 5 = i
ly*| < 0.6 Eé 1‘2‘ _+ ----- * -------------- k -------- = Eé Sk + ----------------- =
= ¢ el < o -
© n o b Lo lley M 3 T st et H+ & ............. E
a 1: FOEN #M ﬁ ] () 1: ]
I R R i [T — . DR iU TH 10 .
0 6} 1 1 1 1 I | 1 i { 06} 1 1 1 1 I | + | |\ i {
2 3 3 2 3
2¢10 10 2x10 m., [GeV] 2¢10 10 2x1 M [GeV]
TeV Z’' excluded below 4.5 TeV at 95% CL
Excluded q* models with masses M; [TeV] (W’ excluded below 5.1 TeV at 95% CL)
below 6.7 TeV at 95% CL N .
Di-boson analysis (WZ, WW and ZZ)
[ ]
arXiv 1906.08589
> 104§ T T T T T T T |§ > 104§ T T T T T T T |§ > 104§ T T T T T T T =
¥ 10°k ATLAS Preliminary ¢ Data E ¥ 10°k ATLAS Preliminary ¢ Data = © 10°L ATLAS Preliminary ¢ Data E
- E \s=13TeV, 139 b —Fit - E \s=13TeV, 139 b —Fit - E \s=13TeV, 139 b —Fit
= 102 & --- Fit + HVT model Am=2.0 TeV _] = 102 B --- Fit + HVT model Am=2.0 TeV _] = 102 B --- Fit + Bulk RS m=1.5 TeV -
2 & --- Fit + HVT model Am=3.5TeV 3 2 E --- Fit + HVT model Am=3.5TeV 3 2 e --- Fit + Bulk RS m=2.6 TeV 3
e 10F 5 e 10F 5 e 10F 5
I E = L = = w = 3
F E F E F E
g |l AT 4 1= 4 1= 4
- 10 F wwsn -
1072 = e 1072 e x?/DOF =3.7/2 E 1072 = =
10° E 10° k., i . E 10° =
g o = M SR |
= - | = - | = - =1
8 5 llno |l = 5 £ 1n |l 1§ Sl E
s " EE === E
n _2: ] n _2: ] n _2: ]
1.5 2 25 9 35 4 45 5 1.5 2 25 9 35 4 45 5 1.5 2 25 9 35 4 45 5
my, [TeV] my, [TeV] my, [TeV]
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http://cdsweb.cern.ch/record/2668385
https://arxiv.org/abs/1903.06248
https://arxiv.org/abs/1906.08589

Searches for high-mass resonances

Di-boson analysis (WZ, WW and ZZ)
arXiv 1906.08589

> 104§ T T T T T = > 104§ T T T T T = > 104§ T T T T T =
© 40°k ATLAS Preliminary ¢ Data 4 ° 4L ATLAS Preliminary ¢ Data 4 ° 4L ATLAS Preliminary ¢ Data &
= E \s=13TeV, 139 fb’ — Fit E = E \s=13TeV, 139 fb’ — Fit E = E \s=13TeV, 139 fb’ — Fit E
= 102 & --- Fit + HVT model Am=2.0 TeV _] = 102 B --- Fit + HVT model Am=2.0 TeV _] = 102 B --- Fit + Buk RS m=1.5 TeV

2 & --- Fit + HVT model Am=3.5TeV 3 2 E --- Fit + HVT model Am=3.5TeV 3 2 e --- Fit + Bulk RS m=2.6 TeV

e 10E - e 10EF - e 10

> E E| > E E| > E

1 E E 1 E E 1 E

£ WzSR

| vl
—
o
W=
TTTTm

£ WW SR

102 |- %?/DOF = 8.1 102 | x?/DOF = 3.7/2 102
. 10*32—. . 10’32—. . . . 10°k
: ﬁ}u i 1 : ﬁ A 1 : ﬁ S
a3 —2F 1 & 2 1 & 2 g
6 o BB m b 45 5 6 s o6 @ 05 & b - B v pee . E e
my, [TeV] my, [TeV] my, [TeV]
Model Signal Region Excluded mass range [TeV]
ww none
Radion ZZ none
WW + ZZ none
wWw 1.3-2.9
HVT model A, gy =1 Wz 1.3-34
WW+WZ 1.3-3.5
ww 1.3-3.1
HVT model B, gy =3 Wz 1.3-3.6
WW+ WZ 1.3-3.8
ww 1.3-1.6
Bulk RS, k/Mp =1 27 none
WW + ZZ 1.3-1.8
24th June 2019 Marco Sessa - USTC 53


https://arxiv.org/abs/1906.08589

Constraints on Supersymmetry

R-parity violating

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

March 2019 Vs=13TeV
: ol e
Model Signature  [Ldr (b Mass limit Reference
T T T — ™ r T —T
34, Gogt? 0e,u 2-6jets EMS 361 155 m(¥})<100GeV 1712.02332
mono-jet  1-3jets EMS  36.1 0.71 m(@)-m(¥})=5GeV 1711.03301
(9]
Q ¥ ; i o y
5 23, §—>qu? Oe,u 2-6jets EP™ 361 4 i 2.0 m(/\_/g)<200 GeV 1712.02332
] K4 Forbidden 0.95-1.6 m(¥,)=900 GeV 1712.02332
% 32, 3-qa(tOY) 3e.u 4 jets I 36.1 z 1.85 m(¥})<800 GeV 1706.03731
Q oe, it 2jets  EP™ 361 |2 12 m(z)-m(¥})=50 GeV 1805.11381
B 35 goqqWzh) Oep  TAljets EPs 361 |2 1.8 m(¥Y) <400 GeV 1708.02794
] 3en 4 jets 36.1 8 0.98 m(g)-m(¥1)=200 GeV 1706.03731
= % ; P
= g3, §—>tt7(? O-1e,p 3b ET™ 798 ¥4 2[25 m(E))<200 GeV ATLAS-CONF-2018-041
3eu 4 jets 36.1 g 1.25 m(g)-m(¥})=300 GeV 1706.03731
Biby, by—biS /vt Multiple 36.1 by Forbidden 0.9 m(¥?)=300 GeV, BR(h¥})=1 1708.09266, 1711.03301
Multiple 36.1 By Forbidden 0.58-0.82 m(¥7)=300 GeV, BR(b¥})=BR(:(])=0.5 1708.09266
Multiple 36.1 by Forbidden 0.7 m(i7)=200 GeV, m(¥;)=300 GeV, BR(:¥})=1 1706.03731
S Biby, bobY - bht) Oe,p 6b EMs 139 | By Forbidden 0.23-1.35 Am(E3.£0)=130 GeV, m(¥})=100 GeV SUSY-2018-31
§ = by 0.23-0.48 Am(¥3.7)=130 GeV, m(¥})=0 GeV SUSY-2018-31
S x
= 8 A, Wbt or it} 0-2e,u 0-2jets/1-2b EP'™  36.1 i 1.0 m(¥})=1GeV 1506.08616, 1709.04183, 1711.11520
g S #f, Well-Tempered LSP Multiple 361 |#& 0.48-0.84 m(?)=150 GeV, m(¥5)-m(¥)=5 GeV, ; ~ 7, 1709.04183,1711.11520
D8 i, fioF by, #1o1G Tr+leut 2jets/t b EPS 361 i 1.16 m(#)=800 GeV 1803.10178
s o P . &
T Af, fod 8, tocl Oep 2¢  EPs g6t e 0.85 m(E)=0 GeV 1805.01649
; I 0.46 m(#,&)-m(¥])=50 GeV 1805.01649
Oep mono-jet  EX' 36.1 A 0.43 m(7,,&)-m(E))=5 GeV 1711.03301
by, =t +h 1-2ep 4b ER= - 381 I3 0.32-0.88 m(¥})=0 GeV, m(7)-m(¥})= 180 GeV 1706.03986
YR via wz 2-3ep ERS 5614 )‘(z /)?g 0.6 m(¥%)=0 1403.5294, 1806.02293
ee, ppt >1 EF= 361 | mr)-m(E))=10 GeV 1712.08119
XX via ww 2epn Eps 139 | 0.42 m(E3)=0 ATLAS-CONF-2019-008
XV via Wh 0-1e,p 2b EFs 361 |EEIES 0.68 m(E%)=0 1812.09432
> 5 Xi¥vialu/v 2epu EMs 130 |EH 1.0 m(Z,7)=0.5(m(¥)+m(t})) ATLAS-CONF-2019-008
DL WA, X 7 vaw), B —titow) 27 ERS | 36 ):(z /):('a’ 0.76 m(¥)=0, m(#, 7)=0.5(m(¥})+m(¥})) 1708.07875
E X 1%, 0.22 m(ET)-m{(¥1)=100 GeV, m(7, 7)=0.5(m(F; }+m(¥1)) 1708.07875
trlir, Ioel) 2e.p Ojets  Emiss 139 7 0.7 m(E))=0 ATLAS-CONF-2019-008
2epu >1 EPs 364 13 0.18 m(f)-m(¥})=5 GeV 1712.08119
HHA, A—hG|2G Oep >3b  EFE 354 4 0.13-0.23 0.29-0.88 BR(¥) — hG)=1 1806.04030
4ep Ojets  EP™ 361 i 0.3 BR(Y| — ZG)=1 1804.03602
B » Direct¥{k; prod., long-lived ¥} Disapp. trk ~ 1jet  EMs 361 Pure Wino 171202118
é % Pure Higgsino ATL-PHYS-PUB-2017-019
E’ ‘s Stable g R-hadron Multiple 36.1 1902.01636,1808.04095
S 2 Metastable g R-hadron, 3-qg¥} Multiple 36.1 m(¥%)=100 GeV 1710.04901,1808.04095
LFV pp—¥. + X, Ve —eu/et/ut ejL,eT Ut 3.2 A31,=0.11, A132/133/233=0.07 1607.08079
T IXS - wwyzeceevy deu Ojets  EMS 361 m(E%)=100 GeV 1804.03602
23, grﬂqqi?,,?? — qqq 4-5 large-R jets 36.1 Large 17, 1804.03568
E Multiple 36.1 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
| 7 i B - bs Multiple 36.1 mEE9)=200 GeV, bino-like ATLAS-CONF-2018-003
hi, fi—bs 2jets+2b 36.7 1710.07171
i, ii—ql 2e,u 2bh 36.1 BR(71 —~be/bu)>20% 1710.05544
Tu bv 136 BR(f; —q)=100%, cosf,=1 ATLAS-CONF-2019-006

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.

107!

Mass scale [TeV]
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Constraints on Supersymmetry

CMS July 2018

Overview of SUSY results: gluino pair production
36 th~! (13 TeV)

PP — 88

g — tty

g — tt — tty?

AMt— = My, M)?ll] = 400 GeV
g — tt — texy
AM; = 20 GeV
g — thi¥ — tbff'{
AM).(li =5 GeV
g — (tty]/bby}/tbyi — tbff'y})
g — bb).('g

g — qqy}

g — qq(¥7/%3) — qa(W/Z)x§

g — qqii — aqWy)

=05

AM_+ =20 GeV
X1

g — qq¥s — qqHYY
g — qqys — qqH/ZxY

0 250 500 750 1000 1250 1500 1750 2000

mass scale [GeV]

Selection of observed limits at 95% C.L. (theory uncertainties are not included). Probe up to the quoted mass limit for light LSPs unless stated otherwise.
The quantities AM and x represent the absolute mass difference between the primary sparticle and the LSP, and the difference between the intermediate
sparticle and the LSP relative to AM, respectively, unless indicated otherwise.
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Constraints on Supersymmetry

t— by; —» bW=y?

t— (tX7/bX7 — bWY)
t — bff'§?

t — bif — bFy?

t— c;’(?

t — b7 — brl — brig?
t2 — Hty; — Ht?

t2 — Z/Ht; — Z/Hty?
t2 — Zt, — Zty?

b — by?
b — b{? — bHF?
b— t)z:f — tW#f(?

b — b3 — (blf — bl?)/(bZK?)

q—qiy

CMS July 2018
Overview of SUSY results: squark pair production
36 fh~! (13 TeV)
PP — tt
0¢: arXiv:1705.04650;1704.07781,1802.02110,1707.03316,1710.11188
16: arXiv:1706.04402
2/ opposite-sign: arXiv:1711.00752
2( opposite-sign: arXiv:1807.07799
0¢: arXiv:1705.04650;1707.03316 =05
1¢: arXiv:1706.04402 z=05
2/ opposite-sign: arXiv:1711.00752 r=05
2/ opposite-sign: arXiv:1807.07799 = =05
0¢: arXiv:1705.04650;1707.03316 AMg =5 GeV, BF=50%
1¢: arXiv:1706.04402
0¢: arXiv:1707.03316 AM < 80 GeV (max. exclusion)
1¢ soft: arXiv:1805.05784 AM < 80 GeV (max. exclusion)
0f: arXiv:1707.03316AM < 80 GeV (max. exclusion), = = 0.5
1¢ soft: arXiv:1805.05784 AM < 80 GeV (max. exclusion), z = 0.5
2( opposite-sign: arXiv:1801.01846 AM < 80 GeV (max. exclusion), = =0.5
0¢: arXiv:1705.04650:1707.07274,1802.02110,1707.03316 AM < 80 GeV (max. exclusion)
20: arXiv:1711.00752 z=05
> 3¢: arXiv:1710.09154 AM;, = My, My, = 200 GeV/
> 34: arXiv:1710.09154 AM; = M,, BF = 50%, M;, = 200 GeV
> 30: arXiv:1710.09154 AM;, = My, Mz, =200 GeV
pp — bb
0¢: arXiv:1707.07274;1704.07781,1705.04650,1802.02110
h — y7: arXiv:1709.00384 AMgy =130 GeV
2( same-sign: arXiv:1704.07323 Mgy = 50 GeV
> 3¢: arXiv:1710.09154 My = 50 GeV
2(¢ opposite-sign: arXiv:1709.08908 max. exclusion, My = 100 GeV, z; = 0.5, BF = 50%
PP — 4q
0¢: arXiv:1705.04650;1704.07781,1802.02110 dr + (@, d, & 8)
0¢: arXiv:1705.04650;1704.07781,1802.02110 one light squark (@, d, ¢, or 3)
2(‘)[) 4[‘)0 6(5() 8[‘)(] 1[]‘0[) 12‘[)0 14‘0() 16‘[)[]

mass scale [GeV]

Selection of observed limits at 95% C.L. (theory uncertainties are not included). Probe up to the quoted mass limit for light LSPs unless stated otherwise.
The quantities AM and x represent the absolute mass difference between the primary sparticle and the LSP, and the difference between the intermediate
sparticle and the LSP relative to AM, respectively, unless indicated otherwise.
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Constraints on Supersymmetry

CMS

July 2018

PP — 97 — (0 — welRRY

PP — {gi:f — FUbl — Tl/f,?,)z?jz?

PP — X3\a — TUTT — TUTTIGY

pp — 3% — WHIHY

PP — W3%; — WZi)

PP — Y%7 — WZ/HY Y
PP — X9VT/XINT, X /V8 — (WH/Z9) 18

pp— Ui¥n U — WX
PP — XiXi,XT — (lv/tD) — (vx)

PP — ki a — (Fu/m0) — v}

pP — lyrluw. { — (33
pp — (b, € — 639

pp — (rlr, { — ()

Overview of SUSY results:
36 fb~! (13 TeV)

PP — X5X;

3¢ arXiv:1709.05406

> 30 + 2/ same-sign: arXiv:1709.05406

> 3( + 2( same-sign: arXiv:1709.05406
3(/mn: arXiv:1709.05406

3(/m: arXiv:1709.05406

3(/mn: arXiv:1709.05406

> 3¢/ arXiv:1709.05406

> 3(/m, + 2¢ same-sign: arXiv:1709.05406

electroweak production

flavour democratic, z = 0.5
flavour democratic, = = 0.05
flavour democratic, = = 0.95
T enriched, z = 0.5
7 enriched, » = 0.05

7 enriched, z = 0.95

7 dominated, = = 0.5

1/+jets: arXiv:arXiv:1706.09933

h — 97 arXiv:1709.00384

combined: arXiv:1801.03957;1706.09933,1709.00384

2( opposite-sign: arXiv:1709.08908
3¢ arXiv:1709.05406
2/ soft: arXiv:1801.01846 AM =20 GeV

combined: arXiv:1801.03957;1709.08908,1801.01846

combined: arXiv:1801.03957

BF = 50%

2/ soft: arXiv:1801.01846 higgsino simplified model, AM = 15-20 GeV

PP — i X7

2( opposite-sign: arXiv:1807.07799 Mgy =1 GeV

2/ opposite-sign: arXiv:1807.07799
ThTh, €Th, 1Th, € arXiv:1807.02048

pp — (7

eTe™, ptp: arXiv:1806.05264
ete™, s arXiv:1806.05264
efe, ptp: arXiv:1806.05264

BF(év) = 50%, v =0.5

BF(7v) = 50%, © = 0.5

2[I)0 4(|]0

G(I)U S(I] 0 1 )I(J 0
mass scale [GeV]

Selection of observed limits at 95% C.L. (theory uncertainties are not included). Probe up to the quoted mass limit for light LSPs unless stated otherwise.
The quantities AM and x represent the absolute mass difference between the primary sparticle and the LSP, and the difference between the intermediate
sparticle and the LSP relative to AM, respectively, unless indicated otherwise.

1 2I()( )
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Higgs in invisible (ATLAS)

ATLAS-CONF-2018-054

* Search for dark matter in Higgs decays

= Signatures: Etmiss plus leptons and/or jets
= Several channels used in the combination
VBF H(inv)
Z(££)H(inv)
V(had)H(inv)

*Run 1+ Run 2 observed (expected) limit: By iy < 0.26 (0.17+907) at 95% CL

Patricia Conde Muifo

T |
ATLAS Preliminary

Vs=7TeV, 47"
Vs=8Tev, 20.3f*
{s=13TeV, 36.1fb™
— Observed limit
gmmass Expected limit +lo
...... Expected limit +2c
All limits at 95% CL

=

‘Ill

0.8

Upper limit on BH— inv
o
(o))

| | | | |
0 V(had)H Z(lep)H VBF  Combined Combined Combined

Run 2 Run 2 Run 2 Run 2 Run 1 Run 1+2
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https://cds.cern.ch/record/2649407/files/ATLAS-CONF-2018-054.pdf

Two Higgs doublet model

5.5.1 Two Higgs doublet model

In 2ZHDMs, the SM Higgs sector is extended by introducing an additional complex isodoublet scalar field
with weak hypercharge one. Four types of 2HDMs satisfy the Paschos-Glashow-Weinberg condition [83,
84], which prevents the appearance of tree-level flavor-changing neutral currents:

» Type I: one Higgs doublet couples to vector bosons, while the other one couples to fermions. The
first doublet is ‘fermiophobic’ in the limit where the two Higgs doublets do not mix.

» Type II: one Higgs doublet couples to up-type quarks and the other one to down-type quarks and
charged leptons.

» Lepton-specific: the Higgs bosons have the same couplings to quarks as in the Type I model and to
charged leptons as in Type II.

» Flipped: the Higgs bosons have the same couplings to quarks as in the Type II model and to charged
leptons as in Type 1.

The observed Higgs boson is identified with the light CP-even neutral scalar h predicted by 2ZHDMs, and
its accessible production and decay modes are assumed to be the same as those of the SM Higes boson. Its
couplings to vector bosons, up-type quarks, down-type quarks and leptons relative to the corresponding SM
predictions are expressed as functions of the mixing angle of h with the heavy CP-even neutral scalar, «,
and the ratio of the vacuum expectation values of the Higgs doublets, tan 5.

24th June 2019 Marco Sessa - USTC 59



Constraints on new phenomena

@ The combined results are interpreted in the context of two-Higgs doublet models and the hMSSM

@ No significant deviations from the Standard Model predictions are observed

@ Constraints are set in the (cos(B - a), tan B) plane in 2HDM Type-I, Type-Il, Lepton-specific and Flipped

tang

tang

models

ATLAS Preliminary [ Obs. 95% CL
Vs=13TeV,245-79.810" x  Best Fit Obs.
m,=12500GeV, |y, |<25 - Exp. 95% CL
2HDM Type-I —— SM
10¢
1 -
— 7 | O V[ ) S !
oy 05 1
cos(f-a)
(a)
ATLAS Preliminary [ Obs. 95% CL
Vs=13TeV,245-79.8 b x  Best Fit Obs.
m,=12509GeV, |y, |<25 - Exp. 95% CL
1 0 2HDM Lepton-specific ——SM
g IRNY
|\
|
|
|
|
L3 i =
E % f
;|
|
:
1 I O . [
W=y 0 05 1
cos(f-a)

()

tang

tang

ATLAS Preliminary [ Obs. 95% CL CMS 35,9 5" (13 TeV)
Vs=13TeV,245-79.810" x  Best Fit Obs. 10 :
m,=12509GeV, |y, | <25 - Exp. 95% CL E
2HDM Type-Il — SM

10¢

1 = 1
2HDM Type |
10—1\||\|||\| PR N T I — Observed 95% CL
—1 -0.5 0.5 1 +--- Expected 95% CL
i -1
COS(,B (Z) 10—0.8 -0.6 -04 -0.2 0 02 04 06 08
® cos(p-o)
CMS 35.9 b (13 TeV)
«l0
ATLAS Preliminary [ Obs. 95% CL g
Vs=13TeV,245-79.8fb" x  Best Fit Obs.
m,=12500GeV, |y, <25 - Exp. 95% CL
" 2HDM Flipped ——SM
E I \
14
1]
s
| i
|
L3 I E
E | i
|4
| 2HDM Type lIl
| —— Observed 95% CL
| --=-- Expected 95% CL
1071‘..‘|..‘.i‘ L. a i
-1 -0.5 0 0.5 1 1008~ i0i6 =04 =02 "0F (02 | 04 06 “108
cos(f-a) e
(d)

35.9fb” (13 TeV)

{ [ 2HDM Type Il
{ [F] — observed 95% CL
~---- Expected 95% CL

-1
o8 -06 -04 -02 02 04 06 08

cos(p-o)

35.9 b (13 TeV)

S| 2HDM Type IV
— Observed 95% CL
===~ Expected 95% CL
10

-1
-0.8 02 04 06 08

cos(p-a)

-06 -04 -02 0
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Constraints on new phenomena

@ The combined results are interpreted in the context of two-Higgs doublet models and the hMSSM

@ No significant deviations from the Standard Model predictions are observed

@ Constraints are set in the (mA,tan B) plane of the hMSSM

% ATLAS Preliminary E ObS. 950/0 CL [<o N CMS | | |l | | 1 I3I5.|glffz’-l1 I(1|3I -Irle\ll)
S (s=13TeV,245-798%" «woee- Exp. 95% CL 8 5
m;, =125.09 GeV, |y, | <2.5 hMSSM B
hMSSM —— Observed 95% CL 7
| 1 Expected 95% CL |
10 - ] =]
2100| | 1 |3(|)0| | 1 |4(|)0| \I“ 1 |50|0| I 1 |600 e | o | e | e
177200 300 400 500 600 700 800 gooG 1v 000
m, [GeV] Ma (GeV)
ATLAS CMS
Regions up to 530 GeV in mA and tan 8 Regions up to 600 GeV in mA and tan 3
in the hMSSM excluded in the hMSSM excluded
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BSM Higgs

ATLAS

-  H+ — tau nu (HIGG-2016-11) https://link.springer.com/article/10.1007/JHEP09(2018)139

- H+ — tb (HIGG-2017-04) https://link springer.com/article/10.1007/JHEP11(2018)085

- H++ —> W+W+ (HIGG-2016-09) https://link.springer.com/article/10.1140/epic/s10052-018-6500-y

- H++ — multilepton (EXOT-2016-07)  https://linkspringer.com/article/10.1140%2Fepjc%2Fs10052-018-5661-7

- H+—>W/Z (EXOT-2016-11) https://www.sciencedirect.com/science/article/pii/50370269318307901 ?via=ihub
CMS

- H+—>taunu (H|GG-2016-1 1) https://cds.cern.ch/record/2640359

- H+—tb Iep. (H|G-18-OO4) https://cds.cern.ch/record/2667222

- H+—> WA (H|G-18-020) https://cds.cern.ch/record/2667217

- H++ —> W+W+ Ieptonic (SMP-17-004) https://arxiv.org/abs/1709.05822

- H+—>WZ Ieptonic (SM P-18-001) https://arxiv.org/abs/1901.04060

- H+ — WV semi-leptonic boosted (SMP-18-006)  htto://cds.cern.ch/record/2665482
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BSM Higgs

e s e
\ H*
H+ — tb leptonic: results =
g Q000000 b
No excess observed in all categories — 95% CL upper limits set on charged Higgs
production cross sections times branching ratio
CMS Prefiminary 35.9 fb’ (13 TeV)

E 1 0 TIRT [T 7T T [P L[ O[T P[P PR T [P T[T T = g J l+ vk | 7
& . ] S H —tb
3 ATLAS e 05%, observed limit (CLS) ] § Single and dilepton =
— f mmmms 95% expected limit (CL ) -1 ]
T Vs=13TeV, 36.1 1" g e ieas 10 1 1o s
- [ ] Expected + 26 - L 95% CL upper limits 5
o —— m™ tanf = 0.5 @ —e— Observed -
X 1 = —— m™ tanp = 1 ~ Oi ----- Median expected 1
g B —— m™ tanp = 60 . 1 I 68% expected |
o) B - E [[] 95% expected =
T ] i :
D- B 7 -
=
° q0k 107 E
FATLAS - |CMS ]
~EXPERIMENT | | | | | = |
200 400 600 800 1000 1200 1400 1600 1800 2000 2
mH+ [Gev] E L L 1 1 1 Il 1 | 1
200 300 400 1000 2000 3000

Jan Eysermans at LHCP 2019 m, (GeV)
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BSM Higgs

H+ — TV: results

No excess observed in all categories — 95% CL upper limits set on charged Higgs
production cross sections times branching ratio

o

E | T T T T T T [ — T g 1 0
& 10 ATLAS = g

= F s=13TeV,36.1f0" § >

? i 3 —— Observed (95% CL) _ (8

+1

v 1E N\ — E T 1
= F b S — Expected (95% CL) 1 Y-

X i — - 2015 result i -

— i T )
e l0E E 4 107
2 - = (o)

T - §

8102k e 2
o E =

c L :

o] B EXPERIMENT =

-E 1 0—3 1 | 1 1 1 1 1 1 1 | 1

G| 100 200 300 1000 2000 102

Jan Eysermans at LHCP 2019

m, [GeV]

CMS Preliminary
T | T T T T | T

35.9 fb' (13 TeV)

All final states combined

- 95% CL upper limits
- —e— Observed
M meee Median expected

CMS

. [ 68% expected
= [[]95% expected
g_ 1 | 1 1 1 1 | 1 1 1 1 1 11111 | 1
100 150 180 1000 3000
m,.. (GeV)
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ATLAS Higgs combination

Table 2

The 95% CL upper limits on fLoff-shell, FH/F?_IM and Rgg. Both the observed and expected limits are given.
The 10 (20) uncertainties represent 68% (95%) confidence intervals for the expected limit. The upper
limits are evaluated using the CL; method, with the SM values as the alternative hypothesis for each

interpretation.

Observed Expected
Median +1o0 20
[ off-shell ZZ — 4¢ analysis 45 43 [3.3,5.4] [2.7,7.1]
ZZ — 2£2v analysis 53 4.4 [3.4,5.5] [2.8,7.0]
Combined 3.8 3.4 [2.7,4.2] [2.3,5.3]
Ty/TM Combined 3.5 3.7 [2.9,4.8] [2.4,6.5]
Regg Combined 43 41 [3.3, 5.6] [2.7,8.2]

\J
ggF

ggF
Rgg = Moft_shen/ Mon-shell
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C ° .~ ° °
onstraint of K, from single Higgs measurements
A
gb 14__‘"‘ URELILS [ GLI L T LU L EL PR L ""__ (’%ﬂ: 1'2;""I""\""\""I""I“"\"" "";
o = 1 @ 115f —BR,/BR}}' —BR./BR}’ E
%“ 12[ 3 ,} iy —BRZZ,IBR%",M BR,; / BRS ]
L o E F T BRwe/BR :
[ ] 1.05p =
0.8 \; £ 1
. — Gygr / Oggr N E _:
06 — Oype/ Ounr B 0.95 |
0.4f S/ 3 - 3
a — Gz / O3 ] - ]
oo Sl O E E
S BN T NN e R ST R 0‘81\||I\\||\\|u\||=n||uwluuu\un\uuuf
-20 -15 -10 -5 0 5 10 15 20 -20 -15 -10 -5 0 5 10 15 20
K Ky

_ (EW ggH incl. VH — qqH) VH (H + leptonic V')
¢ BSM ¥
Py [0,200] | qq — VH
—ﬂﬁ e ] o e ]

—>__p¥ [0, 150] —>__p¥ [0, 150]

> 2-jet VBF cuts

2]

12

pY. [150, 250]

= O-jet
(+)

> 1-jet

> 1-jet
Constructed from figures in

arXiv:1610.07922 —[ p¥ 250,00 | [ o} [250, 0] |

Figure 3: Schematic diagram of the VBF + V(had)H (left) and V(lep)H (right) STXS regions. pf I s the pr of the
Higgs boson plus two jets system, p‘T/ is the pr of the vector boson V in the VH production mode, pél is the pr of the

jet with the highest pr. In the VH, H — bb analysis, the separation in jet number of the p¥ [150, 250] region in the
V H production mode has been ignored, merging the O and the > 1 jet regions. The diagrams are obtained from Ref.
[14].
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Di-Higgs cross-section

CMS Phase-2 3000 fb* (14 TeV) ” CMS Phase-2 3000 fb™ (14 TeV)
E 10° Simulation Preliminary Assumes no HH signal = F Simulation Preliminary Assumes SM HH signal
K o = ‘I -
o - 95% CL upper limits - Median expected < 9; ‘. —— bbbb .
T | --bbbb = bbtr S sk - bbtt ;‘
T | -—bbv(vlv) —bbyy : —+— bbVV(viv) ;
= bbzz*(4l)  -e-Combination 7F —« bbyy ?
~ 10’ 2 Theoretical prediction F bbzz*(4l) s'
b - M 6 ; i |
: pole [ —e— Combination :
[ 5F- |
i | SRR TR 10| (P ) S (A 95%
.| 2
10 : af-
i o
i | S 68%
| | | | | 1 | | | | | | | | ‘ | ] | | ') | 1 ‘ | | | | | | 1 | 0 E | ] I 1
-4 -2 0 2 4 6 8 10 —4
Ky Ky,
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Coupling modifiers: “kappa”

o-B(i—= H- f) =

(J'I ) Ff B (Tl-.‘

'y

h‘2 — O-!.
i g;,‘*i”
Production

> Not “physical parameters”

K

o, I

[y
"SM
l J

Decay

" f

Total width

* Introduced to parameterize possible deviation from SM
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