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Large Hadron Collider

. Run-1(2010-2012)

* pp collisions at /s=7
and 8 TeV

* collected ~25 fb-
* Run-2 (2015-2018)
e Js=13 TeV

* so far collected more
than 130 fb- of
proton-proton data

e Excellent accelerator
performance !l
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ATLAS and CMS experiments

Semiconductor fracker CMS DETECTOR STEEL RETURN.XYOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter : 15.0m Pixel (100x150 pm) ~16m* ~66M channels
Overall length ~ :28.7m Microstrips (80x180 um) ~200m? ~9.6M channels
Magnetic field  :3.8T

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

Silicon strips ~16m* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels



Introduction to Higgs boson (1)

* Higgs boson discovery reported in July 2012, when ATLAS and CMS
reported results from H - yy, H » ZZ - 4€ and H » WW - {£vv

searches

* With full Run-1 data analyzed, several decay modes were
experimentally discovered

H->yw H->4 H-WW H-711 H-bb

ATLAS 5.00 7.60 6.80 4 4¢g 1.70

CMS 5.60 7.00 4 80 3.40 2.00
JHEP 08 (2016) 045
* ATLAS+CMS combination in H = 1T also exceeded bo
* ggF and VBF production modes observed

* All signal strengths compatible with Standard Model, although still

suffering from rather large uncertainties
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https://link.springer.com/article/10.1007/JHEP08(2016)045

Introduction to Higgs boson (2)

* The Higgs boson mass was determined in H - yyand H » ZZ —» 42

channels

ATLAS H—>yy
CMS H—syy
ATLAS H—>ZZ 4l
CMS H—>ZZ 4l
ATLAS+CMS yy
ATLAS+CMS 4]

ATLAS+CMS yy+4l

————— I Total

1 Syst.
——
———
=i

LHC Run 1

IIII|IIIIII
124

L1 1| L1111 | I Y | | N I |
125 126 127 128
m,, [GeV]

Phys.Rev.Lett. 114
(2015) 191803

mpy = 125.09 4+ 0.24 (+0.21 stat + 0.11 syst) GeV

Goal in Run-2: move from discovery to precision measurements
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.191803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.191803

Higgs boson production at the LHC

* Four main production modes
(LHC Higgs Xsec WG)

gluon fusion
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* Significant increase in the production rate due to higher energy in
Run-2 (8 - 13 TeV)
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Higgs decay modes for m(H) = 125 GeV

ZZ,vyy: despite low BR, these
channels provide high-precision

gg
results on Higgs boson 8 29,
properties (mass, width, Zz*
couplings, cross-sections, ...) 2.6%

0.012% (e,u)

W-+W-: high BR, but low mass
resolution

bb, 7+7-: high BR, but low S/B. 21.4%
Important for determining
couplings to fermions

u-p-: very low BR, but gives
access to fermions of 2nd
generation

Zy, cc also studied
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0.23%» 0815%
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Current Run-2 results

* Precision mass, width and cross-section (total, simplified femplate,
differential) measurements performed mainly in two channels

H->vyvand H—» ZZ - 4%

* full kinematic reconstruction possible, Higgs mass determined as
invariant mass of two photons or 4 leptons (e/u). Analysis event
selection and example of the mass spectra shown in backup.

* results from these measurements summarized in next slides

* Coupling and total cross-section measurements performed in many
other channels (WW, 171, bb, py, ...), highlights from these analyses
also reported
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Higgs boson mass
* ATLAS combined measurement [ "j1 s T L otal stat only
(PLB 784 (2018) 345) Run 1: Vs =7-8 TeV, 25fb", Run 2: s = 13 TeV, 36.1 fb' Total  (Stat. only)

Run 1 H—4l 124.51+0.52 (+0.52) GeV

Run 1 H-yy 126.02 + 0.51 ( +0.43) GeV

) H - vv and H —_ ZZ e 4 4-e Run 2 H—4l/ »—ol—u 124.79 + 0.37 ( £ 0.36) GeV

Run 2 H—yy 124.93 +0.40 ( +0.21) GeV

T F P S e P Qs e e e e
° Comb|ned Run_l Gnd Run_z Run 1+2 H—4] —— 124.714 0.30 ( % 0.30) GeV
Run 1+2 H-yy 125.32 £ 0.35 ( +0.19) GeV
m(H) = 124.97 + 0.24 GeV " Run 1Gombned T ST o8 = Ol Lk O
Run 2 Combined —— 124.86 £ 0.27 (£ 0.18) GeV
[ Run 142 Combined ey T PRI O
CMS 35.9 fo (13 TeV) UATLAS s oMs R 1 ey T ;g;ag‘;'c;'zzg'1;‘2'1;};;{"
- 8ZHHI IIIIIIIIIIII lllll;lll]:!|l||| l.l....l....ll....l... | L L
= £ 23 124 925 126 127 128
N m,, [GeV]
5k * Update from CMS based on H » ZZ - 42
£ ANEE results (JHEP 11 (2017) 047)
F— s ¥ 1 [
3 — 2oz E m(H) = 125.26 + 0.21 GeV
L — 4e _
2:_—Combined ] —:
. Combined (stat. only) )‘ 1 * Both ATLAS and CMS standalone Run-2
e (S o f oo f = -
E " : results show better precision than
Coovva v v b c INGANINA DNV 00

90 121 122 123 124 125 126 127 combined ATLAS+CMS Run-1 results
m, (GeV)
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https://link.springer.com/article/10.1007%2FJHEP11%282017%29047
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-33/

Higgs boson width
* SM predicts I'(H) = 4 MeV, too small to be measured directly.

* CMS provides the best direct limit H - ZZ —» 42: T(H) < 1.10 GeV @
95% CL (JHEP 11 (2017) 047)

> 10°
* Indirect measurements compare on- S 10°kf-1atev,sei i’ - soverroizzi, -
. . 4 JEH-ZZ-4 [_J gg+VBF—(H*=)ZZ(SM)
shell and off-shell cross-section in 219 —
q>) 10 ncertaint
H - ZZ*/WW* @ R
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BB * Tl \
* CMS Run-1 results: r(H) <13 MeV @ 300 400 500 600 700 800 900 100011001200
950/0 CL (JHEP 09 (2016) 051) / m,, [GeV]

Events / SM

:?:'*?

* recent ATLAS Run-2 measurement of H —» ZZ — 448/28+2v:

F(H) < 14.4 MeV @ 95% CL (arXiv:1808.01191)
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https://link.springer.com/article/10.1007%2FJHEP11%282017%29047
https://link.springer.com/article/10.1007%2FJHEP09%282016%29051
https://arxiv.org/abs/1808.01191

Cross-section measurements (1)
* Total cross-section measurements with H » ZZ — 4%

ATLAS-CONF-2018-018 JHEP 11 (2017) 047
5.1 o' (7 TeV), 19.7 fo" (8 TeV), 35.9 fb™ (13 TeV)
) ) + Data 3 _I TTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTT I_
ATLAS Pre“mlnary [ ] Syst. uncertainties b 6 — CMS ]
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https://link.springer.com/article/10.1007%2FJHEP11%282017%29047
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-018/

Cross-section measurements (2)

* Simplified template cross-section measurements
CMS 35.9 fb' (13 TeV)

In H - VV ATLA S-CONF'ZOIS-OZS Gr'X|V180703825 Gpy(H - 1) from CYRM-2017-002
/ / aMC@NLO, NNLOPS
T | e e B | | |. | [ )| | e e [ | I | e e | ] | =] P e | | | P ) | I | [Pl e e | I LI “
ATLAS Prellmlnary : le{ Total Stat. m SySt Y ——® Data, stat ® syst unc.
Vs=13TeV, 79.8 fo~
Systematic uncertaint
H-yy, |yH| =25 Total ( Stat. Syst. ) G
ggF’ Oj F_%i 0.92 igig ( +0.17 ig:li ) Inclusive i ?084i 13 b
: H +0.68 +0.43 B % ;
ggF, 1j, 0<p.'<60 GeV F—qu 128+ e (052 0 ) i p:iss 2500, GV . 0sh
F, 1j, 60<p!'<120 GeV 1R SRR G i Y e A B
ggr, 1, 6U<p_< Fafﬂ Toar ( o o2t ) Pt > 200 GeV eI
ggF, 1), 120<p'<200 GeV | —e=m===—1.51 ‘0% ( ‘0a0  lose ) " B
. | +0.56 +0.29 Nigpton=1 —%0'5:1.: e
ggF, >=2j f—=— 065 = 1 EO47 . o ) R
= N 1 7 0g*037
qq—>Hag, 0<p! <200 GeV e 10 0 o sl 1 sk
99F + qg—Haga, BSM-like j—=a=—y OB R (i 008 N1 1 Bk
VH, leptonic I—IEOE—-I 188 i) W e
Top I-—?E—i 1.13 ig:gg ( ig:g: tgfg ) 1-lepton, Iow-p:1iss —%03?;‘ fo
| | | RS [ | | ) I | CEREE) RRER [ | I I R [ | I | S I | | | R (R [T | I | ] 1= 9 miss E Z 0.37
1-lepton, high-p_ ™~ ——— e—0.22"">" b
e S e B B e S .
((5 X B) / (0- X B)SM >1-lepton, >1-b-jet —éﬁ-o.mfg;f:fb | | |
. . . . ! 1 (RS |
* ..as well as total cross-section in the fiducial volume 1 (1)

* ATLAS: 60.4 + 8.6 fb-, predicted by SM 63.5 + 3.3 fb-
* CMS: 84 +13 fbt, predicted by SM 73 + 4 fb-
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-028/
https://arxiv.org/abs/1807.03825

Cross-section measurements (3)

T
Preliminary

10CMS Preliminary 35.9 fo'' (13 TeV)
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* Many differential Xsec measurements exist,
few examples given here. For more details, see

- ATLAS-CONF-2018-028, ATLAS-CONF-2018-018
- CMS-PAS-HIG-17-028

— older ATLAS combined results available in
arXiv:1805.10197

* Good agreement with Standard Model, no sign of
new physics yet

Tomas Davidek, IPNP, Charles University 13


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-028/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-018/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-028/index.html
https://arxiv.org/abs/1805.10197

of transverse mass m,=y2p,(¢t) p*|1—cosa o(p,( £¢), p™)

H- WW (1)

* Clean signature from W — v, i.e. 2 neutrinos in the final state. Use

ATLAS (arXiv:1808.09054)

H - WW - evuv

only different flavour leptons in the final state .

3 main categories based on Njets, further
splitting according to m(22) and p(£2)

CMS (arXiv:1806.05246)

uses same and different flavour leptons
as well as multi-lepton channel (WH, ZH)

9 categories based on Njets and p+(j2)

* use of m; (Njets=0, 1) or BDT (VBF) * 2-dim analysis with m; and m,

> 2000_ T | T T T T ‘ T T T T | T T T T | l\ T T T .I T T ] CMS 35-9 fb-1 (13 TeV)

[0} : ¢ Data Uncerltalnty ] — I I I . :
g 1800 ATLAS ] Hogr B Hyge ‘I_> 240 =3 \/ Id t | ww | E
[ S - t tt .
T 1600F HoWW*—evuv, Niet < 1 E tZt/M*/t 5 I\l:IVWId 8 220 = No::rompt [ by =
A ¥ - 4 IS- = il T
€ 14000 V5=13TeV, 361 fo! - ~ 200F % wv . zi =
] E € 180 [_JHiggs —+— Data —
1200; O g = [777) Systematic uncertainty E
1000F = 160 = ]
800F = Ko E
600F Eg 3 == Midicaisia E
400} O 3
200:_ 80 = L o]
g 60— —
. 0. C 3
2 300 405_ E
& o 20 —]
S 200f 5 . ——— ——
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100:_ ..................... 2 1.2 5_ _;
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B 3 08 E
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https://arxiv.org/abs/1808.09054
https://arxiv.org/abs/1806.05246

H-> WW (2)

* Measured coupling constants are consistent with Standard Model

predictions
e e e e CMS 35.9fb™ (13 TeV)
'8_ [ — GSZA) CL ATLAS 1 j_u_ — 68% CL
= Paw s=13 TeV, 36.1 b ] e
= 15[ % Bestfit ] S
7 Pl o 3 A SM
I - d
5] 1.0_— i
5 : :
g 0.5_' il .8
: 6
0.0f 7 4
i _ 2
_0.5_5' st (l) sl é Hap AR .1|0. il .1|5. HitE .2|0. Rkl .25 ?

o | onaid (N 08 T ERS (RSN [0 S e R L
OggF * Br-ww* [pb] HV

arXiv:1808.09054 arXiv:1806.05246
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https://arxiv.org/abs/1808.09054
https://arxiv.org/abs/1806.05246

H- 7171 (1)

* The final state depends on the tau-lepton decay mode

* di-lepton channel: H-o7171- 284y 39% 3%,
* semi-lepton channel: H—- 171 - ¢ nm 3v(n=1-3) 41%, Tl T, T, ;
. , . Thln :
hadronic channel: H-oT1T1-nmdv 23%,
Thle

* Signatures in the detector

* isolated electron(s) and/or muon(s) 23%, 1,7,
* missing transverse energy

* reconstructed hadronic 7

* accompanying jets (reflect the production mechanism)

gluon-gluon fusion g " VBF

(dominant = = (subdominant,
production mode) s ~10 weaker)

a

* Dominant background comes from Z = 71 1, also top, Z - 22 and fakes

contribute o o
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H- 11 (2)

+ ATLAS (CONF-2018-021)

Events/GeV

Data/Bkg

VBF and Boosted category in
each channel, further splitting

to enhance sensitivity

reconstructed MMC mass as

final discriminant
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o
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180 200

* CMS (arXiv:1803.06553)

O-jet, VBF and Boosted
categories

S+B) weighted events / GeV

~—

S/

2-dim fit on m(17), m(jj) or
p+(TT)

o
(@]
o
o

35.9fb™ (13 TeV)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-021/
https://arxiv.org/abs/1803.06553

H- 17171 (3)

S . oA L O P L
ATLAS Preliminary Vs=13TeV, 36.1fb™"
—total —stat. —SM exp. total (stat., syst.)
Thad Thad 2.49 15 (fg_’;::;_’;f )
TepThad |\, ol s 3.07 Y3 (Coas102)
e NS e
Combination O 3.71 f;_'gg (fg'gg i jg_?Z)
IIIIIIIIIIIIIII|III|III|III|IIIIIIIIIII

Ol 2as e B Te s 0l B i s R o s foe 2

ATLAS-CONF-2018-021

O-Hen [pb]

35.91fb" (13 TeV)
——

* Same signal strength measured by ATLAS and CMS

* total cross-section measured by ATLAS corresponds to ©=1.09_;

Thh

_ +0.40
n=136 J9 35

we
_ +0.44
n=1.14 -0.42

er,
]
eu
n=0.68 *0:29

Combined

_ +0.27
h=1.09 15 56

2 3
arXiv:1803.06553 Bestfitu=oloy,

In combination with Run-1 results, but experiments observe this decay

mode (ATLAS 6.40, CMS 5.90) independently

* CMS also published measurement in W/Z+H channel (CMS-PAS-HIG-18-007)

Tomas Davidek, IPNP, Charles University
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-021/
https://arxiv.org/abs/1803.06553

H - bb (1)

* Searches started at LEP (imposed m(H) > 114.4 GeV), then continued
at Tevatron (observed at 2.80)

E - ATLAS :3::: Vbb (u=1.20) s
v 10* = (5=13TeV, 361 o il glt(’gg%':; S
* Most sensitive channel @ LHC: W/Z+H ¢ g =" =5 ;
O E Single top =
. - ' i - i B R
key elements are b-tagging and dijet ke St
invariant mass reconstruction - :

10

* background significantly reduced at high |

p+(W/Z)

* three main categories (0-,1- and 2-leptons),
further split according to Njets (2, 3)

Data/Pred
=
i H
!
{0
+§ B
_@:

i

|_

100 150 200 250 300 350 400 450
pY [GeV]

~ ATLAS uses BDT in further analysis arXiv:1808.08238
— CMS exploits deep NN to discriminate S/B as well as backgrounds in CRs
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https://arxiv.org/abs/1808.08238

H - bb (2)

+ W/Z+H (- bb) analysis

NTIHEP, 2018

cross-check with standard candle
W/Z+Z(~ bb)

event excess clearly seen in dijet
Invariant mass spectrum

combined Run-1 + Run-2 results

+0.27

- ATLAS: u=1.16_
significance 4.90 (arXiv:1808.08238)

- CMS:  4=1.01+0.23
significance 4.80 (arXiv:1808.08242)

ATLAS

—Total

WZ —— —i

77 o=

Comb. o=

TT T T T T[T TT1T [rrrrprrrrprrrrprrrr

LANLNL L I L L L T T
VZ, Z— bb

1s=13 TeV, 79.8 fb™
(Tot.) ( Stat., Syst.)

+0.46 +0.17  +0.43
0.90 _0.44 (2017 s 041 )

+0.23 +0.10 +0.20
126 —0.20 (—0.10 v —0.17 )

+0.20 +0.08 +0.19
1.20 -0.18 (—0.08 » -0.16 )

7720 (13 TeV)

0
o)
lg- CMS ¢ Data
S B vH,H—bb
£ [ Jvz,z-bb
'g 1000 @ S+B uncertainty
o)
+
g,
7 I
500 -
0
! ! ! | ! ! L | L L L | 1 ! L
60 80 120 140 160
m(jj) [GeV]
20
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https://arxiv.org/abs/1808.08238
https://arxiv.org/abs/1808.08242

H - bB (3) New !!
» Searches also performed in ggF (boosted topology), VBF and ttH

production modes (see backup slides)

* Combined H - bb results

<51fb"(7TeV)+<19.8fb" (8 TeV) +<77.2b" (13 TeV)

LA B e B L N Y [N ) L B B CMS e Observed
ATLAS H—bb \s=7TeV,8TeV, and 13 TeV Hesbb +1c (stat @ syst)
4.7 b, 20.3 fb", and 24.5-79.8 fb™’ - m— +10 (syst)
—Total Stat.
(Tot.) (Stat., Syst.) ; stat  syst
i98 o210l 2057 agF 2.80 +2.08 + 1.30
VBF+ggF H . H 1.68 "5 (Lo o051 )
VBF | ——— 253+0.98 +1.17
tH 1. +0.56 +0.28 +0.48
— ¢ —i 00 “55 (2027 045 ) HH | o 0.85 + 0.23 + 0.37
+0.22 +0.14 +0.17 WH -:—- 1.24 +0.29 +0.24
VH ko4 0.98 -0.21 (—O 14 » -0.16 ) l
"""""""""""""""""""""""""""""""""""""" ZH = 0.88 £ 0.24 £ 0.16
+0.20 +0.12 +0.16
Comb. Lo 1.01 "% (Coq25 015 ) :
PR T N TN T N TN T TN W A O TN WO T N T WO T M NN W Combined l.—. 104i014i014

arXiv:1808.08238 IR Best fit
* significances: 5.40 (ATLAS), 5.60 (CMS)

H - bb decay mode observed independently by both experiments
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H - pp (1)
* ATLAS (ATLAS-CONF-2018-026)

* selects 2 isolated muons with p> 15
GeV, low MET, b-veto

* then use BDT to select VBF-like
events (2 cats.), remaining events
split into 6 cats. (according to

p+(HH), n.)
* CMS (arXiv:1807.06325)

* BDT is built using input variables
uncorrelated to di-muon invariant

mass: pr(up), n(uk), An(pw), An(jj).
two highest di-jet masses, ...

* split then into 14 categories

> AR SEALD EEAES LAEES LR EALRY ERRAY RALS RERLLE RERES
8 - ATLAS Preliminary ]
@ 50/~ VBF tight \s=13TeV, 79.8 fo' —
E‘ xz/ndof =31.2/48 H_>Ml ana|ysis E
40 —e— Data =
Background 4
30 ——— Signal x 20 _:
20— —
10 .
0_ T T T T T T T T T
£
g I T SO A TSN JC VO SO ORI LIN
[\ = gl Lg 1y sl AL =, 19¢__| _ ¢
2f o R
_42— —;
110 115 120 125 130 135 140 145 150 155 160
m,, [GeV]
x10° 35.9fb ' (13 TeV)
= CMS All categories
> 10 How S/(S+B) weighted
O) {1=0.7 for m, =125 GeV ¢ Data
2 8 I S+Bfit
E 6 B component + 1 s.d. (2 s.d.)
c
e 2
b o
% O_""'""I""I""""'I""[""l""
=
—~ 200 ' B'componént subtracted
g oi t ot d t booas b
= } ¥ w :
D _200L ! t | % : , , , ‘ ,
110 115 120 125 130 135 140 145 150
m,, [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-026/
https://arxiv.org/abs/1807.06325

H - pp (2)

* No signal observed yet, setting the upper limits on the production
cross-section x BR @ 95% CL:

* ATLAS: 21x SM (ATLAS-CONF-2018-026)
* CMS:  2.64 x SM (arXiv:1807.06325)

Both experiments are approaching
the sensitivity of the SM prediction
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t+tH production (1)

* Higgs coupling to top-quark is the largest Yukawa g !
coupling to fermions 3
* sensitive to new physics
g 7
* Complex final states, depend on the Higgs boson decay !
mode: higher S/B
* Hovy, H->ZZ* - 4¢ A o, SHSESTEIY S50k (3 To
* multilepton ‘-% |
o 10
- H— WW - 28 or 2vqq LZLE |
- H - ZZ* - 8vwv or 2qq R R SM Higgs boson |
al P — [M, €] fit ]
- H- TiepTiep 10 [ =10
_— 2 |:|:20 ]
* H->Dbb s 1?-“5:-.. e o
W ~MET ' T T i
v SRR | S— b b=
Q9 05 E
higher o x BR T

Particle mass [GeV]

CMS-PAS-HIG-17-031
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-031/index.html

++H production (2)

* Combination of ttH measurements
f Phys.Rev.Lett. 120 (2018) 231801
PhYSLCTTB 784 (2018) 173 5110 (7 TeV) +19.7 b (8 TeV) + 35.9 fb" (13 TeV)
T e T ) e e e e e e e g e e == Foa, e e g v CMS L"—C')?;Z;/;d®sysn
18 ; mmm +10 (Syst)
ATLAS -e— Total Stat. [ Syst. E= sm AHOWWA) e o — 20 (stat @ syst)
{s=13TeV, 36.1-79.8 fb" 7 :
Total  Stat. Syst. ttH(ZZ") o
fiH (ob) ;%; 079+ %8 (+ 92 1053) o] fi i
iy i S ———
fiH (muttiepton) HEE 156+ 08 (03 .:52) A i LISHESNEE RO
ttH (vy) == 1.39:0 28 e 08 402 ) fiH(oD) | ———
fiH (z2) <1.77 at 68% CL 7+8 TeV —'_‘—'—
Combined H==H etz ST 0 - R e ;
1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 Combined i
Al (SO BTSN Sl A I P S 0 P o
—1 0 1 2 3 4 e TR TRV Tty Sy S i
SM ’
Oy O b

» Observation of +tH production

* ATLAS Run-1+Run-2: 6.30 (5.10 expected)
* CMS Run-1+Run-2: 5.20 (4.20 expected)
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https://www.sciencedirect.com/science/article/pii/S0370269318305732?via%3Dihub
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Combined measurements (1)

ATLAS- CONF 2018-031

ATLAS Prellmlnary Observed +1o +——
Stat. uncertainty

Vs=13TeV, 36.1-79.8 o Sust, Uriceriainty
my; =125.09 GeV, ly | <2.5 SM prediction

Yy ra‘ﬂ

2z H\E_'

ggF ww ===

7T ——

comb T T :Jaai _______________________________________

Yy ‘I—EE—|

zZ

VBF ww .-E-ul

TT —

Al R T ;-EEH ___________________________________

Yy |—E‘-E—|

zZ I

VH bb I—~‘EE-I

domb.. e { _________________________________________

Yy e ——

vv ITEE—l

ttH+tH = ‘
S0k S Raansaisca *E%" ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
combm‘llm_m_ml;?é-lI llllllll e o

10.500.51152253354

o X B normalized to SM value

Combined signal strength:
u=1.13*%%
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ZH WH VBF  ggH

ttH

CMS-PAS-HIG-17-031

CMS Preliminary e Observed
35.9 b (13 TeV) — 1o interval
badl io-

ZZ| He-

WwW | e

1T ——

bb : .

a —et-

745 —'—i

WW_ —o—

T ——

il : .

77| =

WwW | i .

bb -

Y § —

7Z| —

ww | ¢

bb -

i e

ZZ| =

WW | T

15 =45
bb....I....I..T‘;T...I....I....I....l....l....I....
2 =5 0 455 6 7

u=1.17+0.10
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Combined measurements (2)

ATLAS Preliminary 16 interval mem
" l " N 11 Vs=13TeV, 36.1-79.8 b .
* Combined fit with coupling modifiers A AR 2 g inerval —
(K2 = 0/0,sm, K% = T¢/T¢ sm) | = 1
Kw - +
* provide constraints on new physics S M | = el
. P K : e
phenomena (2HDM, simplified Ot R T
MSSM) Ko | + 0 -
ATLAS-CONF-2018-031 "L By,-0 T heyl<1 h
BBSM Bgsy 20 -
Y- T - .y S R - R
CMS Preliminary ® Observed CMS Preliminary ® Observed
35.9 b (13 TeV) ST | 35917 (13 TeV) . i el
— — 20 interval |KZ| __._‘ — 20 interval
Kz e —— = i
— K| —
Mal| + | ___.__
S o | ——
) —— S
B gl —
CMS-PAS-HIG-17-031 e C—— L
- ; ficy| ———
|Kg|_ _-.-_ Binv':__
|K7| _—.-_ Bundet';—
v b b b b by by n bonna baaay [ I P P A P AT T T e A
-15 -1 -05 O 0.5 1 1.5 2 25 3 0 02 04 06 08 1 12 14 16 1.8 2
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Other Higgs-related searches

» Double Higgs (HH - bbbb, bbtT, bbyy, ...)

* both experiments provided upper limits

- ATLAS observes: < 6.4:0.,, (ATLAS-CONF-2018-043)
- CMS observes: o< 2180, (CMS-PAS-HIG-17-030)

* .. as well as many non- or beyond-SM searches, e.qg.
* H - invisible
* lepton flavour violating decays (H - et, H = ur)

* searches for additional Higgs boson(s), both neutral and charged

NTIHEP, 2018 Tomds Davidek, IPNP, Charles University
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Conclusions

* Higgs boson interaction with gauge bosons already established in
Run-1, now entering the precision measurement era

* Yukawa couplings to fermions (T?, bb, TT) observed.
* All major Higgs production modes also observed

Everything consistent with Standard Model so far

» Next challenges include couplings to py, cc as well detailed cross-
section measurements

Eagerly awaiting complete 2018 data-set and full Run-2 results
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Simplified template cross-section (1)

* Common ATLAS+CMS framework. It uses the fiducial cross-
sections as measured for specific production modes on the input and
enables to obtain global combinations across all decay channels.

* Stage O: basically the splitting according to the production
mechanism (ggF, VBF, VH, ttH, bbH, tH)

* Stage 1 defines further binning in Higgs p+ and/or associated jet
topology

NTIHEP, 2018 Tomas Davidek, IPNP, Charles University 31



NTIHEP, 2018

Simplified template cross-section (2)

— Pr
pr———— o) =17 e
% |_MVA low pr(V) | N »| high py. { . specific
MVA high = > 1-jet
s ! - pr(i"}! o »| very high p¥. BSM
H -7 (o(ttH) | o(bbH)| | o(tH) :

Tomas Davidek, IPNP, Charles University
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H - vy

* Search for isolated high-p; photons with invariant mass ~ 125 GeV

m, =+2E, E,(1—cos6,,)

* Measurements are performed in several categories, targetting

* different Higgs production (ggF, VBF, W/Z+H, top) and decay modes

of the associated particles (W, Z, top)

* different kinematic regions CMs 359 b (13 TeV)
> e L L N L UL
® 16000 H—sy . -
O] Eon ~_ All categories 3

> ——r——————————AFTEAS-CONF-2018-028  ~ 1s000 ™24 6V 12118 gysipyweighted
S 1500 lg'a tal| background ?‘Tfﬁ?r\e/m;;nzrfybf‘ : g 12000 4 Data =
S : ----C(?ntinuum baikground mH_=125.09‘Ge.V | Lﬁ 10000i - S+B fit t ;
B In(1+S/B) weighted sum, S = Inclusive | 8 E ; +1c§mponen E
S 1000 S - =20 E
2 2 6000 /-
© i o 4000
(% 500_ g% 20002—
Y AT AR AU BRI EPTUTTN PR IUPII B

o | ‘ | T 600 - ' ' | " B component subtr'acted_f
g 602' 1 I I I | :28% ]
£ w 0
O 20f _200:$ =
£ Do : 100 110 120 130 140 150 160 _ 170 180
Q 20k T m,., (GeV)

110 120 130 140 150 160 ar.xlv:1807o3825 -

m,, [GeV]
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https://arxiv.org/abs/1807.03825

H- ZZ - 4¢
* Search for isolated high-p; electrons/muons: 4e, 2e2y, 2u2e, 4y
* leading pair's invariant mass in m(Z) window, subleading pair m;, < 115 GeV

* tracks coming from the primary vertex

* in case of W/Z+H and ttH production modes more leptons might be present

* Reconstruct the invariant mass of the four leptons

* Measurements are performed again in several categories

CMS 3597 (13 TaV)
> :""|'"'|'"‘Il'".'|""|""|""|""|IIII - 7CI_||||||||||l|||| |||||||| [TTTTITT T[T T IT[TITT[T7TT]
& [ ATLASPreliminary * = 8 "t o Data .
0100 -, 77+ S 4 m ] ~ L F [ H(125)

ol i P o — 60 O 49—ZZ. Zy"
hy 13 TeV, 79.8 fb B z:jets, £, i+, VWV 0 C 77 v
ﬂ B 7/ Uncertainty 7 E C . 99— s L .
C 80 B B g..) 501 B Z+X -
s G ]
LL L C
60 40
i 30
40 1 :
i 20
20— C
I 10
0 E f
80 90 100 110120 130 140 150 160 170 0/0 80 90 100 110 120 130 140 150 160 170
ATLAS-CONF-2018-018 m, [GeV] m,, (GeV)

. 4]
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H - T T mass reconstruction

* Invariant mass cannot be properly
reconstructed due to 2-4 neutrinos

MET
* Collinear mass approximation x /,

* assumes all T-decay products are collinear |
_pmlsszklﬁvisl-i-kZl_ivisZ

* Missing Mass Calculator (ATLAS) ~ 0,22
8 O.Z;Tlepqep VBF ATLAS E
* takes into account the probability of the 208 4 Bl S5 G
angular distribution between the T-decay ‘%0.16;— FWHM/m ., ~30%
products (NIM A 654 (2011)) %81‘2‘: -
* better resolution than collinear mass, é 0.1- n |
@© r -
critically depends on the MET resolution I 382_ Los -
* SVFIT (CMS) 0.04

* similar combination of MET and visible - e TIET T i W

decay products (J.Phys.Conf.Ser. 513 (2014)) miMC [GeV]
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H - bb
* Search for VBF production mode in ATLAS in three
categories (Phys.Rev.D 98 (2018) 052003):

* all hadronic (2 central jets, 4 central jets), photon- —*
associated channel (sensitive only to VBF)

* selection based on BDT discriminator, 9 SR in total

1 l h 1 %’ EI —e— Data
* simultaneous fit to m(bb) applied, results & o0 e ot ]
: NL s e Non—reson?nt Background E
u=2.5175 (inclusive), u=3.0"5 (VBF) A L N s st
& 40- E
+ Similar studies published by CMS: o N
20 1s=13 TeV, 30.6 fb™ =
* VBF mode (CMS-PAS-HIG-16-003) ol Peton chamel SR :
M: 1311121 0:' T Sk D e T T T T
2 20- + ]
* inclusive production in high-boosted £ 18}+¢* J-Tﬂ._LH SN '

topology p+(H) > 450 GeV (targets ggF 550760 T20 40 760 T80 200 rﬁéo[é;is]
mode) measured with 1.50 significance ;

(Phys.Rev.Lett. 120 (2018) 071802)
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