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% The Higgs boson

Higgs boson, discovered by Atlas and CMS in 2012, was a big success of
LHC

o Final constituent of the Standard Model
o Spontaneous symmetry breaking mechanism is responsible for generating particle masses
o First fundamental scalar particle found so far

We know that this is not the end of the story
o Dark matter, neutrino masses, baryon asymmetry are not explained by SM

Studying the Higgs boson properties we can contribute in improving our

understanding of nature
o Deviations from the SM prediction may indicate new physics
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Current status of LHC and CMS experiment

CMS Integrated Luminosity Delivered, pp

. 34 -2 -1 . Data included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC
A peak lumi of 2x10°*cm™s™' was achieved —mHTTw s ™
w2011, 7 TeV, 6.1 fb !
m— 2012, 8 TeV, 23.3 b '
80 — 2015, 13 TeV, 4.2 fb ! 180
2016, 13 TeV, 41.0 b !
e 2017, 13 TeV, 49.8 b '
— 2018, 13 TeV, 67.9 b !

Run1 =~30/fb, Run2 =~163/fb

Run2: ~35 pileup interaction per beam crossing
Many analyses based on the full Run2 dataset
are still ongoing
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Higgs production and decays at LHC

0=49 pb / 6.9M Higgs in 140fb-!
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2 Outline

Higgs mass and width measurements

Higgs to gauge bosons decays (ZZ, WW, yy)

Higgs decays to third generation fermions (bb, 17)
Higgs decays to light fermions (cc, uu)

ttH and tH production measurements

Higgs cross section measurements and combinations
o Extrapolations for HL-LHC
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Higgs boson mass and width
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Higgs Boson Mass

e The mass is the only free parameter of the Higgs sector in SM
o Fixing the mass value determines all the SM Higgs properties

e Golden channels for mass measurement: H— ZZ — 4l and H— yy

PRL 114, 191803 (2015) Eur. Phys. J. C (2014) 74:3046

(il T T T T I T T T T I T T T T | !: T T T I T T T T I T j;
L I e I S B S BN B B L B B : 68% and 95% CL contours E E m,' (’f:rllb1 ;21(477 5y :
ATLAS and CMS ——i Total Stat. = Syst. — Bl Fitw/o M,, and m measurements il - o= 0.46 Gev P —
— i i — o =046 ®0.50, GéV
LHC Run 1 Total  Stat. Syst. - F|.t w/o M, m and M, measurements O o e .
ATLAS H—yy F——e——4 126.02£0.51 (% 0.43 £ 0.27) GeV B Direct M,, and m, measurements i ks
CMS H—yy == 124.70 £ 0.34 (+ 0.31+ 0.15) GeV = s
ATLAS H>ZZ 41  f—o—r 124,51+ 0.52 (+0.52 + 0.04) GeV — i & ~]
OMS Hs27 sd! 0 5 D [ B S T S ——— o / ......... e =
------------------------------------------------------------------------------------ M, comb.+ o s s
ATLAS+CMS 7y I-—EI—-l 125.07 £ 0.29 (+ 0.25 % 0.14) GeV. [ M,, =80.379 £0.013 GeV / / ]
ATLAS+CMS 4l I-—}E—I 125.15 + 0.40 (+ 0.37 + 0.15) GeV i G ]
ATLAS+CMS yy+4l === 125.00 +0.24 ( +0.21 £ 0.11) GeV & 7
R R R P N S I B C o o R 7
123 124 125 126 127 128 129 — A7 \Z % —
GeV C A W W 7
mH [ e ] i | 1 1 1 1 1 1 1 }‘ 1 1 1 L ] 1 1 1 l 1 1 1 1 I 1 1
. 0 . . . .
Run1 data: ~0.2% precision with Atlas + CMS combination 7
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m, measurement

Fit data with a m, dependent model, obtained with
MC

Simulation must be based on a very good and
precise understanding of the detector response
The Higgs mass resolution depends on the
resolution of the decay products

Z— uu, ee
o mass resolution: ~1% (barrel), 1.5% (endcap)
H— ZZ mass scale uncertainty (MC vs data)
o 4u~0.04 %, 2e2u 0.1%, 4e 0.3%

CMS DP 2019/022, JHEP 11 (2017) 047,
CMS-PAS-HIG-19-004

Events / 0.25 GeV
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m Wlth H—) ZZ N 4| o JHEP 11 (20j7) 047
I H 35.9fb” (13 TeV)

%70__'"'|""I""I """" I""l""I""l""I""__

S o ¢ Data .

- il — P

e Three event categories: 4u, 2¢2u, 4e £ =0 o

e Particle flow algorithm used for particle a0
reconstruction 30
. . 201
e Momenta of two leptons forming Z, are refit o
(improving m , measurement of 10%) :

ok
70 80 90 100 110 120 130 140 150 160 170

e To extract m,, a global fit is performed on the o e (G20
. . . * de —e— untagged &~ VH-hadr. tagged
three events categories and various production o e veRtuee \LERL

®2e2p  —v VBF-2jtagged . ttH tagged

Events / bin

processes (ME based discriminant)
e Result with Run2 (2016 data):

o my =125.26 £0.20 (stat) *0.08 (syst) GeV

s So far best Higgs boson mass
measurement in a single channel

m,, (GeV) 9
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~— m, with H— yy (new results on Run1 data) M&seet

e Diphoton vertex selected with a dedicated BDT

e Dedicated BDT for photon identification and di-photon
pair selection

e Events categories: 3 VBF and 4 Untagged

O  based on BDT score of being signal-like

Improvements with respect to the previous analysis
HIG-16-040

e Improved detector calibration
e More granular run and spatial dependent (n, p;,R,) scale
correction
e Photon energy scale systematic
o Electron energy scale uncertainties propagated to
photon energy scale

R, the ratio of the sum of energy deposited in a 3x3 crystal array, centred on the crystal with
the highest energy, to the sum of the energy in the whole cluster

Energy scale correction
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m , with H— yy (new results on Run1 data)

CMS Simulation Preliminary H—yy
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47.8 expected events

461.9 expected events

704.2 expected events

594.0 expected events

11.4 expected events

10.6 expected events

34.6 expected events
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CMS | . .
Z Combination of H— yy and H— 4l channels cwms-pAs-HIG-19-004

CMS Preliminary

. . . . Run 1: 5.1 fb™ (7 TeV) + 19.7 ib™ (8 TeV) = Total Stat. Onl
Systematics in the combination 2016:35.9 b (13 TeV) -
Total (Stat. Only)
. . . Run1H mp— 124.70 + 0.34 (£ 0.31) GeV
e Luminosity uncertainty correlated o (eenl)
e ¢/y energy scale uncertainties between the Run 1 H—2Z*> 4l —_— 125.50 + 0.46 ( + 0.42) GeV
two channels are treated as uncorrelated R == 0 R DT Y
o Several checks have been done e e i it it o e e
2016 H—yy ] 125.78 + 0.26 (£ 0.18) GeV
2016 H— ZZ*— 4l — 125.26 + 0.21 (£ 0.19) GeV
2016 Combined __%L 125.46 + 0.17 (£ 0.13) GeV
Run 1 + 2016 '-I-l 125.35+ 0.15 (£ 0.12) GeV
II|IIII|IIII|IIII|IIII|IIII|IIIIIIIIIlIIIIlII

122 123 124 125 126 127 128 129 130

m,, (GeV)
Run1 + 2016 data m, = 125.35%0.12(stat)+0.09(syst) GeV

Actually this is the most precise m,, measurement, uncertainty ~ 0.12%
G. Bagliesi - INFN - lcws2019
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% Higgs boson width measurement

e SM prediction ', =4.1 MeV
Direct measurements of the width
are limited by detector resolution
(~1 GeV)

e A much more precise
determination is obtained with the
“off-shell technique” (next slide)

Breit-Wigner production pp - H - ZZ

- 7 do 2 2 F(m)
5 - ~ 9,92
) 2 J9J4 < 212 N
g ’1/‘%/7 dm (m? —md)” +mily

2.9
On-peak cross sections:  on—shell _ / L .dm ~ 509 &=
dm mul'y

|m—m H|<nl'n

Off-peak cross sections: off—shell _ / ’Ill .dm ~ _,,3_(&
am h
m-my >y
off —shell
Off-peak to on-peak ratio |7 ~T
o-on—shell H

JHEP 11 (2017) 047

CMS 35.9fb" (13 TeV)
é FTTTT l T I L l L | T T l LR I l",ﬁ-
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N f i
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2~ _
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0 0.5 1 1.5 2 25 3
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[, <1.10 GeV at 95% CL
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4 [, measurement with off shell technique PR 99 (2019) 112003

5.1 1" (7 TeV) + 19.7 fb™" (8 TeV) + 77.5fb™ (13 TeV)
B o e o

Main Assumptions: | cms
, arXiv:1311.3589v1 | — Observed
. . 10 § T T T , | .I T | T T T T I | TRy Expected
e Higgs Couplings do not v e 40| — Observed, 2016+2017
depend on On_she” gg ~ 21»t41ep(tonst) --- Expected, 2016+2017
- &8 ~aisptonsiote 2 |
off-shell production 2 cl IS
: 5 of <
mechanism S E N
e Signal region does not g 10k 5[ 7
5 F — __ 95%CL "]
depend on on-shell 1oL
off-shell production o
(excluding the expected 1 | 5 b
. . . . . 10_ | 11 1 1 1 1 L)
increase in efficiency in 100 e e e 2 e 15 (I\/feV)m 7o
. H
the off-shell region)
off —shell
o s P Run1 + 77.5/fb Run2:
gon—shell H

0.08<l",<9.16 MeV
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Higgs decays to gauge
bosons (ZZ, WW, )



% H—> 4| decays CMS-PAS-HIG-19-001

CMS Preliminary 2016 + 2017 + 2018 137.1 fb™ (13 TeV)
%240;#I|I| ||||||||| [TTTTTTTTT [TTTTTTTTT [TTTTTTTTT ||1|JE
e Full Run2 results are available (137/fb at 13 TeV) O 220 Ll
e 4 leptons invariant mass and other angular variables 3 **°F } — e
. : c 180 =
exploiting the scalar nature of Higgs boson are used @+ _—— -
. — . L = 3
to discriminate against background o E
e Backgrounds 1201 =
o irreducible : ZZ, Zy 100 =
o  Reducible: Z+jets estimated in control regions 80 =
e Measure is still statistically dominated 60 E
o  Systematic from lepton efficiencies and irreducible background 40 _;
estimate 203_ !
0
80 100 120 140 160
m,, (GeV)
Fiducial cross section is defined in a phase space
as close as possible to the measured phase +0.23 +0.24
space (m,, = 125.09 GeV) Ohq, = 2.737(75,(stat.) Tgig(syst.) fb

Signal strength modifier (meas. / SM prediction) ]’l — 094i88; (Stat) 1_88? (Systjé



CMS-PAS-HIG-19-001
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H— 4l differential cross section

e Measure the production rate in different regions of Higgs boson phase
space: PT, rapidity, Nj PTje”, My, .. and compare with various predictions
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A~~~ [ T LI T I | | T T I T T I T T I A I T | | T ] -Q [ | | | 1 i
% 1 t Data (stat. @ sys. unc.) - = 02 : t Data (stat.. ®sys. “f‘c-) -
0] F Systematic uncertainty ° F = Systematic uncertainty
= i SN gg—H (NNLOPS) + XH (o8 - Y gg-H (NNLOPS + Pythia) + XH 1
E 1 0_1 B % gg—H (POWHEG) + XH % ] 10 ; % 0gg—H (POWHEG + Pythia) + XH _§
: E 4 [0 XH=VBF+VH+ tH (POWHEG) g E - [ XH=VBF + VH + ttH (POWHEG + Pythia)
T E g (LHC HXSWG YR4, m =125.09 GeV) X |
v[_ 5 i g..
o 107 S C
° g 8 107"
e = VZZZ F
b:.: 10—3 : L
= : 1072¢
o1 01_: P q4f
O 12f- S 12}
P B
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Z 08 < 82
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CMS,/! CMS-PAS-HIG-18-029
2 H-m

CMS Preliminary 77 4 fb (1 3 TeV)
> = L LU I JE LN JE U JEL ST SR [ O R R 7]
e Based on 2016 and 2017 datasets B 000 H->yy Al categones 3
(77 4/fb at 13 TeV) = 30000 S/(S+B) weighted -
| = H ¢ Data ]
e Strategy: P — S+B fi E
o Fit a signal on top of a smoothly falling 3 20000 D 51c§mponent 3
background %150003_ [ ]+2¢ N
e Challenges: = Jo000F- =
o Photon to vertex association ) - ]
& 5000 -
o  Huge background == - -
w O'.;..I....I|...I....I.|..I....l....l....‘
1000~ 'B component subtracted
Signal strength modifier u OE ]
. 50 - —
0.15 i ]
Gluon fusion prod. i 15+0 15 0 < -

_ 0 8+0.4 56 3_{ K _E

VBF production o U0 100 110 120 130 140 _ 150 _ 160 _ 170 _ 180
m,, (GeV)
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'H— WW— Ivlv

e 2016 data results (35.9/fb at 13
TeV)

e Complicated final state, all physics
objects are involved

e Large signal, moderate/large
background

e ¢/u final state (shape based) and
same flavor (cut and count)

e Discriminating variable m, vs m_

my = \/ 2p4Episs[1 — cos Ag (L4, piss)]

CMS-PAS-HIG-16-042,

PLB 791 (2019) 96

CMS

359 b (13 TeV)

J

+0.2
Oyor/ Os = 1.24 56

Gype = 0.2 57 pb

+1.9
o =J11.8 112 pb

+0.74
Oyp/ Oy = 0:24 5,

- +1.96|
Owi tep/ Osm = 180 74

=071 +1.68

OSwhn

+55
lep. = 50 4 fb

H ->WW

~—— SM prediction

|yH| <25

OZH lep.

=4.1 ]

Szn1ep! Osm 071

+4.92
Oyvhnaa/ Osm = 12:88 i

+14
Oyiihad, =37 3y PP

R

(5(/)(53,\,I
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Bkg. subtracted
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CMS Preliminary 137 b (13 TeV)
= LT I T LS I LS T L T L O R
L [Jotherbkg. [ ]
[ [ Non-prompt Top quark ]
C CIww [JH(125) ]
- —+Data [] Systematics b
B Niet=° 2]
?-lﬁ E
- 5 o 50 20
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l— (eu,ue)

dN/dm, [GeV'|

Bkg. subtracted

600

500
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50

New result based on 137/fb Run2 dataset
Main challenges: control top and fake lepton backgrounds

% H— WW full Run2 differential cross section

CMS-PAS-HIG-19-002

CMS Preliminary 137 i (13 TeV) CMS Preliminary 137 b7 (13 TeV)
4% e e e B LB ) B L L - [ LS FRFLL T 2 B A T S (T R T
C [ 1Otherbkg. W<t ] %, C [ )Otherbkg. <t ]
— [ Non-prompt Top quark <4 G 20 g Non-prompt Top quark =
Eww [ JH (125) ] = C oww [ JH(125) ]
— — Data ] Systematics =] § 200~ —4— Data ] Systematics -
C ] ° C ]
— N_=1 — [ N =2 ]
E = E 150 . 2 —
;Fl:ﬁj g e :_ ; _:
- = E 50 3
[ s A s | | e * T i e P R | .
= : ' ' = 2 xf . ' ' T3
Ea:o=i=l_§_l ] 10 ; _;
g 2 E of S .
| 5o
50 100 150 200 ﬁ 50 100 150 200
m, [GeV] m, [GeV]
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% H— WW full Run2 differential cross section CMS-PAS-HIG-19-002

Overall fiducial measurement competitive with di-photon, larger theoretical uncertainties

137 tb" (13 TeV) 137 b (13 TeV)
> E ttH Q ttH
8 - CMS 102} CMS s zH
< I Preliminary E Preliminary WH
Qo r B VBF
= emmengy F
1E B ?J?\cenajmy
= .. Madgraph5_aMC@NLO
E —e— Observed
10
107'E
1072} 18
= 2 : s 2F i
1
® sty 4 | tit B e
(o RN e v A T W FT T PEY T A0 DA AR RGN ANEASAUNARAFARAAA| BAARGAR [e)
= 1u¢(w~T- PR R -
o e o
= 05f £ 05¢ |
c ; c

50 100 150 200 250 0 1 > 3
Py (GeV) N

pit = 1035517 (Zogs (stat.) T507 (theo.) T553 (lumi) Z57 (exp.))

—0.07
. . . 199
ofid = yfidgSM = 85.0705 fb

o
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Higgs decays to third
generation fermions (bb, zr)



% Higgs decays to fermions

e Direct probe of the Yukawa coupling
o Main property: BR H— fermions
proportional to mass

e H-— bband H— 7z are the most
sensitive channels
e Higgs decays into b quarks and into

tau leptons are now well established
o No evidence for BSM physics so far

e Beginning precision measurements
on the Higgs couplings to fermions

H—bb = Phys. Rev. Lett. 121 (2018) 121801
H—7r = Phys. Lett. B 779 (2018) 283-316

q

q

= 1= ‘ LHOHXSWG
= E | | WW =3
= F bb - ;
8 8
=
2 10 A =
3 el S = g
- — £ "5 e
+ L e ,
o
0102 =
%) = =
D C -
> L .
T L =
10_3 ’ :
i _|
1 ‘ 1 1 1

-4 L L L N Lo
L 80 100 120 140 160 180 200
My, [GeV]

Higgsstrahlung VH

gluon fusion (gg— H)

vector boson fusion(VBF) .
' Relevant production

mechanisms
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PRL 121 (2018) 121801
H— bb (2019)

5.1fb" (7 TeV) + 19.8 o' (8 TeV) + 77.2fb" (13 TeV)

C M S e Observed

VH, H—bb — *1c (stat @ syst)

e Large BR (58%), but difficult channel =4

. 110 (SYst)
o VH— bb most sensitive channel, also

(Compct Wuon Sclencid

Run 2 —. - 1.06 + 0.20 (stat) + 0.17 (syst)
ggH(bb), VBF, and ttH have some 2016 e 119039
o 2017 | e onruns 1.08 + 0.34
sensitivity
. . . L Run 1 ——— 0.89 + 0.38 (stat) + 0.24 (syst)
o Established with significance > 5¢ 3
Combined - . = 1.01+ 0.17 (stat) £ 0.14 (syst)
77.21b" (13 TeV) . i s . L ‘ ‘
9 0 05 1 15 2 25 3 35 4
:E) - CMS ¢ D . Best fit n
= r ] VH,Hab_b
% r [ Jvzz-bb <51 (7 TeV) +<19.8fb™ (8 TeV) + < 77.2 b (13 TeV)
.g 1000 — [57] 5+B uncertainty CMS e Observed
= — +10 (stat @ syst)
@ H—-bb m +10 (Syst)
2 stat  syst
2 L agF 2.80+2.08 +1.30
500
| VBF — ———— 2.53+0.98 +1.17
tH | — 0.85 +0.23 +0.37
WH —ae 1.24 +0.29 + 0.24
ZH | - 0.88 +0.24+0.16
L L L L L 1 L ! L L L L L L 1 L
60 80 100 120 140 160
. Combined - 1.04 +0.14 +0.14
m(jj) [GeV] et B O TR VR I sosut s i
. . . 0 1 2 3 4 5 8 9
Background subtracted distribution Best fit 24
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i 77.4 0" (13 TeV)
; : CMS-PAS-HIG-18-032
H CcMS T observation
3 ) rr Preliminary i’:.ﬁ?rféaég‘ as & BR uncertainties

Hproc
—— =0 Jet -0.40 .'2'32
e Higgs to tau decay is the second largest BR of . e . pT:eZ:Z: ‘:Zi
I o9 gt =1Je pr s 26 150
fermionic decays ié F ——t pi1120, ] 1807138
. . gé ft >2Je .47 058
e VBF H— 7z is the most sensitive, also ggH 823 o W
voul nclusive 136050
relevant WU | S DN, ... 3
. . g + VBF topology 1.00°933
e New results (77.4/fb at 13 TeV) are given in e I iy
STXS bins, and split by production mode Eit e A >200Gev 14l
>S9 % Rest -1.06°27%
e Machine learning widely used for 535 .
Inclusive 1.03:0%
categorization, 90% of background evaluated T T S
. . Best fit tproc = Tproc/O:
with data-driven methods il
. . e 35 77410 (13 TeV)
e Inclusive H— 77 signal strength I | cMS my 125 Gev
o L [ e8% cL [Jes%ctL
>€ sl Preliminary - 68% CL exp. - - 95% CL exp.
+ [ + Best fit
<“> = 0_75 :'.8:78 é _ @  Expeciedior 125 Gev SM Higgs
S 2r
=
e VH— 77 analysis has a lower event yield, but

greatly suppressed background due to :
additional leptons from W,Z decays £
o  Latest results from JHEP06(2019)093 ;

05

_ +1.4
<|JVH> =25 -1.3

1(gg—H,bbH) 25
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ttH and tH production
measurements
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%g ttH PRL 120(2018)231801

o Mtop is too heavy for a direct H— tt decay
e Several channels used H— bb, WW, ZZ, vy, 1t
o 5.20 observation in CMS 2 :
511" (7 TeV) + 19.7 b™ (8 TeV) + 35.9 fb™' (13 TeV) N
g o A |5.|1 Ifb|"|(7lTle\‘I)l+l1I9.l7fb'l‘(I8|T<Ie\{)l+ ??.Slifll)'l‘gs:'[eV) \\H
cms = +1o (stat @ syst) [ CMS —— Combined
B B ; — +1g5 (sYSt) L ----- SM expected £ 3 =
BEONW) T —i2c(stat@sysy s —= 19 Tel E :
= r —520 — 7+8TeV ] ]
fiH(ZZ") | TN (W 45 . X q t
ftH(yy) I - E * “H
fiH(T) = &8X o Faf asl
L 155, —_ q T
{tH(bb) ————t—— AN ! ]
748 Tev e D el ttH production diagrams
13 TeV — g 5:7~77~~~ R e m = — ——~7Af~~77~7—~—44‘7257_;
- \\ ’,’ 1(') .
. R Tl Pt T P B e SRS T A T il
i PN oo % 05 1 15 2 25 3 35
%, 0 i 2 3 4 5 6 7 Mo L
Hs Significance 5.2 0 (4.2 0 exp)
. 0.31
ttH sig. strength (Run1 + 36/fb Run2) = 1.26 52 27
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pact Muon Solencic

ttH— tt(H—bb)

e More data (2016+2017) and improved signal identification

ttH (H— bb) observed significance is 3.70 (evidence)

(@)

Fully-hadronic
Single-lepton
Dilepton

2016

2017

Combined

359 fb (2016) + 415 fb (2017) (13 TeV)

T T T T

CMS Prel/mlnary

1
i
1
i

-0.38

1.22

1.04

l

tot

+1.02
-1.06

+0.41
-0.37

+0.74
-0.71

stat

+0.54
-0.54

+0.19
-0.18

+0.39
-0.38

I
syst

+0.86
-0.91

+0.36
-0.32

+0.63
-0.59

0.85

1.49

+0.43
-0.41

+0.44
-0.40

+0.22
-0.22

+0.21
-0.20

+0.37
-0.35

+0.39
-0.35

1.15

|

+0.32
-0.29

+0.15
-0.15

+0.28
-0.25

5

10

I = 0/0g,,

Events / Bin

Data / Pred.

CMS-PAS-HIG-18-030

CMS Preliminary 41517 (13 TeV)

E\ T ‘ T ‘ T ‘ T ‘ rTT ‘ T ‘ L ‘ rTT ‘ T [ T |§

- DL (>4jets,>4btags) e Data [Jsignal 7

10* | PostHit Wtc  [Singlet -

E [Ott+cc  [JV+ets 3

"l W t+o [tV ]

100 @@tt+2b [NJUncertainty =

E -tf+b5 E

10° 3

10 3
1

Ll ‘ L I L ‘ Ll ‘ LI L I l | T Il L1

1 4 :_\I 1 [ LI T ‘ T [ 1 1 [ 1 ‘ T ‘ T Ll I_:

1.2f i §

TERNRNDINRRRRNNN N \\\%\ NSNRE

08F S

0 6 :_J Ll l Ll l Ll l Ll l Ll Ll Ll l Ll l Ll l Ll I_:

|
08 06 04 02 0
Dilepton final state

|
-

02 04 0.6

BDT discriminant
G. Bagliesi -
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f Z tH, Yukawa coupling sign extraction  pro s (2019) 092005

e tH production cross section in SM is suppressed (~90 fb) but is sensitive to
Yukawa coupling sign due to diagrams interference
e High values of tH cross section can indicate new physics

CMs 35.9fb~" (13 TeV)

“r Lk
[ : —e— Observed

L pp — tH+1tH
b _ ---- Expected (SM)
B\ H—WW/ ZZ./ 77/bb/YY —e— Observed (Multilepton)

[ % i
| v = 1.0, resolved — Expected (Multilepton)
3f \ ] —e— Observed (1)
1
Y 1
1

W H [ - Expected (v7)
25\ —e— Observed (bb) /i

i 1 o
L X Y _ 1
[ 5 - Expected (bb) A
20F ! /
[ _‘ ! /'
[ 5 \ ll
t v i 140
151 \ \ | 7 /
E % 1
[ \ 17
* \ 1;
[ \ H
r i i
ok S /\ /
% 1 ;
% \ I,’
4 /.
\
~ ~ K/ ’
: L

g

—2AIn(L)

e Several channels used: H— bb, yy, multi-lepton
e tH searches similar to ttH except lower multiplicity events
e Data favor a positive value of y, SM by 1.5 0 o
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Higgs decays to light
fermions (cc,uu)



PRL 122 (2019) 021801

(Compct Wuon Sclencid

H— uu

x10° 35.9 b (13TeV)
. 3 CMS All categori.es
e H— uu very challenging at LHC i o - i
8 ) :
o Very small BR: 2.2x10* + large Drell-Yan : B S )
oF "
= I

SM x10

and tt+jets backgrounds

o Search for a narrow peak over a falling
background in m,, distribution

o Excellent muon momentum resolution in
CMS — O(1%) m,, resolution

e Upper limit is set on signal strength

S/(S+B) Weighted Events / 0.5 GeV

m Od Ifl e r: . 5.0fb" (7 TeV) + 19.8 b (8 TeV) + 35.9 fb™ (13 TeV)
CMS - serve
ﬂa(H)XﬂH—)ﬂ#) < 2-9 ObSl (202 eXpl) @ 95% CL 6 - E:pecte:(background, 68% C.L.,95% C.L.)
=== Expected (SM m, = 125 GeV)

|Il||||\|‘||||||\|\

95% C.L. Limiton o/cg,,
N w
| I

More results will come soon...

1

| | | | | | | I
0
120 121 122 123 124 125 126 127 128 129 130 31

m [GeV]




CMS-PAS-HIG-18-031

(Compct Wuon Sclencid

H— cc

BR(H— cc) is 2.9%, similar to 7z, but with a background much higher

New CMS analysis optimized with categorization on leptons, and use of ML

Using VH channel with W and Z decaying leptonically W— v, Z— I, v

Used both c-jets resolved on unresolved (merged) separated with specific algorithm
Limit on u <70 (u<36 expected)

Most sensitive result to date, but still far from SM prediction

BDT for 11 (e), cjets resolved channel

35.9 1" (13 TeV) . 35.9fb" (13 TeV)
P PSRN ¢ - Gl 5L P e e
10"t cms ¢ Data mvze-w 4§ o5 CMS ~—ovservea [l VHHoDD) ] CMS Preliminary 35.9 10 (13 Tev
°>)10‘0 o= Eng'her =§\i,"9'e'°p E i E Preliminary [ vz@z-ce) ] vV(other) b T
i reliminary mt +CC 1 r —d .
- Besaed i) I Vst [ Wablo r S —— Ml sngetop [t ] g'(—pr:mSM
108 E 1L (e) Z:;%,Zg -ift;?c 1 20— 2L (up) [ z+ets I VH(H-co), p=21 | Obs =83xSM
= E =
[ Signal Region [Z+udsg Il VH(H-cT), p=41 I High purity —— VH(H-ce) x 100 £538 S+B Uncertalnty ]
106 L [ VH(H—bb) % S+B uncertainty  _| r i
= VH(H—cT)x100 ] 15 = L
L y ] Exp.=72xSM
| 0Obs.=110xSM
101~ =
1 2
] Exp.=57xSM
Obs =93xSM
Combination % iohe
1 2 Exp.=37xSM ; ;/l;:lan ex;:?ed
e T ‘ T Obs.=70xSM — g ::iaed
w 1.5 * L L
> 1 oo -0 o 000 0 * ;‘iﬁiié 0 50 100 150 200
e R S A R, 95% CL upper limit on u(VH,H-cc)
0 0.2 0.4 0.6 0.8 1 60 80 100 120 140 160 180 200 32
BDT output Higgs candidate mass [GeV]
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CMS

5 production modes
ggH, VBF, WH, ZH, ttH
6 final states

H— py, ZZ, WW, 77, bb, uu

Overall uncertainty ~10% on
current combinations

Improved results expected
soon with full Run2 analyses

. Combinations for Higgs production and decays

359fb' (13 TeV)

CMS @ Observed
- +1c (stat @ syst)
+20 (stat @ syst)
. = +10 (SYSt)
3 ggH -o-
Hyge ———
uWH
uZH
1 :
¢ ttH !
u .
ool |

| 11 A 1 L1 | 11 ! L1 1l 1
0 05 1 15 2 25 3 35 4
Parameter value

J;

= ———
] (07)sm

EPJ C (2019) 79:421

359" (13 TeV)

CMS @ Observed
w t1o (stat @ syst)
+20 (stat @ syst)
. w116 (SYsSt)
' o
n#z . -
u 111 .E
1o B (o
nu ;
H :
| -t Ll 1 I | 1 i | | | - 1 | - |
-2 -1 0 1 2 3
Parameter value
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pact Muon Solencic

3000/fb expected at HL-LHC
many detector improvements
achievable precision for Higgs

measurements

o  Few percent on most Higgs
cross-sections and couplings

o  Significance about 2.6¢ for Higgs
self-coupling measurements

o  Higgs width is measurable within 1
MeV

o  Many measurements are limited by
systematics uncertainties

m  More work needed (theoretical
and experimental)

C MS w/ Run 2 syst. uncert. (S1)
. 2 w/ YR18 syst. uncert. (S2)
Pij eCtlon w/ Stat. uncert. only
i
0.01 (Stat); 0.03 (S2); 0.06 (S1)
—_=
0.03 (Stat); 0.04 (S2); 0.05 (S1)
———
0.05 (Stat); 0.06 (S2); 0.08 (S1)
—_
0.04 (Stat); 0.06 (S2); 0.07 (S1)
—_
0.02 (Stat); 0.06 (S2); 0.10 (S1)
0 (0} |

Prospects for HL-LHC

3000 b (13 TeV)

0.2 0.3
Expected uncertainty

arXiv:1902.00134
CMS-FTR-18-011

3000 fb™! (13 TeV)
CM S w/ Run 2 syst. uncert. (S1)
- - w/ YR18 syst. uncert. (S2)
PI'Oj ection w/ Stat. uncert. only
-
0.01 (Stat); 0.03 (S2); 0.05 (S1)
=
0.01 (Stat); 0.03 (S2); 0.04 (S1)
—
0.02 (Stat); 0.03 (S2); 0.05 (S1)
—
0.02 (Stat); 0.05 (S2); 0.07 (S1)
- =
0.02 (Stat); 0.03 (S2); 0.04 (S1)
—_— 1
0.09 (Stat); 0.10 (S2); 0.13 (S1)
0.1 0.2 0.3 04

Expected uncertainty

e  Scenario 1: all systematic uncertainties are kept unchanged with

respect to those in current data analyses

e  Scenario 2: the theoretical uncertainties are scaled by a factor of
1/2, while other systematic uncertainties are scaled by 1/7/L
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‘| Conclusions

e | HC experiments are producing a large number of measurements on the
Higgs boson

Mass and width are being precisely measured

Five Higgs decay modes observed: ZZ, WW, yy, bb, 7t

Four production modes exploited: ggH, VBF, VH, ttH

So far SM is completely confirmed

o But very precise measurements are around the corner to probe the details...
Many analyses are ongoing with the full Run2 dataset
New precision results will come with HL-LHC (3000/fb)

o Including the observation of the higgs self-coupling
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e

Backup
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> H— 41 - STXS measurements CMS-PAS-HIG-19-001

Simplified template cross sections (STXS 1.1) are defined phase space regions
agreed between theorist and experiments to improve sensitivity to new physics
and simplify the combinations of results between ATLAS and CMS

CMS Preliminary 1371 fb" (13 Tev)

T [ 0 R R [FT G W [ Gt [0 T

m,, profiled = v

P Ggy (tb)
I ] ggH-0j/pT[0,10] o.s@%’z 0.80
ggH-0j/pT[10-200] 1.06%;; 253

H H X
py [0,200] pr [200, o] ggH-1j/pT[0-60] 0.78:%:2 0.88
T ggH-1j/pT[60-120] 0.82% s, 0.57
[ T ] ggH-1/pT[120-200] 1.52%) & 0.10
— 0jet — 1t > 2-jet ggH-2j/pT[0-60] 1.4743% 0.16
# = ggH-2j/pT[60-120] 1.59,*;’_;'{,: 0.23
Dy | | | ggH-2j/pT[120-200] 1.16%0~ 0.11
0 ggH-2/mJJ>350 0.00% 25y 0.10
m;j; [0, 350] m;j; [350, co] ggH/pT>200 04771 0.07
< +1.91

p Meis qqH-2j/mJJ[350,700] 1.7157; | 0.05
10 T o qqH-2/imJJ>700 0.93% 17 0.07
0 350 qqH-3/mJJ>350 2.89%2% = | 0.04
qqH-rest 0.00%2 | 0.25
60 700 qqH-2j/pT>200 0.00% 0.02
VH/pTV[0-150] 3.217% e 0.11
1000 VH/pTV>150 0.00% > m—1 0.03
120 qqH-2j/mJJ[60-120] 0.57% 2 |-m4— 0.05

500 1500 fHH 007557 8] 1 908,

0 2ot gx 2 3et o piti == oo 012345678910
0 =< 25=" 60
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