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Input to global EWK fit

(in parenthesis the order followed in these lessons)
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© Z-pole observables
@ Standard Model
@ Z lineshape
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© Asymmetries
@ Forward-Backward Asymmetries
o Left-Right Asymmetries
@ Tau polarization
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© W mass and width
@ Motivation
o At LEP II
@ At Tevatron and LHC
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Q@ Top mass
@ General technique

@ Lepton plus jets
@ Dileptons
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© Higgs mass and features
@ Searches and Discovery
@ Mass
o Width
@ Spin
e Coupling
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Searches at LEP

e Dominating production mode at LEP (I and Il) was
the | Higgs-stralung|.

@ Direct production ee — H possible

o? Eopr- 206 GeV : The H'\sgv;:i\;bnh\ung
» H coupling to fermion o< ms
— negligible to e*

o (fb)

”“’9‘% I
@ Second process is | WW fusion |k
@ Higgstralhung drops when the available -
Vs > Mz + My: e
> /s =206 GeV e .
» My < 115 GeV F :
» Higgstralhung wall ;
e dominant H decay into H — bb :

167! i
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Final states considered: ZH
e H — bb,
e Z — qq, high BR
o Z — Y/, clean, low BR
@ Z — vv, invisible Z

Analysis based on H — bb invariant
mass, b-tagging, NN, L, ...

e For My =115

@ seen 17 events
(with S/B > 0.2)

@ expected background 15.8
SM higgs signal 8.4
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Most significant events

Including ALEPH 4 jets

measured H mass=115 GeV

H mace recalution ~3 (CeV
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Q= L(data|b)

_ L(datals + b)

2= i
A : 4 experiments results

—— Observed
~---- Expected background
2 Expected signal + backgroupd
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m(GeV/i)
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-5 | -vvr- Expected background 7
27 Exfected signdl  backgrdund

Il 1 1 L loiol 1 1 L
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m(GeVic)

, —21In Q negative means that (s+b) preferred (ALEPH)
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4 channels

—— Observed

-5 | ===+ Expected background : E
- Expocted sign + backgroued .|
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LEP final results

25 R
) <t
=20 10 ¥
N F
13 107k
10 10 _3; —— Observed i
3 Y badcstound"
10 ¢ E
0 E |
—— Observed L ] -5 |
I Expected background E 10 ¢ 1153 4
F ------ Expected signal + background ] ] E .
£ Test signal + backgroun ‘ 7 -0 N 9
7 R T i i e IR R N J7) R T A Wil
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LEP Il excludes a SM Higgs Boson with My < 114.4 GeV 95% CL (expected 115.3 GeV)
LEP | excluded up to 65 GeV
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D
. Abzzd  Searches at Tevatron

Cross section (pb)

Excluded by /EP)

@ Main production modes:

> gluon fusion (gg — H), 00 120 140 160 180 200
» associated production (Higgstralhung) Z/W — Z/WH,; i

g Total inelastic
@ Searches in associated production for additional tagging; S
o final states ™ "
> WH — e/uu+ bb $ il
» ZH — ee/pp + bb . W
» ZH — vv + bb g Al Z
» gg > H— WW — evev/uvuv/evuv 16" 7
tt
@ b-tagging, multivariate technique, similar to LHC; G —
16" Higgs Z?;?
10" i

100 120 140 160 180 200
Higgs mass (GeV)/c2
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D
. Abzmd  Tevatron results

Background subtracted discriminant Background an signal vs /B

Background subtracted My, for all Higgs channel

(CDF+D0) fogsoa” Channels .__ 10° Tevatron Run I, L, <10fb!
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88007 1+2 b-Tagged Jets $ 150 ki 10tk ..
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=
» abzmd  Tevatron results per channel

In L for H - WW InL for H— bb
o R
2 50 B LLR, *1sd. Tevatron Run Il, L <10 fo! '% 25 = Tevatron Run I, L, <10f’ PULLR, 1 sd.
To40p O ttgb +2sd. SM H—>WW Combination = 50 £ SM Hosbb Combination LR, +2sd.
3 --- LLR, o --- LLR
o o] b
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H — WW most sensitive to My ~ 2My, ~ 165 GeV, H — bb lower mass, no contribution
from H — yvy/77
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Expected and observed CL limit
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Tevatron combined results
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D
Discovery at LHC: 4 July 2012. ATLAS

H—ZZ - 4
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D
Discovery at LHC: 4 July 2012. CMS

H— 77 — 4¢
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CMS: H — ~~ split by category
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D
Moving on

Today dicovery of the Higgs boson is established w/o doubt
major effort it to establish/measure Higgs properties:
Is it the SM Higgs or not?

@ Mass
o Width
@ Spin

@ Coupling to fermions/bosons

Exploit all possible production and decay channels J
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Production mecahnism at LHC
g q q q wz g t
——-H ---H -=-H

N
A

A Y
g q q q g t
gg—H VBF VH = WH or ZH ttH

@ gg — H gluon fusion:
» Highest cross-section but “isolated” production, no associated objects.
@ VBF vector boson fusion:
» Presence of two forward-backward associated jets;
@ VH associated with vector boson:
» Clear signature from V = Z/W decay;
e ttH/ bbH top-associated production:
» Rich experimental signature, but low cross-section.
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Cross section for My =125 GeV

¢ (nb)

proton - (anti)proton cross sections

<F /
3 o, d

"
F 0,,,(M,=125 GeV)

T — — 10°
3 O T
3 Tevatron ~ LHC r:c 10
E ‘ [ A1)
3 410°

%y

13
3 et

G, (E > Vs/20)
E
r Ow

S
F o, (E" > 100 GeV)

F

[ oun(M,=125 GeV) Jo
F 4 10°
wiszore
L L 107
01

1
Vs (TeV)

events / sec for £ = 10% cm®s

Vs 7TeV 8 TeV 13 TeV
Process o [pb]
gg + H 1513 1927  43.92
VBF 1.222 1.578 3.748
WH 0.5785 0.7046 1.380
ZH 0.3351 0.4153 0.8696
ttH 0.08632 0.1293  0.5085
bbH 0.1558 0.2035 0.5116
s N
;S" ! ‘E " oo ratios of LHC pam;n luminosities ‘ ,"
o i 14 TeV /8 TeV and 33 TeV /8 TeV. /
o(14TeV)/o(8TeV) é o |
gg—H |2.6 (Mx=Mn) (] s
qq—qqH | 2.6 (probes highMx) @) ("~ —&
qq—VH [ 2.1 (Mx=My+My) ° B ‘ | T
gg—ttH |[4.7 (phase space+Mx) ® b 100 M (Ge\;;)00 1‘0200
. J
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=
Decay

My =125 GeV is a gift from nature: many different decay channels are available

—

I
LHC HIGGS XS WG 2013

e

e
o

Higgs BR + Total Uncert
L1 HH‘

-y
=
(o8]

‘1 80‘ ‘200
M, [GeV]
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= |
» abemd  Decay channel exploited

Y
o H— bb B =57.7% h%
very difficult for QCD b background; w Y
o H— 17171 B =6.3% %
marginally better; h<E:i
e H— WW B =21.5% t,b 't

W — lv easy, but 2 v in the final state;

o H—2Z B =2.6% " ‘ﬂiW/Z
Z — 20: golden channel; |} 777

o H— 1y B =0.228% i
via loop, low BR, but M., peak visible; b,

o H — invisible B =0% h.<

visible only in associated production;
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What have been searched for

@ Basically all possible production/decay channels have been used,;
@ Some (eg H — pp) has expected yield < 1 with current luminosity;

Stefano Lacaprara (INFN Padova)

H— ‘ vy ZZ WW bb 71T pp inv.
gg—~H | v v v v / v
VBF v 7/ v v /7 v
VH v  / 4 /X 4
ttH v 7/ 4 X X X

Fit SM
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H — vvy: CMS [1, 2]

@ Small peak over rapidly falling continuous background;

,_‘
S
3
3
38
T

» problematic with high PU;
» combine info on tracking recoiling against vy system
» and -y conversion pointing direction. 1000F

5000

o key element is ECAL resolution and stability; Wlf'ghted (.W = S5/(5 + B)) sum of
. . all categories.
» Use Z — ee sample to calibrate and monitor ECAL & )
CMS Preliminary 77.4fb" (13 TeV)
response; 3 sy 1 B
. . EOT All categories ]
» CMS has 1 — 1.7 Xj in front of ECAL:  conversion g’sooool S/(S+8) weighted E
reconstruction is crucial; L%zsooo: o E
» BDT ~-jet to identify ~ T 20000 5?;;'“”"”“‘
. ‘e . = £ " E
@ vertex identification; §15°°°§ =20 ]
g
o
&

o
T

"B corhponeﬁt subtr‘actecki

@ Many event categories sof E
» according to v ID (MVA) 3 o !

> production channel (kineamtics) 7502; R R R ¥ T R T R TV R R

* tH, VH, ttH, VBF, untagged; M (GeV)

> associated object decay: leptonic, hadronic, MET
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';ﬂ Many categories ... (run | [1])
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3 3 H e I L
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iy Gewy
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D
H — ~~ categories breakdown [1]

CMS Simulation H-yy 35.9 fb™ (13 TeV)

W oot B veF i [l boH Btg  Eew
M wHeptonic [l zH leptonic WH hadronic Il ZH hadronic

Mo, Mo, B s/(s+B)

[SLIEGLELNOE 32.5 expected events
[SRERECCEl 469.3 expected events
Untagged 2 [EEREGEMCREAENTS
Untagged 3 [CPZRCEIGIEMEL AN
VBF 0 [EERENGEREREVENIE]
N3Nl 8.0 expected events:
VISVl 25.2 expected events
ttH Hadronic
tH Leptonic
pRRS Sl 50 5 expected events
WH Leptonic expected events
VH LeptonicLoose
VH Hadronic

VH MET

10 20 30 40 50 60 70 80 90 100 5 g5

0 01 02 03 04 05

1 15 2 25
Signal fraction (%) Width (GeV) S/(S+B) int o,

Different categories have different M., resolution, S/(S + B), and are sentitive to different
production mechanism (small to bbH)
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j=1.16 + 0.11(stat) +
0.09(syst) + 0.06(th)

— +0.15
= 1167915
(was £ 0.25 at 7 + 8 TeV)

CMS 35.9 fb! (13TeV)
; HA\‘/y ﬁ‘:1,1s‘j‘;:}‘ ' ' B
N — statesyst 7
’ — statonly

m, profiled

o cL

z
S
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ggH 0J

ggH 1J low
ggH 1J med
ggH 1J high
ggH 1J BSM
ggH 2J low
ggH 2J med
ggH 2J high
ggH 2J BSM

ggH VBF-like

qqH 2J-like
qqH 3J-like
qqH other

H — ~v: CMS results [1]

individual prod channel significance:

ggH > 50, VBF 1.10, ttH 3.30, VH 2.5¢0

CMS preliminary 77.4 b (13TeV) CMS 35.9 fb (13TeV)
T T T T T T T T T
H-w = Observation n Hoyy —m— Per process 68% CL
11748 N .
[ 15 N H 10277 SM Prediction
7; . SM Prediction - 99 [ % . |
5
~ - m, profiled
,2*;1 —— m, profiled - VBF | o8 Fad "
187 L _
[ o8 | ftH | 2072 ——
a7 —e— 7 L |
[ osx | WH leptonic | 307 —a—
[ 28 = _ - |
[ oo . | ZH leptonic | 007 W—
13% = -
foo* i - VH hadronic | 5172 ——
0.0 % L L L Il L L L L Il
2 z ) Q 5 ) 2 0 g g
Foroc! Tpeo Oprod Oneo
CMS 35.9 b (13 TeV)
T T T T
Hoyy B Combined 68% CL
L —m— Per process 68% CL
ggH 11072 - F
r Fegmnes = 118503 ]
VBF | 087 m,, profiled
ftH | 221
VH 4ty —a—
z 5 3 7 ¢ 8
it
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H — ~~: ATLAS results [3]

[ ggH[I ver| ' wH [l zH [l gozH [l ttH[IlbbH [ tHg | tHW
ATLAS Simulation  H -y, m, =125.09 Gev

i had BDT2
i had BDT3
tHhad BDT4

thad 4i1b
tHhad 420

VH diep

VHlep HIGH
VHiepLOW
VHMET HiGH
VHMET Low
JerBsm

VH had tght
VHhad loose
VBF tight high pi4
VBF loose, high pS
VB tignt, ow S

VF looso,low pit
agH 2085
9gH 2J HIGH
agH 20 MED
agH20L0W
agH 148SM
aoH 1UHIGH
ggH 1J MED
goH 1JLOW
ggH 0 FWD
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0 0102 03 04 05 06 07 08 09 1
Fraction of Signal Process / Category

Stefano Lacaprara (INFN Padova)

similar analysis, even more categories (32), sensitive to
different prod. channel

T T T T T T
— ATLAS
-1 —e—i
Vs=13TeV, 36.1 fb F—e— Total Stat.
H = yy, m,=125.09 GeV Total  Stat. Exp. Theo.
+06 [+06 +01 +01
Yop [~ F—e— W, = 05 Zog L-os -01 -o0 }
109 [+08 +02 +02
Yoy = ——e— u,, = 07 Zog [—0.8 -02 -04 }
+06 [+05 +03 +03
N h—eo—H W, = 20 [,g [-o,s -02 -02 J
+019 [+016 +0.07 +0.07
MggH — re M ogH =081 [ [—0.16 -0.06 -o.os}
) _ +0.15 [+042 +0.06 +0.07
Meune [— oo el Mane =099 Zoa [-0.12 ~0.05 _o.os}
+0.28 [+0.23 +0.10 +0.12
HRun_1 [— sHenNo |-@—H Yot = 117 o2 [70.23 -0.08 —0.08}
co g b b by b v b b b b

1 2 3 4 5 6 7
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D
H — ~~: differential cross section CMS [4], ATLAS [3]

Signal so clean that differential do/dpt ,do/Njess possible

CMS Preliminary 35.9 fb™! (13TeV)

g S [T T T T T T T e T T _ ‘ ‘ ‘ ‘
E - )

() 10 EH- vy LG LS YRA.m ~125.06 Gov 3 = 42 ATLAS B8 gg—H default MC + XH [l Powheg NNLOPS + XH
10) F -m,= ] & [ 4 Data, tot. unc. [ Syst. unc. B NaLo+ xH |8 GoSam+Sherpa + XH
o) + Data ggH aMC@NLO + HX [ H—yy, s=13TeV, 36.1fb" B NSLOWVE + XH fl  Sherpa (wersenio) + XH
£ 10¢ = [ antik, R=04, p.>30 GeV T @ STWZBLPTW+XH [B MGSaMC@NLO + XH

:/ E U aom powreG +1x ;%“ E ! T NNLOJET + XH B XH = VBF+VH+ttH+bbH

=+ E = ] =
o £
° E &

b:g n 8 —g
-1l ks B
© 10 E E] .
E s 2 I - 209090900 SRRRRRRRR
- . B 0
107 ‘ : ﬂj
£ 3 L
= E z T T T T T
-3 _ X
10 ] T, i 1
« s
: R — 4 = e —
: 3 L oty
2 g %Vﬂf ] i v T ] w
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D
- H — ZZ CMS [5]: golden channel
o four ¢, high pr, isolated: eeee, eeup, ppspip

‘CMS Simulation Preliminary 137.1 1b” (13 TeV)
> narrow peak (M, o ~ 1 —2%)
O . . NGB 1761 xp. events
» handy Z — 4/ peak to calibrate lepton scale and resolutionzes
13.80 exp. events
* tagged
» one Z on-shell (other Z*) Vi acronic R
iag 7.5 oxp. events
» (small) background from ZZ and Z + X ienonc R
4E . ﬁH‘-:adrgnic
.
@ use also pT and angular correlations between ¢ e
tagged
o ggF, VBF, VH CMS Preliminary 2016 + 2017 + 2018 137.1 ' (13 Tev) CMS preliminary 5.7 fb™ (2018 13 Tev)
S 240 PP TR R S 120 R R A RARES <
3 220:7 4 Data E () [ sde ] 0182
& E [EIH@25) | o [ "2‘042 ] 016;
a01re N ~ 200F- Oqa-22,2y* r100f- "2 B <
> 9MS Pe\mnTryzma 2017 +2018 137113 Tey) @ E % Moo -2z 2y ] EN 007 1B <. <130 Gev ] S
8 350~ & Data = S 180 Wz = L o 4 0.14|_|>J
53 £ [EH(125) 3 > E 3 [ ]
5 0 ERN TR B 80 —Ho.12
g £ | 140 3 r 1
o 290 E 120 E L ot
200 ; é 100~ 3 60~ -t Ho.os
150; E 80f E [ oLt Ho.0s
£ 3 60 3 a0k LU ]
E E E 3 F Ho0.04
100 = 40;7 % r = :. 1
C 7 E IE 0.02
sof= 4 0= E g : ]
0: B 0 80 100 120 140 160 40 50 60 70 80 90 100 110 1260
400 500 m, (GeV) m, (GeV)

m, (GeV)
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.- H — ZZ: MELA [5]
Bolo I Matrix Element Likelihood Analysis

@ Fully use the polarization information of the |
H— ZZ* — 00+ ¢4 decay; CMS 35.9 b (13 TeV) -
. . * de e untagged ¢ VH-hadr. tagged =
@ define 5 uncorrelated angles which fully e 4y e VBFltagged oG a0 P
. . . 2e2 VBF-2j t: d 2<
determines the decay kinematics; e t: : v VBF-2jtagged . fiH tagged 125
. . . el
@ using ME build probabily for S and B (ZZ) O e 1
ey T ; 08 "
o then build likelihood-ratio discriminant D" i =
L. . [ "% - 08
e very sensitive to J© of initial state 06 i
. J f L s
L (e ol
0.4p
r 0.4
02 e
L e, e 0.2
A G A S g™
A N
0 110 120 130 140 150 160 170

m,, (GeV)
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D
<

H — ZZ: Results [5]

o 1 =0.94+0.07(stat.) + 0.08(syst.)
@ differential cross section

> vs /5, P, Niets, P’-,e-t
@ also direct limit on 'y < 1.1 GeV ©@95% CL

CMS preliminary 137,110 (13 Tev) CMs 35.9 fb' (13 TeV)
FrerreT P T R R AR e
- H-2Z -4l £ 10—
m, profiled o) 2
o
g Obsorved
ggH.bBH 0.96% [t 5.55 - Expected
o
VBF 06208 | H=—p 0.45 L
WS
VH 11308 | —fe—— 0.27 E 4
2 -
fHH 0.1370% f-—1 0.06 L g% o]
o) [
0051152253354455 T T Y PR I
olo, 5 1 15 2 25 3
M T, (GeV)

Stefano Lacaprara (INFN Padova)

Fit SM

5.11b% (7 Tev), 10.7 b (8 Tev), 137.1 b (13 TeV)
A AN A R R A s

CMS Preliminary 137.1 b (13 Tev)

Padova May 14, 2020
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H — ZZ: ATLAS [6, 7]

Very similar analysis — == =
H-22' >4 ooy oo U
1aTeV, 36,1 1" I ooF-iHoh g 1

oo

-

mostly sensitive to ggF

differential cross section also measured
tensor structure of SM studied (2HDM) T

w=1.29+0.18 £ 0.8 (ypF is a bit high) 001 62 05 04 05 05 07 08 08

Expected Composition

Reconstructed Event Category

& J
PR e ‘ ‘ ‘ ‘ S S
® £ * Daa 1 < E & Daa — ATLAS + Expec
G eob ATLAS pwmscn | 8 g0l ATLAS o 125600 L Hozz »a = PN
0 F V513 Tev, 130 " - 1 o E fs-13Tav, 130 fo" - b Je\/;‘GsGHb“ v S Procicton
SN y400 e, v E 140 115 < m, <130 Gov -z [ Reduced Stage 1-ly,| < cBlo] (oB), (o) |
g1, ——ei a5 [ w om]
£  Uncert 1 [ P 0 o w0 7s0s50
@ £ 3 120 V) 99F-0j | |
¢ 120 . i I R—
100F ? 4 100« goF-1j-pli-Med | = 16070 12020 |
g ] i b it R s ot e )
80 Y | E oo - = 2070 14030
60 3 60 Rt o VBF-plLow | - " wotg  msx2r |
E ? ] . i g fGeV] VBF ol High |+ . 5 607 i
40¢ ‘4 % s E @//?///”WWW/ P2z VH-Had X5 TR
20E + p 7 $ 1 20F VH-Lep 5 ey e |
£ 444 i ‘ LR e e
%0 90 100 110 120 130 140 150 70 0 6no  &n1 Enz  Bna  Ena 0 2 4 6 8 10
G‘B/(GB)SM

m,, [GeV] My, Vs. My,
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H— WW

Large B, consider W — (v (B =10%)
prod: gg/VBF/VH ~ 25/1/1.4;
clean final state, but with 2 v.

» No Muw reconstruction possible
» reconstruct My, mass

» and My = \/2p4rZE’T""55(1 — cos Ag)

large background 500-

cMs 491b™ (7 TeV) + 19.4 b (8 TeV)
: —

- data top m,, =125 GeV
— H—-ww [l DY+jets
1000 W+jets ww

B wz+zz+vvv

eu O-jet

CVEIIS 7 U.0

Events /10 GeV

Selection

» Opposite charge ¢, MET

» Use W polarization from H decay to reduce WW
background

» control regions for background normalization

@ categories for 0,1,2 jets, additional /s
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>

“-D

el H — WW: results CMS [8]

~

e Signal extraction based on My, My or AR;)"
(zH)
@ many categories, as usual. ..
e significance 9.1 (7.1 expected):
o 1 =128+0.18
[V 35.9 fb (13 Tev) CcMS 35.9 b (13 TeV) CcMS
T &y 1 Fmows | =y 2
Ay S B
£ i B o= 5 b
s 3 ] 200f
ol Hﬁ‘gﬁz;igé 150F-
2c>~—'_ —f S0
- e e P ' i 3 ™
| SN b
% ) £ B 0 W w o 0
Stefano Lacaprara (INFN Padova) Fit SM

Ch vs Prod
CMS _simulation

0-et DF ggH-tagged (TR

35.9b7 (13 TeV)

0-jet SF ggH-tagged |JIPYTETRTTY
1jet DF ggH-tagged \ERREITITS
T-jet SF ggH-tagged IFPRESTINTY
2qjet DF ggH-tagged |JIETEETSTTY
27t DF VBF-tagged [JETIPYSTRNTS

2-jet DF VH-tagged |ETXRRTSIY

3lepton WH-tagged |IERTETETS

a-lepton ZH-tagged IR
! v

v
0 0.1020.3040506070809 1
Signal fraction

35.9 fb (13 Tev)

e
=
we cMS 35.9 b7 (13 TeV)

4 baa - HoWW

- —— Combination

B =138 05 4
- SM
E +0.66

By =029 b 28 0

|2 mamaiR

=10 7

2
1,
min AR, -

0 1 2 3 4 5 6
sl
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D
B L ATLAS results [5]

4 N\
o WW — evuv, categories: N jets=0,1,> 2
@ measured ggF as well as VBF cross section;
o sensitive variable are: My, M7 and psvblead (2nd )
e significance: ggF 6.30 (7.1 expected) - VBF 1.9 (2.7)
o figer = 1.21 4 0.2, uygr = 0.62 % 0.36,
(. J
3 2000 T Ba’ ! Uncerainy |
O 18008 ATLAS W, HHe 3
2 1600f H-WW* - evuy, Niw < 1[0 tiwe [l ww E
g 14000 E=13Tev,36.1 1" =\Z/:/V‘ [ Mis-id
fir) > 1400 T T T T T T T al >
$ ATLAS -4 Data ' Uncertainty 1 8
0 1200 4 wws - evuy, Niw=0 Wy E e = w0
> R T [ twe [l ww | o
£ 1ong Vs=13TeV, 36.1 fb By O visla E 3
& m|w ] 3
| w
e 90 15 20 25 30 35 40 45 50 55 60
e m, [GeV]
Stefano Lacaprara (INFN Padova) Fit SM

ggF vs VBF

T T
ATLAS ot Total st B Syst == sM
(5=13TeV,36.1-79.8fb"
Total Stat.  Syst.
1iH (0B) b 079% 33 (£ 33 ,£053)
iH (mulilepton) HE— 186 08 (x93 ,x 53
tiH (W) === 1892 08 (+ 058 £ 0F)
1iH (22) e <1.77 at 68% CL
Combined Hee—H 1822 02 (£018,% %)
| | | | |
-1 0 1 2 3 4
M
O/ O3
1400 T T T . T
Data  \\ Uncertainf
ATLAS o v
1200 B Hye  E M

1000

80

600

40

20

H W evav, Nin =0 = o

, 1
{s=13TeV, 36.1 fb Hzy [Ousid

o w
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{B H— 711

@ Direct probe of coupling to fermions;

@ sizeable B Had/Hac LepiLep Lep/Had

> use all 7 decay channel
fex(s) fex(s)

> leptonic and hadronic
e most powerful variable M., op ~ 10% 30'22?{ T VEE | ATLAS 1
& 0.2 s
» My =125 GeV close to Mz =91 GeV 0 018, — Z-T Myeo(Z ~T) = 924 GeV |
» use kinematic fit of M, using visible products and g 0-165 -------- H(125)-tr  Mpeal ~TD=1232GeV
< U.lb FWHM/m_,, = 30 % E
MET . . £ 0.14- e
» Z — 77 background estimated via Z — uu and i ]
replacing p <> 7 < 0'12? E
. . . = 0.1- =
@ many categories according to production 2 008 E
mecham.sr.n 0.06; 7
> add!t!onal L (VH) 0.04- E
» additional F-B jets (VBF); 0.02 E
> boosted topology; S I et SN
> 0/1 jets; 0 50 100 150 200
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INFN

H — 77: CMS Observables [9]

-

(Distribution for signal (left) and background (right) )

ggH - (Ojet, pr,)

Z -yt (Ojet, pt )

in uty final state:

Probabilty density

@ M,s in O-jet category (visible 77 mass)
> 1 prong
» 1 prong +7°
> 3 prongs

Lprong  Lprong+7¢ 3 prongs

@ M, in VBF category (77 using kin fit)

Probability densiy
Probability density

@ M., in boosted categoty
Several control samples with enriched W-jets, QCD, tt

10 107 10° CMS 35.9fb(13 Tev)

@
s Smutation 137ev 2 25} W jets CR (m >80 Gev) £ 35} oco cr (0, pinon is0)
s > S i, Ojet S 4| i, boosted
Qs § w Wl [ +Dbsevved 7w
£ : )
E 15| — .
g —— Zopwee | ivjets
& I =
—
05, —
21 21
g | | 2 =
= 0 § 1 1 é 1 Others Bkg. unc.
™, (Gev) O T 0
- J me (GeV)
(. J
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H— 77:

CMS results [9]

my (GeV)

g
8

0 50 100150 200250300 ]
G
—— Ojet T, Ma (GeV)

35.9 fb (13 TeV) 35.9 b (13 TeV)
> T T T T > 1800F T T T T 3
& ik CMS 4 3 8 CMS =
S SEI O ook a Frommg
2 b+ ] 2 - -
2 30f +omenn 29 3 210 R E
2 2 g [Deta e
o 15} 4 1200 B E
3 B -
£ 05 3 Z100 » E
= ﬁ =
[ [}
= 0 50 100 150 200 250 300 3 800} N
o o
+ +
@ @
@ @

m =
10F W VBF: €, e

50 100 150 200 250

3

me (GeV)

Stefano Lacaprara (INFN Padova)

=
5
8

8
8

e &

VBF:T,T,
.‘ B Boosted: 11, e, ey

200 250 300
my (GeV)

50 100 150

@ signal searched in ggH, boosted,

@ Combined: 5.90
e 1 =1.07 £ 0.20(stat) & 0.15(syst)

VBF, and VH (not separately)

» significance 4.70 13 TeV.
» 3.20 at 7+8TeV

35.9 b (13 TeV,

35.9 b (13 TeV)

Odet

w080
we0sa 08
Boosted
2117 4047
wea7 104

VBF

1110034
w1103 ]

Combined
w108l

CMSs

T,

156 4040
4136 1040
M o
a4 g
er,

55050
=058 1080

ep

0631089
u=058 1089

Combined
=199 026

2
Best fit p = O‘/O'SM

Fit SM

2
Best fit p = G/USM
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INFN

D
@ H — 77: CMS results [10]

New analysis (using 77.4 fbfl) fully based on Neural Network, condidering different final state
and different production mechanism, each quite pure, to extract the full information.

oo i, acd ' Gorr.sate
1
108 77.4 10" (13 TeV) 77.4 10" (13 TeV)
%) T T T T T
= ASRSsERaRaRERRRES~ =] CcMS T observation
i |
3 c CMS ' 1 S+B unc.bkg. | Prelimi B SM expectation
=1 S Preliminary 0.85 — (H-tt)bkg. reliminary scale & PDF & a5 @ BR uncertainties
o E ne. 0 10°¢ 06E ¢ (Obs-bkg bk E Hiroo
L ) BT o 1o -
NN output NN output P —— =0Jet -0.4013%
_ aswaney g aswieo ey g = 3 B
3= B > 10*E 208 06 04 k] —— P 0, 60] -03471%
2 g X g3
Z. L c log, (S/(S+B)) - —— o1 et P 60, 120) 12671%
. o @ 532
g £ o 10°F - 258 —— P20, 1 18073
2 o 2 o i} TSz
g H T9é& —— >2Jet 0471535
aof 22 8
8z &
o 12k 4 [ —— 03633
! ! p b VBF topology 10082
J K 10 3 3 M —— V(qq)H topology -7
L N ) L S ) Ige ) .
NN output NN output g% e P >200Gev a1
- 5w G iaten 5w G iaTen 1L [ O, i 287 e b e 10857
o 8 S+B unc. EH- (1=0.75) Lo
Lo S8 ,
£ ¢ Observed W inclusive 1037535
z 107 L L L L L ST T O R
E -3 -25 -2 -15 -1 -0.5 0 -5 0 Bestit y
s st fit fiproc = Tproc/Tsu
Iog10(S/(S+B))
|
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B2 Lo ATLAS results [11]

N
° S|m||ar anal iSiS ATLAS 70:5'a"‘5"51‘)m )Tolaluncertainty
_ —a(syst. excl. theory;
Yy m,, = 125.36 GeV _ sttheory) +loonp
> 23
boosteld, VBF Mot wesas)d ?
ol - i
> 7 — h'sv, evv, urv P TTETIE IR R
. ver w=128ie] b ‘
@ significance at 748 TeV: 4.30 (3.4 expected) e B = =¥ ‘
8 Tev Combinedt = 1.5 35 ]33 | i j
o n=14+0.4 (VBF 1.2+ 0.4, boosted 2.1 +0.9) T
L ) H o= Tl n=2073)6
Ll i
- — . . . . N Boosted n=3047)"15] "—{—“
D R R S R 3 [ Atias 3 B B
10*E —— Data 0] L —+- Data ] VBF p=177%9]%8 >—+—<
2 E D:ﬂgm"ﬂ " S 80[~ H- tr VBF+Boosted — H(125) (4=1.0) ot ! ! !
% 3  — cackgroma ey 2 [ B=TTev, a5’ = e 9 H o= Tgles =103 3 :F
60b 1= 3 it 1 N M P i
o 103§ Bl -o2s) - 1) & r f5=8Tev, 20,31 + I Fales ] Boosted n=09'5)6¢ | >—{»—< : i
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E ] 5 4of - VBF n=10821:88| | >—+—<
2 1 e
0% R E H = Toagliag 1=2053| 8
E £ ] Sl i
E___________@m ] E J Boosted n=3et| 1] ¢  —F—
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Fee Z 3 :
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H — bb CMS [12], ATLAS [13]

@ Mostly in associated production: VH, ttH, bbH
» W/Z+H— tv/tl/vv + bb
» Selection: two central b-tag jets

0,1,2 ¢ (different prod mechanism)

MVA for final selection

also gg in boosted regime

o Key element is My, resolution

» Use b-jet regression and kin fit to improve it
> in 35% b jet has a v: bJES different from light-JES
» Use MVA calibration
* trained with GenJets on MC
* use jet-related and event variables:
* pr,7n jet composition (charged/neutral/em/p/...),
b-tag, soft-lepton, MET, ...
* plus kin fit
o :17 — 10 GeV

e Background WZ + light, W /Z + bb, tt

Stefano Lacaprara (INFN Padova) Fit SM

v
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4

H — bb CMS VH results [12]

5.1fb7(7 Tev) + 19.8 fb” (8 TeV) + 77.2 fbo (13 Tev)

. . CMS  Observed
@ final states considered: P o
T e 2017
Z(vv/ee/uu)H(bb), W(e/uv)H(bb) —som
- Run2 1.06 + 0.20 (stat) + 0.17 (syst)
@ background: VZ(bb), peaks are not resolved, and o 19203
V+_] ets Runl| e 0.89+0.38 (stal) £ 0.24 (syst)
77.2 07 (13 Tev) 77.2 b (13 Tev)
é C M S * Data _§ CMS ¢ Data ‘Combined ——— 1.01% 0.17 (stat) + 0.14 (syst)
5 b k= Supplementa (5 Background | TR
2 [ v+ - bb o uppl ry B VH H-bb 05 1 15 2 25 3 35
£ [Cvzz-bb Background uncertainty Best fit
g 10001 S+B uncertainty —— Signal + Background Significance (o)
2 Data set Expected Observed _Signal strength
E 2017
23 0-lepton 19 13 0.7340.65
n T-lepton 18 26 1.324+0.55
2-lepton 19 19 1.05+0.59
Combined 3.1 33 1.08 +0.34
Run 2 42 44 1.06 +0.26
Run 1+ Run 2 4.9 4.8 1.01£0.23
g
FRE
H
1 1 1 1 0.5 t T + t t
60 80 100 120 140 160 -3 25 -2 -15 -1 05 0
m(j) [GeV] |Ogm(S/B)
Fit SM Padova May 14, 2020  47/93
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D
W2 5 bb ATLAS VH results [13]

T T T T T T T T
ATLAS VH, H(bb) V5=7 TeV, 8 TeV, and 13 Tev
JLd=47 b, 203 b and 36.1 fo*
—Total —Stat.

AnaIySiS Sim”ar to CMS (Tot.) (Stat, Syst.)
VH (Z/W+H), 0,1,2 ¢, categories I i

042 (-0291-030

w0 T T T T
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5= 13Tev, 36.1 1 2 oyeb (4=1.30} 9 ,7E =13Tev,36.1 10" e 4
10[- 0+1+21eptons g 10 -
Uncertainty
2+3jets. 2 b-tags 4 [ 0+1+2leptons = Single lop E Comb. o4 1028 (4018 +021
gl weianted by S8 Dijet mass analysis 243 jets, 2 b-tags et ce.bl) ‘ L 0-?" oz (‘ma*‘ms
Wil E
wHI -1 0 1 2 3 4 5 6 7
Z+(bb,bc,cc,bl; . b
6] Zbbbec) Best fit uS: for m =125 GeV

z+1

T T T T T
ATLAS  VH, H(bb) 157 TeV, 8TeV, and 13 Tev
JLdi=4.7 b, 203 b, and 36.1 o

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

2| —Total —Stat.
4 (Tot.) (Stat., Syst.)
oftshh T g e 7TeV| e 61 9 (18
= T T T
]
RA=1 N N N N N N N | 2 5 8TeV ot 0.65 ‘043 (033 028
40 60 80 100 120 140 160 180 200 s ; : ’ et 65 Gl (98,83
m,, [GeV] weoEoAs \?)g (/B) a2 e0ze 03
10 13 Tev Hod 120 Toot (Tods o
Significance 4.9 (4.3)c comb, om0 T2 (3R, 22
L | | | |

-2 0 2 4 6
Best fit ”SE for m =125 GeV
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H — bb CMS VBF [14]

e = N\ _ X N
Final state qqgbb, . . Important benchmark is extraction of Z —
large QCD background, then Z-jets, ° Selection using topology (fwd/bwk qq bb signal
tt jets), A¢pp, BDT x10° 108 8 Tev)

6F T |
> @ Separation of VBF from gg from E 24F CMS C'a‘eg:";’S E
3 « Data (setA) A¢p / Nbb o 22t — Fitted signal
[eco ¢ 168 d — Bkg. + signal
S "] Ozviets cus sana E 20 Bkg ¢ ]
> B e 8 g oo 0 18 E2obkg. une. |
z Dwi‘s PN > o0 S 16 10 bkg. unc.
H “iovseHuze S 14f
m oG (125 M 5 oogR W gor
3 S 8 oost 1 £, 10F
(@) (b) L L L Il Il
. oy 2
D [
¢ S et P
g 50 100 150 200 50 300 S g 8’500 Il Il Il L L
Regressed m__ (GeV) 60 80 100 120 140 160
\ J mg, (GeV)
G J
7 category, this is the best one
cms 198! B Tey) 19.8 b (8TeV)
S . . ' T e
S w 3 g Fitting all together
2 R
E I B PR . H—bb Bestfit (68% CL) Upper limits (95% CL)  Signal significance
200 - 1o bhg.une Channel Observed Observed  Expected Observed Expected
o SO VH 0.89 +£0.43 1.68 0.85 2.08 252
. z ttH 07+18 41 35 0.37 0.58
H P VBF 28714 5.5 25 2.20 0.83
R BN S ° Combined 1.03508 177 0.78 2.56 2.70
BDT output -
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ttH — bb CMS [15, 16]

Rich but terrific final state
b

b
ey ey
v, V, VoV,
b b
b b
g v, v,
q e,y
5 b

@ Extremely complex analysis fully based on MVA
techniques;

@ categories based on N jets and N b-jets;
20 “Standard” MVA:ANN, BDT and, MEM;

1¢ Deep Neural Network (DNN) [one of the first usage i
CMS];

>

@ Combined significance 3.90 (3.5 expected)
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ttH — bb CMS [16]: results

41.5 bt (13 TeV) 35.9 bl (2016) + 41.5 fb™* (2017) (13 TeV)
T T T ‘ T T T T ‘ T T T T ‘ T T T T T T T ‘ T T T T ‘
CMS Preliminary CMS Preliminary
) tot stat syst ) tot stat syst
. ; 1.02 +0.54 +0.86
Fully-hadronic [ -0.38 *
. +1.43 +0.83 +1.16 : 1,06 -0.54 -0.91
Fully-hadronic | +——a—— -1.69 147 s 12 |
. ; 0. 119 +0.36
| Single-lepton H- 1.22 to.g oo "o
Single-lepton me 1,84 "062 1026 4056 _
gleep | 086 026 -050 Dilepton [ 1.04 070 05 e
+0.43 +0.22 +0.37
] 3 +0.90 +0.50 +0.76 2016 HH 0.85 41 022 -035
Dilepton 3 = 1.62 -0.85 -0.48 -0.70
: +0.44 +0.21 +0.39
2017 - 149 40 020 -035
. 0.44 +0.21 +0.39 |
Combined 149 * 020 . : +0.32 +0.15 +0.28
3 040 020 035 Combined Ll 1.15 T35 015 -025
[ l L I N S R B
0 5 10 0 5 10
U = olag,, U = olag,,
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ttH — bb ATLAS [17]

@ Also heavily MVA based, no DNN;

o Categorization based on N jets and b-tagging classifier ;

@ Single and double lepton final state.

~ T IBERARERS 3
° TLAS —+4-Data E
2 {s=13TeV, 36.1fb* WiH (=084 ]
: i 220
[JBackground 3
7/, Bkgd. Unc. E
- Bkgd. (u=0) 3
H (bb) Combined 3
ilepton and Single Lepton =
£ Post-fit 3

bt
gl 4F =
g5 -

Y -]

=B 4
& A

7426 24 22 2 -18 16 -1.4 -12 -1 08

post fit results:

log, (S/B)

Stefano Lacaprara (INFN Padova)

ATLAS Vs=13TeV, 36.1 fb*
T T T T
fot m, = 125 GeV
stat.
tot (stat syst)
Dilepton _Q.24 *102(+054 4087
(two-y combined fiy| 105 (Zos2 -001)
Single Lepton 0.95 10654031 4057
(two-y1 combined fit [En— ez (Z031 “054)
+0.64 +0.29 +0.57
Combined e 084 L6 (Lo sa)
. T T L

0 1 2 3

4 5 6
Best fit p = o™/

Dilepton
(two-p combined fit)

Single Lepton

(two-p combined fit) [~

Combined

INFN

ATLAS

{s=13TeV, 36.1 b
r T T

m,, =125 GeV

[ Expected + 1o
----- Expected + 20
—— Observed
R Expected (u=1)
2 3 4 5
95% CL upper limit on ofo,(ttH)

Significance 1.40 (1.6 expected)

Fit SM
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H — bb boosted [18, 19]

e Search for gg — H — bb ~ 2.540 (0.7 expected)
@ Boosted regime: pr > 450, single “fat” jet
topology, look at fat-jet inv mass
» signal region is double b-tagged fat jets
» data driven QCD background from fat jets w/o
double b-tag (also W — gq present)

@ method validated with Z — bb: clear signal!

cMs 3591 (13Te)
£ e ol W b0 e N
@i A
g o = 137 fb™ (13 TeV)
w [800, 1200] GeV| CMS |
wosLl | Preliminary | I
} ———
} —_—
550, 600 Gev | |
4,377 [
(500, su]ﬁev _ | o .—,TH
_ =367 a— | F L
215 55 MG uncert (stat) 450, 500] Gev| 1 E
R e =057 - | i 7
G b E a
g 05 105 5 1 15 I TR B e Ut
£ e Gy
o 60 80 100 120 140 160 180 200 K,

Leading jet m__ (GeV)
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D
CMS/ATLAS combined results for H — bb [12, 20]

-

@ CMS, using all H — bb searches:

VH (4.80) [12]

VBF (2.560) [14]

ttH (3.90) [15, 16] (new)
gg (boosted topology)
(1.50) [18]

vV vy vVvyy

signal significance is 5.6(5.5)c (not up-
dated)

3333333

Stefano Lacaprara (INFN Padova)

g
@ Same for ATLAS
@ no gg
Chanmel Significance
Fxp. Obs.
VBI+gel 09 15
ttH 1.9 1.9
VH 1.9
H — bb combination 5.5 5.
S
ATLAS H-bb
aaaaa
—Total Stat.
UH| g
VH e
Comb. 2
1 % 3
|\
Fit SM Padova May 14, 2020
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Combination for ttH [21, 22]

CMS: ttH H — ~v
categories by BDT and 0, > 1/

CMS preliminary
T

[ ttH
2By

13

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

415 fb* (13 Tev)
hanaasasas
All categories
S/(S+B) weighted
} Data
— S+B
Background
. :lo

o 10 160 10 I

my (Gev,

0

517 (7 Tev) +19.7 fi! (8 Tev) + 35.9 fb* (13 Tev)

significance: 5.2(4.2)o, = 1.26%3:3%

Stefano Lacaprara (INFN Padova)

CMS
- [ 20 (stat [ sys0)
THWW) R e —
H(ZzY -~—
H(yy) ———
H(E'T)
ttH(bb) ——————
748 Tev N
13Tev .
Combined e
, \ | , 1 \
-1 0 1 2 3 4 5 6 u
H
Fit SM

E 3 v oaa s
o 3 Continuum Background Vs =13 TeV, 79.8 b
S, -~ Total Background m,, = 125.09 GeV
P —— signal + Background o caegories
5 2 In(1+S/B) weighted sur
2 1
K
1
£
@
. ; ; ; ; ;
2 1
€ sl
5
S
I 0
P
= Tio oo T Tio = 0
m, [Ge
T T T T T
ATLAS e Total St EESyst = sM
(5=13TeV,36.1 - 79.8fb
Tolal  Stal Syst
H (65) = 079 1 (x 42 .2083)
1iH (multlepton) e—— 156 0% (208 .+ 00)
i (w) —E=H 1305 3% (£ 0% % 5F)
1H (22) — <1.77 at 68% CL.
Combined == 132 43 (£0.18, ¢
Il L Il Il L
-1 0 1 2 3

significance: 6.3(5.1)o, p = 1.32

4
Sm
O/ O

Padova May 14, 2020
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o H/Z — (¢/p)y

Other channels

o H— pp p<26—28[23, 24]

e H— Zv n<39—-6.0[25, 26, 27]

e H — invisible Tjp, < 28 —26% [28, 29]
e H— ct p <150/70 [30, 31]

BR(H = (¢/p)) S

Events / 10 GeV

AS
(5= 13TeV, 36.1 0"
2 cags, p? = 150 GeV

W
EZH(E)
— ZH(cT) (100<SM)

Data/Bkgd.

80

100 120 140 160 180 2
m,; [GeV]

Stefano Lacaprara (INFN Padova)

0

(4.8/8.8)107* [32]
o H/Z — (J//4']T(nS))y BR < (3 5/0 2/5)10—4 [33]

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

588

g

g
T

CMS Proiminary

35.9 fb" (13TeV)

F Homn
E fles=07 forme=125 Gev

Al categories

S/(5+8) weighted
4 Daa

S4Bt

B component sublracted

e g ain 61

}ll{h

ATLAS
{s=13Tev, 356 0"

Events /1 GeV
Events/5 GeV
I
N
S

0. N,H’ ity *HNW t LXE
R T % 0.5
80 90 o 110 120 130 8 50

My [GeV]
Fit SM

i s i
» TR T ¢t Hianin
D
L L T T )
m,, [GeV]
T > " T
3
ATLAS & Backgvoundm 10 ATLAS
15=13 Tev, 36.1 fb™ ba} 15=13 TeV, 36.1 b
B category S -Cﬂmhmaw"c ung B category
4 Data § )?
=2 Background fit +1o- @ EB(Z- Yy)=10

[ Combinatoric
[ Y(nS) background

E=ZFSR

[IB(H- Yy)=10°
CBEZ- Yy)=10°

B
]
E
250 300 § 85 9 05 10 105 11 115 12
Myryy [GeV] my,- [GeV]
Padova May 14, 2020
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Double Higgs production

double Higgs production

. . — 10— T v r — 73
@ probe shape of H potential in Lsy g E ' L
= [ J=
d ive interf : small i oe)
@ destructive Interference: small rate 1P Lo Ml
= e EH
O'SM:33 fb at 13 TeV ?WNNLUN _,;5
@ sensitive to BSM: < 20% precision to =g
probe BSM ]
o Effective Field Theory approach s E
. \\H\"‘ ]
Kt K)« ~H kl”H . p? =
: :ZDH e M, =125 GeV ]
K o MSTW2008
g 2 .-H 82, % -p 87, @ Lo H —— - - A "E
t - % %,,.’ 8 910 20 30 40 50 60 7080 10
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Limits on p L
Many searches HH — Obs (exp) 1
@ one H — bb for large BR, bbbb [34, 35] 37.13 36
@ other H for signal/background bby~y [36, 37] 24,22 36
separation (v, ZZ, WW, 77) bbrT [38, 39] 30,12.7 36
. = bbWW /ZZ [40, 41] 79, 190 36
. WWWW [42] 160 36
WW77 [40, 43] 80,230 36
W CRunt-2 Combination probes p < 10 [44 45]
[INew Run 2 and
b WIWT gy TT <€ ZZ w2y grw k)\(: /\HHH/)\SM) S [—23,101] [46]
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Search for hig mass resonant HH: summary

10

a(pp — S - HH) [pb]

107t

1072

ATLAS

\s=13TeV, 275-

36.1fb"

spin-0

3x10°

HH — bbbb most sensitive for high M,,

Stefano Lacaprara (INFN Padova)

2x10° 3x10°
mg [GeV]

... EXp.95%CL __ Obs. 95% CL
limit

limits

—WWWW  —WWyy
— bbW'W — bbbb
—bbr'c ~— bbyy

—~ comb. (o0s) [ Somb-+*
Comb. 20

pasiyt Buk RS

95% CL limit on o(pp - X - HH) [fb]

CMS

35.9 b (13 Tev)

Spin 0

Observed

- - = - Median expected

[ 68% expected

[ 95% expected

300

0

500 600 7

i
0 1000 2000

HH — bby~y complementary at low mass

Fit SM

Padova May 14, 2020
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D
Perspectives for HH at HL-LHC [47]

- Estimates of the sensitivity to HH at HL-LHC are based on:
extrapolations from Run-2 analyses
dedicated studies with smeared/parametric detector response, corresponding to pile-up of 200
- A combined significance to the SM HH process of 40 can be achieved with all systematic uncertainties

03,18 ]‘ D::I:l 618‘% CL bbyy
Statistical-only Statistical + Systematic (02.2 |up3,72] A E—
ATLAS CMS ATLAS CMS ~04'8.2)
HH — bbb 14 12 06l 095 Brhst I — bbb E
HH — bbrr 25 1.6 2.1 1.4 [-12.74] I I e &
HH — bbryy 2.1 1.8 20 1.8 [-1.1,88] 1 ]
HH — bV V (llvw) - 0.59 - 0.56 e
o 05,18 —
HH — bhZZ(4l) Lt o 57 (W 1 0.37 o128 @D combinaion
combined 35 2.8 3.0 2.6
- - [-1.8,53] I ‘ I N
Combined Combined 4.1,14.] ! E
a5 40 [-01.23) T W wchott &
VRS W W T N
5 ]
=10 =5 0 5 10 15
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D
Mass: 8 TeV combined CMS+ATLAS results [48]

Mass resolution

H—~yyom~1-—2%

@ H—-72Z w4loy~1—-2%

@ H— WW om ~ 20%

@ H— 77 onm ~ 10 — 20%

@ H— bboy ~ 10%

@ H— pupoy~1-—2%

My = 125.09 + 0.21(stat) % 0.11(syst) GeV.
.

ATLAS and Cws | v—l—cTo(aI Stat ‘ = Sy;l,
LHC Run 1 Total  Stat. Syst.
ATLAS Hyy FE=S==—H 12602051 (%043 £027)GeV
CMS H-yy ———— 124.70 £ 0.34 (£ 0.31+ 0.15) GeV'
ATLAS H-2ZZ -4l | 12451+ 0.52 (+ 0.52 + 0.04) GeV

ATLAS+CMS yy
ATLAS+CMS 4l

ATLAS+CMS yy+al

125,59 2 0.45 (£ 0.42 £ 0.17) GeV/

0.21+0.11) Gev.

I
123 124

Stefano Lacaprara (INFN Padova)

I I I
125 126 127 128 129

m, [GeV]

Fit SM

Signal strength (1)

)
INFN

~ T T R !
£ £ ATLAS and CMS ——H-yy |
Z sE —H-zz -4 E
c r LHCRun1l —— Combined yy+4l
~ c e Stat. only uncert.
I RN /
4F : o
3 =
2 =
1F 3
N i
124 124.5 125 125.5 126
m,, [GeV]
3] T T T T T
[ ATLAS and CMS I ATASH
F LHC Run1 CMS Hyy
251 o CMS H_2Z 4l
F 2 Al combined
X Bestfit
eyt

=

I L
124 1245 125 1255

I
126

|
126.5
m, [GeV]
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)
INFN

@ Mass: 13 TeV results. CMS [5, 4, 49], ATLAS [50]

cms =~ T T T =
= "Fr-wer- 2z 4 Combination — Run1 \<E 141 ATLAS —Combined ~ 7
Q [Runis1m?@Tev)+ 197173 Tev) — - Stat. Only ~ r . -H ’Zzi“":
A gl2016:35.9 1 (13 Tev) — 2016 * 1o[ H - ZZ*+H ~ yy Combination =H -y |
n — - Stat. Only [ Run2:(s=13TeV,36.1f" - Stat. only 1
£ — Run1+2016 [ ]
Es — - stat. Only 10 -
o 8- =
i exp | Run | Mass &(stat) &(syst) [GeV ] b 1
2:, LHC 1 125.09 + 0.21 £ 0.12 ar ]
E CMS (42) 2 125.26 + 0.20 £ 0.08 2i B
P CMS (~v7) 2 125.78 + 0.26 £ 0.18 5 1
F CMS 2 125.46 + 0.16 £ 0.13 ok 11
S R CMS 1+2 125.38 + 0.14 £ 0.11 126
- 125 ATLAS (42) 2 124.79 + 0.37 £ 0.36 m,, [GeV]
ATLAS (v7) 2 124.93 + 0.40 £ 0.21 "
oms ATLAS 2 124.86 + 0.27 £ 0.18 T T T r T
T o Do ATLAS Li2 | 12497 £ 016 & 018 Atias " el
e - PDG 2020 125.10 £ 0.14 Rt e usie082 (o080 60
Run1H-yy == 12470034 (£ 031) GeV. Run1H -y ‘ e 12602051 (2043 Gev
I 12559 0.4 (= 042) Gov Run 2 al = 12479.£037 (£ 030 Gev
Run2H -y —_— 124932040 (202 Gev
Run 1 Combined 12507028 (2 026) GeV T a———— 124712030 (2030 Gev
2016 Hoyy e 125784026 (£0.18)Gev Run 192 H - yy =h 125322035 (2019 Gov
Run 1.Combined — 12538 5041 (£03n Gev
2016 H- 2z a1 == 125.26+0.21 (£ 0.19) GeV. Run 2 Combined — o
| ATAS T CMSRNT | et 12509024 (2021 Gev
Run1+2016 = 125,38+ 0.14 (£ 0.11) GeV. L L L. L L L
) ) ) L ) ) . 123 124 125 126 127 128
122 123 124 125 126 127 128 129 my [GeV]
m, (Gev)
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a5
« bz How to measure [y

e Expected (SM) 'y =4 MeV for My = 125 GeV
@ Direct measurement

> highest resolution channels (v and 4¢) has a M resolution few GeV;

» direct upper limit [y <1 GeV at 95% C.L. (from H — 4/ decay);

> direct lower limit [y > 3.5-107" GeV at 95% C.L. (from H — 4( vertex lifetime);
@ Indirect limit

» Invariant mass distribution governed by Higgs propagator g

dopp—sH—zZ7 8Hge8Hzz —H

o
2 2 212 2 2
dMz, (Mg — mi)? + my T g
gg—H
On-shell Off-shell
Mgy — my 5 MH Myp > 2mz, Mgy — my >y
2 2 2 2
on—shell 8Hgg8Hzz goff—shell ___ EHggbHzZ
gg—H—~2ZZ m%r%-/ gg—H*—7Z 2mZ
Ratio of off-shell/on-shell production is sensitive to 'y J
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o= Width

Off-shell cross-section increases when the two Must consider interference effect among
Z are produced on-shell

different diagram with same final state:
q

CMS 19.7 ol (8 TeV) + 5.1 o™ (7 TeV) 9 Loy z 9 z 4 z
> LI ‘ L LN ‘ L ‘ LN ‘ L ‘ L '_ t S % q q q
8 60 ¢ Data B g t z 9 i z q z
o [ gg+VvVv - 77 ]
— 5[ [ N4 ] -
~ | -Z+X . -\|\lII|IlIIIIllllllllllllllllll|l||||||\l‘l\l\llllllllll-
42 L ] 0002} Contributions of Higgs—related amplitudes, Vs=8 TeV _|
Qs 316 . aoorf- .
L n O 14 i L i
r i f 12 Dy > 0.5 ] = ol
30 F % 13 i Q.; -.0001 -— T —]
G 6 1 £ 002l 1
] —0002— . 1
20 4 * ] g L |
2 i d B 2 o003~ —
o 7 5 + 4
T10 120 130 r%140((135';)\/) .  _ooos Higgs alone, Wiy -
“ ] _m-_ ------- with interference, My+idlo"—pio ]
; ; ] m' ———— interference alone, Wy+dle/~plel"~Liy®
0 b ; oo [ Lo]8]] ]s I -r Higgs—related qg interference ]
100 200 300 400 500 600 700 800 007 -5t B0 0™ oo
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D
B2 width: results [52, 51]

CMS: use ZZ — 40 and ZZ — 202v ATLAS [51]:

2D L fit to My, (or Mt) vs MELA g A jRapnsmnng
51 (7 Tev) 197m 1o 77.5 1" (13 Tev) o FH* & ZZ - 412120 - Observed-Siat only ]
T Anay 12F 1370 s — Observed
CMS 13TV, 36.1 fb 1
| — observed 2
--- Expected ]
10 — Observed, 2016+2017 E
--- Expected, 2016+2017 4
2 [ B
z |
a | u
NS
o . 3
Il
5
S . o
L L Il
’ S Observed Expected
r (MeV) PSEVES ) fedian +lo +2 0
ZZ — Al analysis 4.5 4.3 [3.3,5.4] [2.7,7.1]
Parameter Observed Expected Hofishen 2 — 202v analysis 5.3 44 [34,55 [28,7.0]
Combined 3.8 34 [2.7,4.2] [2.3,5.3]
+2.8 +5 0
I'n MeV) 32757 [0.08,9.16] 4.1T [0 0,13.7] T/ Combined 35 3.7 [2.9,4.8] [2.4,6.5)
Ry, Combined 4.3 4.1 [3.3,5.6] [2.7.8.2]

Limit on 'y at 95% C.L.: CMS 'y < 9.16 MeV, ATLAS: Ty < 14.4 MeV J
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D
Perspective for Higgs width

@ In H — ~~, interference between gg — H — vy

. % 03 mimmareem)  ATLAS Simulation Preliminary ]

and gg — 77 change on-shell cross section. [53, 54] ¢ .. o e

b‘_‘E; ; ~—— signal plus interfe E

) ) . ol 02F Category 5

» shift of My_,., estimated 35 4 9 MeV [55] which o1sE- E

depends on Iy; ot E

> possible to measure 'y oost. E

» with 3ab™!, upper limit on Iy ~ 200 MeV 07 E

@ also cross section changes due to interference £ ‘ ‘ R
. i X 120 122 124 126 128 130

» combined with previous 95% C.L. on 'y ~ 60 MeV myy [GeV]

with 3ab™*
@ using on-shell vs off-shell cross section measurement [56]

» with 3ab™?! expected results at 95% C.L. Ty = 4.1:“%_2 MeV.
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Spin: is it really a 072

Detection of H — ~ rules out the J = 1 state (Landau-Yang theorem)

Landau-Yang theorem

"2 v N
AVAVAVAVAVAN \VAVAVAVAVAV,

&, -k & a.+k

M(€1, &, v, k) is a scalar.

For v: €12 - k =0. So two possibilities:
M x (& x &) - év JF=1"
M x (& - &)(€Ev - k) J°

But « obeys to BE statistics

M(v1,72) = M(v2,7)
(&2 xé)-év =:(€1 €)-év NO .
(€&-&)(év - (=k)) = —(&-&)(ev - k) NO

Stefano Lacaprara (INFN Padova)

Fit SM

More states can be tested using the
angular information from
o H—ZZ -4

angles from MELA analysis are very

powerful
o H— WW — 202v
AN,
o H— vy
28
| cos 6|

v

Padova May 14, 2020
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Spin results:

A L is build for SM 0" hypotesis

and exotic one JP

using all variables sensitive to Higgs
spin/parity (angles, Agy, py, | cos6*|)
A L ratio is used to compare the two
hypotesis

pseudo-experiment to build the two £
distributions:

Positive —21In L jp/Lo+ means that JP is less
likely than 07

Many different and exotic possiblities are
checked: 07, 1%, 2%

Stefano Lacaprara (INFN Padova) Fit SM

CMS Unpublished 19.7 fb* (8 TeV) + 5.1 fo* (7 TeV)

o©
i
IS

g9~ X(2 )~ 2Z

— Observed

o

i

N
I

o
i

Pseudoexperiments

30 20  -10

020 3
2xIn(L, /L)
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Spin results

CMS [57], ATLAS [58, 5]

19.7 b (8 TeV) + 5.1 fb™ (7 Tev)

HoZZ 4l
f5=7Tev, 451"
(5=8Tev, 2031t
H— WW* - evay
f5=8Tev,203 1"
Ho

f5=7TeV, 451"
f5=8Tev,203 1"

120 CMS X - ZZ+WW
—
=) -e-Observed ---Expected
= 100} mo:iw WFiw
“ g Wo'+t2c P20
-] 0'+30 P30
=
£ 60
x
N 40
20
AL TL
i
-40
-60
R SRSE SR I S SRS S
@ qg production
%= 1
o '
“ |
o '
wsetien i |
Vpcuesasmo 7
- 99 producion
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R R S I R R AR VIR IRt

ATLAS

Hoyy
V58 TeV jLot=207 15"
H-272' -4l

V3= 7TeV fLot 45 1"
(5=8TeV Lot=207 b

e Data

v CL, expected
assuming J® = 0"
[IESE

H o WW* — evuv/pvey

Fo-8Tov jLat-z07 10"

G production

Fit SM
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D
Higgs Coupling: by production mechanism [60, 61]

35.9fb” (13 TeV)

CMS @ Observed
e B e e 2 10 (st 0 syst)
ATLAS —e—i Total Stat. [ Syst. sM L :jiu(smt 0 syst)
Vs=13TeV, 24.5-79.8 fb" u 10 (sys)
my, = 12509 GeV, ly, | <2.5 ggH *
Pgy=T76% Total Stat. Syst. r
. M| ——emi
ogF i==" 104 £009(+007, “397) VBF
VBF 121 705 (F01. 1018 Mo — ———
wH 130 0% (Cozr. ozr) w [
ZH
H = 105 1938 (+024, 017 L
{TH+tH 4-5—1 121 0% (2017, 1529 M e
NI PP BRI NP TN I IR P T =
06 08 1 12 14 16 18 2 22 24 26 u g
Cross section normalized to SM value T T T N T S
0 05 1 15 2 25 3 35 4

Parameter value

All main production modes have been observed. Global signal
strength:pn = 1.13 4 0.09/1.11 + 0.09 CMS/ATLAS
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D
Higgs Coupling: by final state [60, 62]

35.9 fb (13 TeV)

e

CMS @ Observed
- +10 (stat [J syst)
L — 20 (stat 0 syst)
— 1 )
. W o (syst)
ATLAS Preliminary e Total Stat. [ Syst. — sMm l‘l -
s=13TeV,36.1-79.8 b [
my, = 12509 GeV, ly,| <25
Total  Stat. Syst. uZZ ————
I
By HE= 108+ G35 (5o % o) ~
B o= 1208 03 (2 08+ 02) pww e
B Lias G5 (= 55 51 -
T
B, et 111+ 02 (£ 08 1 02 p ————
B, re—— 1074 02 (£ 08+ 9%) -
P S S BN SV B b e
0 0.5 1 15 2 25 3
BR normalized to SM value [
up
n
ol b b e
-2 -1 0 1 2 3

Parameter value

Stefano Lacaprara (INFN Padova) Fit SM

=
—0o

o
@

Ratio to SM

1 10 10°
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D
g Coupling by final state/production mechanism [60,

ATLAS +—— Total . Stat. == Syst. 111SM 1
(s=13TeV, 24.5-79.8 fb" Ss'gézenﬁm)
=125.09 GeV, 25 .
Z;,:A Sl eV, ly, | < CMS — 1o interval
Yy .-
Total Stat. Syst. yodl -
w - 096 o (orr , (0% :Ié) ww [ *
zz* ) 104 21 (o1, +o0s) =2} | -+
99F ww* = 108 o1 (oi1 , +015) bb | e
re— MU —
Yy -
L zz| —e—i
g WW : ——
i3 -
VBF Hu [
YY [ s
§ bodi —
WW | —_—
bb —
VH Yy —
T ZZ | L
N WW | I S—
bb ——
_ i -
ftHstH | ¥ ol i
WW | e
= T —e
I | I I 1 L bb| . [ ol | . I I
-2 0 2 4 6 8 4 2 0 2 4 6 8 10

o6 x BR normalized to SM
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D
Coupling to fermions vs bosons [60, 62]

ke,v: scaling factor of Yukawa coupling of fermions and bosons (=1 in SM)
@ Fermions: gr = m—ﬁmp/l/
@ Bosons: gy = ky2my /v

H — ~+ distinguish up-down quadrant, thanks to top and W loop origin

35.9 fb (13 TeV)
N ZiA_‘I_\LA‘S‘\Hw‘HMHMHHw“w”wf‘"wu Nz ’éMS T T
F Vs=13Tev, 245-79.8fb™ + Beust it ] L [ o egon
1.8m, =12509GeV, ly <25 —68%CL [ B (O 20 region
E pg,=41% " ----95% CL 4 t + sestit
1'6; * SM E r X SMexpected
1.4; E 155 B
1.2 E I
hl=s = I
0.8~ — 1 |
) Gi—Cumblned —H-yy — F
0.4;—H‘ZZ H - ww é :
E —Hobb —H-rr E o500 Ox-m ]
0'2*‘”\”‘\”‘\H‘mH\H‘mumumu\uwr [ On-zz On-w
0 02 04 06 08 1 12 14 16 18 2 t [JH-ww [Jcombined
L L L
Ky 05 1 15 2
Ky
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D
Simplified Template Cross Sections (STXS) [64]

@ intepretation of Higgs coupling in term of Wilson coefficient of effective Lagrangian,
alternative to k-framwork [63] than kZ = I'¢/T 2V
o Effective Lagrangian approach for Higgs

(d)

A(d—4) i

C.
Lerr = Lsy + Xi—- O(d) ford > 4

@ Possible to define a common event categorization (CMS/ATLAS) with corresponding
sensitiveness to different C;

CP-even CP-odd Impact on

Operator ~ Structure Coefl. | Operator Structure Coefl. | production decay
Oun HH' Gu,H CuH Oun HH'g,u,H CaH itH -

Ouc HH?G;;‘VG"“’A cnc | Oyg HH'GL G4 cye ggF Yes
Ouw HH'W,W*' cpw | Oy HH'W, W' cym | VBE,VH  Yes

Ous HH'BwB"  cup | Oy HH'B,,B"  c¢,5 | VBE,VH  Yes
Onws  HH'T'W! B"™ cuwp | Opwy  HH'T'W, B*™ cpp | VBE,VH  Yes
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902H-0]-p!-Low

992H-0j-p!"High
9g2H-1-p/-Low

g2H-1j-p!-Med [

99244/ High
gg2H-2j
QQZH'ﬂ:-H\Gh
qa2Haq-VH
ag2Haq VBF
qq2Hqq-BSM

VH-Lep

tH

2z0) —
ATLAS o ]
H—ZZ* - 4l z4[ A———— 1
Vs=13TeV, 139 fo' we| . 1
Reduced Stage 1.1 - ly, | < 2.5 SR F I P R K
—B— Observed: Stat+Sys SM Prediction bt
[m] Observed: Stat-Only p-value = 77% o-Bfbo] (cB), o] |
[aras] 170£55  176+25
" 630+ 110 550440 |
3 50:80 172425 |
B 170£50 119418 |
—ea—3 9% 2084 |
a3 w075 127827 |
| 3872 514 |
. 21535 13870 |
. 150*% 107672 |
. 0572 420:018 |
225 16404 |
25°% 154719 |

Stefano Lacaprara (INFN Padova)

6 7

STXS example sensitiveness [65]

Reconstructed Event Category

0 992H-0]-p/-Low I og2H-p/"High
992H-0j pl"High 13 aq2Haq VBF
pH-Low I qqzHaq Vi
-plMed I qq2Hqq-BSM
-pP-High | VH-Lep

g4
B g2H-2) W e

ATLAS Simulation
H—ZZ* - 4
Vs=13TeV, 139 fb!

2j
2j-BSMike
VH-Lep-enriched

"
tH-Had-enriched
ttH-Lep-enriched

02 03 04 05 06 07 08 09 1

Expected Composition

Fit SM
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alE
< Higgs summary

It exists!

My = 125.09 + 0.24 GeV

My <10 MeV (T = 4 MeV)

JP =0t

coupling to fermions and gauge boson as expected from SM
Including direct evidence of coupling to third generation quarks

all production mechanism seen,

only missing item is di-Higgs production: task for HL-LHC

As Standard-Model-Higgs-particle as it can be

Stefano Lacaprara (INFN Padova) Fit SM
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= 4% )
w» = e

@ Z-pole observables

© Asymmetries

© W mass and width

@ Top mass

@ Higgs mass and features

@ Global ElectroWeak fit
@ Future prospective



D
';ﬂ The Electroweak Sector of the SM [66]

Electroweak sector given by 3 parameters o vlg|

» once v, g g are known, all other parameters are fixed YT

Use the three most precise parameters My :

o Ac/o = 3x10-10 My
cos by = i

» G : AGF/Gr = 5x107 z

» Mz : AMz/Mz = 2x10°°

- 9 M2 V8ra

» measure more than the minimal set My =55 |1+ - ap

of parameters to test the theory! £z
Radiative corrections

f )H\
» modification of propagators and vertices M W
fif ZIW

» electroweak form factors p, , Ar

» depend on all parameters M2 Mz 14 \/1 _ VBma(1+Ar)
of the theory (mg, My, Xs...) w2 GrM3
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D
Top Quark Mass from Loop Effects

; 200 | T T T T T T I T T |_
() | .
S r :
180 | —
170 | -
160 — Results of the EW fit 7
- Measurements 68% confidence levels
C i Tevatron = PDG -
150 $ LHC “ LEP EW WG -
- = Gfitter, incl. M -
- 4 Tevatron + LHC (searches or meas.) -

140 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1

1995 2000 2005 2010 2015
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Measurements Results of the EW fit
§ LHC

68% confidence levels

D
@ Higgs Mass from Loop Effects
; T T
[}]
S,
EI

250 PDG
S LEP EW WG
200 B Giitter

= Giitter incl. direct searches

150

100

50

0 | 1 | | 1 | 1 1 I 1 | 1 1 | 1 | 1 | I 1 |
2000 2005 2010 2015
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=

+

@ Most from eTe™ collider

@ Many from hadrons one too;
Mz: 0.002%

Miop: 0.4%

Mw: 0.016%

MH: 016%

v

v vy

Stefano Lacaprara (INFN Padova) Fit SM

—

—_

—>

D
= Experimental and Theoretical input

| My [GeV]| 125.1£0.2
My [GeV] 80379+ 0.013
Tw [GeV) 2.085 £ 0.042
Mz [GeV] 91.1875 % 0.0021
Tz [GeV] 2.4952 £ 0.0023
09,4 b] 41.540 % 0.037
RY 20.767 + 0.025
ApS 0.0171 0.0010
A, 0.1499 £ 0.0018
sin26.e (Qrz) 0.2324 % 0.0012
sin20%;(TEV)  0.23148 £ 0.00033
A 0.670 +0.027
Ay 0.923 +0.020
AYs 0.0707 +0.0035
AR 0.0992 +0.0016
RY 0.1721 £ 0.0030
R 0.21629 % 0.00066
Aol (M2) 2760 £9
e [GeV] 1274007
iy [GeV] 4.20*047
my [GeV](¥) 172.47 £ 0.68

Tev.+LHC

LEP

| SLD

| Tev. (+LHC?)
| sLo

LEP

low E

| | Tev.+LHC

Padova May 14, 2020

82/93



D
Experimental and Theoretical input

@ Most from e™

@ Many from hadrons one too; theo. uncertainties

e~ collider Comparison of important contributions exp. vsJ

» Mz: 0.002%
> Miop: 0.4%
» My: 0.016%
> MH: 016%

important

Observable  Exp. error \Theo‘ error

: . . . My 15MeV | 4MeV
@ requires procise calculation on theory side
sin®¢! ; 16-107" |0.5-107*
» Myy: full EW 1 and 2-loop plus 4-loop ©
QCD correction; Iz 23MeV | 0.5MeV
> sin? 0" as Myy; i 37pb 6pb
0 104 C10-4
> [+ 2-loop for all flavours; & 6:6-10 1.5-10
» Radiator N3LO m 076 GeV [[05 GeV
» Tw: only 1-loop EW (negligible in fit) f
> . -
all: 1 and 2-loop QCD new in fit
Stefano Lacaprara (INFN Padova) Fit SM Padova May 14, 2020
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SM Fit

lep

2

A(LEP)
A(SLD)
sin’@'::"(ﬂm)
sin®0/°F(Tevt.)
Ac

Ah

g

a2

R

’

m;

20 (W2
M)

Stefano Lacaprara (INFN Padova)

Results

= Global EW fit
= Indirect determination

& Measurement X fitter[-. )}
AR RN AR AR E AN RN AR N RN A
L]
.+,
T -
e
_._.
+,
—
- .
4
&
I ==
-
||
I FRRNE RRRE ARETE FRUNY ANRTE RNETE IN!
-3 -2 14 0 1 2 3
O irect = Ot

SM Fit Results

» szin= 18.6 PrOb(xzmin, |5) =23%
* X2min(old m¢) = 17.3
* X2min(old Mw) = 19.3

» Mw: —1.50 (= 1.40 previously)
« central value smaller by 4 MeV

* uncertainty reduced by | MeV

» me 0.50 (unchanged)
e central value: 177 —176.4 GeV
* uncertainty reduced by 0.3 GeV
« can reach 0.9 GeV with perfect knowledge of Mw

» largest deviations in b-sector:

* Adbgg with 2.50°
[Gfitter, 1803.01853]

Fit SM Padova May 14, 2020
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Mw

Stefano Lacaprara (INFN Padova)

sz

10—
9 2— 130
of
7h
of
sp
L. S S L S20
3f E
2f
1 ;, """"""" é 1o
0 E L L V- PR P -
80.34 80.36 80.38 80.4 80.42
M,, [GeV]

80.3535 £ 0.0027 ., = 0.00305,,,..m, = 0.002617, % 0.00264
+0.0024 0, £ 0.0001,,, + 0.00405,,ar,, GeV,

80.354 + 0.007i0; GeV  (exp: £ 0.013 GeV)
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Miop

a, 10— — T
= E &
Ay? profile vs m¢ < g PsMtwhmmeasureoment el ftterls i1, |
. i E SM fit widim, and M,, measurements =
» determination of m; from 8 @ i world Yverage [arXiv:1403.4427) =
- z 7 B mie* from é
Z pOle data (fU"y Obtamed E ¥ mP* from CNiS, o, (CMS) [arXiv:1307.1907] 3
from rad. 6 Evon mg** from ATEAS, o [arXiv:1406.5375] 3
corrections -mt2) § £ mio" trom ATLRS, o, IATLAS-CONF2014-053 3
» alternative to direct 4 ;_ """"""""""""""""""""""""""""""""""""" _; 2
measurements 3 E
» My allows for significantly ~ *F E
. . . R e @ e o B — 1o
more precise determination | | t . E
of m; 165 170 175 180 185 190
m, [GeV]

My = 177.0 {2331y, guzor. |+ 060, & 0.550,,, + 0421, GeV
= 177.0 & 2.4exp £ 0.5¢he0 GeV

» similar precision as determination from o, good agreement
» dominated by experimental precision
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M

Tevatron sin“(6L,)
Tevatron M,,
ATLAS M,

LEP M,,

LEP A2

LEP A,

SLD A,

SM fit w/o M,
LHC average

Stefano Lacaprara (INFN Padova)

Predicting Mu

[Gfitter, 1803.01853]

il —4—— |1077°
____________ . 66
,,,,,,,,,,,, T 9277
,,,,,, — g2 %
AAAAAAAAAAAA ——o—|46375%
,,,,,,,,,,,, — 13272

— 35
AAAAAAAAAAA || 907,
Lol O 125102
6 10 20 10%2x10? 10°

M, [GeV]
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=
% Belle I Mtop VS MW

SM: Incredibly Healthy!

[Gfitter, 1803.01853]

; C T T T T I T T T T I T T T T ! : T T T ‘ T T T T I ]
(7] - 68% and 95% CL contours £ mq comb. = 1o -
oS C | emy=172.47 GeV -
— 80.5— [ Fitw/o M,, and m measurements i -- 6 =0.46GeV » —
E; F Fitw/o M,,, m and M, measurements i —o=046050,,, GEV @
C Direct M,, and m, measurements H - n
80.45 [— e —]
80.4 =
[~ M, comb. + 1o
80.35 [ w,, -80.879 - 0013 GeV
80.3 —
F ]
— 2%
80.25 A
C W
C L 1 1 1 1 1 1
140 150
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Higgs coupling

zIl- :I I T T T I T T T | T T T ‘ T T T IIIIIIIIIIIIIII:
= 'Hl Al channels (68% ions) B
1.5__ __
o sM 3
10 ]
0.5 |- 68% fit co 2
- H—ZZ 7
o:_-H—>WW =
- Il H-bb
0.5 — H—tt —
= =
A5 =
Eel oo b bv e b b b v b v b

0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8

7
<
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D
Future Improvement: LHC and ILC/GigaZ

Parameter | Present H LHC ‘ ‘ 1ILC/GigaZ

My [GeV] 0.2 —< 0.1 <0.1

Myw [MeV] 15 — 8 —> 5  WW threshold

My [MeV] 2.1 2.1 2.1

my [GeV] 08 — 0.6 —> 0.1 ttthreshold scan

sin?0%s [107°] 16 16 — 1.3 84%k: 103 —10*

Ao} (M2) 0] 10 — 5 5  low energy data, better &
RY 1077 25 25 —> 4 high statistics on Z-pole
Ky (A = 3TeV) 0.05 —0.03 — 0.01 direct measurement of BRs

» theoretical uncertainties reduced by a factor of 4 (esp. Mw and sin26'es)
* implies three-loop EW calculations!

* exception: dtheo M (LHC) = 0.25 GeV (factor 2)
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D
Myy: future

Today LHC-300 ILC/GigaZ

Omeas = |5 MeV Omeas = 8 MeV Omeas = 5 MeV

o = 8MeV Ofc = 6MeV o = 2MeV
L] SMZ @ Smtop [ ] BAahad @ 8“5

Impact of individual uncertainties on dMw in fit (numbers in MeV)
» ILC/GigaZ: impact Mz of will become important again!
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Prospects of EW Fit

;80.5_.||.|||||||||||||||||||||||w\\||||||||||||\_
= [ 68% and 95% CL contours v "":r LHC average = 1z 7]
- wio M, and x, measurement h= ﬁ -
80.45 - Present SM fit 1
TR Prospect for LHC -
N Prospect for ILCIGigaZ ]
80.4 [— prosent measurement ]
[ ILC precision =
80.35 :_ M,, world comb. : fo _:
80.3 [ ]
- e fitter[-.: |
I P I IPEPIPITE IR FRTAr IV N IR I

80.25

0.8 0.85 0.9 0.95 1 1.05 11 1.15 1.2

Ky

» competitive results between EWV fit and Higgs coupling measurements!
= precision of about 1%
» ILC/GigaZ offers fantastic possibilities to test the SM and constrain NP
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The end

U

Data speaks and it's telling:

Standard Model, Standard Model, Standard
Model

but we have v oscillations, P, R(K™*)), R(D™),
Dark Matter, Dark Energy ...
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The end

Data speaks and it's telling:

Standard Model, Standard Model, Standard
Model

but we have v oscillations, Pg, R(K(*)), R(D(*)),
Dark Matter, Dark Energy ...

More at 13 TeV? NO |

TELL Us ABOUT ...WAIT DIDN'T YoU 0K THS 19 DONT TELL U5 YbL
YOUR PROPOSAL- ALREADY FIND ITA EMBARRASSING. LOST IT ALREADY.

v/ LERE REQESTNG | YEPRORTW0 AGO? LS Lok

$3 BLUON N FNDNG | =7 YES, LELL Om. %Mg"é, "IN OUR DEFENSE,
T FIND T HIGGS BOSOH. | < s RERLLY SMPLL.
4

1) 5[ 58
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