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Introduction: Higgs phenomenology at the LHC
Introduction: LHC: 2012-2013 Runl dataset
Higgs signals observed in Runl

Higgs properties from Runl
* Mass

+ Width

* Spin/CP

* Couplings

BSM Higgs: a short summary of the searches done

Run2 and prospects in future LHC runs

ATLAS: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults

CMS: https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG
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Higgs phenomenology at the LHC —
production

The Higgs boson phenomenology at LHC 1s completely fixed if m 1s known
Theory uncertainties up to O(10%) (mostly QCD scale and PDFs knowledge)

Cross Section (pp=> H+X) vs. my (according to SM)
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Higgs phenomenology at the LHC —
decay

Higgs decays: branching ratios and decay width (according to SM)
Lower theoretical uncertainties (2 — 5) % for most relevant decays
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Higgs physics at LHC —
general strategy of the experiments

General strategy:

Di-boson channels (yy, ZZ—>41, WW = 1vlv)=>» first observation, mass
measurement, signal strength, spin/CP, width assessment;

Di-fermion channels (tt, bb) =» observation, signal strength;
Overall fit to check compatibility with SM coupling pattern;
ATLAS + CMS combinations (mass first then couplings).

NB: All results are based on the full Runl dataset after a careful re-analysis
including the best understanding of the detectors.

Some “Terminology”:
u 1s the signal strength u = 6/0g: u =1 SM ok, u# 1 - BSM!
K 1s a coupling modifier Kk = g/gq\; ---
Results on n are given as central values and/or upper limits or significance
limits [obs. (exp.)] are given at 95% CL using the CL, prescription.




LHC: 2011-2012 runl dataset

2011-2012 dataset: pp collisions

= C.o.M. energy = 7 TeV (2011), 8 TeV (2012)
- Max luminosity = 7 x 1033 cms-!

- Int. Luminosity = 5 fb'1 (2011), = 20 fb-! (2012)
—> Interbunch distance = 50 ns = <n, >= 9+21

CMS Integrated Luminosity, pp

ATLAS Online Luminosity
O Vs=8TeV, ﬂ_dt =208 1" <u>=20.7
[ Vs=7TeV, ﬂ_dt =521fb", <u>= 9.1
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Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC
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Higgs signals
the di-bosons discovery channels

Y. weights / GeV

ATLAS

PRD90,112015(2014)
PRD91,012006(2015)
PRD92,012006(2015)

Y. weights - fitted bkg

CMS

events / GeV
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-¢- Data

— Signal+background
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JLdt=45"1s=7Tev
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S/B weighted sum

Signal strength categories
===+ Background

— Signal
m,, = 125.4 GeV
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Higgs signals
the fermionic channels: the b-bbar

H-> bb: searched in association with a vector boson (W or Z)
to reduce the huge baekground from QCD

1o7L. ATLAS

Events /0.5

Vs=8TeV [Ldt=20.3 1"

—o— Data 2012
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Very difficult analysis: ATLAS: u = 0.52+ 0.32+0.24
u=1.0x04
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Higgs signals
the fermionic channels: the tt

H-> tt: to enhance sensitivity different categories are used:

[VBF VH ggF enriched]
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Evidence of Higgs direct decay to
fermions (CMS)

CMS pubhshed a Combined 20 ?MS I1s=7TeV,L=5f";\s=8TeV,L=19-20fb"
bb and vt analysis to evaluate _ 4" m, = 125 GeV

e\

the significance of the Higgs 1 .4

. . : " 3.80 —H > 11
direct decay to fermion pairs 14 —— Combined

signal. o

Signal significativity:
observed = 3.8 st.dev.
expected = 4.4 st.dev.

2
standard N

model
Central value: SIS . T o
M:OSS +024 0O 02 04 06 0.8 1 12 14 16 1.8

NP10,557-560(2014) [




Higgs signals - ttH

Probe of the largest Higgs coupling using the ttH production mechanism.

PLB749,519(2015)

et JHEP09,087(2014)
— ‘oL ATLAS Preliminary Vs =8TeV,20.3 o™ {s=7TeV,5.05.1fb" is=8TeV, 19.3-19.7 i
- stat. : ; .19, .
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best fit u(ttH) = o/ogy for my = 125 GeV Best fit o/, at m,, = 125.6 GeV

ATLAS: multilepton events (tt, WW, ZZ) > =214, u<472.4)
CMS: hadrons, photons, leptons > nw=28*0 5 u<4.5(2.7)

Compatible with SM, BUT both experiments see u>1




Higgs signals — limits on rare decays

Final state ATLAS CMS

uu 7.0(7.2) 7.4 (6.5)
~3.7 x 10°
11 (9) 9.5 (10)
1y (M;<20 GeV) 7.7 (6.4)
J /gy ~500 ~500
Y @S) Y BR<10-3

Also limit on “invisible” decays, using VBF and VH as tags.
ATLAS BR,,<25% (27%) (VBF + VH)
CMS BR. ., < 58% (44%) (only VBF)




Higgs boson mass - I

Mass precision measurement in H 2 yyand H 2 ZZ - 41
Fully reconstructed channels, mass scales down to permill level.
Discriminant variables added to invariant masses

ATLAS H~>412D fit \s=7TeV,L=5.

ATLAS
HoZZ' 54 ¢ o=
G-nw:_[m-wm" -"""\.='Me'vu=1-sm

\5=8 Tw:Im-zoa o' - BackgaundZZ’, Zipts

CMS H->41 3D fit
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PRD90,052004(2014) m,, [GeV] EPJC75,212(2015) m,, (GeV)
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Higgs boson mass - 11

Combination: Profile Likelihood Ratio, u additional “nuisance” parameter

ATLAS and CMS —e—i Total [ | Stat. 1 Syst.
LHC Run 1 Total  Stat. Syst.

ATLAS H—-yy 126.02 + 0.51 ( = 0.43 =+ 0.27) GeV

B
[ ATLAS and CMS

1
T
O
us)
c
=1

CMS H—yy 124.70 £ 0.34 ( = 0.31+ 0.15) GeV

Signal strength (1)

ATLAS H—ZZ -4l 124.51+ 0.52 ( = 0.52 = 0.04) GeV
CMS H—ZZ -4l 125.59 + 0.45 ( = 0.42 = 0.17) GeV

ATLAS+CMS yy 125.07 + 0.29 ( = 0.25 = 0.14) GeV

ATLAS+CMS 41 125.15 = 0.40 ( = 0.37 + 0.15) GeV

ATLAS+CMS yy+4l 125.09 = 0.24 ( = 0.21 = 0.11) GeV

PR T W WO S N S S\ 11 I T I T T T S NN T T S S N T T B PR BT | PR ErEra——
123 124 127 128 129 05=="122""9245 125 1255 126 1265 127

m,, [GeV] m,. [GeV]

PRL114,191803 _ ATLAS CMS

H->4l1 124.51 £0.52 £ 0.06 1256+ 0.4+0.2
H->yy 12598 £ 0.42 + 0.28 124.70 £0.31 £ 0.15
Combination 125.36 £ 0.37 £ 0.18 125.02 *026 +014
ATLAS + CMS 125.09 £ 0.21 (stat) £+ 0.11(scale) = 0.02 (other) & 0.01(theory)




Higgs boson width

Expected SM width: T'(H) = 4.1 MeV ATLAS: EPICTS,335(2015)

CMS: PLB736, 64(2014)

Direct limits (driven by experimental resolut%%gs
ATLAS: 2.6 (6.2) GeV (ZZ) § [ ATLAS Smuaon '
5.0 (6.2) GeV (yy) € 102l s

¥

CMS: 1.7(2.3) GeV (yy and ZZ) § ,IP .Y
I‘i,:.

Vs=8TeV

—— gg— H" = ZZ(S)

—- gg— (H'—=) ZZ

‘e, mmm 90—~ (W) ZZ e, =10)

Indirect limits based on ZZ (41 and llvv), WW
for myy >2my =» off-shell couplings

Interference btw gg2>H->VV and gg>VV
BUT large bkg from qq=>VV

Assume off-shell coupling = on-shell T
ATLAS: 23 (33) MeV |

| T A P B B
CMS: 22 (33) MeV 200 400 600 800
HL-LHC will bring sensitivity at SM-level Z2 1 m, [GeV]

(BUT theory effort needed !) Far Off Shell domain




Higgs boson Spin/CP -1

Spin and Parity hypothesis tests in the
di-boson channels using discriminant
variables based on kinematics

« 77 - 41

Matrix element dependent on 5 angle%)
3 masses: sensitivity to J¥ and bck

YY
Only 2 variables used: pr(yy) and

cos 0* (Collins-Soper frame)

— Background
— JP o*
\F 8 TeV,20.3fb" . F=2"k

P + 9
CHoWW =t en

Arbitrary units

WW=evuy:
ATLAS: BDT with A¢(1l), p(11), m(1l)
CMS: 2D fit to m(ll) and my

25 3
a9 [rad]
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Hyp. test: SM vs. alternative hypothesis.
A discriminant variable 1s built for
each possible alternative hyp.:

Higgs boson Spin/CP - 11
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Higgs boson Spin/CP - 111

CMS X —ZZ + WW 19.7 fb" (8 TeV) + 5.1 tb™ (7 TeV)
-o-Observed ---Expected S
W0 +10 [ NiERS
- 0" +2¢ -JP + 20

0+ + 36 _ JP + 3(5 .

gg production qd production

PRD92,012004(2015) -
Alternative Spin/Parity scenarios can be all excluded with CL>99.9%

08/09/15 18 Figge plysics at LAHC




Higgs boson Spin/CP
Alternative tensor structure

Higgs couplings to V'V could have additional tensor terms
either CP-even or CP-odd (negligible in the SM)

SM Higgs coupling

Ly = \cdks) | KErz2?u 2" +@awW, W]

ik [cRuzzZu 2" + skaz 2w 2|
bk (oG Wi W + s GawWi 7} o

BSM Higgs CP-even BSM Higgs CP-odd

FIT V'V data introducing the additional terms and estimate the
BSM parameters (A=1 TeV in ATLAS analysis):

Kiyy/ Kgy and K.,/ Kq tana  (ATLAS formulation)
Aanda, a, (CMS formulation)




Higgs boson Spin/CP
Search for CP violation terms

angle in CP even and odd
hypotheses

No evidence of CP
violation observed
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Higgs boson couplings
Introduction

Combine channels to extract informations on the way the Higgs
couples with particles to be compared to SM expectations.

* Signal strengths u;and urelated to channels for data category ¢

ng = Z Z pi(oidsm X ur(BRy)sm X Aj X &7 X L°
i f

* Coupling modifiers k according to different scenarios related to
“couplings to particles” (based on LO diagrams)

oi(k;) - Ty(k;j)
g (k)

Reminder: u and x are “normalized” to SM =» any significant
deviation from 1 means BSM...

ot > H-> f)=




Higgs boson signal strengths
ATLAS+CMS combination

Overall u | p=1.097010 = 1.097007 (stat) Z0:04 (expt) 7303 (thbgd) (¢ (thsig)

SM BRs assumed SM production ¢ assumed

ATLAS and CMS Preliminary *éIIILSAS ATLAS and CMS Preliminary - ATLAS
LHC Run 1 - LHC Run 1
SM p-value o - ATLAS+CMS o ~CMS SM p-value

25% - —=lo - i *ATLAS+CMS | 60%

—* 20
—=+ 1o

From M.Pieri
talk at LHCP

Global p
s b by b by b beaa Lia

05 1 15 2 25 3 35
Parameter value Parameter value

ozlog]is Figge plysics at LAHC




Higgs boson signal strengths
Significativities

Observed Expected
Production process Significance(o) Significance (o)

54 4.7
WH 2.4 2.7
ZH 2.3 2.9
VH 3.5 4.2
ttH 4.4 2.0

Decay channel

HoTtt 5.5 5.0

H->bb 2.6 3.7
After combination: =>» Observation of VBF, of H2>tt
=» Evidence of VH

= “Evidence” of ttH “Non-Evidence” of bb

02lo9]is 23 Figge physccs at LH#C




Higgs boson couplings
Fermion vs. Vector boson couplings

The first coupling fit 1s the “Fermion vs Boson” model. Assume:
All fermions scale the same (ky) and all bosons scale the same (k)

No BSM interactions in width or loops. Sensitivity to the relative sign.
4 I | LI I LI I LI L I UL I UL | [ I LI 2 CMS 19'7tb-‘(8TeV)+51 fb-‘(7Tew

+ Observed
ML ¢ SM Higgs

- ATLAS

3 5=7Tev, 4547 "
F {5=8TeV, 203"
my, = 125.36 GeV
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CaH-ZZ2
CJH-ww 2

& [TTHow _T
* SM —68% CL [ JH-bb ]

# Bestfit  ---95%CL | | | ] Combined J
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08 1 12 14 16 18 |

ATLAS-CONF-2015-007

: i N 0.5
Different sign excluded at 4o level EPJC 75,212 (2015)
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Higgs boson F vs. V couplings
ATLAS+CMS combination

— ATLAS and CMS .6 ATLAS and CMS
- LHC Run f : - LHC Run 1

— Preliminary - ok
E CJH—yy . 4 Preliminary -
— [ JH—>2z ) :
- CH—-ww = 112
OF [IH-bb
c [JH—-w

- [J Combined . 1

I B T S S R | . caoaa v v b b b v by

lllTIllIlIlllIIllllITl‘Illlllllll
éMp-vaIue_'

0.8

0.6

*SM  —68% CL
+ Best fit ---95% CL . 0.4

*SM  —68% CL [Jcms i
+ Best fit ---95% CL [CJATLAS+CMS —

Illllllllllllllllll

0 05 . 07 08 09 1 14 12 1.3 1.4
< Ky
All results in agreeement with the SM within 1o
Kp<0 excluded at =50 level



Higgs boson coupling ratios
ATLAS+CMS combination

1

—Y 77—
- ATLAS and CMS [Kgzhuzh bz hgPuzhzg]

£ LHC Run 1 -=--. SM expected

= Preliminary — Observed

Additional fits based on the ratios of
different channels (some syst. cancel)

-- WZ (custodial symmetry)

-- Up/Down fermions

-- Leptons/Quarks
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Higgs boson couplings
5(+1)-parameter fit

Fit including 5 most relevant coupling modifiers: ky, k, x, x, K+

ATLAS and CMS Preliminary -—- ATLAS
LHC Run 1 -~ CMS

g
-o- ATLAS+CMS
—=+ 10

u

Z'o
.
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.
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.
.
.
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t .
LHC Run 1 Preliminary 3
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Within current precision
Higgs couplings scale with
partl'icle masses
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LHC: 2011-2012 runl dataset
A complete SM “radiography”

July 2015 CMS Preliminary

% 7 TeV CMS measurement (L < 5.0 fb™)
% 8 TeV CMS measurement (L < 19.6 fb™)
— 7 TeV Theory prediction

— 8 TeV Theory prediction

“ CMS 95%CL limit
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BSM Higgs searches
A summary

Anomalies in HY properties: e Charged Higgses
u, K # 1, spin® # 0%,...(see above) H*> tv,
H*>cs

SM forbidden H? decays ,
H*->W=*Z, Higgs cascade

Lepton Flavour Violations
(H~> ur)  Supersymmetric ¢ Higgs boson

Invisible decays (tagged by VBF > bb,
and/or VH) 0> uu

Extra Higgs o> Tt

X>WW/ZZ to my=1+ 1.5 TeV M | )
X-> invisible / quasi-invisible any analyses ongoing,

AS7h “open eyes”
H/AS 7 + A/H as soon as new data come




LHC: status of run2

Ongoing run2 at 13 TeV Cross-sections at 125 GeV
=50 = 25 ns interbunch (pileup
reduced) 8 TeV 13 TeV

- Relevant experiment upgrades ggF 19 pb 44 pb
- Aiming 1x10%* cms! luminosity VBE 16pb 3.7 pb
- Program:
10+15 fb! within 2015 VH 1.1pb 22pb
100 fb!  within 2018 ttH 0.13pb 051 pb
—> At the end of run2 about X

(8 ~18) Higgses produced tH ~20f  ~90fb

“Today” 0.2 fb'l/expt.: first results (not yet Higgs) already there




Prospects of Higgs physics
in future LHC runs

« LHC Run2: 13 TeV - 100 fb'! expected 2018
Observation of H> T 7, bb by ATLAS and CMS independently;
Observation of VBF and VH by ATLAS and CMS independently;
Clarification of evidence for ttH

« LHC Run3: 14 TeV - 300 fb! expected 2022
Probable observation of ttH
Evidence H> u u
Precision measurement of Higgs couplings at the level of =10 %

« HL-LHC: 14 TeV - 3000 fb'!l: expected >2030...
Observation ttH
Observation of H2> u 4 and H>Z 7y
Precision measurement of Higgs couplings at the level of few %
Evidence for HH production
Sensitivity to SM I'; through indirect “off-shell” method
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Theoretical uncertainties

Production
process

Cross section [pb]

Vs =7TeV

Vs =8TeV

Order of
calculation

Decay channel

Branching ratio [%]

8gF

VBF

WH

ZH

ZH: gg - ZH
bbH

ttH

tH

15.0+1.6
1.22 £0.03
0.577 £ 0.016
0.357 £ 0.015

0.156 + 0.021
0.086 + 0.009
0.012 + 0.001

19.2+£2.0
1.58 +0.04
0.703 £ 0.018
0.446 +0.019

0.203 £ 0.028
0.129 £ 0.014
0.018 + 0.001

NNLO(QCD)+NLO(EW)
NLO(QCD+EW)+appNNLO(QCD)
NNLO(QCD)+NLO(EW)
NNLO(QCD)+NLO(EW)
LO(QCD)
5FS NLO(QCD) + 4FS NLO(QCD)
NLO(QCD)
NLO(QCD)

Total

174+ 1.6

22.3+2.0

SM ggF, ttH, bbH theory uncertainty: ~10%
VBF, VH, ZH: 2-3%

02|og|is

H — bb
H->WW
H — gg
H- 17t
H — cc
H—-ZZ
H—vyy
H—Zy
H— pp

57.5+1.9
21.6+0.9
8.56 +0.86
6.30 £ 0.36
2.90 +0.35
2.67 £0.11
0.228 +0.011
0.155 +0.014
0.022 +0.001

SM BR theory uncertainties
2-5% for most important ones
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vy vs. 41 mass compatibility
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LHC Run 1 —— Combined yy +41
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Mass measurement systematics

ATLAS and CMS Uncertainty in ATLAS Uncertainty in CMS Uncertainty in LHC
LHC Run 1 combined result combined result combined result

ATLAS ECAL non-linearity / 1
CMS photon non-linearity

Material in front of ECAL

ECAL longitudinal response
ECAL lateral shower shape

Photon energy resolution

ATLAS H — yy vertex & conversion
reconstruction

Z — ee calibration

SMS electron energy scale & resolution

Muon momentum scale & resolution
ATLAS H — yy background modeling

Integrated luminosity
Additional experimental ATLAS CcCMS Combined
systematic uncertainties 1 Observed 1 Observed Observed

Theory uncertainties [CJExpected OJExpected [CJExpected

0 0.05 01 O 0.05 0.1 0 0.02 0.04 0.06
sm,, [GeV]
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Higgs boson width - II

|4

Figure 1. Representative Feynman graphs for the Higgs signal process (left) and the ¢gg- (center)
and gg-initiated (right) continuum background processes at LO.

N.. Kaljer, C'B.Pa;ssa;ino.
JHEPO08(2012)116

Mng—)(H*—))ZZ (Moft-she) = K" (mzz) t Hoff-shell — K?g (mzz)|- 1/ RB* : lloff—shell) : Mcglgw_) H*>ZZ

8 TeV

H* SM o=
Kgg (mZZ ) . * Hoft-shell * Mng—>(H*—>)ZZ ZZ

= | - WW

HTO powered by complex - pole - scheme

H* B cont
Kgg (mZZ) ) A\ RH* ] llotf-shell) : Mcgg_)zz,

Systematic uncertainty ATLAS 95% CL lim. (CLy) on foff—shell
Interference gg — (H* =)VV 7.2
QCD scale K (myy) (correlated component) 7.1
PDF ¢ = VV and g9 — (H* —=)VV 6.7
QCD scale gg = VV 6.7
Luminosity 6.6
Drell-Yan background 6.6
QCD scale Kf; (myv) (uncorrelated component) 6.5
Remaining systematic uncertainties 6.5
All systematic uncertainties 8.1
No systematic uncertainties 6.5
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Higgs boson width - I1I

— ATLAS

- H—>ZZ+WW off-shell+on-shell
K =Kgv off-shell

CMS 19.7 fb" (8 TeV) + 5.1 fb™' (7 TeV)

—— 41 observed
4] expected
—— 2I2v + 4]
212v + 41

L Combined ZZ observed
Lemenne Combined ZZ expected

observed
expected

g/V,on-shell on-shell

1 BT B SR A

's=8TeV: |Ldt=20.3 b

— observed with syst.

—— observed no syst.
expected with syst.
expected no syst.

on-shell

.

68% CL

.
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Higgs boson lifetime

CMS has presented an analysis of the Higgs lifetime based on the measurement
of the flight distance in H>ZZ->4l events

19.7fb" (8 TeV) + 5.1 fb™" (7 TeV)

+I olbserlvedl | o l__ * Lifetime from flight distance in H—Z7Z*—4l

[ ] SM signal - events m

~ereto0um - At == (A7 py)

[ gg—4Cbkg.| T ] Pr

[ do—»4/ bkg. | Displacement vertex between H production
- Bz ! and decay
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€
=1
o
v
~
L2
c
o
>
L

CTy; < 57um at the 95% CL
[ ,>3.5%107 eV at 95% CL
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Higgs Spin/CP — ATLAS exclusions

Tested Hypothesis Plap =1 Pon i pot Obs. CLg (%)
0, 2.5-107° 4.7-107° 7.1-107° 4.7-1072
0~ 1.8-1073 1.3-101 <31-107° <26-1077
2t 4.3-1073 2.9-1071 4.3-107° 1.1-1072
2% (kg = 0; pr < 300) <31-107° <3.1-107° <31-107° <6.5-107°
2t (K, = 0; pr < 125) 3.4-1073 3.9-1074 4.3-107° 1.5-1072
2% (kg = 2Kg; pr <300) <3.1-107° <3.1-107° <31-107°  <43-1077%
2t (kg = 2Ky pr < 125)  7.8-1073 1.2-1073 7.3-107° 3.7-1072
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Alternative tensor structure: different
formulations

Ly {Ca KSM [%gsz Z,Z" + gaww W, W"‘]

11 7
—IA [CaKHZZZvaIw + saKAZZZva”V]

11 - 7—
“2A CaKHWWw;VW HY 4 SaKAWWw;VW ”V]} Xo.

WWVa2 4 VY2 . . .
A(HVV) ~ lafV + q‘(’;\W)zz 2 M1 +aYY s fr O 4 afV fulV) fr@m
1

— S

- BSM CP-odd
SM BSM CP-even 0
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Higgs boson
cross-sections - I

Measurement of total and fiducial cross-sections
ATLAS - combination of yy and 4l to get o(pp—=2>H) total c-s
CMS - fiducial o(pp2>H—>4l) compared to SM

5.1 b (7 TeV), 19.7 tb" (8 TeV)

- ATLAS (s=8Tev, 203f"  PP~H. m,=1254GeV

- ; H—yy [:‘ H—sZZ*—4] X Oggr + Oy Oxy =_3.0 22.1 pb
r i comb. data syst. unc. XH = VBF + VH + ttH + bbH

- 1 QCD scale uncertainty

L M Total uncertainty (scale ® PDF+c,)

ry

¢ Data (stat. ® sys. unc.)
Systematic uncertainty

Model dependence

pp—=(H—=4l)+X

IHI|HII|IIII|IIII|IIII|IHI|IIII|IIII

‘lI\II|\III|IIII|IIIIlIIII'I\IIlIIIIlIIII

NNLO+NNLL N’LO
LHC XS 1 ADDFGHLM ol 111 111l | - L1111 111 | | - | 111 | L1
12 13 14

s [TeV]




Higgs boson
cross-sections - I
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Higgs boson couplings
Decay signal strengths

Global fits of the decay signal strengths u, (assuming p.=1)

ATLAS :z((iﬁtgz,c. Total uncertainty 19.7 b7 (8 TeV) + 5.1 fb' (7 TeV)

my = 125.36 GeV theory ticonp

— o(theor - —

" o y); e - Combined CMS my = 125 GeV
-V Lo : | : F=1.00z0.14 |

_ 10.28 | o1 : : _
W=7 e 0 H i pSM =0.96

H - zzZ* : —
o= 14609 5 | ik H — yy tagged
08 = w=1.12+0.24

H - Ww*
W= 1.187024] 2 i ;

s ; : H — ZZ tagged

W 1.44°042 ‘5%2 : : w=1.00+0.29

—0.37 |01
P

H—

H — bb

peoson/E| | Mo WW tagged
-0.37 ;;27 l,l, = 083 + 021

H — uu

pe0sl
S : : H — 1t tagged

w2748 13 : ; w=0.91+0.28
45| o3 i i I

H—Zy

Combi o o H — bb tagged
},], = 118i81i g:gg i 1 u, = 0.84 i 0-44

\s=7TeV, 4.5-4.7 fo" —1 0 1 2 3 0 . 1 1.5 2
1s=8TeV, 203 fo" Signal strength (u) Best fit G/GSM




Higgs boson couplings
Production signal strengths

Global fits of the production signal strengths . (assuming u.=1)

19.7 167 (8 TeV) + 5.1 fb' (7 TeV)

CMS - 68% CL
ATLAS w—05% CL
68% CL: weeilwem \/S=7TeV,45-47f"

Vs=8TeV,203b"" — 0.85*%19
Hogh = Y%

+0.23
Hggr = 123742

=1.16"%%
Uygr=1.23+0.32 H

\VBF -0.34

Uy = 0.80 £ 0.36

.38
l'l‘VH = 0‘928.36

Uy = 1.8140.80 -

H my = 125.36 GeV
NPT SRR PP PR S

+1.08
. 3 an = 290_ 0.94
Signal strength (u)

Parameter value
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Higgs boson signal strengths:
Vector vs. Fermions

IIIIIIIIIIIIIIIIIIIIIIIIIIIlllllll]llllllllllllll

i ATLAS and CMS SM p-value i
- LHC Run 1 88% ]
" Preliminary :

ATLAS+CMS result o

IIIIIIIIIIIIIIIIIII

— +0.35 -1
MV/MF_LOé -0.27 - *SM  —68%CL
-+ Best fit

P U P FUTTN SN PPTTE FYUTE OO T
-1-050 05 1 15 2 25 3 35 4

f
MggF+ttH
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Coupling parameterization

Production Loops

Interference  Expression in fundamental coupling-strength scale factors

o(ggk)
o(VBF)
o(WH)

o(qq — ZH)
o(gg — ZH)
o(bbH)
o(1tH)

o(gb —» WtH)
o(gb — tHq')

v}
Kg

~

~

~

~

1.06 - k2 +0.01 - & — 0.07 - k15
0.74 13, +0.26 - 2

iy
<

27 k% +0.37 - &2 — 1.64 - kzk;

1.84 - k2 +1.57 - 3, — 2.41 - KKy
34 - K,2 +3.56 - K%V —5.96 - kikw

Partial decay width

s

59 - k2, +0.07 - &2 — 0.66 - ky;
12+ k3, +0.00035 - k7 — 0.12 - kw

Total decay width

Iy

0.57 - Ki +0.22- K%V +0.09 - K§+
0.06 - k2 +0.03 - k2 + 0.03 - K2+

0.0023 - 5 +0.0016 - 7, +0.00022 -

02|og|is
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Higgs boson couplings
Additional fits

Other approaches:
“Custodial symmetry fit” Ay, = Ky /Ky

“Fit almost without assumptions”: all SM 19.7fo" (8 TeV) + 5.1 16" (7 TeV)

particles move in the loops.. CMS oo L

K. = 0 95+0.14
[KgzMghoztyz Mz Mz Mzt zghzyz] o -0.13

SM expected
= Observed

+0.16
Kk, =1.057 ¢

Kt - 0.81+019

-0.15

+0.33

K, =0.74"

+0.19
K, = 0.84 |

AW L /f K, <1.87 |
||l||||||||||‘I'M||||||||||||||||\‘c/.'|'||||1|||||||| T T T e
25 -2 -15 -1 -05 0 05 1 15 2 15 o 25

Mz Parameter value

II|IIIIIIIIIIlIIIlIIIIIIIlI
II|IIIIII|III|III|III|III|I

N




Higgs boson couplings
Couplings vs. Mass

Higgs coupling scaling with mass: vector bosons V

fermions F

IIIII T T T TTTTT

. ATLAS
s=7TeV, 4.5-4.7 it’
's=8TeV, 20.3 fb"

— Observed
--- SM Expected

‘- T TTTTT

T T TTTTT

T IIIIIIII

Yvi =

Yri = K

19.7fb" (8 TeV) + 5.1 16 (7 TeV)

- CMS

I-Q-j-—h

[ ||||||[“

Z.-
rd
W

=== 658% CL
—95% CL

---SM Higgs

=

(M, ¢) fit
E=68% CL
—95% CL

i

1

0z|09/15
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Particle mass [GeV]

10 100
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LHC and HL-LHC timeline

New LHC / HL-LHC Plan

LHC

LSt EYETS LS3

13-14 TeV

5to7x
nominal

injector upgrade
splice consolidation sPs cryogenics Point 4 I . i
button collimators dispersion _cryolimit HL-LHC installation luminosity
cC 5 interaction
—— R2E project suppression regions
collimation

—_—
2012 2013 2014 2015 2016 2017 mmm 2021 2022 2023 2024 2025 I.@

radiation
damage

v X

2 x nominal luminosity
L]

i nominal luminosit )
nominal y experimentupgrade |F—""

luminosity 75% | ime l/'—' I experiment upgrade phase 2

2015 Vs= 13 TeV- 10 fb'!

2015-2018 Vs = 13-14 TeV — 100 fb'! Discussion on the update of
this schedule 1s ongoing
A new version has not officially

2025-2033 Vs = 14 TeV — 3000 fb'! announced yet

2020-2022 Vs = 14 TeV - 300 fb'!




Expected precision on signal
strength

Prec. (%) 100 fb! | Prec. (%) 300 fb! | Prec. (%) 3000 fb-!

ttH H>vyy

ttH H>Z7*->4l 49 48 20 16
VBF H>vyy 47 43 15
VBF H>ZZ*->4l1 36 33 16

H->puu 39 38 12
H->11 14 8
H->bb 14 11

H->vyy 12 6
H->4l 11 7
H->4l1 11 7

ATLAS: experimental & theory uncertianties; only exp. uncertainty
CMS: current exp.l & theory uncertianties; exp. unc. « 1/NL and % theory unc.




Expected precision on coupling
modifiers with L=300 and 3000 fb-!

Coupling modifier | 300 fb" i I —
W29 ky

CMS Prolectlon

6%

12%
15%
10%
22%

| T T T T
Expected uncertalntles on

Higgs boson couplings

| T T T T | T T
1 300fv"at fs =14 TeV Scenario 1
1 300fb"at fs =14 TeV Scenario 2

1 L | 1 L L 1 | 1 1
0.10 0.15
expected uncertainty

3%
5%
7%
5%
8%

CMS Prolectlon

Per experiment

down-quark type
Top Yukawa coup.
lepton coupling

2"d generation

Expected uncertalntles on
Higgs boson couplings

e
—

T T T T T T

| T T T 1 I T T
— 3000 fb"at fs= 14 TeV Scenario 1

— 3000 fb"at fs= 14 TeV Scenario 2

Scenario 1: same theo erro
Scenario 2: theo error/2

! ! | L 1 ! L | I L
0.10 0.15

expected uncertainty




Higgs width at HL-LHC

[ I C I I I I I
ATLAS Simulation ] B det =3000 fo' (s=14 Tev
, ] ) B — No systematics
ILdt =300 fb~ Vs=14 TeV ] - — Norm systematics
C — Norm+shape systematics

— No systematics
— Norm systematics
— Norm+shape systematics

5 ATLAS
” Simulation

—I 11 | 111 I 1 11 | 111 | 1 1 | 111 | 11 l| 111 I 1 1 I%
00 02040608 1 12141618 2
u

Fg‘z) = 4.23:? MeV (stat+sys).
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