The Higgs boson:
a portal to BSM physics

Nikola Makovec




Is the Higgs boson consistent with Standard Model?

"  Mass and width
=  Coupling properties

"  Quantum numbers (Spin, CP)
= Differential cross sections
= Rare decays

Is the Higgs sector minimal?
= 2 Higgs doublet models
=  Additional singlet(s)
=  Additional triplet(s)

Tool for discovery

= Portal to Dark Matter (invisible Higgs)
= Portal to BSM physics with H in the final state
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1. Introduction
1. Coupling and decays

2. Constraints on the Higgs mass

2. Higgs boson discovery at the LHC

1. Production mechanisms
2. Review of the various channels

3. Combination

3. Coupling measurements

4. Constraints on new physics



Status of the Higgs boson:
= PDG review
* http://pdg.lbl.gov/2020/reviews/rpp2020-rev-higgs-boson.pdf

Topics in Higgs physics
= J. Ellis
" https://arxiv.org/abs/1702.05436

Implications of the Higgs discovery for the MSSM
= A. Djouadi
» https://arxiv.org/abs/1311.0720

Higgs Physics — Experiment
= Lecture at HCPSS 2018 by M. Kado
» https://indico.fnal.gov/event /15893 /timetable /#all.detailed



Introduction



The elegant gauge sector (three
- parameters for EWK and one parameter

4 c‘@ 9} _4__&\& for QCD)

But massless gauge bosons

Provides masses to bosons and fermions
Not governed by symmetries

Flavor hierarchy problem

Gauge hierarchy problem (naturalness)

The Higgs potential has the shape of a “mexican hat”
It has a minimum whichisnotat < ¢ >=0

Known as the vacuum expectation value:
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The Higgs boson is narrow

I'(125GeV)~4MeV
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- Dominant: bb  (57%)
- WW channel (22%)
- Tt channel (6.3%)
- ZZ channel (3%)

- cc channel (3%)

- The yy channel (0.2%)
- The Zy (0.2%)

- The uu channel (0.02%)



= LEP1:(1989-1995)

. \/S"'MZ e f Observed limit slightly worse
than expected one
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" Mostly bb and 11

Exclusion: M, < 114 GeV
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The electroweak gauge sector is fully described at tree level by three parameters: g,

g’ and v which can be replaced by:

Fermi Constant Gp = 1.166367(5) x 107° GeV~2  (muon lifetime)
Fine structure Constant a = 1/137.035999679(94) (quantum Hall effect)
Z mass M, = 91.1876 + 0.0021 GeV (LEP)

H

At higher order, the electroweak gauge observables depend also on the additional
Standard Model parameters. For instance, the W mass is given by:

) Higher order corrections
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A global fit of all relevant measurements can be then done to check the consistency of
the Standard Model or predict parameters that are unknown
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M, [GeV]

Indirect measurement of the Higgs boson mass through _ +30
my = 91753 GeV

its quantum effect on the precision observables. 3



A global fit of all relevant measurements can be then done to check the consistency

of the Standard Model or predict parameters that are unknown
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Higgs boson searches
at the LHC
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Higgs candidate events are selected from their decay signatures. Then production
processes are disentangle using the production signatures.

QW'Z
>, 0
3 H

W, Z bremsstrahlung

t T fusion
g t HO

g g fusion
J. Qian

VH

Tagged by W/Z decay signatures:
leptons, missing ET or low-mass dijets
from W or Z decays

VBF
Two high pT jets with high-mass and large
pseudorapidity separation

ttH

Tagged by top decay signatures:
leptons, missing ET, multijets or
b-tagged jets

ggF
Untagged: the rest
separate into 0, 1 or 2 jets

17



Categorization help analysis to separate different production

processes but also to improve the significance

Let’s take a simple example with two categories:
= Cl:s=12 and b=60

= C2:5=18 and b=40 Gaussian
approx:
Inclusively we have a significance of 3 s
Z=—
Vb
Separating in two categories:
* C1:2.850
= C2:1.550

= Combined significance: 3.24

Improved only when S/B are different

18



Main production and decay processes occur through loops

— excellent probe for new physics

Key features:
= Small S/B-ratio,
= High event yield

= di-photon mass resolution = 1-2%

Analysis strategy:

= Di-photon mass is the key observable

= Two isolated high-pT photons

Events / GeV

Data - Bkg
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Selected diphoton sample
L] Data 2011 and 2012
Sig + Bkg inclusive fit (m, =126.5 GeV)

--------- 4th order polynomial

\s=7 Tev,_[ Ldt=481"

\s=8 TeV,_[ Ldt=591f"

160

1 5{). -
m,, [GeV]

" Background estimated from m,, distribution (in the sidebands)
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Observable: set of values m,,....m_
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‘ i=1 ‘
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ttH -

VH

VBF

further divided
based on photon n
and Higgs pT

Diphoton selection

Y

ttH leptonic

A\

ttH hadronic

\d

V H dilepton
(ZH — ((H)

\

V H one-lepton
(WH — (vH)

\J

VH Epie
(ZH = vvH; WH = fvH)

\4

V' H hadronic
(WH — jjH:; ZH — jjH)

Y

VBF tight
(qqV — jiH)

Y

VBF loose
(qqV — jiH)

!

Untagged
(99 — H)

BogF BVvBF  BWH
ATLAS Simulation

WZH T fiH
H—-vy

TH leptonic

1TH hadronic

VH dilepton

VH one lepton
VH ET*

VH hadronic
VBF tight

VBF loose
Forward - highp
Forward - low p_
Central - highp_
Central - low p b

~bbH | tH

\s=8TeV

0O 01 02 03 04 05 06 0.7 08 0.9

Fraction of each signal process per category

L(m,,..m, | 1,0)= HLcat_(ml,...

categories

m | 11,0)G(6)




\s=7TeV,L=5.11";Ys=8TeV, L=19.7 fb"’

Key features: Essz_ P
= High S/B-ratio ® 30} E:ixzz
= Low statistics (BR(H—ZZ)~22%, £ 25;_ H
BR(Z—ee or puu)~6.7%) L<11>-I)205
= Only one Z is on-mass shell :
"  Mass resolution = 1-2% 15§
10F
5
0 ..a

Analysis strategy:
= Four prompt leptons (low pT is important!)
= Four-lepton mass is the key observable
= Split events into 4e, 4|4, 2e2 channels:

= Different resolutions and S/B rates

= Complicated kinematics for 4 final states

I

— advanced techniques (BDT,ME,...) can improve
sensitivity significantly
= Background: pp—ZZ estimated by MC

600 80
m,, (GeV)




Key features:

Large signal event rate, but large
background

Events / 10 GeV

" “Mass” resolution = ~20% (spoiled by the v)

2

s 0 . -,
m% . (E,%E _'_E%nss) — |pT,0 ofi Ez@lss

Analysis strategy:

2|1 OS and missing transverse energy

Transverse mass is the key observable

Low A@(¢. ¢)

Events are separated into categories of
number of jets from O to 2

Dominant background is from pp— WW
production and top at larger jet multiplicity

Requires a very good understanding of the
background in simulations and with control
regions

o T T : / =
B -4 Data %% SM(sys @ stat) _|
C ATLAS B ww [ Wzizz/iwy
120 \s=8TeV,| Ldt=58f" [Jt& [ SngeTop
C * Il Z+ets [T] W+ets
100 H—-WW —evuv/uvev + 0/1 jets I HI125GeV]
80 +

.

PP P

III|lII|IIlIIII|III|lIl|II

o
o

100 150 200 250

300

my [GeV]

- _ T

momentum direction =————
angular momentum direction —_—
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Key features:
= Low S/B
= Resolution ~15% (spoiled by the V)

= VBF production is the most sensitive
production mode

> 1800__| rrrrrrrrrrit ‘I L L L L l—-

o - CMS : .

. O 1600F -
Analysis strategy: =k :
. S 1400 # oveerved -
3 ChqnneIS: tlep tlepl Tlep tth’ tth ThCId B 00: _:“""(l-l=1-09) :
1200F  Z°® o

" VBF: two forward jets and a large G | Miwses ]
. e . = 1000  QCD muttijet -
rapidity gap between the jets S [ otes :

. . . . . ) 800 [ - Bkg. unc. =

" Main discriminant variables: m_, = " 0 50 100 150 200 250 300
. e @ 600 T L

= Crucial to distinguish H — TT from & F e .
= i, “Thh ]

large Z — Tt background o % Boosted: 7, U, €x,, ey -

0 50 100 150 200 250 300
m.. (GeV) ,,




DAL B B

Key features:
= Low S/B ~0.05
= Resolution ~10%

= VH production is the most sensitive 10°
production mode

F . Il VH, H = bb (1=1.16)
- Y [ Diboson

Events /0.13

T

w

]

=
a
<
3
@
LA

tt
1 p¥ > 150 GeV I Single top
[0 Multijet
Bl W+jets
Bl Z+jets
Uncertainty
««=+ Pre-fit background
= VH, H — bb x 20

Yy
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102

Analysis strategy:

S 15 FTT T 1 | T RN RN T

° 9_) M > \-\\m @

= Select 2 b-tagged jets S b e e
=B -1 08 06-04 02 0 02 04 06 08 1

= 3 channels (0-, 1-, 2 charged leptons BDT,,, output

from V=W /Z boson)

|||||\|||||\|||\||||\|||\|||||
TLAS —e— Data

T 3

A ]

= Main discriminant variables m(bb), 12 i CICRCIRLT
p1(V) and AR(bb) — MVA 145 wapnedoyngsss Distmessanas

® Main background is V+jets controlled
in the mass side-bands

= VZ with Z—bb offers validation

_+_

TTTTTT[TTT[TTT[TTT [ TTT[TTT[TTT]TTT
I I I \ I \ I [ I

7t

_2I|III|II\|III|\II|JII|I\I|I1I|III‘I_
40 60 80 100 120 140 160 180 200

q ]\f \< ’ q h \< q [\] \< J
b b b my, [GeV] 25
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Channels combination

= Searches mainly based on the Higgs decay modes with exclusive subchannels
defined according to the Higgs production processes

= Combine the analysis channels (yy.,4l,...) together in order to probe further the
production and decay modes of the Higgs boson and measure its coupling

Run | ATLASH+CMS combination:

= Rule of thumbs: improving by 1/\/2 the precision if limited by statistics
= ~600 signal regions & control regions

= Grand total of ~4200 nuisance parameters: related to (systematic)
uncertainties

= Up to now, only done for runl data

26
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my [GeV]

H-yy, H—>ZZ *—4¢ and HH-WW “—a &v were all observed(*) with run 1 dataset
separately by ATLAS and CMS

H—TT: observed with run 1 data combining ATLAS (3.3c) and CMS(3.70) results
H — bb: observed in 2018 (Runl and Run2 data, ATLAS and CMS separetely)

2

(*) CMS 4l : 5=4.6
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Models without Higgs boson are obviously excluded

= Ex: simple technicolor models

Models with 4™ generation of chiral
quarks are excluded

9

Higgs cross-section
enhancement due to
4th generation in loop

/]

But
= A 4th generation can be compatible

with two scalar doublets

=  Could be viable if they are vector-like

and not chiral (discussed later)

arXiv:0904.4698, arXiv:1202.3072, arXiv:1209.1101

arXiv:1302.1764

—IIII|IIIIIIIIIIII| IIIIIIIIIIIIII

:'}Q, - CMS —=— Observed

_,-CJC_,J 10 Vs=7TeV.L=>5.11fb" |&5 Expected (68%)

S 4L Vs=8TeV,L=53fb" [== Expected (95%)

Z

& 10" 2 95%
=

I 99%
=

(d)) 1 0' 99.9%

|IIII||III|I\I1|II|

10
110 115 120 125 130 135 140 145
SM4 Higgs boson mass (GeV)
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124.5

mH = 125.09 £ 0.21 (stat) £ 0.11 (sys) GeV
(Runl ATLAS+CMS combination)
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Coupling
measurements

Results mainly from ATLAS+CMS run 1 combination
https://arxiv.org/abs/1606.02266

30



Count number of signal events in each category (narrow width approximation)

Nb of events

A = ot x Brlx L

Luminosity

Branching ratio

Cross-section Decay: yy,WW, ZZ, bb, Tt

Prod: ggH, VBF, WH, ZH, ttH

31



Count number of signal events in each category (narrow width approximation)

Signal acceptance (MC) Efficiency

A = oty X Bri x AVC x eV x L

32



Count number of signal events in each category (narrow width approximation)

lcat

Z oty X Bri x AVC x eV x L
iC{prod}
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Count number of signal events in each category (narrow width approximation)

ﬂdcat

:Z Z oty x Bri x AVC x VS x L
iC{prod} fC{decay}

llll'lll!'!lll]lll!llllll'lllllllIlllll'lllllllll
BogF Bver BWH BZzH UfiH | bbH tH —

ATLAS Simulation H -y \s=8TeV

1TH leptonic

1tH hadronic

VH dilepton

VH one lepton
VH ET*

VH hadronic
VBF tight

VBF loose
Forward - highp_
Forward - low Py
Central - high Pr
Central - low p %

0 01 02 03 04 05 06 0.7 08 09 1
Fraction of each signal process per category
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Count number of signal events in each category (narrow width approximation)

A, 1) = Z Z woba, x w Brf x AV x €78 x [
iC{prod} fC{decay}

BR/
W= —
BR,,.

Cannot determine the signal strength parameters y; and y simultaneously

without assumption
35



Count number of signal events in each category (narrow width approximation)

0y Signal acceptance (MC) Efficiency
Nb of events Hi = —sm
i
/ftcat.(lui,luf): § : MZU:LS‘M fBTf Azfcxszfs 0 i
iC{prod} fC{decay} /
Luminosity
Cross-section BR/ Branching ratio

— Decay: yy,\WW, ZZ, bb, 11

BRf

Prod: ggH, VBF, WH, ZH, ttH

Cannot determine the signal strength parameters y; and y simultaneously

without assumption
36



Given a set of measurements and a hypothesis, a likelihood function is
defined as the probability of the data under this hypothesis

Likelihood without nuisance parameters and without shape information:

L(data |y, ,pu,)= | | Poisson(n,,, A (u, , p1,))

categories

When nuisance parameters are included, their dependences are

removed using a profile likelihood ratio A
9aP L(datal g, 1,.6)

L(datal g, f1,0)

A(datal g, p1,) =

Assuming WLH.=H=constant (ATLAS and CMS run 1 combination):

= 1.09 £+ 0.07 (stat) £0.04 (expt) = 0.03 (th. bkg) 4 0.07 (th. sig)

37



—e— Observed 10

Y

ZZ

1T

bb

ATLAS and CMS

LHC Run 1 00 Th. uncert.
il T~ — e
N : Too low: statistigs i
. e il I ]
Viery difficult + o +
=05 0 095 1 15 05 0 05 1 15 4 2 0 2 4 6 8 4202 46 8 4202 4 6 8
ggF VBF WH ZH ttH

20/25 measurements possible with run 1 data

Rate consistent with Standard Model predictions within uncertainties
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Introduce simple scale factors of the Standard Model couplings in a « naive » effective

Lagrangian (assumes that the tensor structure is that of the SM)

2
2my,

2
R m m, -
Lok, =W, WﬂH+KzTZZﬂZﬂH—;K‘f Tfﬁ’H

V

In the SM, K= K,= K=+1

Z W f
R
Z W f

8z = Ky

39



Changes in the values of the couplings will result in a variation of the Higgs width.

A new modifier is defined:

kg = 0.57kj + 0.06x2 + 0.0352 + 0.22x7), + 0.03x% + 0.09x7 + 0.0023K2

The total width is then given by

o=KLy
1 BRyg,

Example of BSM decays: decays into BSM particles that are invisible to the detector
because they do not appreciably interact with ordinary matter

Since I'ycan’t be measured accurately at the LHC in model-independent way,
one needs to:

" make assumptions on I'}; (ex: BRgs,=0)

" measure ratio of coupling modifiers (lambdas)

40



For a given production process, one define

K= j < lggF ,VBF,WH, ttH,...
7O
J

For a given decay mode, one define

, 1 jC {bb,ZZ,)/}/, Z'Z',...}

K :F.SM
J

Example:
9 oooo00)———

2
2 * Ky
CK F - ———
b

9 wooooot—— ¢

o . k2o
O-(gg — tt(H — bb))T: GttH ><BRH—)bb = t? = T ’;zb Mlj-{,SMbb
H H H

NWA BRgey=0 41




Gluon fusion:
g UOITHO

3 2
camn 1P K> = o — Ki Oy + Ky Opp + KK Oy

g 1900000 O sm O T Opp + Oy

Photon decay:

v
W, 2ytt 2 —wWww tw
u N 2 FW K FW +/<WFW +K‘tK‘WFW |
y T pSM T tt ww tw
W Y | I el Al

It was assumed that no new particle runs in the loops. An alternative approach is to
represent loop processes with effective params (k k) — allow BSM contribution

—— — —

J. Qian 42



Effective Resolved
Production Loops Interference scaling factor scaling factor
o(ggF) v t—b Ké 1.06 -« + 0.01 - w
o(VBF) ~ - 0.74 - k3, +0.26 -
o(WH) - - K%,
o(qq/q9 — ZH) - - K2
o(gg — ZH) v -7 227 - K% +0.37 - K,z —1.64 - k7
o(rtH) - - K,z
o(gb — tHW) - -W 1.84 - K,z +1.57- K%V - 241 - kikw
o(qq/qb — tHq) - —-W 3.40 - k7 +3.56 - k3, — 5.96 - koKW
o(bbH) - - K
Partial decay width
— - K%
rww _ _ K‘zy
7 v W e 159 43, +0.07 - K;’«
[T _ _ K2
rbb _ _ "f?;
e — - K2

43



Likelihood reparametrization

L(data| 1 , 1) —> L(data | . K )

2

H; = K;
2 Fit only sensitive to products of coupling
o Ky modifiers and not to their signs
H ==
Ky

The measurements of coupling modifiers is sensitive to many BSM

models:
Model Kv Kb Ky
Singlet Mixing ~ 6% ~ 6% ~ 6%
2HDM ~ 1% ~ 10% ~ 1%
Decoupling MSSM  ~ —0.0013% ~ 1.6% ~ —.4%
Composite ~ —3% ~—B8-9% ~-9%
Top Partner ~ —2% ~ —2% ~ +1%

44



Fit assuming one coupling modifier for all fermions and one coupling modifier for all
bosons without new particles in the loops or in the decays

zu_ 16 T T I T T T [ T T T T T T
"ATLAS and CM ;
'LHC Run 1 -
1 4 I :‘_:". "'.,_: _
I ATLAS+CMS |
1.2 —
L ATLAS i
I CMS |
Ky = Kw =Kz 1 a
KF = K =Kp=Kr=Kg =Ky I ]
0.8+ ~
0.6- -
T — 68% ICL ----------- 95% CLI + Bestfit *| SM expected A
0-4 1 1 | | | | | | | | 1
0.8 1 1.2 1.4

KV 45



Assume only SM physics in loops, no invisible Higgs decays

Fit for scaling parameters for Higgs couplingsto W, Z, b, t, T, U

107 E

107 ¢

107 ¢

- LHC Run 1

- ATLAS and CMS

IITI T T IIIIIII

1 L1 11111

1illlll

¢ ATLAS+CMS

1 Illlllll

------- SM Higgs boson |
— [M, €] fit :
[ 68% CL ]
95% CL |
WERET il E
10~ 1 10 10?

Particle mass [GeV
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Fit assuming that the Higgs couples to all SM according to the SM, but no assumptions
made on the loops nor on the decay

—] ¥ t % [ ® [ 7 [ 1
“ g ATLAS and CMS CaTLAsscMs |
"~ LHC Run 1 [CJATLAS 1
1 ) 4 | :‘:“_‘e -,.,"."“"" N
1.2~ A
1 - —]
0.8~ =
I " ] v
- =—68% CL o 95% CL + Bestfit » SM expected H
i I | 1 | | 1 1 1 I 1 1 1 I 1 1 1 | | 1 1 1 1
0.6 0.8 1 1.2 1.4 1.6 e
By

Kw = Kz = Kt = Kp = Kr = K, = 1 i



The results presented in these lectures are mainly based on Run 1

= Significant improvement with run 2 data (VHbb, ttH observed)

"  Main conclusion unchanged: the Higgs boson is SM-like

] I I R L w3 R ERTE [ R T L | TTTT T T T T T L T B I LR E T o & F 7L
E> 15 ATLAS and cMs U [ Anaspeimnay F
tJ C = E 157 eVv,24.5 - T Z.% 3
L i LHC Run 1 LL° - m,=125.09 GeV, |yH| <25, Pru = 84% 0" f .
6 EJ; 10" :_ ---------- SM Higgs boson s W ?_
&> 10 3 2 s
3 i i
T A E
102 E 10‘3;— ™ —;l
W =
el m,(m,,) used for quarks ]
¢ ATLAS+CMS s _
N A SM Higgs boson Ii_‘i 14b - E
- — [M, £] fit s -
I 68% CL 1 @ “F { E
[ ]95% CL ‘ L E— {r """""""""""" S
10—-4 - — C ]
Ci T B A W ool Ll T 0-8_..| R—— P PR PR P | .
107" 1 10 10? 107 1 10 10?
Particle mass [GeV] Particle mass [GeV]
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Constraints on
BSM physics:
supersymmetry



Standard particles SUSY particles

WS

.| Quarks

Higgs sector extended to 5 H) Hy W° B® — %0 %5 %5 74
Higgs bosons: h, H, A, H* o R el wii
Hu Hﬂ' W W EW X..l XL"
symmetry
breaking

Nikola Makovec 50



How Many Higgs Supermultiplets?

Yy =0 _ __

SM  fermions 2 2
anomaly cancellation Now in SUSY we got at least Need a Higgsino with
Miracle of the standard model one new fermion, the Higgsino Y=-1/2 to avoid anomalies

This new anomaly cancels if and only if both the I:Iu and f]d Higgsinos exist.

The masses of the up-quarks (u.c.t) arise from coupling with Hu 2 Higgs doublets
needed!

The masses of the down-quarks (d,s,b) arise from coupling with Hd

C. Clément



Higgs sector in SUSY contains two scalar doublets = 5 Higgs

= neutral, CP-even: h, H

(%
" nevutral, CP-odd: A 2 = p2 + 3 tan B = —=

" charged H*,H™ va

At tree level two free parameters: m, and tanf3

2 2
My =My T My

my o, =3 (mi +m7 + \/(m?4 +m2)? — 4m2m2 cos? 25)
—(m?+m?%)sin 23

tana = =
(m%—m?) cos 23+ \/(mi—i-mzz) —4m? m? cos? 23

mixing angle of
neutral CP-even
Higgs boson

0 2 1\ o " tanf = % .
H” = Re(Hj)cosa +Re(H,)sina, V1 "
h’ = —Re(Hy) sina + Re(H,) cos a, Vo Lagg
A" = Im(Hjy) sin B + Im(H) cos B, 5 . N



Decoupling limit (m, >>m_):
= h SM-like
= H/A/Hz nearly equal mass

Mass

At tree level:

/]

S H — A, H, H*
— A, H*
low m(A) high m(A)

mi ~ m%cos®2f,

m% ~ m2% +m%sin’23,

m% r -m%v ,

=
=

H_

]

m% sin® 413

2
cos“(3 — o) ~
('J N ) 4771.?4
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At tree level the lighter CP-even Higgs boson should be lighter than the Z boson but

radiative corrections push its mass upward beyond the tree level bound

Incomplete cancellation which would have been exact if supersymmetry were unbroken

m]%NMg COSZ ZB _I_ A m}% (decoupling limit)

/

Large corrections through large stop mixing X, and/or large Mgy
Taking into account radiative correction: m;<135GeV

Tension between m, = 125 GeV and Naturalness 54



Supersymmetry modifies the couplings of the Higgs boson:

= ky=sin(p-0) i )
= k,=-sina /cos 3 tan g = -2 ,
= k,=cos a/sinf} Pr {0
With the following angular parameters: 7 R v ............. AN ST
" o: mixing parameter of two CP-even Higgs scalars 5 H
" tan B: ratio of V.E.V. of the two Higgs doublets v, o

From constraints coupling measurements, limits in the MSSM parameter space can be set.

The MSSM Higgs sector at tree level is governed by only two parameters (m, and tan[3)
but is sensitive to other parameters at the loop level

hMSSM:
= Simplified MSSM model: limited validity for tan B <<1 or large A,/
= Corrections to mass matrix of Higgs bosons from top and stop only
= Lightest Higgs h identified with the observed one: SM-like couplings
" Couplings x,,, K, K; depend only on tan 3 and m,
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sq(my tan B)+tan B s,(my.tanB)

Ky =
V1+tan2 B
V1+tan2 g
Ky = Su(mgy.tanf) T
kg = sq(mg.tanB) /1 +tan2g |
_ 1
Su = -
i (mi+m%) tan2B
(m%+m%Amnzﬁ—ﬂni(l+mn2ﬂ))2
(m3% +m3) tanp
§d = =3

2 2 2 2 Su
m; +my tan B—mh(1+tan ﬁ)

n
=
L

Exp.

[] obs., AlH-1t

Exp.

[ ] obs., A— Zh— vy bb
Exp.

s Obs., h couplings [xy, x,, ¥l [ obs., H— ZZ— 4, Il qg/bb/vy

-------- Exp.
[ ] Obs., H=WW=Iv qq/lv
Exp.

[ obs.,H'— 1w

Exp.

40 -
30
20+

10

N WO

200 250 300

T T l T T T T I T T T T i

s=7 TeV,4.5-47 fb"
Vs=8 TeV, 19.5-20.3 fb™'-
hMSSM, 95% CL limits |

b

450 500
m, [GeV]

Data consistent with the decoupling limit (m,>>m,)
Complementary with direct searches
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Constraints on
BSM physics:
composite Higgs



In composite Higgs models, the Higgs boson is a bound state of
a new dynamics becoming strong around the weak scale

= The Higgs boson can be made significantly lighter than the other
resonances of the strong sector if it appears as a pseudo-Golsdone boson

Nature contains a sector that breaks to an approximate global
symmetry at a scale f: G—H

The subgroup H should contain SU(2),xU(1),. As a result we have
Goldstone bosons along G=H generators and some of them
are identified with the SM Higgs doublet

The Higgs potential is generated radiatively by the coupling of the
SM fields to the strong sector and then it triggers EWSB at lower
energy

More information in arXiv:1005.4269 58



GeV —

Chiral symmetry

SU(Z)L X SU(Z)R

SU(2)v

Custiodal symmetry

Pions are the pseudo Goldstone bosons of
the chiral symmetry breaking

Composite Higgs

TeV

fHH

125 GeV —— 1,

SO(5)
SO(4)

Higgs is a “hadron”
of a new strong force
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SO(5) global symmetry is spontaneously broken to SO(4)

Unbroken SO(4) is isomorphic to SU(2), xSU(2), in which SM
electroweak symmetry SU(2) xU(1), can be embedded

SO(5)=10 generators, SO(4)=6 generators, thus 4 Goldstone
bosons corresponding to 1 Higgs doublet (minimal Higgs sector)

MCH4: quarks and leptons are embedded into spinorial
representations of SO(5)

MCHJ5: quarks and leptons are embedded into fundamental
representations of SO(5)
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Couplings of the Higgs boson modified by amounts of order E=v?/f?
f: G—H breaking scale and &: degree of compositness
If E—0 (f —), the Standard Model is recovered

< _l T T I‘."l T T I T T T I T T T I T T T I T 1 T [:l! i < _I TT E‘I TTTT I TTTT I TTT IIIIIIIIIIIIIIIIIIIT:[_
S 14y L ATLAS 1 £14rC ATLAS -
' ; \s=7TeV,4547 " E ' - \s=7TeV, 4547 B
12 E , = 12 ¢ _
8 v Vs=8TeV, 203" - - Vs =8 TeV, 20.3 fb” :
10 |- . 10L -
- % = Obs. : B -
8 - 3 ~ 8 -
- - EXp. 1 C N
6 1 ef :
. Y. Y— . N D T W W
2 E 2F =
IS W, — E I E
- 1 1 1 I | 1 ] I 1 | 1 I 1 1 1 I 1 | | I 1 : _I | I | L1111 I | | Il 111 I 111 I L 111 | 111 I_

-08 06 04 02 0 02 04 -05-04-03-02-01 0 01 02 03
S g

universal shift of the couplings BRs now depends on v/f
no modifications of BRs

[l
[

I
SA "

Kv

ek == (1-2 - = .



v 1.8

1.6
1.4
| P

0.8
0.6
0.4

Bound on compositeness scale of the Higgs boson:

__l T T I
~ ATLAS

|l|l||||

T

| T T T T |

L Vs=7TeV, 4547
Vs=8TeV, 20.3 fb"’

-
-

-

-
- -

X Best fit + SM
— Obs. 68% CL = Exp. 68% CL
== Obs. 95% CL == Exp. 95% CL

I|II||III|III|III|II||III|III-|_

1 | | | | | 1 | 1 | 8

g=v2/f?

1 | |
| 12 1.3

Ky
Model Lower limit on f
Obs. Exp.

MCHM4 | 710 GeV 510 GeV
MCHMS | 780 GeV 600 GeV
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The five main Higgs decay channels has been observed

The four dominant production modes has been established
Mass measured at the few per mill level
Spin and CP: JP=0"

Coupling analysis: consistency with Standard Model with a precision of
15-30%

No sign of BSM physics in the Higgs sector

— allows provide experimental constraints on BSM models
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Most general renormalizable lagrangian including all SM fields with SU(3)-xSU(2) xU(1),
gauge groups:

1 o 1
49,2 By,I/BlJ == @TT(WMVWM )— 293
+QiiPQ; + LiilpL; + u;ilDu; + d;ilpd; + €;ilDe;
—I—(YJ]Qquﬁ - Y;JQZdJH + }/lijl_;iejH + h.C.)
(D H) (D) — N HY? () H H

0

+ 255" (G Go)

ESM = — TI'(GMI/GMV)

19 parameters:

3 gauge coupling constants
« 9 fermion Yukawa couplings

3 CKM mixing angles + 1 phase
* Ml)\ or mz,my

0strong
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In spite of its great success and simplicity, the kappa-framework
has two distinct problems:

= |t only describes modifications of total rates and cannot be used to interpret
kinematic distributions

= |t does not allow us to combine Higgs measurements with other precision
measurements

— Interpretation with Effective Field Theory (arXiv:1712.07232)

A

We don’t need to know this to describe the physics here

!"

A

O: dimension-n operator constructed from SM fields
— constraints on the Wilson coefficient which encodes BSM physics
dimension-5 operator violates lepton number conservation = neglected Higgs physics 66
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Matter Generation

All the couplings of the Higgs boson to
Standard Model particles
(except itself) were known before the
discovery of the Higgs boson!

)
\

L
[

guvy = 2M /v

m% = (¢° + ¢"*)v?/4 Mz = 2xv*

2.9
m2, =37
w 4

gunvy = 2MG[v?

9HHHH = 3M12{/ v?

6/



Property
measurements



Measurement based on H—ZZ*— 4l and H—YY final states, for which
invariant mass can be reconstructed with high precision

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

> :I L) I LI I LU | L) | LB ] L I LU l LI l L T: ﬁ- > x103: @
8 35~ ATLAS ¢ Do -1 T 8 355 EMS S/(S+B) weighted sum IS
0 C H - Z7* - 4l D Signal (m, = 125.4 GeV i = 1.50) S g E Ho vy + Daa o
N 30 g Im=45m, - Background ZZ* _' g 3p —— S4B fits (weighted sum) =
:;, F l . - Background Z+jets, 1T | g‘) 25 A T B component S
-E [ \s=8TeV: Im-zo.a i’ P ' ; O . B8 10 o
) 25 = % Systematic uncenainty 1 (\I o 2 :_ ...... (\l
> B ] 2 C =
L E : = 5'_ ‘:l"
20 - - g’ 1. . N
3 1 = : O
15 1 Q ¢ -
- ot J (D e
. i - e %)
10 » - 0: w >
= p - _C:
= ] Q.
5
O =
0 - ] =

80 90 100110120130 140 150 160 170 i TP PITTR POTET PPTTE T PR TUPIS PP

110 115 120 125 130 135 140 145 150
m,, [GeV] m,, (GeV)

Mass of Higgs boson measured with <0.2% precision

Dominant systematics: energy or momentum scale and resolution for
Y.e U
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Higgs self coupling is perturbative: A=0.13 at the weak scale but the negative
renormalization by the top quark drives A<O at high energy scale

— Higgs potential unbounded from below

0.10 180
- M, =173.1 £ 0.6 GeV (gray) 178
[ ‘ a3(M,) =0.1184 + 0.0007(red)
~ 006+ \ M, = 1257 + 0.3 GeV (blue)
2 : \ % 176
= 6]
j=¥ i =]
3 004Ff =
3 i = i
8 ! 2 174
S 002- = -
o - K L
& i - 172 |
- v— o =
T 000 e I
002} 170 i
- M, = 1749 GeV
—0-04_ ! : ! . I I I I L l I I l I ! : : 168 Lr- 1 o _I 1 1 - L 1 it -l _ L L 1 _ 1 L 1 _ _ - 1 .
102 10* 10 10% 100 10'% 10" 10'¢ 10'® 10% 12 122 124 126 128 130 132
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Hint of new physics at the 10°GeV scale !? -



Narrow resonance: [,~4 MeV —BSM contributions may increase it significantly

The Higgs width can be in principle extracted from the invariant mass distribution (4l or
YY) However, the direct determination is limited by the detector resolution: ~1 GeV

s 10T 7 T 1T T T T3
= E
) . . o - 3
An alternative idea is to measure the Higgs S sl e Pre;';"'"zr‘; remeTe
=3 ol £g = — ceci _
boson off-shell production: = 10 ™y — gg— H" ~2Z(5) -
E r' ..... gg— ZZ (B) ]
> 2 8 LL‘\ — - gg— (H'—) 2Z :
dO- g,- gf '8 10-3 -J CE"-._ == g =) 22 ('uoﬁ-shell=10) =
pp 3 "-._'_ S
dm? 2 2 \2 2?12 \‘ib i
py =g, | Sl | Myt _=
2.2 : o e :
dO' g[ gf ] - ' "---_E
On-peak: ot ~ 10°g -
2 (12 : F Bees
i my 1—‘H i T T Sl
10'6 L I 1 L 1 1 1 1 I L 1 1 | L 1 ILIJ
do g?g ; 200 400 600 800 1000
I
Off-peak: — ~ : ZL 11 m, [GeV]
I
L (I’rl2 —mf,) Far Off Shell domain

Assuming identical coupling, the ratio gives sensitivity to Higgs boson width -
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leptonic: J. Yan, et al., Phys. Rev. D 94, 113002 (2016)
hadronic: M. A. Thomson, Eur. Phys. J. C (2016) 76:72

Key Measurement: o,

Unique measurement at lepton colliders

+ » 500 —————————

L I B

e P H —» X = - (d) ; 4* Toy MC Data i
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. _ ILC250, 2 ab™’
- well-defined initial states A
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In the Standard Model, the Higgs boson is scalar: JF.=0"

"= The observation of the H—yy decay:
“ Excludes a spin-1 state through the Landau-Yang theorem.

“ Implies that C=+1 (assuming C and P separately conserved)

= Measure angular distributions to discriminate between different spin-parity
hypotheses and check the compatibility with SM expectation.

L. Roos 75



Using distributions of kinematic variables to test
alternative hypothesis with log likelihood ratio as
the test statistic

SM prediction of Jp=0+is strongly favored, most
alternatives studied are excluded @ 95% CL or
higher

1T dT/d¢
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Using kinematic distributions 1.e. the Higgs pT

Bishara et al. 1606.09253 Bishara et al. 1606.09253

2.9F
‘% 1-4_ — K= =10 .
Y : —KCI-S |
1.2} -
i - K. =5

e

(Vo daldpy)(1/o doldp
& &

...................

Inclusive Higgs decays 1.e VH + flavour tagging (limited by c-tagging) N
gives a limit of 110 x SM expectation ZH(H — cc)
(for evidence of bottom couplings: ATLAS: arXiv:1708.03299 and CMS: arXiv:1708.04188)

LAL - Cours d’ Automne 2019 72 Fabio Maltoni
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¥ ¢,

a: Mixing parameter of two CP-even Higgs scalars;
tan B: ratio of V.E.V. of the two Higgs doublets

78



Fit assuming one coupling modifier for all fermions and one coupling Kv = Kw =Kz

modifier for all bosons without new particles in the loops or in the decays K = =G = sk =ik
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- LHC Run 1

i: 15 ATLAS and CMS
h¥a
o

e > 107
M
102 F
¢ ATLAS+CMS
ok, A | SM Higgs boson
g — M, €] fit
] 68% CL
u,d,s,?og [ ]95% CL
107 1 10 10?

LAL - Cours d’Automne 2019

Particle mass [GeV]

Courtesy of
Eleni Vryonidou

Fabio Maltoni
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M
M; =~ M, cos’2p | 1— M—fsin22|3

A

Mg = \/mi,miz

120

115

lllll[llllil_lll llllllilllll

1o

z‘u‘wlu AN mmmmmm

3m, M; X X
2 2 log > T 2 b= 2

2TV m, M 12 M
X, =A,—uncotB
S F '\ —NUHM e
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]
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A 125 GeV Higgs boson is challenging to accommodate in (over)constrained versions
of SUSY, particularly for “natural” values of superpartner masses
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P. Francavilla

YV: identification and measurement of photons

ZZ ,WW: identifications and measurement of
muons, electrons

WW,TT: measurement of missing transverse
energy (requiring energy measurement up to
very forward - |n|~5)

bb,tt, efficient and pure b-tagging and t
identification

VBF: Capability to detect forward jets (for
vector boson fusion processes)
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EFT example 1

Fermi Theory of weak interactions

@ In SM, charged current interactions - V2 (PG + Ded,e) W, + h.c.
mediating weak decays are mediated by W V
bosons H

@ At low energies below W mass, W boson
can be integrated out, leading fo effective
theory with 4-fermion interactions

In particular, muon decay can be described
by effective theory with 4-fermion
interactions between muon, electron, and 2
neutrinos

e %z(k,,“)apx(ku):z(ke)ﬁpy(kue)

Azzvﬁhuv::_ﬂi

gr

1 ,_ _ __
off = —(u,,apu)eopue + h.c.



The relative sensitivity of each search considered in the combination depends on the assumed
SM production rates. The cross sections for the ggH, VBF and VH production modes are
parameterized in terms of coupling strength modifiers x;, and
35.9fb" (13 TeV)
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95% CL upper limit on ¢ x B(H— inv)/c

observed (expected) upper limit varies between 0.19 (0.15) and 0.31 (0.24).
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