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The Standard Model...

Building blocks: matter (fermions), forces (bosons)
| I

Quarks

@ RO

Force Carriers

Leptons

« Electroweak theory is based on underlying symmetry between
the two interactions

« Simple Lagrangian formalism describes this very well but only
for massless particles....
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...and the Higgs boson

How do particles acquire their masses?

* Hand inserted mass terms destroy gauge invariance (local)
* Need gauge invariant mechanism to generate mass terms
* Higgs mechanism is simplest way to do it

The Higgs mechanism

* Introduce additional scalar field

» Additional terms with mass appear
* Vacuum expectation value #0
 Particles move through field which gives them mass

massive
“what makes everything sotid”

Bruce Springsteen
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Testing the SM

* Measured to incredible precision
* Largest deviations to 3% m,

o After LEP: scale of the °

‘missing piece” accurately predicted

« SM is a predictive theory M,

6 March 2008

| Excluded

L i —0.02758:0.00035

% e+ incl. low Q°® data

M,y = 160 GeV r

5y _
Ao'had -
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Testing the SM

mm Global EW fit
[ i ? B Indirect determination

Is the SM really consistent” = indect ceter e
* p-value currently estimated at ~0.22 (GFitter) mo| | e
* If Higgs mass @300GeV, p-value ~3x10-5 il A ey

* Are corrections to the mass fine-tuned? Ml
| 1 1 =
- How stable is vacuum generated by Higgs field? @ | e lumm

had i i

v

—e=l
A(LER)| | +
[ S— ! i

178} Instability

] 20 lept P
_ Metastability SifOu Q) | 1
/ Ml e

1 102 y

Al e

S} | : A2 m e
SN17o Rl .
168} ' “ Stability : ml o -
166 W -

(5) 2 : : 3
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Higgs “self-coupling”

Drives the stability of the Higgs potential

* We can measure self-coupling through « Alternatively, test if SM is consistent at
rare processes, eg h—hh higher scales

= Depending on the top mass, Universe
may be unstable

t.b — 180

T T T T e P T

Co1e7 — 10
Instability *- : _ ____:.V__‘-_:_-}._f_:z’-‘_._:_'-'-4-'-’:'-:-" P 'Metaéétébility. T

170" o0 L
102 oo

T

Pole top mass M, in GeV

Stability

165 . ) . . 1 . : A ) 1 . 2 A . | . . R P
115 120 125 130 135

Higgs mass M, in GeV
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Outline

 From rates to couplings
 Models, properties, interpretation
* Results: mass, charge, spin and parity, couplings
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Situation in early 2012

March 2012
80_5 III|IIII|IIIIIIIII|IIIIIIIII|IIII|III
(O LEPEWWG (2011) 68% CL (excluding M, Moo & direct Higgs exclusion)

— @ 68% CL (by area) MW (2012), Moo

Very precise measurement of
M,, = 80.390 = 0.016 GeV, 60.45
driven mainly by the Tevatron. _

/
7

)

~

D 804 -
O i -
= B |
Much of the SM Higgs = §0.35 — & 7
range had been ruled out - RS 1
: B N ]
by 2011 LHC running. 80.3 - G =
Coacv o vy v b v by v by e by o b by
155 160 165 170 175 180 185 190 195
Excess of events in the My, (GeV)
low mass region seen in Exclusions of M,;:
~LEP < 114 GeV (arXiv:0602042v1)
ATLAS and CMS — Tevatron [156,177] GeV ( arXiv:1107.5518)

— LHC [~127, 600] GeV arXiv:1202.1408 (ATLAS)
arXiv:1202.1488 (CMS)
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201

2. A new boson discovery

Volume 716, Issue 1, 17 September 2012

g -2

110 120 130 140 150
m,

ISSN 0370-2693

v ATLAS 2011-12

2Lt

N AR TNV

Vs=7-8 TeV

400 500

http:www.elsevier.com/locate physlets

my, [GeV]
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Higgs production
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Higgs production

q
4 0 W.Z W,z
9%
5 VH HO
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Look for all possible decays

« Window of maximum opportunity (most “democratic”) at ~125 GeV

« Couplings to gluons and photons available through top and W loops
100 :

10-1 ¢

BR

104 }

10~5 4 . . ' =l =

100 200 300 400 500
MH [GeV]
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Higgs decays

5 decay modes studied: 8 THob /] i
— High mass: WW, Z2Z é | %
— Low mass: bb, tt, WW, ZZ, vy g 10_1;” g
— Low mass region is very challenging = f

— Very good mass resolution ~1% (yy, 4l)

1 0-2 _ |

Decay Production No. of my range Int. Lum. (b1 v g T
mode tagging subchannels (GeV) 7TeV  8TeV 4 \

untagged 4 ~ 102 L . N -
Y dijet (VBE) lor?2 110-150 5.1 5.3 10D 200 300 500 1000
77 untagged 3 110-600 5.1 5.3 M, [GeV]

untagged 4
WW dijet (VBF) lor?2 110-600 49 5.1
o ;;t:‘g?;% f 110-145 49 51
bb lepton, EF"sS (VH) 10 110-135 5.0 5.1
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N

« Search for a narrow ma ss peak
with two isolated photons.on a
smoothly falling dist

~d
(e} CEMN. All rights x:ox'nd. i

CMS yy event



H—ZZ—4e, 4y, IZGZM
\

« Signal: 4 isolated leptons
from same vertex

—Small backgr' ,
e ﬂ";'/ gy

—FU”y reCoONSLIEUC ffiudh,_

;esolutlom‘

’ —~—
- - o v ,
é i e The golden channel




30

Events / 3 GeV

10

A beautiful peak

CMS preliminary

[ ]
L[| E1 2yt 22 _
l =

110 T

1 R,

Data Vs=7TeV:L= 51fb'" 4
m,, = 126 GeV Vs=8TeV:L=196f"

Z+X -

100 200 400 80
m,, [GeV]
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Mass spectrum

Offline selection
cuts:
5 (7) GeV for u (e)
in n] <24 (2.5).

Clean signal peak at

~126 GeV

CMS preliminary

> | | I |
0 I
- * Data
2 30 ] m =126 GeV
~ | 1 2y, 2Z
(2 B Z+X
-
O]
>
LL

\s=7TeV:L= 51f" 4
Vs=8TeV:L=19.6 1"

0

200

Very good
control of the
dominant ZZ

background

M(41)>160 GeV
Data 380
MC 364.5

Geylth) = 7.8 £ 0.6 pb

o(pp —>ZZ, 8TeV) = 8.4+1.0 (stat.) £ 0.7 (syst.) £ 0.4(lum.) pb
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Higgs boson

PRD 89 (2014) 092007, PLB726(2013)088, HIG-16-040, HIG-16-041

> CM§ F;reli;ninary '35.9 t;b" (3 3 T'eV)
8 100[— e Data 4
< ] H(125)
: . : % 80— ’ Eggzgg 4
* Progress since Higgs discovery (July 2012) g ma
— Observation in boson channels oL
— Evidence for fermion couplings “r
— Precision mass measurement (~125 GeV) 20f
— Spin determined o 0 400 it
. . m,, (GeV)
* |t looks like the SM Higgs boson . e 3291 (13 10Y)
Gra000- szsmev Ggp  Alotegores
212000 } Data 3
:>j10000 :_ — S+B fit -
- R s B component E
g aooo:— +lo E
%sooo:— =20 .
240002—
ézooo:—
B F
6002

400 |-
200
-200F

100 11JO 1é0 13lO 140
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* Higgs gives mass to fermions leptons
and vector bosons

 Different couplings at production
and decay

« Can we disentangle them?

Rates and Couplings
Cb\

photon

Higgs boson

weak bosons
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Rates and Couplings

* QObserved production rate (cross
section) and total width (I')

* Depends on the couplings

s —mZ)2 + I'*m?
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Couplings and Width

_ 2, .2
« Observed production rate Toff —shell f‘ 9i "9y
lo. T 1 T T 1 1 | il
holds as well as the 4 tepton production, CUS cuts, Yak8 TeV _ _ 3
information on the total width T' : :: o - hll Geptons 'Ig
- 107" I || | / 'Ig
. ) . . Il ttloop 1 B
On-shell production % 10 it threshold H
g 107 I h E
g | E
2 2
Oon-shell X gi . g! - e - 'I &z decay ]é
o r . ' threshold -
10 I |
. Lmeshgpe limited by detector EL ';&!I_' _|I;lm_ B pEpp——. |
resolution melGeV]
« Width determined from BRs Toff —shell 1
and cross section Oon—shell
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Constraining Higgs width

PLB 736(2014)64

obs.(exp.) @95%CL.:
',<5.4(8.0)'SM

. Caola, K. Melnikov PRD88(2013)054024 20

J. Campbell et al. arXiv:1311.3589

10 120 130 140 150

10 m,, (GeV)

— Qggn @NGJQ,77: couplings to gluons and bosons

« couplings and width sensitive probes to BSM I'y<22(33)MeV
* indirectly constrained in coupling fits CMS 19.7 1" (8 TeV) + 5.1 b (7 TeV)
. . > I__l LI I LI I LI I LI L I LI I L I LI l—}.
- off-peak to on-peak ratio proportional to 'y, 3 % . Data ]
. . . o F [gg+WV —-2Z ]
* constrain ng.gs boson width by using off- = sof- B g5 — 2Z E
shell production/decay a f B Z+X .
c R _
« measure ratio of ooff-Peak tg gon-peak 3 401 ]
K 8zangiizz ff—peak 30: :
on—pea 88 oft—pea 2 ]
i

400 500 600 700 800
m,, (GeV)

measurement of ', 2% 200 300
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Rates and Couplings

 How to convert signal rates into couplings?

* EXxpected rates in a given channel depend on integrated
luminosity, cross section, BR, overall selection efficiency

Pgna (k) = L(k) X Z Z {or; x A (k) x €] (k) x BR'}
i f

* Production modes are precisely predicted in the SM
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Rates and Couplings (cont.)

« Uncertainties ~2-3% (EWK production, VH) to 10%
(strong production, ggH)

Ngignal (k) = L(k) X Z ‘ Af(k) x &) (k) x BR'}

Production Cross section [pb] Order of
process Vs =7 TeV Vs =8TeV calculation

ggl 150£1.6 19.2+2.0 NNLO(QCD)+NLO(EW)
VBF 1224003  1.58+0.04 NLOQCD+EW)+arr.NNLO(QCD)
wi 0.577 £0.016 0.703 £0.018 NNLO(QCD)+NLO(EW)
ZH 0.357 £0.015  0.446 +0.019 NNLO(QCD)+NLO(EW)
Zil: gg - ZH LO(QCD)
bbH 0.156 £0.021 0.203 £0.028 5ES NLO(QCD) + 4FS NLO(QCD)
uH 0.086 £0.009 0.129 +0.014 NLO(QCD)
tH 0.012£0.001 0.018 £0.001 NLO(QCD)
Total 174£1.6 22320

* New Physics can alter SM expectations:
0; = i - OsM
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Final states

« SM Higgs branching ratios determined to 1-3% precision

Ngianal (k) = L(k) X Z Z {<r,- X A{(k) X e:{(k)
i f

Decay channel Branching ratio | %]
H — bb 357.5+1.9
H-WW 216 £0.9

H - gg 8.56 £ 0.86
H-> 17 6.30 £ 0.36

H —cc 2.90 £0.35
H—ZZ 2.67 £0.11

H — yy (0.228 + 0.011
H— Zy 0.155 £0.014
H - uu 0.022 + 0.001

 New decay channels may appear, e.g. H— dark matter
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Signal strength

* Deviations relative to SM expectations

) observed

)expected

u is called “signal strength”
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Other factors

« Determined from data or from simulation

g1 (K) : Z Z {o; xx BR
7

 Integrated luminosity (L): from Van-der-Meer scans
« Efficiencies (g): from control regions

* Acceptance (A): due to geometry and trigger
requirements, etc.

* Uncertainties: theoretical and experimental
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Combined results (early)

Overa” Strength: G/GSM=O87i023 CMS Vs=7TeV.L=51f" (s=8TeV,L=53fb"
m, = 125.5 GeV
Y L AU AR A C R AR
Qw - 68% CL band | - H— vy ——
© 2.0F -
= - .
@ 1.5} = H— 2z ——
m . ]
1.0F -
i : H— WW —a-
0.5} -
051 - H— bb ————
I T BT AT A AT AT AT A | ]
110115 120 125 130 135 120 145 S T S R S
m, (GeV) Best fit o/cy,,
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Combined Results (decay)

CMS-HIG-17-031

« If u~1, observations are close

to SM predictions cron sy 2 oo
T . . =10 (SYS.
« Compatibility with expectations - | 220
depends on experimental and "
theoretical uncertainties B
uz __*__
U = 1 17-|-O.1O i
—0.10 o
u ————
N e
lllllllllillllllllllllll
0 0.5 1 1.5 2 2.5

Parameter value
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Combined Results (production)

CMS-HIG-17-031

- If u~1, observations are %
. g o CMS Prelimi serve
close to SM predictions 359" (13 ToV) = <10 saions)

Kﬁ@‘ ‘ = =10 (SYS
+ Compatibility with N — 10 o)

expectations depends on  ~7 aoH e
theoretical and experimental \ - ;
and uncertainties N Hygr| —=1—
q\Higgs-Strahl:;}%n' uWH | ————

N

W
/fvv;m-’%?
,' “p ZH

tt Fusion u[‘tH
‘t% -~ /
e .

//‘ .

. :
M\‘\\ RN FEENE SN R TR AN NI SR RN SR
g -

0O 05 1 156 2 25 3 35 4

Parameter value
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Combined Results (production)

CMS-HIG-17-031

CMS Preliminary e Observed
If u~1, observations are 35.9 o7 (13 TeV) — tointerval
’ . vy [ =
close to SM predictions - zZ| Le-
. . > ww| -
« Compatibility with @ w| .
: bb a .
expectations depends on Lo —
theoretical qnq experimental 9wl —
and uncertainties - — -
I ZZ— o—;—
bb ——
YY | —
I zz| .o
N ww| ‘
bb ——
YY | P ——
T % —
= WW ——
| e
bb ....I....I..._.ﬁ.T...l....I....l....l....l....l....
2 1 0 1 2 3 4 5 6 7 8
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Mass measurement

PRL 114(2015)191803

Model-independent mass measurement from high resolution channels (H—ZZ, yy)

7

AI l T T T T | T T T T T T T T | T J_

& [ ATLAS and CMS H-yy ]

Eg\glsé\(;vAL S 6 LHer — Comtined presl

c N un 1 —— Combined yy+4l 7

LLETTERS. al 5 I Stat. only uncert. .

e N e e A B & —

3 3

2 =

N =

Pubiished by R O -_r L I 1 ! | | L | | | | | ;
American Physical Society. %:{Tsc'é Volume 114, Number 19 1 24 1 245 1 25 1 255 1 26

| m,, [GeV]

My, =125.09 = 0.24 GeV
+ 0.21 (stat.) = 0.11(syst.) GeV
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Mass measurement (cont.)

PRL 114(2015)191803

= 3_1”“]”]”[]['”IIHHA[TII.ATSIH]I””_ | |
£ B f;léA: an1d CMS --- ATLAS leﬁw i
o) - unt L CMS H—> i n _
S 25—~ CMS Horz a1 —] 80.45
= ~ L ammea - - All combined N o
wn — g ~~~ N %
®© I .. % Best fit i
S 2 :' —— 68%CL . ©
® - ; 2
I i £ 8035} -
10 E E 8035
- ™ Voo o
~. 1 v
i ;] _8
1= ] =
05:"""'""""""""""""": 80.25160 1;0 1é0 190
' 124 1245 125 1255 126 126.5 127
m,, [GeV] Top quark mass (GeV)

My, =125.09 = 0.24 GeV
+ 0.21 (stat.) = 0.11(syst.) GeV
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Mass In the individual channels

T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T

ATLAS and CMS

—e—Total Stat. 1 Syst.
LHC Run 1 Total  Stat. Syst.
ATLAS H—yy —— 126.02 £ 0.51 (£ 0.43 £ 0.27) GeV
CMS H—yy ——— 124.70 £ 0.34 (£ 0.31+ 0.15) GeV
ATLAS H—ZZ—4l I - i 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 I-EI—l 125.07 £ 0.29 (+ 0.25 + 0.14) GeV
ATLAS+CMS 41 I-_I-E—| 125.15 £ 0.40 (+ 0.37 £ 0.15) GeV
ATLAS+CMS yy+4l I—?ﬂ 125.09 +0.24 ( £0.21 £ 0.11) GeV
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 1 I 1 1 1 1 I 1 1
123 124 125 126 127 128 129

m,, [GeV]

* Most accurate measurement in the yy and 4l channels
« Some “tension” between the four measurements (p-value ~10%)
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Couplings: individual channels

EPJC 75(2015)212, arXiv:1507.04548, arXiv:1606.02266

ATLAS and CMS -o- ATLAS+CMS
LHC Run 1 - ATLAS
-+ CMS
B ' -_—+10
MYY _'-.-_ — +20
ar——
Results based on the full — :
Run 1 data samples U2z e
S e o
n ——
| : +0.11
: p=1.092g710
TT —.*—
l"' : ¥
n —
=
IlIIIllllIlllIIlllIIIllllllllIllllIllllllllllllll

-1 -05 0 05 1 156 2 25 3 35 4
Parameter value
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Particle mass coupling dependency

CMS-HIG-17-031

CMS Preliminary 35.9 fb™' (13 TeV)
iy : B
« Fitting the 5 main tree level E> 1 Wz
coupling modifiers and resolving E
all loops S 107'F :
LL
« Within current precision, couplings  E >
scale with particle mass “ 102k i
------- SM Higgs boson
. —— [M, €] fit ]
10 ‘:I + 10 E
[ ]z20
107§ o . E
= 150 e =
e |5 S—— * .. l ......... %
Q2 05 -
(4] 1ol el |
0
- 1 10 102

Particle mass [GeV]
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Entries / GeV

Pull

Search for rare decays

PLB 726(2013)587, arXiv:1507.03031, HIG-15-012, PRL 114(2015)121801, ATLAS-CONF-2016-041 ,

ATLAS Preliminary
VBF tight
¥2/ndof = 30.7/48
H—ee,up

—eo— Data
Background model

—— Signal [125] x 20

fs=13TeV, 36.1 fb™

0

2 |

2

0 +++ +’++++4++ M* Mok H it ﬁ; X
2

-4

110 115 120 125 130 135 140 145 150 155 160

m,, [GeV]

H—invisible (difficult at LHC)

¢ B(H—inv)~0.0011

Events/2.0 GeV

ATLAS-CONF-2017-014, HIG-17-019

19.71b" (8 TeV)

T
60 =~ CMS

H—lly

Data

——— Background model

+20

S/B~1:40 "=t
} [ J10xSMH—y*y = uuy

L1 FYRTINT SN SN NN SN TN ST SN SN TR WY ST T ST S T 1
910 120 130 140 150 160 170
uw{( eV)
% 24: LI BN B L B B B IR L | B
O 22t ATLAS E
T 20 s=8TeV [Ldt=19.2fb"
2] o 3
< 18F e Data -
& 16 Eowcgons 3
- groun
14F [ 1H[B=107] =
125_ [ zB=109)
1otH—Jy+yy, and H—>Y+’)L
8 2.8x106"
6f 3
5
2
oF
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Higgs and BSM

ATLAS-CONF-2015-044, CMS-HIG-15-002

* Is there BSM physics hidden in the “Higgs sector’?
g

0000000  VaVAVAV
HO
b,t v _— A Wbt
0000000 NN\
K2 .
(0-BR)(gg > H—yy) = osm(gg — H) BRsm(H — yy) - ng

Experimental approach
* Measure H(125) properties
« Search for additional Higgs bosons

» Search for BSM in signatures with Higgs bosons

» Search for BSM Higgs decays

BR

<
BSM

Strategy: parametrize
deviations wrt SM in
production and decay
= loops are sensitive
to BSM physics

ATLAS and CMS Preliminary
LHC Run 1

--x, =1

— BRggy=0
—=+ 1o

— =+ 20

——
——

11 | 111 I 111 I 111 l 111 I 111 I 111 I 111 I 111 I 111
0 0204 0608 1 12 14 16 18 2
Parameter value
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Looking for new particles

JHEP08(2016)045

® I . I I 9_""[""I""I""I""l""I""l""l""l""_
Constrain BRgg), in a scenario with < T ATLAS o O8I
free parameters o 8F LHC Run 1 _
7F -

* o=l wwtl 2zt ppt... +lgsu s o v oepasec
* Likelihood scan vs BRgg), s P

» Assuming couplings bound by SM
expectations (k,<1)

« 0<BRgg,<0.34 at 95%CL

0 005 01 015 02 025 03 035 04 045 05

BBSM
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Looking for new particles

CMS-HIG-17-031

T

» Constrain BRggy in @ scenario with * " Fcws

35.9 b7 (13 TeV)
N L AL B

free parameters E Prefiminary
85_ — Observed E
.FtoterW+FZZ+be+"' +FBSM 7_ ----- SM Expected _
« Likelihood scan vs BRggy, °F 3
5F =
» Assuming couplings bound by SM o
expectations (k,<1) 3f
+ 0<BRyq,<0.34 at 95%CL =\ ‘!
1F

070.15 2f5l I;
/T,
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Couplings: decays

ATLAS-CONF-2015-044, CMS-HIG-15-002, JHEP08(2016)045

BSM physics in the loop Vector and fermlon coupllngs
i 3 T r
ATLAS and CMS —=o | "I ATLAS and CMS
- e A — x2
LHC Run 1 .ATLAS+CMS ATLAS CMS | (o} "LHC Run 1 :
=2l = = = e 251 ]
Kw I — _"-":: I f— _"’;":_ | ) Combined 1
i - B T T - CJH-yy
Ky 'E——.*— -i——O—— 2 N CH-2zz B
= —=— [ [JH-wwW ]
— ' — ' i H— -
b = . I SH—»EL .
- Bl - T 1.5F -
| . e I ]
| = I e 1 .
i, — e
Lok = L e o " [ ]
Basy Bggy 20 9;—.__ Boa 05+ e —
lllllllllllll IIIIIIII IIIIlIIIIIIIlIIl IIIIII IIIIIIIlIIIlllllllllllllllllllllllIIlIII B o e —————
1.5 1 -05 0 0.5 1 1.5 2 -1.5 - 05 0 0.5 1 1.5 2 i 1
Parameter value L — 68% CL ----------- 95% CL |+ Best fit ¥ ‘ SM expected -
BRgsy can be measured % 05 1 15 2
BRggy < 0.34 at 95% C.L. (assuming ky, = 1) Ky

BRgsy includes non standard decays, visible or invisible

—Results in agreement with SM (k,=ke=1) within 1c
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PRD 89(2014)092007

* it may be the first BSM particle produced/observed
* Does it have SM couplings and decays?
* Is it part of an extended scalar sector?

CMS (s=7TeV,L=5.1fb"; (s =8TeV,L=19.7 fo’
L T T T T T T T T T T T

. . . @ \ [T ]
* Does it have exotic properties? 5 |
= 0.1+ _
cMs . . fS=7TeV,L=5.11"5=8TeV, L =197 ft' § I — CMS data
-8~ CMS data - - - Median expected : : : : : : : [0)) B . 7] .
60} W00 =JP g 008F Spin parity:
0"+ 20 JP i
40 0 30 JP 30 g’_ 0.06_ O+ fa\[0red
J20f |
g 0.04
oﬁﬁ'|'|'|'|'i :
20r 0.02}
40 alternatlve hypotheses tested -

%% 20 10 o0 10 20 30
any any q@—X any q@—X any gg—X q3—X any gg—X gg—X gg—X -21In(C,. /L)

0 0 1 T 1 T 2 2:,, 2:,, 2, 2t 2,

= it is compatible with the SM Higgs boson
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Anomalous Couplings

_ . Ly = [COS(O!)KSM [%SHZZZ;/.Z” +8waW,fW_“:|
« Study H—vy,4l final state with
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 Excellent consistency of SM but SM is incomplete
« Extensions foresee existence of additional bosons

» Searches for BSM bosons natural companion to
precision SM Higgs boson measurements

» Searches provide no hints for BSM yet
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