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@ What is the Higgs boson and why is it there

@ Where do we stand and what experimental
data do we have

@ How theorists interpret the data
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What is the Higgs boson?

@ God particle

@ Particle that gives mass to
other particles

@ Oscillations of the field
that gives mass to other
parfticles

® Particle that ensures
consistency of theories
with massive vector bosons
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What is the Higgs boson?

@ God particie

@ Particle that gives mass to
other carticles

@ Oscillations of the field
that breaks EW symmetry
and gives mass to other
particles

® Particle that ensures
consistency of theories
with massive vector
bosons

- There can be mass without Higgs,
e.g. RH neutrino Majorana masses,
proton mass in QCD, efc.

- Actually most of mass in the Universe
probably does not originate from Higgs
- There can even be mass of SM vector
bosons and fermion without Higgs,
e.g. technicolor theories



What is the Higgs boson?

@ God particie

@ Particle that gives mass 1o
other particles

@ Oscillations of the field
that breaks EW symmetry
and gives mass to
fundamental particles

® Particle that ensures
consistency of theories
with massive vector
bosons

Symmeftric potential

/ develops instability
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gL, gY are known couplings
of SU(2)L x U(Q1)Y
It follows v = 246 GeV
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Massless unphysical Goldstone boson
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Massive Higgs boson
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What is the Higgs boson?

® God particie

@ Particle that gives mass 10
other sarticles

@ Oscillations of the field
that breaks EW symmetry
and gives mass to other
particles

® Particle that ensures
consistency of theories
with massive vector
bosons




What is the Higgs boson?

- Separately, WW scattering amplitudes without Higgs grow as collision energy
squared

- This would lead to perturbative unifarity violation at energies of order

1 TeV

- But amplitudes with Higgs exchange precisely cancel that growing terms, leading
to total amplitude asymptoting to a constant at high energies

- Thanks to thaf, SM is perturbatively unitary up to very high energy scales
(infinite scales, if we ignore gravity)

- A Higgs boson is not the only way to ensure perturbative unitarity, but it is the
simplest and most efficient way




What is the Higgs boson?

Hz%( vtht... )

Lsm =D,,,HTD”H+m%IHTH_ A(HTH)2 i (%

Couplings to Self-
EW gauge Couplings
bosons
h h2 2 4 2 m’27, 5 mizl 4
(?—; + 5 2my WiW, + m3 Z,Z,) —%h s 87h

Ensures unitarity of
VV->hh scattering

AV

Ensures unitarity of

Ensures unitarity of ,
VV->VVVV... scattering

VV->VV scattering

Hip; + h.C.) apitl
No Higgs
Couplings to
fermions

h "
—;meff

Ensures unitarity of
VV->ff scattering
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WHERE DO WE STAND




WHERE DO WE STAND

We lnow a Higgs particle has been discovered..

..because LHC experimentalists fold us so

Significance in CMS, from CMS-PAS-HIG-13-005 Significance in ATLAS from ATLAS-CONF-2013-034

Significance (my = 125.7 GeV)
Combination Expected (pre-fit) | Expected (post-fit) | Observed

710 710 6.70
420 390 320

\s =7 TeV. J:Ldl - 46-48M"
\s = 8 TeV, |Ldt = 13-20.7 fb™

560 530 390
210 220 200
270 260 280
H—-T1r and H—-bb 350 340 340

summer 2013


http://cds.cern.ch/record/1542387
http://cds.cern.ch/record/1542387

WHERE DO WE STAND

We lnow a Higgs particle has been discovered..

..because CERN DG ftold us so
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é ? Dpar’rlcle discovered at CERN
@ is a Higgs boson



HIGGS: WHAT DO WE KNOW

We lnow a Higgs particle has been discovered...

...because Nobel Committee told us so




WHERE DO WE STAND

We lnow a Higgs particle has been discovered..

..because I told you so ;)

230972013
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LO EW) gluon fUSion

op— H (NNLO+NNLL QCD + N

pp— qgH (NNLO QCD +NLO EW)

LHC HIGGS XS WG 2013

pp — WH (NNLO QCD + NLO EW

pp — ZH (NNLO QCD + NLO EW)

- Fairly large production cross section

- About a million Higgs bosons produced so far at LHC!
- Several distinct production mechanisms that can be
experimentally separated



HIGGS: DECAY

LHC HIGGS XS WG 2013
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- Roughly, Higgs decays to the heaviest pair of SM particles that is kinematically
available

- Heavy Higgs would decay mostly to massive gauge bosons and fop quarks

- Light Higgs would decay mostly fo b-quarks and tau leptons

- Intermediate mass Higgs (~125 GeV) is the best of all possible worlds for
experimentalists



HIGGS: DECAY

LHC HIGGS XS WG 2013

+ Total Uncert

Higgs BR

10 4l bococ bocod oo oo oo b B o
120 121 122 123 124 125 126 127 128 129 130_'

M, [GeV] |




What experimental data
have we got so far




HIGGS: DIPHOTON CHANNEL

CMS \s=7TeV,L=51fb"'\s=8TeV,L=53"fb" '
Selected diphoton sample

. Data 2011+2012
Sig+Bkg Fit (mH=126.8 GeV)

Bkg (4th order polynomial)
ATLAS Preliminary
H-yy

Unweighted

BN ¥
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Events / 2 GeV

Events / 1.5 GeV
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\s=7TeV, ILdt -48fb"

\s=8TeV, J-Ldt =20.7 "

S+B Fit

B Fit Component
[J+16
[ +20

S/(S+B) Weighted

140 150
m,, (GeV)

Events - Fitted bkg

- Small deficit of inclusive rate:
W =i00A 2
- Interesting excess in 7 TeV data in
not borne out in 8 TeV
- Mass measured at:
mn = 125.0 £ 0.7 GeV

- ~20 excess of inclusive rate:
U =165+ 0.32
- Excess quite stable from 7 fo 8 TeV
- Best fit mass measured at:
mn =126.8 + 0.2 + 0.7 GeV

Larger rate and slightly
smaller mass for cut based
analysis




HIGGS: WHAT DO WE KNOW FROM EXPERIMENT

CMS preliminary

40 e Data 2011+ 2012 ATLAS
B SM Higgs Boson *
” 4 H—-ZZ*—4|
m,=124.3 GeV (fit) .
\s=7TeV JLdt=461b

] Background Z, 22" ’
I Background Z+jets, tf \s=8TeV ILdt =20.7 fb

27 Syst.Unc,

Data Vs=7TeV:L= 51
m,, = 126 GeV Vs=8TeV:L=196 M
Z2y*, 22

Z+X 30

354

Events/5 GeV

Events / 3 GeV

25

20

.

| ' "

150 200 m, [Ge\2/]50
- Rate in good agreement with SM: - Rate in decent agreement with SM
H'=0.92 +.0.28 H=171%04%
- Mass measured af: - Best fit mass measured af:
mh = 125.8 £ 0.6 GeV mh = 124.3+0.7 GeV

(for mn = 125.5 GeV: p=1.41+0.42-0.33)




HIGGS: WW CHANNEL

s s -1 Y ‘
\s=8TeV,L=51fb ATLAS @ Data 201142012

1s=7TeV | Ldt=46Mm" %% Total sig.+bkg.

=125 GeV - m, = 125 GeV
L m, 2 HoWW*Shviv + 0/1 jets
WwW : ] ww
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- Rate in perfect agreement with SM
- Rate in decent agreement with SM U = 0.98+0.30

M =0.72+0.20

CMS Preliminary

fs=7TeV, L=49 "
fs=8TeV, L=19.5f"

Mass resolution much | -t
worse in this channel




PROGRESS IN TT CHANNEL

CMS Preliminary, 4.9 fb"at 7 TeV, 19.7 fb' at 8 TeV
ATLAS Preliminary ® Data
H-tt VBF+Boosted ~ — M(1239)=wrlu=l)

1 B Z- -
[Ldt=20310 B Others

\s =8 TeV P Fakes
Uncen.

“ SMH(125 GeV)-~1r
eu, erh, urh, Tl =f= Data - Background
J. [] Bkg. Uncertainty

T

200

In(1+S/B) w. Events / 10 GeV

300
m,, [GeV]

“~~1 SM H(125 GeV)—1r

—— observed
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— H(125)— 1t (u=1)
H(110)— Tt (u=1)
«ees H(150)— 1T (U=1)

@ electroweak
C— aco

O
o
o
w. Data-Bkg.

o

S/ (S+B) Weighted dN/dm_[1/GeV]

60 80 100 120 160 180 200
,ﬂr\,:MC [GeV]

o

- Rate slightly larger than in SM
- Rate in good agreement with SM U = 1.4-0.4+0.5

U = 0.87+0.29

CMS Prefiminary, H—-1r, 4.9 0" at 7 TeV, 19.7 1b"' at 8 TeV

Mass resolution much
worse in this channel




HIGGS: OTHER CHANNELS

Besides,

@ Searches in the h—=bb+W/Z
channel not conclusive yet

@ Two other channels h— Zy,
h— UM have not reached
sensitivity to the signal
expected from the SM Higgs
bosoh



LO EW) gluon fUSion

op— H (NNLO+NNLL QCD + N

pp— qgH (NNLO QCD +NLO EW)

LHC HIGGS XS WG 2013

pp — WH (NNLO QCD + NLO EW

pp — ZH (NNLO QCD + NLO EW)

- Fairly large production cross section

- About a million Higgs bosons produced so far at LHC!
- Several distinct production mechanisms that can be
experimentally separated



Probe of the production mechanism.

Combined fit to all categories, assuming the same signal strength for

low sensitive production modes (ttH, VH) and the high sensitive
ones (ggF, VBEF).

ATLAS Prelim. [+ ). Total uncertainty| i: bin of the likelihood fit.

— heory
my = 125.5 GeV o(theory) + 1()- + 20

) _
+0.5 A ] j : NS'Lg _ /’ngF“_ttH (
Combined S04 : ' :

. o j : : 9 ) 7
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+ Standard Model ™", ATLAS Preliminary
x Best fit : ~ p

— 68%CL i s=7TeV [Ldt=4.6-481b

-~ 95%CL : " Vs=8TeV |Ldt=2031b"

vY,ZZ* WW* 1t
VBF+VH

w

—H-yy
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H— 1t
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CMS updates

CMS Preliminary {s=7TeV,L<5.1f0" ys=8TeV,L<19.6fb" (personally recomputed using

S L B 0L LA publiShedinI)UtS)

CMS Preliminary s =7TeV, L=< 5.1 fb:1 \5 =8TeV, L<19.6 fp"
o + H-rtr
H—WW
H—2ZZ
H— bb
H—yy

— Observed

----Exp. for SM H

N UVBF+VH 41,
T =151

HggF+ttH :

’
1

m, = 125.6 GeV
H— ZZ* — 4l

1 arXiv:1312.5353

VBF observed
at 3.20

MvBrave _ 2 1+3-0
MggF+ttH T-2.6
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B. D: Micco Combinations of Results of Higgs production in all decay channels @ LHC Moriond- QCD 2014



ttH couplings

ATLAS
t \Vf

gg—ttH (H—=bb)—=WbWDb bb— lv Ivbb, Ivqqbb HI production

an
!
=S

1 T T T T T
— Observed CLS limit H— Y
—— Expected CL, limit  ttH channels comb.
I t1o ATLAS preliminary

20 Data 2012 |s = 8 TeV

ATLAS Preliminary s=8 TeV, JL dt=20.3 fb’’

* Data divided in jet .
multipli-cities and n. of b- o,
tagged jets categories (9
single-lepton, 6 di-lepton).

(tot) (stat)

Dilepton [ y 29123 (14) _
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95% CL limit on c*/c

Lepton-+jets (0.8)

* NN used as primary

discriminant.

Combination 1.7 +1.4 ( 0.7 ) —

1 I 1 1 1 I 1 1 1 I 1 1 1 I 1
6 8 10
best fit u=c/c_ _for m =125 GeV
SM

: I ' IS CMS Preliminary, {s=8TeV,L=19.5f"; {s=7TeV,L=5.0fb" CMS Preliminary s=8TeV,L=19.5fb"

ttH, H — bb,tt,vy, WW, ZZ | — Opserved

1 1 1 r
122

124 126

Exploit many reco final states. ,
my, = 125.7 GeV/c

- -- Expected

+1.09
Mo = 2.52 7 ) oq

ttH Channel w=0o/osm
(mg = 125.7 GeV)

Y ot

bb +1.0157%

T —1.4J_rg:‘§

41 —4.8750

31 +2.7122
Same-sign 21 +5.3122
Combined +2.5%7°%

OO

B. D: Micco Combinations of Results of Higgs production in all decay channels @ LHC Moriond- QCD 2014




HIGGS: MASS MEASUREMENT

CMS Preliminary js=7TeV.L<51fb' \s=8TeV.L<196fb"

— Combined
— H - Y

—H s ZZ

- ATLAS Preliminary — Combined
\s=7TeV:|Ldt=4.6-4.8 b —H-7y
— \s=8TeV:[Ldt=20.7 fb" — H=2Z" > a4l

X Best fit
— 68% CL
95% CL

Signal strength (u)

0
9
8
7
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4
3
2
1
0

128 129
m; [GeV]

Systematic error? Fluctuation? Anyway, less worrying than last year-..

Mass combination: Mass combination:
mn = 125.7 + 0.4 GeV mh = 125.5 + 0.6 GeV

In spite of some jitters in ATLAS, experiments agree
that mn is likely between 125 and 126 GeV
In this talk mn = 125.6 GeV



WHAT HAVE THE EXPERIMENTALISTS EVER DONE FOR US ?

@ Higgs production rates, split into
separate production and decay
channels

® Some information about tensor
structure of the Higgs couplings

@ Constraints on precision observables
where Higgs enters indirectly

O JR= T e o B B L B B S B B L B L L B
0 68%, 95%, 997% CL it contowrs, U=0
(SMM: M =126 GeV, m'=173 GeV)

LJ.JJJ 1

==, ™ SM Prediction

Db b b e

i M, = 125.7 - 0.4 GeV
m, = 173.18 - 0.94 GeV
M\,
with M (100,1000] G
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UNDERSTANDING HIGGS DATA

@ Before 2012, the last free parameter in the SM had been the Higgs mass
and we've already pinpointed it with a fantastic precision (no need to know
better really ;)

@ All the Higgs couplings and self-couplings can be expressed in terms of
previously measured paramefters

1
@ Nothing left to do :), at least in the context of the SM H = ﬁ ( ok )

Lovi= D, H'D, H¥miEH H=XH'"H)*+ (—%Hz/;i% + h.c.) 4.

- No Higgs
Couplings to Self- , g9
EW gauge Couplings COFZI:*IrInnig;sfo
bosons
R o | i GEL m}% 3 m% 4 h L
(?.- + s Cmy WiW, +m% 2,2,) — 5 o é@h i Z msff
Ensures unitarity of
VV->hh scattering
Ensures unitarity of Ensures unifarity of Ensures unitartty of

VV-5>VV scattering VV->VVVV... scattering VV->ff scattering



qg=u,c,t q=d,s,b [=e. %
1 s g 1
+ZCQQGW/GW/ A ZC”Y’Y’YNV’YMV
1 | 1
il yii ¥ e ot g
Cw c2 —s2
CWW = Cyy T S_CZ'y CzZ = Cyy T ! CZ~

d

d

d

>

Simplified Effective Higgs Lagrangian

i

£h M ( QCVmWW_'—W +CvaZ Z

—Cy Z Mg = Cd Z mqqq — Ci Z myll

Simpler effective theory with 7 free parameters

<ALL> these parameters are meaningfully constrained by current Higgs data

Limit of SM+SILH with constraints ¢r = ¢ =0

Standard Model limit: cv=cs=1, Cgg=Cyy=Czy=0

Caw +Cup =0

cg+cygp =0






Higgs: the story so far

Thorr ™
1 s « Bestin ]
5 |Lat-203m —
ls_aTgv G Contour

+ SN preduction

4 ATLAS Preliminary - e ‘

1] CMS
NG YT Production | Decay [ Ref.
0 ~_ ATLAS "
) S k 2D 0.77%9; 15
FoT e e Production | Decay i Ref. it - —
77 0.9275-29 16]
2D 7Y 1.55%055 | [5, 6] —
— WW 0.68%5:75 | [16]
ZZ 1415933 | [5, 7] —
TT 0.87+0.29 | |17]
WW 0.98%035¢ | [5, 8]
VH bb 1.00 £0.49 | [18]
TT 1.475:2 [9] —
VBF bb 0.7+14 | [19]
VH bb 02791 10 —
ttH bb 1.013:9 20]
ttH bb 2.69+5.53 | [11
7Y —0.2575 | [20]
vy ~1.39+3.18 | [12]
TT —1.47%53 20]
inclusive | Z~ 2.96 +6.69 | [13]
— multi-¢ 3.711¢ 21]
o 1.75+4.26 | [14]
inclusive | Zvy —0.21 +4.86 | [22]
g 2.9%57




7 parameter fit

using only Higgs data:
ey = 1.037008

AXZZXZSM 7 szin =~ 5.),
with 7 d.o.f.
SM hypothesis is
a perfect fit



7 parameter fit

23)059/2013

@ Overwhelming evidence it is a Higgs boson (particle
coupled to mass of W and Z)

@ Statement independent of possible higher order
couplings to W and Z

@ Smells like Ehe Higgs boson



