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Proposal, discovery, measurement,
Interpretation, what next?
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The occurrence of massless particles in the presence of spontaneous symmetry breakdown is
discussed. By summing all Feynman diagrams, one obtains for the difference of the mass




The Englert-Brout-Higgs Mechanism

Vacuum expectation value of scalar field
Englert & Brout: June 26t 1964
First Higgs paper: July 27" 1964

Pointed out loophole Iin argument of Gilbert if
gauge theory described in Coulomb gauge

Accepted by Physics Letters

Second Higgs paper with explicit example sent on |
July 31511964 to Physics Letters, rejected!

Revised version (Aug. 315t 1964) accepted by
PRL
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But the Higgs Boson
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FIG. 1. Broken-symmetry diagram leading to a
mass for the gauge field. Short-dashed line, {g,);
| long-dashed line, @, propagator; wavy line, 4 prﬁpa— i
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Guralnik, Hagen & Kibble
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It is worth noting that an essential feature of
the type of theory which has been described in
this note is the prediction of incomplete multi-
plets of scalar and vector bosons.? It is to be

-

: ' and find

We consider, as oug

was partially solved

bgs 3 resembla ory
0 ur starting point is the Drdlﬂd.]"}'
e miyEmics of massless spin-zero particles,

LhdrstPrlZEd by the Lagrangian
e=-tF""0s A -8 A )+yFME
T Tt By

M L M . H
+i 8 * W +ie g
'r“l “q'? qu p_ Cl'p fq{il “:l

With no loss of generality, we can take n,=0,

where the superscript T denotes the trdnsverse
part. The two degrees of freedom of 'ﬂ*.{- com-
bine w1i_h {,l:rl to fnrm the three components ofa 8
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Summary of the Standard Model

« Particles and SU(3) X SU(2) X U(1) guantum numbers:
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gauge interactions
matter fermions
Yukawa interactions
nggs potential

Untested
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The Standard Model Lagranglan

= Quin*D;Qr + qriv* D} qr + Lrin* Dy Ly + lgin" D}flg

1 1 :
Lc=—-B,B" — -W; W*| / Experiment: accuracy < %

d d

Ly = (D;¢) (D"¢) — V() No direct evidence
Ly = yaQrdqt + y.Qréqs + yrLrdlr + until July 4, 2012

DL =8, —igWeT* —iYg'B,
V(¢) = —u’e® + A
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L= (D#@)—'_ (Dﬁ@) B If( ”D - ﬁFH};F’uMg D,u,. — a,u,. — ’ieﬂ,u,_
« Gauge transformation «'(x) = ¢*® ¢(x) = @ @)y ()

1.
AL_(J:) = A, (x) + E&)HQ(J:)
e Choose a(x)=—0(x): ¢'(xr)=n(x) ‘
» Rewrite Lagrangian: £ = [(9 — ieA})n|* = V(n) = S F, F " |5
LG ieAl ot LH)? — L v s

V2 1" pv

B lF"F’W 2,2 g1 prH 1 5 )2 — 2, ]2 e

= Tqtwd TUen Ay +§[(fp: ) —myH"| + .- ‘
massive A-field, m s ~ ev neutral scalar, m gy 75 0 “




Nambu EB, H, GHK and Higgs

______

e

Spontaneous symmetry breaking: massless Nambu-
Goldstone boson ‘eaten’ by massless gauge boson

= | Accompanied by massive particle
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Masses for SM Gauge Bosons

 Kinetic terms for SU(2) and U(1) gauge bosons:

- J- = b ~§ L 1A J‘ LIs
L= -3 GG — 1ﬂ“,,FF
where G, =ad,W:-3,W +ige,yWiwk F,, = 9, W, —9,W; |

 Kinetic term for Higgs field:

L,=—|D,d]* D,=08,—igo;, W.~igd Y B,

« Expanding around vacuum: ¢ —< ojgjo > +¢
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Higgs Boson Couplings




APhenomenoIogicaI PrOfiIe
of the Higgs Boson

 First attempt at systematic survey

A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON
‘ John ELLLS, Mary K. GAILLARD * and D.V. NANOPOULOS **
= CERN, Geneva ==
Recejved 7 November 1975 _
7’ A discussion is given of the production, decay and observability of the scalar Higgs -- 3
boson H expected in gauge theores of the weak and electromagnetic interactions such as :;‘: :

the Wemnberg-Salam model. After reviewing previons experimental limits on the mass of i =0
N P e .
4 r . L . . |
. We should perhaps finish with an apology and a caution. We apologize to ex-
| | perimentalists for having no idea what is the mass ot the Higgs boson, unlike the P
| | case with charm [3,4] and for not being sure of its couplings to other particles, except | [

that they are probably all very small. For these reasons we do not want to encourage
big experimental searches for the Higgs boson, but we do feel that people performing
experiments vulnerable to the Higgs boson should know how it may turn up.
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Status of the Standard Model

 Perfect agreement with all confirmed
accelerator data

 Consistency with precision electroweak data
(LEP et al) only if there Is a Higgs boson

« Agreement seems to require a relatively light
Higgs boson weighing < ~ 180 GeV

 Raises many unanswered questions
mass? flavour? unification?
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stimating the Mass of the Higgs Boson
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Precision Tests of the Standard Model

Lepton couplings
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Pulls in global fit

| Al-}.'l

Measurement Fit — |O™*-0")/o™*

0. 1.2.3
m,[GeV] 91.1875+0.0021 91.1874
T,[GeV]  2.4952+0.0023 24959
o [nb] 4154040037  41.478
R 20.767 £+0.025  20.742
o 0.01714 +£0.00095 0.01643
R, 0.21629 + 0.00066 0.21579
R. 0.1721+0.0030  0.1723
AY° 0.0992+0.0016  0.1038
e 0.0707 +0.0035  0.0742
A, 0.923 +0.020 0.935
A 0.670 +0.027 0.668
A(SLD)  0.1513+0.0021  0.1480
m, [GeV] 8041040032  80.377
Iy[GeV]  2.123+0.067 2.092
m, [GeV/] 1727429 173.3

o 1 2 3




2011

Constraints on Higgs Mass

Electroweak observables sensitive via guantum loop
corrections: | o | Ta

My sin” By, = m'f:,- cos® By sin” By = Vore? [1_ Ar)

' =

Sensitivity to top, Higgs masses:

g ! = 1 2
._}(Tf 2 o V2Ggr o, 11 ﬂfff
3 — .!I - ¥ R 2
5"*”|_" "-.,f ) 167r- 3 My

Preferred Higgs mass: m, ~ 100 =% 30 GeV

I : ﬂl_{” - Ii'lifil.n-

Compare with lower limit from direct search at LEP:

m,, > 114 GeV
and exclusion around (160, 170 GeV) at TeVatron

e



2011: Combining Information from
Prevmus Dlrect Searches and Indlrect Data

—— Fit including theory errors
--- Fit excluding theory errors




A la recherche

du Higgs Production at the
Higgs perdu ... | HC

LHC HIGGS XS WG 2016

LHC Higgs Cross-Section
: Working Group
(LHXSWG)
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nggs Production at the LHC

pp — H (N3LO QCD + NLO EW) Is= 1 3 TeV ]

o
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I LI I |||| =
LHcmc;Gsxsmzurs
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: os seéﬁons for
Higgs mass near
125 GeV

pp — qgH (NNLO QCD + NLO EW)

S
%
T
T
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pp — WH (NNLO QCD + NLO EW)
pp — ZH (NNLO QCD + NLO EW)
—  pp — ttH (NLO QCD + NLO EW)

| pp— bbH (NNLO QCD in SFS, NLO QCD in 4FS)

LHC Higgs Cross-Section
Working Group ""  pp— tH (NLO QCD)
(LHXSWG)

I_ ] ] | | ] | | I | ] | | | | |
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gg =»Higgs Production at the LHC

* Calculated at Next-to-Next-to-Next-to-Leading

Order (N3LO) in limit of heavy t quark:

397 pb (—6.72%) (theory) + 1.56 pb (3.20%) (PDF+a,) ||

. . 4858pb=  16.00pb  (+32.9%) (LO, 1EFT)
e Contributions +20.84pb  (+42.9%) (NLO, rEFT)
— 2.05pb (—4.2%) ((t,b, c), exact NLO)
: + 9.56pb  (+19.7% NNLO, rEFT
at different + 0.34pb {{+u.?%§ ENN’LO 1/m3}
) + 2.40pb  (+4.9%) (EW, QCD-EW)
orders: + 1.49pb  (+3.1%) (N®LO, rEFT)

* Breakdown of theoretical uncertainties:
d(scale) d(trunc) d(PDF-TH) S(EW) d(t, b, c) 6(1/my)
ik 0.18pb  +056pb  +049pb 4+040pb  +0.49 pb
A% 10.37% +1.16% +1%  +0.83% +1%

B % o, o L ’:"7—;
X2 ol _.ﬁ:‘.t % . ‘...,_._Iv.‘- - .




Dependences on Parton Distributions

Gluon-Fusion Higgs production, LHC 13 TeV Higgs+ production, LHC 13 TeV =
T L I L L L L N L B BN m L L I B LA a e e
— ——— PDF4LHC15_prior — -A- PDF4LHC15_prior
L —_— PDFALHC15_me i A PDFALHC15_me
b b —_— PDFALHC15_100 - " PDFALHC15_100
nc ertalntl e S —_— PDFALHC15_30 - e PDFALHC15_30
—_— MMHT14 — - MMHT14
nOW ~ 2 % _— CTi4 r Y- cTi4
) —_— NNPDF3.0 — —_— NNPDF3.0
. . —— MSTWO8 . —_—— MSTWO8
Similar — 3 S
~——@——  NNPDF2.3 - —_— NNPDF2.3
[ ] [ ] _—
uncertalntles o o b b b by e ] -||||||J\|||J||||J||l\1||||||
0.96 0.98 1 1.02 1.04 1.06 1.08 0.94 0.96 0.98 1 1.02 1.04 1.06 1.08
Ratio to PDF4LHC15 prior Ratio to PDF4LHC15 prior
. W-+Higgs production in a, LHC 13 TeV Vector-Boson Fusion Higgs production, LHC 13 TeV
lnggeH ttH L L L BN L L IR LI L B B B BN L B IR
, D —— E— PDF4LHC15_prior — D —— T——— PDF4LHC15_prior
f —_— PDFALHC15_me i —_— PDFALHC15_me
rom (X/S —_—— PDF4LHC15_100 — —_—, PDFALHC15_100
—_— PDFALHC15_30 s —_— PDFALHC15_30
B - - —_ MMHT14 - _ MMHT14
"' ) . ) ) . - —_— CTi4 - ¥- CT14
LHC Higgs Cross-Section - —_ NNPDF3.0 - —_— NNPDF3.0
. i L — .
Working Group B — T i T
= _—— CcTi0 - o cTi0
( LH XSWG) - —.— NNPDF2.3 - —_— NNPDF2.3
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L
0.94 0.96 0.98 1 1.02 1.04 1.06 1.08
Ratio to PDF4LHC15 prior

0.98 1 1.02 1.04 1.06 1.08
Ratio to PDF4LHC15 prior




VBF Higgs Production at the LHC

E LI I LI LI LI I LI I LI I LILLILI I LI I - E LI I LI I LI LI I LI I LI I LI I LINLBLIL] I -

g ; = 7 E‘

& 1 NLO OCD + MLO EW 5 T NLO QCD + NLO EW 13
Ig ; MSTW2008 = 7 TaV 3 E: . MSTW2008 = 14 TaV % p—
E B [ g

B B 4 —

107 = N
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100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000

M, [GeV] M, [GeV]

 Calculated at NNLO including electroweak
corrections at NLO

| * Good convergence of perturbation expansion |
| Small uncertainties in quark parton dist’ns O
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Assoclated V+H Production at the LHC

E | | T | I:§92-4:—|| T T B
T NNLOQCD +NLOEW {2 o , oF _ E
N = —\J5=14TeV § = 2.2¢ Ns=7TeV 7
T F E=\E=7Tev 432 o — NNLO/LO ¢ 1)
e 1T == NNLO/LO (+ 20)
1= = 18 -
T - .
= a 1.6 .
g% 1
=y = C 7
> 107F E 14 st ——
o+ —‘,Z " 1_2:__'_'_"“‘-\,--. -
- iF :
::_! _z_ I A [N T T T [T T TN T T T T S I SN N N M ] ﬂ_ﬂ | T T T | —
po— 100 150 200 250 300 1[][) 15{} 200 250 300
,Q M, [GeV] M, [GeV]

o Calculated at NNLO including electroweak
| corrections at NLO

* Good convergence of perturbation expansion

|||I|| L1 1
LHC HIG G5 X5 WG 2070




Assoclated tt+H Production

p=m o+ M2
Js=14 TeV
E\s=7 TeV

\s=7 TeV
u=m + M,/2

-—-- LOOCD CTEDAS

] ]
LHC HIB0S X8 Wi 200
L1111 |
LT WIRGRS X5 W S0 ‘

- MLCHOGD CTEDRS i
-—- LOGED METW28 |
——— WO OGO METWZ00S

—— MLO OG0 NNPDF 20 .

o B 500 106 Te0 500280300 |
e M, [GeV] M, [GeV] |
- |* Calculated at NLO: uncertainties due to

| — Perturbation expansion

— Choice of parton distributions




Higgs Decay Branching Ratios
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Higgs Decay Branching Ratios
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Dominant decay
branching ratios for
m, ~ 125 GeV
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LHC Higgs Cross-Section
Working Group
(LHXSWG)
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8 HoWW*>2I2v

~ S/B<1

What we Expect

H>ZZ*->4l|

Rare (3%)
Hatt S/B>>1
Abundant (6%) AM/M ~ 1-2%

H>cc (2.9%)

S/B<1
AM/M ~ 10-20% \\

H->gg (8.5%) - l ‘

Very Abundant (22%)

AM/M ~ 30%

Observed decay modes: =
YY, ZZ, WW, Tt

Hovyy

Very rare (0.2%)
S/B<1

AM/M ~ 1-2%

Missing bb,cc, py, Zy

11 h
- v .
i 1 (D10

Abundant (58%)
S/B<<1




The Stakes 1in the Higgs Search

How 1s gauge symmetry broken?
Is there any elementary scalar field?
Likely portal to new physics

Would have caused phase transition in the Universe when
it was about 10-!> seconds old

May have generated then the matter in the Universe:
electroweak baryogenesis

A related inflaton might have expanded the Universe
when it was about 10->> seconds old

Contributes to today’s dark energy: 10% too much!
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Higgs champagne In Singapore
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Higgsdependence Day!
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Unofficial Combination of Higgs Data

1o - 10ifb 0610312013

Is this the

-' ‘-"' w "1----

No Higgs here!

300 600
Higgs boson mass GeWic?
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Higgs Mass Measurements
« ATLAS + CI\/IS 7" and yy ﬁnal states

- T I
— - ATMS H—n{f ]
= ATLAS and CMS L aTias bt a1 -
=] _ LHC Run 1 v CME H=yy
S 2.5 e CMS H=2Z 41—
=t o o —— All combinead T
®
© I % Bestfit ]
.E’ 2? ;t h\\‘ — B8%CL ]
m o —— —]
N X . i
1.5 s -
- X
1_ - —_—
L e . Tteemnnnonde
D 5_I 1 1 I 1 [l Ll | 1 | I | ] | 1 1 1 1 I 1 L L 'l I I L 1 1 I 'l 'l L L

12509 =021 (stat) =0.11 (syst)
|« Statistical uncertainties dominate

|+ Allows precision tests .

1+ Crucial for stability of electroweak vacuum -

[ Sp——T—




Comparison with Electroweak Fit

fitter

B N B
[ smiit
@~ ATLAS measurement [arXiv:1207.7214)
== CMS measurement [arXiv:1207.7235]

70 20 90 100 110 120

Quite consistent: Ay? ~ 1.5




Theoretical Constraints on Higgs Mass

» Large M,, — large selt-coupling — blow up at &
— 7 7_ 4 0.10 - _
3 ANQ) = A\(v) 3?34 L:;.EJ-Q oosf. \ Instability @ i
2%y IECAPOS SR N 1 011113 GeV/ Il
|* Small: renormalization = &= \
, g [
due to t quark drives £ ool | |
quartic coupling <0 i
| atsome scale A Gﬁ . "'
’_z — vacuum unStabl e ® 100 108 IRDG;LE Lum G:; 0% 101 10 ,:‘_“3

~ » Vacuum could be stablllzed by Supersymmetry




| Vacuum Instability in the Standard Model |

* Very sensitivet '* N
Instability
Vo] _
¢ 1751
Vol BB
2 W L
Vv

My, M, M) —0.1184
g1 GE:V = 11.3+1. n( Goy 125 66) 1 Q(GEV—ITS m) 0.4 2 i}ﬂm

= 1733 % 1.0 GeV  logyy(A/GeV) = 11.1 &




Hard QCD: the Top Mass

Basic parameter of SM; stability of EW vacuum?

World Comb. Mar 2014, [7] S
statBSFEbJISF — ELHIMSF-.I::JHJSF
total uncartainty = —— — tolal uncertainty

ATLAS+CMS Preliminary my,, summary, \s = 7-8 TeV TOPLHCWG
« World

My, = lob, (stalBISFELJSF « sysl) 15 Fel

ATLAS, l+jets (*) ey 17231+ 165 (0.75 = 1.358) 77ev [1]
ATLAS, dilepton (*) — -’ — 173.09 = 1.63(0.64 = 1.50) 77ev [
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Instability during Inflation?

Hook, Kearns, Shakya & Zurek: arXiv:1404.5953

* Do mflatlon fluctuatlons arive us over the hill?
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 Then Fokker-Planck evolution

* Do AdS regions eat us?
— Disaster if so
— If not, OK if more mflatlon |




How to Stabilize a Light Higgs Boson?

Introduce stop-like scalar:
1lirlzl 0 >

LD MG+ —|H[* o]
« Can delay collapse of potential:
 But new coupling must be
fine-tuned to avoid blow-up:

o Stabilize with new fermions:
— just like Higgsinos

* Very like Supersymmetry!

» Top quark destabilizes potential:

JE + D. Ross . 5 ,Am




‘God Particle’ no big Deal?

 Peter Higgs as quoted in the London Times:

» “A discovery widely acclaimed as the most
Important scientific advance In a generation
has been “overhyped”, the British scientist

behind it has said.”




Without Higgs ...

... there would be no atoms
— Electrons would escape at the speed of
light
... weak interactions would not be weak

— Life would be impossible: there would be |
no nuclel, everything would be radioactive

The discovery of the Higgs Boson is a big deal * -




Measurements
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— H=>bb?
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— H=2>A41?
— ttH production?
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— tH production?
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Measurements 1n Run 2

N

CMS Fraiiminary 12.9 " (13 TeV) % 200F ] C

IRz aoivmine TIE So 2 SRRANNNIECTT 3

9 smaz—ﬁl'ﬂzﬂ'ﬁ Qo g]-"l[:t;]gsrrnlalia;r'ﬂed —_ iﬂ Eﬂ:_ —_ gﬁ:j + Sachpouns Mo, “:‘-.. - 12500GeV

8 R : Dat ] £ 180 S/B wesghted sum of -

M S 4o00f " s 3 - T—— ]

> = . 1

. easu rements w Eoy B componeant :
A E acoof- o - = A
° +2 ] 1.
| myyand ZZ* ¢ == |
N . ® 1
| final states ¢ ]
i B
i

| » 100 significance

¥ waights - big

T

|+ Cross-section B e S |

m.. (GeV)

m,, (GeV)

‘:« -th > . SMS Fotiminay 129 " (13 TeV) R ————— S L:
ag rees wi 3 Data & 5[ ATLAS Preliminary .2 foe. - . osom 1 |

; 3 |E H(125) o) 305. H Z2Z* — 4| =f’.e'FHS n" ' ;‘1
N theory % E:::g' z: S T 1aTev 148w’ M. VWV e
3 ' = | Uncartain s
;..; l.I:j M Z+X EJ 25' ty ';
: - o | T
|+ Searching for b 1 -
| ttH, H> d
| ! ““!"L an 10! :

| -

5/ o

1] LIIOE Y ;

008050 100 110 120 130 140 150 160 170 %0 90 100 110 120 130 140 150 160 170 &

m,, [GeV]



— ATLAS Preliminary
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— Background model
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