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Higgs-related Papers [also Brout & Englert; Guralnik, Hagen, Kibble]
— 1964: combining two problems to one predictive solution

Vorume 13, Numser 16 PHYSICAL REVIEW LETTERS 19 OcTonEr 1964

BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS

Peter W. Higgs
Tait Institute of Mathematical Physics, University of Edinburgh, Edinburgh, Scotland
(Received 31 August 1964)

In a recent note' it was shown that the Gold- about the “vacuum” solution ¢,(x) =0, @,(x) = @yt
stone theorem,? that Lorentz-covariant field
theories in which spontaneous breakdown of a"{a“(.«vl)-.-uof\p} =0, (2a)

symmetry under an internal Lie group occurs
contain zero-mass particles. fails if and only if . . .
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— 1964: combining two problems to one predictive solution

Vorume 13, Numser 16 PHYSICAL REVIEW LETTERS 19 OcToBER 1964

BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS

Peter W. Higgs

Tait Institute of Mathematical Physics, University of Edinburgh, Edinburgh, Scotland
- - (Received 31 August 1964)
A detailed discussion of these questions will be
presented elsewhere. d- about the “vacuum” solution ¢,(x) =0, @,(x) = @yt

It is worth noting that an essential feature of
the type of theory which has been described in rs
this note is the prediction of incomplete multi- ly if . .
plets of scalar and vector bosons.® It is to be
expected that this feature will appear also in
theories in which the symmetry-breaking scalar
fields are not elementary dynamic variables but
bilinear combinations of Fermi fields.”

a“{ap(.wl)-uquM} =0, (2a)

'P. W. Higgs, to be published.
%J. Goldstone, Nuovo Cimento 19, 154 (1961);
J. Goldstone, A. Salam, and S, Weinberg, Phys. Rev.
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1966: original Higgs phenomenology

PHYSICAL REVIEW VOLUME 145, NUMBER 4 27 MAY 1966

S Rrealkd,

Py Macsl Bosons*

Y 2 4
Perer W.

Hicost

Department of Physics, Unisersity of Nortk Carclina, Chapel Hill, North Carolina
(Received 27 December 1965)

We examine a simple relativistic theory of two scalar fields, frst discussed by Goldstone, in which as a
result o spotaneousbreakdown of () symmetry on of the walar bosons i masles i conformity with

the Goldstone theorem. When the symmetry group of

he Lagrangian is extended from global to local U (1)

transformations by the introduction of coupling with a vec!of ‘gauge field, the Goldstone boson becomes the
longitudinal state of a massive vector boson whose transverse states are the quanta of the transverse gauge
field. A perturbative treatment of the model is developed in which the major features of these phenomena are
present in zero order. Transition amplitudes for decay and scattering processes are evaluated in lowest order,
and it is shown that they may be obtained more directly from an equivalent Lagrangian in which the original
symmetry is no longer manifest. When the system is coupled to other systems in a U(1) invariant La-

grangian, the other systems display an induced symmetry breakdown, associated with a partially conserved
current which interacts with itself via the massive vector boson.

1. INTRODUCTION

‘HE idea that the apparently approximate nature

of the internal symmetries of elementary-particle

physics is the result of asymmetries in the stable solu-

tions of exaclI) symmcmc dymmlcal equaunns, raLher
than an PR

appear have been used by Coleman and Glashow® to
account for the observed pattern of deviations from
SU(3) symmetry.

The study of field theoretical models which display
spontaneous breakdown of symmetry under an internal
Lie group was initiated by Nambu,* who had noticed®
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PHYSICAL REVIEW

<

VOLUME 145, NUMBER 4 27 MAY 1966

y Breal Py Macsl Bosons*

Perer W. Hicost

Department of Physics, Unisersity of Nortk Carclina, Chapel Hill, North Carolina

II. THE MODEL

The Lagrangian density from which we shall work
is given by®

=—18""FoF w—1g"V, .V %,

+imdd D~} f(®aa)*. (1)

In Eq. (1) the metric tensor g¥=—1 (u=»=0),
+1 (u=»#0) or 0 (u¥»), Greek indices run from 0
to 3 and Latin indices from 1 to 2. The U(1)-covariant
derivatives F,, and V,®, are given by

Fp=0,4,—09,4,,

(Received 27 December 1965)

“t=~-y of two scalar fields, first discussed by Goldstone, in which as a

symmetry one of the scalar bosons is massless, in conformity with
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el is developed in which the major features of these phenomena are

es for decay and scattering processes are evaluated in lowest order,

more directly from an equivalent Lagrangian in which the original

the system is coupled to other systems in a U(1) invariant La-
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Sp y y Breal Py Macsl Bosons*

Perer W. Hicost
Department of Physics, Unisersity of Nortk Carclina, Chapel Hill, North Carolina

[ i. Decay of a Scalar Boson into Two
II. THE MODEL Vector Bosons
The Lagrangian density from which we shall v  The process occurs in first order (four of the five
is given by® cubic vertices contribute), provided that me> 2m,. Let
# be the incoming and k;, k: the outgoing momenta.
£=—1g"g"FoF u—1g"V 2.V 2s Then

+imdd D~} f1(®eDa). . . .
In Eq (1) th i t ’ o 1 M=i{e[a** (k1) (—ikan)o* (ks)+a**(ka) (—iki)e* (k1))
n Eq. e metric tensor g¥=—1 (u=y: —e(ip)[a** (ke)* (k) +a**(k2)e* (k
+1 (u=»#0) or 0 (u¥»), Greek indices run fro ‘(,P—)[Z‘:m(a‘sz ();.),(:)_(;;éwi(fj)f(k )}
to 3 and Latin indices from 1 to 2. The U(1)-covar el o X b 5 -
derivatives F,, and V@, are given by By using Eq. (15), conservation of momentum, and
Fro=0,4,— 3,4 the transversality (k.b*(k)=0) of the vector wave
iy L .

PP TR N AT T
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— 1964: combining two problems to one predictive solution
— 1966: original Higgs phenomenology
— 1976 etc: collider phenomenology

A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON

John ELLIS, Mary K. GAILLARD * and D.V. NANOPOULOS **
CERN, Geneva

Received 7 November 1975

A discussion is given of the production, decay and observability of the scalar Higgs
boson H expected in gauge theories of the weak and electromagnetic interactions such as
the Weinberg-Salam model. After reviewing previous experimental limits on the mass of
the Higgs boson, we give a speculative cosmological argument for a small mass. If its mass
is similar to that of the pion, the Higgs boson may be visible in the reactions = “p — Hn or
4p - Hp near threshold. If its mass is <300 MeV, the Higgs boson may be present in the
decays of kaons with a bf.mchmg ratio O(10-7), or in the decays of one of the new par-
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A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON

John ELLIS, Mary K. GAILLARD * and D.V. NANOPOULOS **
CERN, Geneva

334 J. Ellis et al. | Higgs boson

We should perhaps finish with an apology and a caution. We apologize to ex-
perimentalists for having no idea what is the mass of the Higgs boson, unlike the
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.

Higgs

1s such as

mass of
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= Higgs boson based on field theory consistency
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Higgs decays easy  (Hdecay]

— weak-scale scalar coupling proportional to mass

— off-shell decays below threshold

- decay to vy via W and top |OOp [destructive interference]
= my = 126 GeV perfect

Higgs production hard  (7-8 Tev, 5-15/b]

— quantum effects needed

gluon fusion production loop induced (o ~ 15000 fb]
weak boson fusion production with jets (o ~ 1200

— easy channels for 2011-2012

pp — H — ZZ — 4¢ fully reconstructed

pp — H — ~~ fully reconstructed

pp — H— WW — (£~p)(¢Tv) large BR
= fun still waiting

pp — H — 77 plus jets

pp — ZH — (£7£~)(bb) boosted

pp — ttH waiting for a good idea...

ol
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Pinstesen 1. What is the ‘Higgs’ Lagrangian?
Lagrangian — psychologically: looked for Higgs, so found a Higgs
copines — CP-even spin-0 scalar expected, but which operators?
s spin-1 vector unlikely
Viadhax spin-2 graviton unexpected

2. What are the coupling values?

— ‘coupling’ after fixing operator basis
— Standard Model Higgs vs anomalous couplings

3. What does all this tell us?

strongly interacting models?

weakly interacting two-Higgs-doublet models?
TeV-scale new physics?

renormalization group based Hail-Mary passes?



Exercise: what operators can do
Higgs sector including dimension-6 operators

o wi 1 1
Los =3 7501 With O1=50,(679) 9"(8'9), Oz =—3(s"0)°

i=1
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Exercise: what operators can do

Higgs sector including dimension-6 operators

2 f , 1 1
Log = 7501 with O1=50,(6'9) 0"(0'9), O2=—3z(s'0)’

i=1

first operator, wave function renormalization
_ 1 t oy (gt L (H a2 o [ orF
Oy = th(aﬁ ¢) 0" (o' p)= 3 (H+v)" 0,H0o"H

proper normalization of combined kinetic term sz

1 e V2N o1 - fiv2
Lkin:EaMHa“H(‘Jrﬁ):gf’“Ha“H o H:H,/1+W
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Log = 7501 with O1=50,(6'9) 0"(0'9), O2=—3z(s'0)’

i=1

first operator, wave function renormalization
_ 1 t oy (gt L (H a2 o [ orF
Oy = th(aﬁ ¢) 0" (o' p)= 3 (H+v)" 0,H0o"H

proper normalization of combined kinetic term sz

L AV 11 . f,v2
'Ckin:EaMHa“H (1+F> :EauHa“H = H:HE

second operator, minimum condition to fix v

2 4 2 2
Iz o 4 Iz o
_B 2P LonhH = (14 =2
v 2 e TN =5y ( t ez
2 2XN?
- + O(A%)

f
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Higgs sector including dimension-6 operators
2 f , 1 1
Log = 7501 with O1=50,(6'9) 0"(9'9), O2=—3z(¢"0)°
i=1

first operator, wave function renormalization

O = 20u(619) (6" 6)= 1 (H+ V) 0,H 9" F

proper normalization of combined kinetic term sz

1 = - fivd) o1 i fiv2
EkinZEB;A,HaMH <1+W> :§BHH6“H < H=H 1+W

second operator, minimum condition to fix v

2 4 2 2
K hu _a K hu
- ON*)=-—2=[1
v o aone TN =5 ( T e
2 2XA?
-7 + O(A%)

2
physical Higgs mass

SAVPER - H?

2 N2 24 2

iv2  hv?
& m,i:2Av2<1—‘—+ 2 )

Lmass =

PO N L P

N2 2NN\
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Higgs sector including dimension-6 operators

1 1
Lo = Z 501 with Oy = 20,(679) 9"(679) . 02 = —2(0'0)°

i=1

Higgs self couplings momentum dependent
2 4 2
mh {(1 _ v 2Ry ) P 2hv HBHHE)“H]

2A2 + 3N2m2, N2

2 2 4
my fiv 4fp v 4f V2 >
— A= H* — H? 8, HO" H
{( A2 + A2, N2,
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Exercise: what operators can do

Higgs sector including dimension-6 operators

2 ) 1 1
Los =) 50 with Oy =20,(6'6)0"(6¢), Oz=—3(¢'e)’

i=1

Higgs self couplings momentum dependent

2 4 2
mf,{<1 fiv 26V >H3 2fy v HBHHE)“H]

Lselt = — 5~ -5t -
2v 2N 3Nm2, A2,
2 2 4 2
my fiv 4fp v o 4five | o .
- —= - — — H"0,, HO"H
8v2 {( A2 N, A2m2, "

field renormalization, strong multi-Higgs interactions

YL LN 7
H=(1+22 A+ P+ L H+ o
( + 2/\2> ton et (H)
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Light HIggS as a Goldstone boson [Contino, Giudice, Grojean, Pomarol, Rattazzi, Galloway,...]

strongly interacting models not looking like that (Bardeen, Hi, Lindner]
light state if protected by Goldstone’s theorem  [Georgi & Kaplan]
interesting if v < f < 4nf ~ m, Titte Higgs v ~ g21/(2m)]

adding specific D6 operator set

L:S]LH =

+

+

‘i’a“ (H'H) 0, (HTH) +

» _
- 22 (HH)® +<%HTHfLHfR+h.c‘)

f2

2m,

iCHWQ (D“H)T I(DV )

1672f2

icwg (Hf ’D“H) (D" W)i+

3 HTHBWB““

o (HTWH) (/—/“ﬁH H)

iced’ 1,160 v
22 (H b H) (8”B..,)

: ’
+ 289 pr)yt(DY H)B,,

16 2f2

c9g%

v H'HGE, G

16722 g2
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nght HIggS as a Goldstone boson [Contino, Giudice, Grojean, Pomarol, Rattazzi, Galloway,...]

strongly interacting models not looking like that (Bardeen, Hi, Lindner]
light state if protected by Goldstone’s theorem  [Georgi & Kaplan]

interesting if v < f < 4nf ~ m, Titte Higgs v ~ g21/(2m)]
adding specific D6 operator set

‘CSILH

- ‘;”a (HfH)

G (HTH) i (ny’HfoHfRHc)

+

+

(@3n?
fCW
(16f)?

1AW pr Ryt ol (D H)

(‘161‘)2

+ (2561‘)2

(H' H) + I

(H%"WH) (D*W,,)

HHB,,, B* +

W+

pv

(256f)

(H'D H) (HT D H)

16f2 (HTD" H) (0" By

(o (0005,

H'HGE, G
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Higher-dimensional operators

nght HIggS as a Goldstone boson [Contino, Giudice, Grojean, Pomarol, Rattazzi, Galloway,...]

strongly interacting models not looking like that (Bardeen, Hi, Lindner]
light state if protected by Goldstone’s theorem  [Georgi & Kaplan]

interesting if v < f < 4nf ~ m, Titte Higgs v ~ g21/(2m)]
adding specific D6 operator set
collider phenomenology of (HT H)

Anomalous HIggS couplings [Hagiwara etal; Corbett, Eboli, Gonzales-Fraile, Gonzales-Garcia]

— assume Higgs is largely Standard Model
— additional higher-dimensional couplings

asV f, v fWW v
Leff = — 8; A%(¢*¢)GWG“ +?¢TWWW" ®
fw v fg v fww ”
+ F(Dmb)* wW#* (D, ®) + F(Dutb)TB“ (D, @) + A2 (W, W pW;‘)

f — f _
+ 26 (¢70)(@00ks) + (¢ 9)(Lser o)

— plus e-w precision data and triple gauge couplings
= before measuring couplings remember what your operators are!
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Angular Correlations

Measurements of operator structures (iearning from the flavor people]

Cabibbo—Maksymowicz—Dell’Aquila—Nelson angles for H — ZZ

[Melnikov etal; Lykken etal; v d Bij etal; Choi etal; Fabio etal]

cosf™ = ﬁZe - Poeam

C0S0e = p,— ‘szH . cosf, = EJ‘L, - bz,
e

o

08 do = (Boeam  z,.) - (B2, * B ),

008 A6 = (By— X Pot) - (B— X B )|

e
PHYSICAL REVIEW VOLUME 137, NUMBER 2B 25 JANUARY 1965

Angular Correlations in K., Decays and Determination of
Low-Energy =-= Phase Shifts*
NicoLa CABIBBO} AND ALEXANDER MAKSYMOWICZ
Lawrence Radiation Laboratory, Unisersity of California, Berkeley, California
(Received 1 September 1964)

The study of correlations in K. decays can give unique information on low-energy x-x scattering. To this
end we introduce a particularly simple set of correlations. We show that the measurement of these correla-
c.m. energy allows one to make a model-independent determination of the difference
at that energy. Information about the average value of

me correlations averaged over the energy spectrum.
nent of the average correlations is particularly suited to the testing of any m w-energy x-x
We discuss in particula two such models: o) the Chew. Mandelotam efective.rangs desciption
Of Sawave sattering and (b) the Brown-Faier o.resonance modiel fo the S wave. Tf the Chew. Mandeltam
description is adequate, the suggested measurements should yield a value for the S-wave scattering length
in the /=0 state. I modelis correct, these yield a value for the mass of
the resonance.
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Angular Correlations

Measurements of operator structures (iearning from the flavor people]

Cabibbo—Maksymowicz—Dell’Aquila—Nelson angles for H — ZZ

[Melnikov etal; Lykken etal; v d Bij etal; Choi etal; Fabio etal]

cos e = p,— - Pz, cosf, = /5“, - Pz,

€08 ¢pe = (Poeam X IAJZ“) ’ (ﬁzu X ije* )‘z
e

008 Ap = (B X Pot) - (B~ * Bur)|

PHYSICAL REVIEW VOLUME 137, NUMBER 2B 25 JANUARY 1965

Angular Conelxhons in K., Decays and Determination of
ow-Energy =-= Phase Shifts*
Nicora CanisBo} AND ALEXANDER MAKSYMOWICZ

Lawrence Radiation Laboralory, University of California, Berkeley, California
(Received 1 September 1964)

* This work \\as done under the auspices of the U. S. Atomic
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dominated by the postulated o resonance. Measurement
of average correlations could then be used to determine
the mass of this resonance.

IL KINEMATICS AND CORRELATIONS

Our approach to the kinematics of the reaction
K*— r*z¢'y is the same as that used in analyzing
resonances. We visualize this reaction as a two-bod
decay into a dipion of mass M., and a dilepton of mass
M.,,. We then consider the subsequent decay of each of
these two “resonances” in its own center-of mass system.

*The oaculoes of snpler orvltion n he deteminaon of
30—, was first .

Fiz. 44, 765 (1963) [annsﬁ'mn i

(1963)]. See also erratum, Z}
(1963).
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Angular Correlations

Measurements of operator structures (iearning from the flavor people]

— Cabibbo—Maksymowicz—Dell’Aquila—Nelson angles for H — Z2Z
[Melnikov etal; Lykken etal; v d Bij etal; Choi etal; Fabio etal]
— Breit frame or hadron collider (7, ¢) in WBF  [Breit: boost into space-like]

[Rainwater, TP, Zeppenfeld; Hagiwara, Li, Mawatari; Englert, Mawatari, Netto, TP]
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Measurements of operator structures (iearning from the flavor people]

— Cabibbo—Maksymowicz—Dell’Aquila—Nelson angles for H — Z2Z
[Melnikov etal; Lykken etal; v d Bij etal; Choi etal; Fabio etal]
— Breit frame or hadron collider (7, ¢) in WBF  Breit: boost into space-ike]

[Rainwater, TP, Zeppenfeld; Hagiwara, Li, Mawatari; Englert, Mawatari, Netto, TP]

cos 0y = p; -"V| cos 0 = P, ~"V| cos 8" =Py, - Py
Pi - Pvy v Breit P - Pvy VyBreit Py - Pal

cos g1 = (B, X Pa) - (Bry X By )|v1 Breit
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Measurements of operator structures (iearning from the flavor people]

— Cabibbo—Maksymowicz—Dell’Aquila—Nelson angles for H — Z2Z
[Melnikov etal; Lykken etal; v d Bij etal; Choi etal; Fabio etal]

— Breit frame or hadron collider (7, ¢) in WBF  [Breit: boost into space-like]
[Rainwater, TP, Zeppenfeld; Hagiwara, Li, Mawatari; Englert, Mawatari, Netto, TP]

— possible scalar couplings
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Angular Correlations

Measurements of operator structures (iearning from the flavor people]

— Cabibbo—Maksymowicz—Dell’Aquila—Nelson angles for H — ZZ
[Melnikov etal; Lykken etal; v d Bij etal; Choi etal; Fabio etal]
— Breit frame or hadron collider (1, ¢) in WBF  [Breit: boost into space-like]

[Rainwater, TP, Zeppenfeld; Hagiwara, Li, Mawatari; Englert, Mawatari, Netto, TP]

— possible scalar couplings
1
LD GOW W (6 W Wy (6 e W W

= different channels, same physics
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Couplings

Standard Model operators  (sFiter: Kiute, Lafaye, TP, Rauch, Zerwas]

— assume: narrow CP-even scalar
Standard Model operators
couplings proportional to masses?

— couplings from production & decay rates

99 -+ H

qq — qqH
g9 — ttH
qq — VH

— Grxx = g (1+ Ax)

— H — bb

H—zZ
H— ww

H— 171"
H— ~y
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Couplings

Standard Model operators  (sFiter: Kiute, Lafaye, TP, Rauch, Zerwas]

— assume: narrow CP-even scalar
Standard Model operators
couplings proportional to masses?

— couplings from production & decay rates

99 — H
gg :: %7.7 > Grxx = Gipex (1+ Ax)
qq — VH
Total width
— non-trivial scaling
% % g

N =0 BR x
g2

gives constraint from 3" T;(g?) < Tiot = T Hlmin
- WW — WW unitarity: gwwe < gy — T Hlmax

— H — bb

Vot Vot > i)
T + Funobs

H—zZ
H— ww

H— 171"
H— ~y

— SFitter assumption th = Zobs F/ [plus generation universality]
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Couplings now and in the future

Now [Aspen/Moriond 2013; Lopez-Val, TP, Rauch]

— focus SM-like [secondary solutions possible]
— six couplings and ratios from data

gp from width
gg VS gt not yet possible

[similar: Ellis etal, Djouadi etal, Strumia etal, Grojean etal]

— poor man’s analyses: Ay, Ay, Ay

0.5

o*#

-0.5

uer | | =4.6-5.1(7 TeV)+12-21(8 TeV) fb”!, 68% CL: ATLAS + CMS

s |
@ SMexp.
“$= data

data (+A,)

9= ng (1+4,)
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Higgs boson NOW  [Aspen/Moriond 2013; Lopez-Val, TP, Rauch]
Lagrangian — focus SM-like [secondary solutions possible]
Sovpines — six couplings and ratios from data
;Ha::;a gp from width

gg VS gt not yet possible
[similar: Ellis etal, Djouadi etal, Strumia etal, Grojean etal]

— poor man’s analyses: Ay, Ay, Ay

Future \ \
.Qmw 68% CL: 3000 b, 14 TeV LHC and 500 fb”_, 500 GeV LC
|_e ad Sy C

— LHC extrapolations unclear 02 |® ggg%ﬁ"ggg Tevihe 0= oM (144,
— interplay in loop-induced couplings  0.15 | & RS 118260 4.+ 4,
0.1
0.05
o e R
-0.05 i
-0.1
-0.15

A
=~
14
A
o
oQ
~Q
5
(S



Higgs Measurements

Tilman Plehn

Higgs boson
Lagrangian
Couplings
2HDM

MadMax

Couplings now and in the future

Now

— focus SM-like
— six couplings and ratios from data

gp from width
gg VS gt not yet possible

[similar: Ellis etal, Djouadi etal, Strumia etal, Grojean etal]

— poor man’s analyses: Ay, Ay, Ay

[Aspen/Moriond 2013; Lopez-Val, TP, Rauch]

[secondary solutions possible]

Future

— LHC extrapolations unclear o2
— interplay in loop-induced couplings 5
— theory correlations protecting ratios? o.1
0.05

0

-0.05

-0.1

-0.15

-0.2

Dter
-

68% CL: 14 TeV.

9= 03" (1+4,)

== 3000 fo"! uncorr. theory errors
3000 fb™! corr. theory errors
=@ 3000 fo™" no theory errors
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Couplings now and in the future

Now [Aspen/Moriond 2013; Lopez-Val, TP, Rauch]

— focus SM-like [secondary solutions possible]
— six couplings and ratios from data

gp from width
gg VS gt not yet possible

[similar: Ellis etal, Djouadi etal, Strumia etal, Grojean etal]

— poor man’s analyses: Ay, Ay, Ay

Future

— LHC extrapolations unclear

— interplay in loop-induced couplings
— theory correlations protecting ratios?
— obvious ILC case:

unobserved decays avoided

width measured from rates including oz
H — cc accessible

invisible decays hugely improved

QCD theory error bars avoided
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2HDM as weakly interacting completion

Extended HIggS models [Lopez-Val, TP, Rauch; many, many, many papers]

— assume the Higgs really is a Higgs

— allow for coupling modifications

— consider portals/singlet extensions boring [englert TP, Rauch, Zerwas, Zerwas]
= how would 2HDMs look?

V(®g, p) = i, by + m§2 o), — [m122 ofo, + h.c.]

)\
S (@) + (¢*4>2) + A3 (PId1) (PI2) + Mg |0 052

§ (®]92)° + 26 (9] 01) (©]02) + A7 (®]2) (¢]2) + hoc.
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Higgs boson Extended HIggS models  [Lopez-Val, TP, Rauch; many, many, many papers]
Lagrangian — assume the Higgs really is a Higgs
Couplings . oge .
oM — allow for coupling modifications

— consider portals/singlet extensions boring [englert TP, Rauch, Zerwas, Zerwas]
= how would 2HDMs look?

MadMax

Physical parameters

— angle 8 = atan(vz/v1)
angle o defining h% and H°
gauge boson coupling gw,z = sin(8 — a)ga/"f'z
— type-I: all fermions with &,
type-ll: up-type fermions with ¢,
lepton-specific: type-1 quarks and type-II leptons
flipped: type-Il quarks and type-I leptons
Yukawa aligned: yj, cos(8 — vp) = V2mp/v

- Compressed masses mho ~ mHo [thanks to Berthold Stech]
single hierarchy m,o < Mo 0 H+ protected by custodial symmetry
PQ-violating terms my, and Xg 7
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2HDM as weakly interacting completion

Extended HIggS models [Lopez-Val, TP, Rauch; many, many, many papers]

— assume the Higgs really is a Higgs

— allow for coupling modifications

— consider portals/singlet extensions boring [englert TP, Rauch, Zerwas, Zerwas]
= how would 2HDMs look?

Facing data

— fit including single heavy Higgs mass

— decoupling regime sin? o: ~ 1/(1 + tan2 )

— little impact of additional theoretical and experimental constraints
= 2HDMs generally good fit, but decoupling heavy Higgs

type-1 type-ll lepton—specific flipped
1 1
0.5 0.5
0.5 -0.5

A El - El
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50

tan B tan B tan B tan B

16
14
12
10

omn s
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2HDM as a consistent UV completion

How to think of SFitter coupling results

— Ay # 0 violating renormalization, unitarity,...

— weak UV theory experimentally irrelevant, only QCD matters
theoretically (supposedly) of great interest

— EFT approach:
(1) define consistent 2HDM, decouple heavy states
(2) fit 2HDM model parameters, plot range of SM couplings
(3) compare to free SM couplings fit
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2HDM as a consistent UV completion

How to think of SFitter coupling results

— Ay # 0 violating renormalization, unitarity,...

— weak UV theory experimentally irrelevant, only QCD matters
theoretically (supposedly) of great interest

— EFT approach:

(1) define consistent 2HDM, decouple heavy states
(2) fit 2HDM model parameters, plot range of SM couplings
(3) compare to free SM couplings fit

Yukawa-aligned 2HDM

AV A (ﬁ - a) Ab,t,T A {ﬁv ﬂfb,T} A’Y < My+
Ag not free parameter, top partner?
custodial symmetry built in at tree level Ay, < 0

— Higgs-gauge quantum corrections

enhanced AV < 0 T\y}icf ;:‘,‘.T(p‘, ‘ ~mz|3‘—a‘)‘:m(‘)”‘95 ~m(B‘7u‘)‘:U.“)U ; \m(l’n‘frx‘i‘:“?RS
. . N Unit Vacuu Vacuum:
— fermion quantum corrections 1w \\bb L + subiicge Y, sy
S B B\
large for tan 8 < 1 S BB, i \\ﬂ[
. |- - t -
Ay # Az > 0 possible \'s¢ bp o \;}
E55 % WWA\ N TN
E R = . 3 ZoATRY
b= 126Gy (gmyg=250Gev \WE 22 A YK
=200 GeV Vikm,. =280 Gey i WW- !
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2HDM as a consistent UV completion

How to think of SFitter coupling results

— Ay # 0 violating renormalization, unitarity,...

— weak UV theory experimentally irrelevant, only QCD matters
theoretically (supposedly) of great interest

— EFT approach:
(1) define consistent 2HDM, decouple heavy states

(2) fit 2HDM model parameters, plot range of SM couplings
(3) compare to free SM couplings fit
UV-complete vs SM coupling fits

— 2HDM close to perfect at tree level

- AW ?é AZ >0 through |OOpS 0.8 g girect it measured data
oo} 3 =tz
i 1 : aligne
= free SM couplings well defined 0a e o (const)
0.2 il
0 'fT IS T
0.2
04 Ad ER
-0.6
0.8

W
&
od
(o
W
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Understanding modern analyses

hardly any counting experiments left
more and more x-axes with NN or BDT output

number of useful observables ever increasing

theory uncertainties increasingly relevant

relevant information still (mostly) in hard process
= poor man’s MEM analysis at parton level?
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MadMax

Understanding modern analyses

=

hardly any counting experiments left

more and more x-axes with NN or BDT output
number of useful observables ever increasing
theory uncertainties increasingly relevant
relevant information still (mostly) in hard process
poor man’s MEM analysis at parton level?

Differential significance distribution (7, schichtel, wiegand]

Neyman—Pearson lemma
log-likelihood ratio the best discriminator
maximum significance through PS integral (cranmer & Tp]

dos(r)
dUb(’)) ’

q(r) = —owt,s L + log (1 +

evaluated in parallel to cross sections [in Madgraph]
translated into significance via LEPStats4LHC  (cranmer etal]
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Understanding modern analyses

hardly any counting experiments left

— more and more x-axes with NN or BDT output

— number of useful observables ever increasing

— theory uncertainties increasingly relevant

— relevant information still (mostly) in hard process
= poor man’s MEM analysis at parton level?

Link to Higgs couplings: ZH, H — bb  [same for itH)

— boosted Higgs the key > F
. . [) 10715 =

— modern analyses imminent g0 E

. . . (=1 r

— pr,pp distributions = 107

o .

©\g8 10 E

10%¢

10°k

Vs = 14TeV

".,_Qcp

QED

10°

0

P BRI B S ]
100 150 200 250
p, [GeV]

T.bb
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Understanding modern analyses

=

Link to Higgs couplings: ZH, H — bb  [same for itH)

hardly any counting experiments left

more and more x-axes with NN or BDT output
number of useful observables ever increasing

theory uncertainties increasingly relevant

relevant information still (mostly) in hard process

poor man’s MEM analysis at parton level?

boosted Higgs the key >

modern analyses imminent -3

P, pb distributions j
g
©
S
t‘é
k=
n

15

0.5

L=50fb*
Vs = 14TeV

=== - 20% background
—ZzH
==+ 20% background

P R I B
OO 100 200 300 400

p, [GeV]

Tbb
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Understanding modern analyses
Higgs boson
Lagrangian — hardly any counting experiments left
Couplings — more and more x-axes with NN or BDT output
2HDM . .
agh — number of useful observables ever increasing
ladMax

— theory uncertainties increasingly relevant
— relevant information still (mostly) in hard process
= poor man’s MEM analysis at parton level?

Link to Higgs couplings: ZH, H — bb  [same for itH)

— boosted Higgs the ke F ‘ ‘ ]
99 . y. %‘g 10" Vs=14Tev o
— modern analyses imminent — - E
— pr pb distributions 8‘% 107
— Ry distributions i
10°F
10*H
10°¢
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Tilman Plehn
Understanding modern analyses
Higgs boson
Lagrangian — hardly any counting experiments left

Couplings — more and more x-axes with NN or BDT output
2HDM . .
agh — number of useful observables ever increasing
ladMax
— theory uncertainties increasingly relevant
— relevant information still (mostly) in hard process

= poor man’s MEM analysis at parton level?

Link to Higgs couplings: ZH, H — bb  [same for itH)

— boosted Higgs the key S )
. . ] L=50fb
— modern analyses imminent ‘-'g Vs = 14TeV
T2)

P, pb distributions
Ry, distributions

significance [

=== - 20% background
—ZzH
===+ 20% background

0.5
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MadMax

Understanding modern analyses

hardly any counting experiments left

more and more x-axes with NN or BDT output
number of useful observables ever increasing
theory uncertainties increasingly relevant
relevant information still (mostly) in hard process
= poor man’s MEM analysis at parton level?

Link to Higgs couplings: ZH, H — bb  [same for itH)

boosted Higgs the key
— modern analyses imminent
— pr pp distributions
— Ry distributions
= anyone having a question for our answer?
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Higgs boson Big questions
e — is it really the Standard Model Higgs?
Z:;pM””gS — is there new physics outside the Higgs sector?
MadMax

Small questions

— what are good alternative ‘Higgs’ test hypotheses?
— how can we improve the couplings fit precision?

— how can we measure the bottom Yukawa?

— how can we measure the top Yukawa?

— how can we measure the Higgs self coupling?

— how do we avoid theory dominating uncertainties
— who wants to compute backgrounds?

— can QCD really be fun?

Lectures on LHC Physics, Springer, arXiv:0910.4182 updated under www.thphys.uni-heidelberg.de/~plehn/

Much of this work was funded by the BMBF Theorie-Verbund which is ideal for relevant LHC work * fu"rn;if;urfr‘]igiﬁeﬁu"

und Forschung


www.thphys.uni-heidelberg.de/~plehn/
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Lagrangian — statistical error: Poisson
cenpligs systematic error: Gaussian, if measured
2HDM theory error: not Gaussian
MadMax

— simple argument

LHC rate 10% off: no problem

LHC rate 30% off: no problem

LHC rate 300% off: Standard Model wrong
— theory likelihood flat centrally and zero far away
— profile likelihood construction: RFit  ckwmFitter]

—2log L =x>=%y C' X4
0 lof — di| < o
(theo)

xa,i =1 ldi—dj| — o

1
i 3 ) (theo)
(exp) |d/ - dll > g;
i
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Error analysis

Sources of uncertainty

— statistical error: Poisson
systematic error: Gaussian, if measured
theory error: not Gaussian

— profile likelihood construction: RFit  ckwvFitter]
—2log £ =x*=x} C7" %4

0 |di —
Xa,i =1 |di = dif — o™

i | ad —
U}exp) !

Efficient combination of errors

— Gaussian ® Gaussian: half width added in quadrature
Gaussian/Poisson ® flat: RFit scheme
Gaussian ® Poisson: ??

— approximate formula

1 1 1
= +
l0g Leomb 109 Lgauss log Lpoisson
= error bars from toy measurements

chi2

oOrRr NWAUU O

ai| < o_/(theo)
ail > a(lheo)

i

_ exact
approximation

0123456789 1
m
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Error analysis

Sources of uncertainty

— statistical error: Poisson
systematic error: Gaussian, if measured
theory error: not Gaussian

— profile likelihood construction: RFit  (ckuFitter]

—2log £ =x*=%§ C7" X4
0
Xa,i = 3 10— di| — o™
al(exp)
Systematic uncertainties
luminosity measurement 5 %
detector efficiency 2%
lepton reconstruction efficiency 2%
photon reconstruction efficiency 2%
WBF tag-jets / jet-veto efficiency 5%
b-tagging efficiency 3%
T-tagging efficiency (hadronic decay) | 3 %
lepton isolation efficiency (H — 4¢) 3%

|d,7d,| < alheo

(
i
(
i

theo)

|d/ - d/| > 0;
AB(syst) ‘
H— ZZ 1%
H— Ww 5%
H— vy 0.1%
H— 711 5%
H — bb 10%
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Meaning

TeV scale

fourth chiral generation excluded

strongly interacting models retreating  [Goldstone protection]
extended Higgs sectors wide open

no final verdict on the MSSM

hierarchy problem worse than ever {ight fundemental scalar discovered]

= do not know
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Meaning

TeV scale

fourth chiral generation excluded
strongly interacting models retreating  [Goldstone protection]

extended Higgs sectors wide open
no final verdict on the MSSM
hierarchy problem worse than ever [light fundemental scalar discovered]

= do not know

High scales

— Planck-scale extrapolation [Holthausen, Lim, Lindner; Buttazo etal]
ai 1 2 2 e 3 2 2

— = 12\ AN — 3\, — =X (3

dlog@ ~ 16n2 +BAX = 3N > (gz+g1)+

vacuum stability right at edge

A = 0 at finite energy?

IR fixed point for >\/)\? flxmg m/%//mf [with gravity: Shaposhnikov, Wetterich]

3
16

(205 + (5 + gf)z)]

my —171.2 w4~ 0.1176 “1.5
2.1 0.002

IR fixed points phenomenological nightmare
= do not know

my = 126.3+
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Exercise: top—Higgs renormalization group

Running of coupling/mass ratios

Higgs self coupling and top Yukawa with stable zero IR solutions

dx

dlog@

167

2

(12%° + 607 - 3y7)

dy?
d log @2

9

T 32x2

A
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Exercise: top—Higgs renormalization group

Running of coupling/mass ratios
Higgs self coupling and top Yukawa with stable zero IR solutions

ax 1 2 2 4 dy? 9 4
_9r 1202 £ 602 — 3 -
dlog@®  16n2 (122 + 6377 - 357 dlog @2 ~ 3272 Nt

running ratio R = \/y?2

dR 3\ ) \ -
_ 2% (8@ +R-2)L0 R,o= Y1 044
dlog 2 32r2R G ) <
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Exercise: top—Higgs renormalization group

Running of coupling/mass ratios
Higgs self coupling and top Yukawa with stable zero IR solutions

dy? 9

1
- (12>\ + 627 —3y,) Toad? = 322

d
d log @2

running ratio R = )\/yt2

dR ) _
= 8R R—2)=0 R, = —— ~ 044
dlog Q2 327r2H G )= < 16
numbers in the far infrared, better for Q ~ v
A 2 m?
Aomh VM o e MHl _ 133
Y7 2v2 22| T Am? m;
IR IR IR
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Jet counting

Counting jets: Poisson scaling

— generating function for exclusive jet number

®=> " u"P, with Pp_1 = =
n=1

— with DGLAP-like evolution equation

/(1) = At to)¢;(t0)+/li—€lA,v(t, )y

fo i—j.k

On—1 1 dn

Otot nldu |,

1 ~
/ 0222 By j(2) &(228 )0 (1 — 2)2t)
0 27
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S TS Counting jets: Poisson scaling
MR — generating function for exclusive jet number
Couplings i n On—1 1 4"
¢ = UPn,1 with P,1: — = —
2HDM g n Tot nldum |,
MadMax

— with DGLAP-like evolution equation
/(1) = A(t, o)1) +/r0' %A,(t, t’)i_z”:k/; 0z 55 P (2) S22 )bi((1 — 2Pt
— solution for quarks for large logarithm
q(t) = uexp Vrt dt’ Tqeq(t, t') (Pg(t') — 1)} ~ uexp { [tdt’ Tgeq(t t') (u—1)
0 0

— Poisson form
_ Onit log Ag,g(t
Pgg(t) = U Dgqe(t)' ™ Rinsty/n = 7(? = [1og Aq,(H)] njf( )
n
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Jet counting

Counting jets: Poisson scaling

— generating function for exclusive jet number

- ) On—1 1 d"
b= u"P,_ with P,_1 = = —
> U P L. nldun | o
— Poisson form o llog Ag.g(t)]
Baqg(t) = U Dgg(t) ™ R _ it _ 1109 Bq0ll)l
a,9(f) a,9(f) (n+1)/n on P

Counting jets: staircase scaling

— gluons for small logarithms

900 _ 4 & exp [ / L Tyl V) (05(F) — 1)}

dt

= 00(t) 22 28 (log £ — ) (90() — 1) = 05(0 Focg(t,t0) (@o(0) ~
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Jet counting

Counting jets: Poisson scaling

— generating function for exclusive jet number

. On—1 1 dn
> = u"P,_ with Pp_q = —/—1 = —
2 u"Pnoy =t oot nldun o
— Poisson form 0u o(1) = u Aqu(t) A _ opet _ |log Agg(t)]
q,0(l) = U Aqgyq (nt0/n = T = T
Counting jets: staircase scaling
— gluons for small logarithms
dogy(t) d t
jt =u e [/ at’ Tgeg(t, ') (Pg(t') — 1)
CA [e% f) t 11 .
@o(t) 22 22D (log £~ ) (®olt) = 1) = 050 Tyecolt,0) (6(8) 1
— staircase form ([&q(1) = exp(— [ ot'Fgeg(t’, 1))
®g(t) = v R = Zm1 _ 1 _ Ag(t) = constant
g F—y (nt1)/n =~ g

ubg(t)
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Jet counting

Counting jets: Poisson scaling

— generating function for exclusive jet number

®= iu"P wih Py =2t 1
- =t == Ttot - n! dun u=0
— Poisson form o llog Aq g(1)]
D, (1) = u Ay (1) Y R _ g1 _ 1109 Ag,g(D)]
Q>g( ) q,g( ) (n+1)/n on n+1

Counting jets: staircase scaling

— gluons for small logarithms

dq(1) =u ep |:/ dt’ Tgeg(t, ') (9g(1') — 1)}

dt

= 05(t) 22 220 (log £ — ) (90() — 1) = 05(0 Foca(t,t0) (@0l —

— staircase form (&q(1) = exp(— [ ot'Fgeg(t’, t))]

1 -
Pg(t) = —1_u Rinsty/n = % =1 — Ay(t) = constant
n
uBy(t)

= first principles QCD: Possion or staircase scaling



Higgs Measurements

Tilman Plehn

Higgs boson
Lagrangian
Couplings
2HDM

MadMax

Jet veto

Example: WBF H — 77  [Englert, Gerwick, TP, Schichtel, Schumann]

— staircase scaling before WBF cuts [acD and e-w processes]
— e-w Zjj production with too many structures

1.0
0.9

3

Ry

Riusiym

Higgs WBF

vl il

5

. . . . . B L
10 2/1 3/2 4/3 5/4 6/5 10 2/1

3/2

|
4/3

Y

5/



Higgs Measurements Jet VetO

Tilman Plehn
Example: WBF H — 77  [Englert, Gerwick, TP, Schichtel, Schumann]
Higgs boson
Lagrangian — staircase scaling before WBF cuts [acD and e-w processes]
Couplings — e-w Zjj production with too many structures
2HDM
MadMax

Understanding a jet veto
— count add’l jets to reduce backgrounds
P > 20 GeV  minys o < ¥y < maxy o
— Poisson for QCD processes [radiation pattern]

usion) = 1.80
=142

Z.QCD

I | I I I
1/0 2/1 3/2 1/3 5/4
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Jet veto

Example: WBF H — 77 [Englert, Gerwick, TP, Schichtel, Schumann]

— staircase scaling before WBF cuts  [acp and e-w processes]

— e-w Zjj production with too many structures

Understanding a jet veto

count add’l jets to reduce backgrounds

P > 20 GeV  miny o < ¥y < maxy; o

Poisson for QCD processes [radiation’ pattern]

(fairly) staircase for e-w processes [cuts keeping signall

features understood, now test experimentally...
e T T T T 7 10g 3
L (Higgs gg fusion) = 1.80 E E
P a(Z QCD) —142 E 3
? E 0.5 ? Z EW é
F 1 E — —— E
E 1 I — T 7
E Z QCD | - E o E
£ ] 0.1 Higgs WBF |
C L L L L L | E L L L L L 3

1/0 2/1 3/2 1/3 5/4 1/0 2/1 3/2 4/3 5/4
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Fox-Wolfram moments
Welghted series in spherical harmonics [Field, Kanev, Tayebnejad; Bernaciak, Buschmann, Butter,

TP]_

— originally alternative to event shapes

uT 4 Z

¢ T2 =,

— tunable for forward jets

N 2N
SOy Rl =S PLIPTI p (cos )
p PT tot = T tot

5
KB,
e,

4
(4
5

RN
\\\‘\‘\Q\-\:\\\&\\;\ XN
DOZ
W R
/

g%
,:c
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%
%%

%

%
5%

A
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e

772NN

%
%
LRK%

R
S
SN
R
RZRRIRRY
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NN

ML v u AT

am
0.7 < Hp <1

Hp < 0.3 0.3 < Hy <0.7
ordered, collinear, back-to-back

even £

democratic

democratic collinear, ordered

forbidden
back-to-back

odd £



Higgs Measurements Eqy _\\olfram moments
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. Weighted series in spherical harmonics [Field, Kanev, Tayebnejad; Bernaciak, Buschmann, Butter,

Iggs boson

* TP
Lagrangian
Couplings — originally alternative to event shapes

2
2HDM N
Pr.,i Pr,iPT,j
PR va y Pl S PP b (cos )
MadMax 4 )
2£ 1 pT>‘°‘ ij=1 PFT ot

— tunable for forward jets
— applied to tagging jets in WBF  m; > 600 Gev]

°
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Higgs Measurements Eqy _\\olfram moments

Tilman Plehn
" ) Weighted series in spherical harmonics [Field, Kanev, Tayebnejad; Bernaciak, Buschmann, Butter,
Iggs boson
o TP]
Lagrangian
Couplings — originally alternative to event shapes
2
2HDM N
4m Pr.i Pr,iPT
H] = Z ZY’” ; =" BP0 py(cos Q)
MadMas 14 ij
X 20 +1 m——¢ PT tot i j=1 p-r Jtot
— tunable for forward jets
— applied to tagging jets in WBF  m; > 600 Gev]
— applied to all jets in WBF
" " " b IERTYIN " " " 001N "
NaH] N
ool il 0.015;
0.01
0.02 H
L, 0.005;
04 06 08 HIL % 0z 04 06 08 Rt %%z 02




Higgs Measurements — E oy -\Wolfram moments

Tilman Plehn
" ) Weighted series in spherical harmonics [Field, Kanev, Tayebnejad; Bernaciak, Buschmann, Butter,
Iggs boson
o TP]
Lagrangian
Couplings — originally alternative to event shapes
2
2HDM N
4m Pr.i Pr,iPT
H] = E E Y7 (Q; = TLIETI p, (cos Q)
MadMas 14 ij
" 241 ==, pT ot 5 P 1ot

tunable for forward jets

applied to tagging jets in WBF  m; > 600 Gev]
applied to all jets in WBF

applied to all jets after WBF cuts

0.02] 1dN i
H;
0015

0.005

2
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Higgs Measurements — E oy -\Wolfram moments

Tilman Plehn
" ) Weighted series in spherical harmonics [Field, Kanev, Tayebnejad; Bernaciak, Buschmann, Butter,
Iggs boson
o TP]
Lagrangian
Couplings — originally alternative to event shapes
2
2HDM N
4m Pr.i Pr,iPT
H] = E E Y7 (Q; = TLIETI p, (cos Q)
MadMas 14 ij
" 241 ==, pT ot 5 P 1ot

tunable for forward jets

applied to tagging jets in WBF  m; > 600 Gev]
applied to all jets in WBF

applied to all jets after WBF cuts

= might be useful, bachelor project!
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