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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 Ocroner 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) = gyt
stone theorem,? that Lorentz-covariant field
theories in which spontaneous breakdown of a"(a' (Agrll-vqu“) =0, (2a)

symmetry under an internal Lie group occurs
contain zero-mass particles. fails if and only if . N —
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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 Ocroner 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- v 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“'(a“(Avl)-r'woA p)=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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Higgs-related Papers [also Brout & Englert; Guralnik, Hagen, Kibble]

1964: combining two problems to one predictive solution

1966: original Higgs phenomenology

PHYSICAL REVIEW VOLUME 145, NUMBER 4 27 MAY 1966
Sp S; y Breakd without Massless Bosons*
Perer W. Hicost

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

We examine a simple relativistic theory of two scalar fields, first discussed by Goldstone, in which as a
result of spontaneous breakdown of U (1) symmetry one of the scalar bosons is massless, in conformity with
the Goldstone theorem. When the symmetry group of the Lagrangian is extended from global to local U (1)
transformations by the introduction of coupling with a vector 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.

I 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 exacdy s)'mmelnc dynamlca] cqu:mons, ralher
than an in the

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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Higgs-related Papers [also Brout & Englert; Guralnik, Hagen, Kibble]

— 1964: combining two problems to one predictive solution

— 1966: original Higgs phenomenology

PHYSICAL REVIEW

< Q.

VOLUME 145, NUMBER 4

y Breakd without Massless Bosons*

Perer W. Hicost

Department of Physics, Unisersity of Nertk Carolina, Chapel Hill, North Carolina

II. THE MODEL
The Lagrangian density from which we shall work
is given by®
= =18 " F ol w—1g"V 2.V 84
+imdd D~ f(DDa)?. (1)
In Eq. (1) the metric tensor g”=—1 (u=»=0),
+1 (u=»70) 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,—0,4,,

(Received 27 December 1965)
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Jet counting — problem 2: massive gauge theories
MadMax massive gauge bosons have 3 polarizations, and 3 # 2

Higgs-related Papers [also Brout & Englert; Guralnik, Hagen, Kibble]

— 1964: combining two problems to one predictive solution
— 1966: original Higgs phenomenology

PHYSICAL REVIEW VOLUME 145, NUMBER 4 27 MAY 1966

S S, y Breakd without Massless Bosons*

Perer W. Hicost
Department of Physics, Unisersity of Nertk Carolina, 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;, ks the outgoing momenta.
L£=—1g9g"F ol »— 18"V 2V B, Then

PP CX: AN
e e e V“t”“ ir (1 0‘) M =i{ea (k) (— ks )% (ks) 0% (ks) (— k1) (k1))
n Eq. e metric tensor g@=—1 (u=y: —e(ip)[a**(k1)¢* (k) +a**(k2)$* (1)
+1 (u=»70) or 0 (u#»), Greek indi f *(hy)a** *
to.3 and Latin indices from 1 to 2. The U(1)-covar = 2o hde™ o) S o () -

derivatives F, and V&, are given by By using Eq. (15), conservation of momentum, and
Fo=0,4,— 3,4 lhc t.ransvcrsa.hty (&, b‘(k) 0) of the vector wave
sy .

PP FREDT A JR T A J
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Higgs-related Papers [also Brout & Englert; Guralnik, Hagen, Kibble]

— 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 wnh a branching ratio O(10-7), or in the decays of one of the new par-
PR P S R R TEPRE T IPPTEPT PR S 1A= 1€ len wen. '
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Higgs-related Papers [also Brout & Englert; Guralnik, Hagen, Kibble]

— 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

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

[ its mass
p—Hnor
ntin the

Ut:(.dy\ 01 Kaons witn a DIANCINg rato Uiiv ), OT In e aecays of one o1 me new par-
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Higgs-related Papers  [also Brout & Englert; Guralnik, Hagen, Kibble]

— 1964: combining two problems to one predictive solution
— 1966: original Higgs phenomenology
— 1976 etc: collider phenomenology

= Higgs boson based on field theory consistency
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In terms of mexican hat potential
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Hiseslboson Higgs decays easy  [Hdecay]
SRS — weak-scale scalar coupling proportional to mass
2HDM
— off-shell decays below threshold
Jet counting K
o — decay to vy via W and top loop  [(destructive interference]

= my = 126 GeV perfect

500 1000

My, [GeV]
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— weak-scale scalar coupling proportional to mass
— off-shell decays below threshold

— decay to vy via W and top loop  [(destructive interference]
= my = 126 GeV perfect

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

— quantum effects needed

gluon fusion production loop induced [ ~ 15000 fb]
weak boson fusion production with jets (o ~ 1200 ]
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— weak-scale scalar coupling proportional to mass
— off-shell decays below threshold

— decay to vy via W and top loop  [(destructive interference]
= my = 126 GeV perfect

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

— quantum effects needed
gluon fusion production loop induced [ ~ 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 — (£~ 0)(¢Tv) large BR
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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 loop  [(destructive interference]
= my = 126 GeV perfect

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

— quantum effects needed

gluon fusion production loop induced [ ~ 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 — (£~ 0)(¢Tv) large BR
= fun still waiting

pp — H — 77 plus jets

pp — ZH — (££~)(bb) boosted

pp — ttH waiting for a good idea...
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1. What is the ‘Higgs’ Lagrangian?  Maggi's seminar]

— psychologically: looked for Higgs, so found a Higgs

— CP-even spin-0 scalar expected, which operators?
spin-1 vector unlikely
spin-2 graviton unexpected

— ask flavor colleagues  (cabibbo-Maksymowicz-Dell Aquila—Nelson angles]
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2. What are the coupling values?

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

1. What is the ‘Higgs’ Lagrangian? (Maggs seminar]

— psychologically: looked for Higgs, so found a Higgs

— CP-even spin-0 scalar expected, which operators?
spin-1 vector unlikely
spin-2 graviton unexpected

— ask flavor colleagues  (cabibbo-Maksymowicz-Dell Aquila-Nelson angles]

2. What are the coupling values?

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

3. What does all this tell us? [Maggi's seminar]

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

4. What is the future?

— QCD challenges?
— new analysis tools?
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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— vy
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TimanPlehn ST T

S TS Standard Model operators  [sFiter: Kiute, Lafaye, TP, Rauch, Zerwas]
Couplings — assume: narrow CP-even scalar bt
2HDM Standard Model operators > e
Jet counting couplings proportional to masses?
Maditax — couplings from production & decay rates
H— 2z
g9 —~ H H— ww
99 — qqH —s —gM 1+ — H — bb
ttH rxx = Gixx (14 Ax) _
gg,_> H— 11
qq’ — VH H— vy
Total width

— non-trivial scaling

N =0 BR x

95 g g 92:9
Vo VT, 3 Ti(g)
g - 2 + runobs
g
gives constraint from 3" T;(g?) < Tiot = T Hlmin
- WW — WW unitarity: gwwe < 9 — T HImax
— SFitter assumption Ftot = Zobs Fj [plus generation universality]
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Higgs boson Now [Aspen/Moriond 2013; Lopez-Val, TP, Rauch]

) . L=4.6-5.1(7 TeV)+12-21(8 TeV) fb™", 68% CL: ATLAS + CMS
Couplings — focus SM-like [secondary solutions possible] o Shon - _ oM (1 ;
2HDM . . . L i O =0x (1+4))

— six couplings and ratios from data o ()
Jet counting .
gp from width
MadMax . 0.5
dg Vs gt not yet possible 4
[similar: Ellis etal, Djouadi etal, Strumia etal, Grojean etal] T T
, 0 —ﬁ & — —
— poor man’s analyses: Ay, Ay, Ay b l 1
4
-0.5
% %% 329 %1% %0
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Now [Aspen/Moriond 2013; Lopez-Val, TP, Rauch]

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

gp from width
dg Vs gt not yet possible

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

— poor man’s analyses: Ay, Ay, A¢

Future

— LHC extrapolations unclear
— interplay in loop-induced couplings

0.2
0.15
0.1
0.05

-0.05
-0.1
-0.15

68% CL: 3000 fb™!, 14 TeV LHC and 500 fb™', 500 GeV LC
eV Lo

ENm

= 3000 b, 14 TeV LHC
500 b, 500 GeV LC

@ HL-LHC + LC500
HL-LHC + LC500 (A, # Ag)

0= 03" (1+4))

e 4

S
1

Hi

L4
——

1

KR

o

14

o

od
A
5
o
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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
dg Vs gt not yet possible

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

— poor man’s analyses: Ay, Ay, A¢

68% CL: 14 TeV.

Future D
— LHC extrapolations unclear S oM (1+4,)

— interplay in loop-induced couplings 45

=#= 3000 fo”! uncorr. theory errors
3000 fo™! corr. theory errors
@ 3000 fo™" no theory errors

— theory correlations protecting ratios? 0.1

“HHH

HHH

-0.1 L
-0.15 l
-0.2

%93 443 %494
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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
dg Vs gt not yet possible

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

— poor man’s analyses: Ay, Ay, A¢

Future

— LHC extrapolations unclear

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

unobserved decays avoided

width measured from rates including o zy
H — cc accessible

invisible decays hugely improved

QCD theory error bars avoided
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Error analysis

Sources of uncertainty  [cranmer, Kreiss, Lopez-Val, TP]

— statistical error: Poisson
systematic error: Gaussian, if measured
theory error: not Gaussian [no statistical interpretation, just a range; ATLAS & CMS too optimistic]

— 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  ckwFitter]

—2log £ =x* = X5 €' Xy

0 |d; — df] < o'
th

Xa,i =4 |di—di — olthe)
P

)
d _
(‘ex ) ‘di - d/‘ > O'(th%)
gi

i
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Error analysis

Sources of Uncertainty [Cranmer, Kreiss, Lopez-Val, TP]

— statistical error: Poisson
systematic error: Gaussian, if measured

theory error: not Gaussian [no statistical interpretation, just a range; ATLAS & CMS too optimistic]

— profile likelihood construction: RFit  ckwFitter]
—2log £ =x* =%} ¢ %4
0
Xd,i = ‘

)
-©)

i

Efficient combination of errors

di _ al‘ _ (T{theo)

jd — | < o™

‘di _ a/‘ > U}lheo)

— Gaussian ® Gaussian: half width added in quadrature

Gaussian/Poisson ® flat: RFit, linear
flat ® flat: RFit, linear
Gaussian ® Poisson: ??
— approximate formula
1 _ 1 n 1
IOg £comb Iog ﬁGauss Iog EPoisson
= error bars from toy measurements

chi2

oORr NWNO OO N

. ex_act
approximation

012345678910
m
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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 TR, Rauch, Zerwas, Zerwas]
= how would 2HDMs look?

V(®, dp) = m2, dl oy + m§2 ol — [m?z ofd, + h.c.]

20 (@107 1+ 22 (0027 + 5 (0]1) (9102) + A4 [0] 05

35 (®]92)° + X6 (9] 01) (#]92) + A7 (@]2) (] P2) + hoc.
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Higgs boson Extended HIggS models [Lopez-Val, TP, Rauch; many, many, many papers]
Couplings — assume the Higgs really is ‘a Higgs’
2HDM . iee .
— allow for coupling modifications
Jet counting

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

MadMax

Physical parameters

— angle g = atan(vz/v4)
angle o defining h° and HO
gauge boson coupling g,z = sin(8 — a)gﬁ,“{'z

— type-I: all fermions with &,
type-ll: up-type fermions with ¢,
lepton-specific: type-l quarks and type-Il leptons
flipped: type-1l quarks and type-I leptons
Yukawa aligned: yj, cos(8 — vp) = vV2mp/v

- compressed masses mho ~ mHo [thanks to Berthold Stech]
single hierarchy m,o < Myo a0 1+ protected by custodial symmetry
PQ-violating terms my2 and Xg 7
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2HDM as weakly interacting completion

Extended nggS 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 TR, Rauch, Zerwas, Zerwas]
= how would 2HDMs look?

Facing data
— fit including single heavy Higgs mass
— decoupling regime sin® o ~ 1/(1 + tan? 38)
= 2HDMs generally good fit, but decoupling heavy Higgs

type-| type-Il lepton—specific flipped
1 | 15 il
0.5 0.5 0.5 0.5
8 3 3 B
£0 c 0 —== = £ 0
5 5 5 5
0.5 -0.5 0.5 0.5

-1 Bl 1
0 10 20 30 40 50 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
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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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AT EGRmET How to think of SFitter coupling results
Couplings — Ay # 0 violating renormalization, unitarity,...

2o — 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

Jet counting

MadMax

Yukawa-aligned 2HDM

Ay & (B—a) Dptr < {80} Ay > My
Ag not free parameter, top partner?

custodial symmetry built in at tree level Ay, < 0
Higgs-gauge quantum corrections

enhanced Ay < 0

fermion quantum corrections

large for tan 8 < 1

Ay # Az > 0 possible
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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 g
— Ay # Az > 0through loops 06

= free SM couplings well defined 0.4
0.2

-0.2
-0.4
-0.6
-0.8

=@ direct fit
whe direct fit (Ay<0)
== aligned 2HDM
aligned 2HDM (constr.)

measured data

-
—

ey
a

QA
W
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Hiaeslboson Counting jets: Poisson scaling

copinas — generating function for exclusive jet number

2HDM o . - Lo

Jet counting ¢ = ;U Pn_1 with P,_q = p— = o du"¢ Ly
MadMax

— with DGLAP-like evolution equation

®i(t) = Ai(t, bo)Pi(f) + /r dt—i/A,'(l‘, t') Z /.1 dz?i’i—rjk(z) ¢/(22t/)d>k((1 _ 2)21,)
% ™

i—j,k 0
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Higgs boson Counting jets: Poisson scaling

CaEigs — generating function for exclusive jet number

2HDM > ) On_1 1 d"

Jet counting ®=2 uPrs with - Poy = ow ndue |,
n=1

MadMax

with DGLAP-like evolution equation

(1) = Ai(t, 1) Pi(h) + /r de/A,-(t, ) S /1 dz;‘iiv,._,,k(z) ®,(Z2t )b ((1 — 2)°t)
t a

i—j, k0

solution for quarks for large logarithm

t t
Dq(t) = uexp U at’ Taq(t, ') (Pg(t') — 1)} ~ uexp M at’ Tgeq(t,t')(u—1)
0 0

Poisson form oni1 109 Ag,g(1)]

1—
Dy g(t) = uDgg(t) ™ Roptyn = —— 1
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Jet counting

Counting jets: Poisson scaling

— generating function for exclusive jet number

— Poisson form

> . On—1 1 dn
¢ = u"P,_4 with Pp_y = = —
nz:; " " ot nldu" |,
- one1 _ |log Agg(Ht)]
Pgg(t) = U Dgg(t) ™ Rinsty/n = ;7: = qu

Counting jets: staircase scaling

— gluons for small logarithms

dog(1)
at

d

Ca as

®g(t) 5

t)

t

fo

t
=u 7 exp |:/ dt’ Tgeg(t,t') (¢g(t/) - 1):|

(o

“) (Dg(t) — 1) = Bg(t) Faeglt, ) (Pg(t) — 1)
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S TS Counting jets: Poisson scaling
Couplings — generating function for exclusive jet number
2HDM > ) On_1 1 d"
Jet counting ¢ = Zu Pn—1 with  Pp_y = Trot T dun¢ o
MadMax

— Poisson form

- one1 _ |log Agg(Ht)]
Pgg(t) = U Dggq(t) " Rinsty/n = % = qu
n
Counting jets: staircase scaling
— gluons for small logarithms
d¢‘g(t) d /t ’ ’ ’
=u — ex ar' r t, 1) (Pg(t) —1
ot at p geglt:t) (Pg(t) )
CA o [) t 11
() 5o = (Iog - ) (@9(1) = 1) = Og(1) Tgeg(t. ) (P(1) — 1)
— staircase form ([Ag(t) = exp(— [ dt'Tgg(t', )]
1 Onit -
Py(t) = T Rnsty/n = ;n =1 — Ay(t) = constant

uBg(t)



Higgs Physics

Tilman Plehn

Higgs boson
Couplings
2HDM

Jet counting

MadMax

Jet counting

Counting jets: Poisson scaling

— generating function for exclusive jet number
oo

. Opn—1 1 dn
¢ = u"P,_ with P,y = — = — ¢
; =t - Otot n! du” u=0
— Poisson form i ons1 _ |log Agg(t)]
g g(t) = U Dgg(t) Ripsty/n=——= a1

Counting jets: staircase scaling

— gluons for small logarithms

d®g(0) =u % exp |:/tdt/ Tgeg(t,t') (Pg(t) — 1):|
fo

dt

= 00(t) 22 220 (log £ — ) (90() — 1) = 06(0 Focs(t. ) (850~ 1)

— staircase form  (Ag(t) = exp(— [ o' Fg—g(t', )]

1 ~
Py(t) = — Rnt1y/n = Int _ 1 — Ag(t) = constant
uBg(1)

= first principles QCD: either Possion or staircase scaling
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Jet veto

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

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

— e-w Zjj production with too many structures

1.0

]
- < .
E ZEW E
— —— .. 3
Higes WBF E
\ \ \ s s \ F

/0 2/1 3/2 4/3 5/4 6/5 10 2/1 3/2 4/3 5/4 6/5




Higgs Physics Jet Veto

Tilman Plehn
Example: WBF H — 77  [Englert, Gerwick, TP, Schichtel, Schumann]
Higgs boson
Couplings — staircase scaling before WBF cuts [acD and e-w processes]
2HDM

— e-w Zjj production with too many structures

Jet counting
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]

T T T
fusion) = 1.80
=142

Rinsty/n

7.QCD

. . . .
1/0 21 3/2  4/3 5/
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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

Understanding a jet veto

count add’l jets to reduce backgrounds
minyi o <y

Rinsy/n

pYe > 20 GeV
Poisson for QCD processes [radiation’ pattern]
(fairly) staircase for e-w processes [cuts keeping signal]
features understood, now test experimentally...

veto

< maxyi 2

(7 QCD)

=142

gluon fusion ] Z EW
]
] I —_—
] — ’—'_‘.:f::
7 QCD = E
] E Higgs WBF
L L L L L | E L L L L L
1/0 2/1 3/2 13 5/4 1/0 2/1 32 43 5/4
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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 (7p, schichtel, wiegand]

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

dos(r)
dUb(r)) ’

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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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 tH]

— boosted Higgs the key — B e
-
. . v 10 . Vs = 14TeV
— modern analyses imminent glo
— pr,bb distributions - L, ocp

QED

10'6 PRI BRI SR EE R R ]
0 50 100 150 200 250
p.. [GeV]

Tbb
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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 tH]

boosted Higgs the key >

modern analyses imminent -3

P bp distributions ﬁ
g
]
S
t‘é
k=
n

1.5

0.5

L=50fb"
Vs = 14TeV

=== - 20% background
—ZH
===+ 20% background

100 200 300 400
p.. [GeV]

Tbb
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Understanding modern analyses

Higgs boson
Couplings — hardly any counting experiments left
2Hbu — more and more x-axes with NN or BDT output
Jet counting . .
ag — 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 tH]

— boosted Higgs the ke F ‘ ‘ ]
99 . y. %‘g 10" Vs=14TeV
— modern analyses imminent —  F N E
— pr.pp distributions -8‘% 102k
— Ryp distributions i
103§
10*4
10°F
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Tilman Plehn
Understanding modern analyses

Higgs boson
Couplings — hardly any counting experiments left
2Hbu — more and more x-axes with NN or BDT output
Jet counting . .
ag — 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 tH]

— boosted Higgs the key > T LLSO‘ fb’l‘ ]
— modern analyses imminent - g [ Vs = 14TeV |
— pr b distributions e 1
. . . L [ i

— Ry, distributions = r 1
g [ ]

k= 1

o 4

0.5 ~-20%background i — =

[ —zn ]

[ - +20% background 5

N
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Higgs boson Understanding modern analyses
e — hardly any counting experiments left
j:i:lummg — more and more x-axes with NN or BDT output

o — 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 tH]

— boosted Higgs the key

— modern analyses imminent

— pr,bb distributions

— Ry, distributions

= anyone having a question for our answer?
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Higgs boson Blg questions
couplnes — is it really the Standard Model Higgs?
o — is there new physics outside the Higgs sector?
Jet counting
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 ﬁ% E_J_“r";‘.‘emigis‘e”“m

und Forschung


www.thphys.uni-heidelberg.de/~plehn/




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

2 f ) 1 1
Los = 4501 wWith O1=20,(676) 0"(870), 2= —2(¢'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,(6'6) 0"(6'9), O2=—z('0)’

i=1
first operator, wave function renormalization
e ot 9 (bt L (V2 8. F OrE
O = Eauw ¢) 0% (" )= > (H+v)" 0,Ho"H

proper normalization of combined kinetic term (Lsz)

1 . fv2\ 1 - fiv2
CkinZEBHHB“H<1+F>:EBMHB“H . H:Hw/1+v
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Exercise: what operators can do

Higgs sector including dimension-6 operators

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

first operator, wave function renormalization
e ot 9 (bt L (V2 8. F OrE
O = 58;4(¢ ¢) 0" (o' @)= 5 (H+v) 0,Ho"H

proper normalization of combined kinetic term (Lsz)

1 . fv2\ 1 - fyv2
P— M = M —
ﬁk.nfaaHHa H<1+—A2>7EBMH6H = H,H1/1+—A2

second operator, minimum condition to fix v

2 4 2 2
M fop —a M hu
2 LN = (1 2
v 2 s TN =5 < *aenz
2 2XA2
- + O(A%)

A
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Exercise: what operators can do

Higgs sector including dimension-6 operators

2 . 1
LDG:;:FO; with (91253“(¢T¢)5“(¢'T¢)7 ozz—g(wf

first operator, wave function renormalization
1 ; 1 . ~ -
O1 = 50u(679) 0" (87 0)= 5 (H+v)* 0, H 0" H
proper normalization of combined kinetic term sz

1 o v\ o1 N fiv2
L= H - _ I3 —
Lyin = 28}‘,1‘/8 H (1 + A2 ) = 28,I,H O'H & H=H/1+ e

second operator, minimum condition to fix v

2 4 2 2
1z B —4 [ fou
- _ OoNH=-2 (1
v ax “aope TONT) =5 ( T e
2 2XA2
-2 + O(AY)

2
physical Higgs mass

Lmass = —

fv2 hV2
. m,z_,72>\v2<1—1—+2 )
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Exercise: what operators can do

Higgs sector including dimension-6 operators

2 f ) 1 1
Los =) 50 With Oy =20,(¢'6)0"(6'¢), O2=—3(o'6)°
i=1
Higgs self couplings momentum dependent

2 2 4 2
my fiv 2hV 3 2fy v u
Lselt = = 5 {(1 “on T e, H — /\2m,2_,Ha“H6 H

2 2 4 2
my fiv 4fV 4 4five 5
- — 1— — H* — H* 9, HO" H
[( e T N2, N2m2, "
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Exercise: what operators can do

Higgs sector including dimension-6 operators

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

Higgs self couplings momentum dependent

2 2 4 2
m fiv 2hV 3 2fy v
Lo = — — | 1= 2= H — Ho,Ho"H
sl 2v K e " 3A2m,2_,> nemg
2 2 4 2
my fiv 4fV 4 4five 5
- — 1— — H — H" 9, HO* H
82 {( A2 + N2, N2m2, #

field renormalization, strong multi-Higgs interactions

AV o fvoee  f oz 4
H=(14+— |H+ —H —H O(H
< + 2/\2> + 22 + 6A2 + ( )
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Higgs boson nght HIggS as a Goldstone boson  (contino, Giudice, Grojean, Pomarol, Rattazzi, Galloway,...]
Couplings — strongly interacting models not looking like that  (sardeen, Hil, Lindner
2HDM . . s
| : — light state if protected by Goldstone’s theorem (ceorgi & Kaplan]

et counting X X .
MadMax — interesting if v < f < 4nf ~ m, Titte Higgs v ~ g21/(2m)]

adding specific D6 operator set
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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, Hil, Lindner]
light state if protected by Goldstone’s theorem  [Georgi & Kaplan]

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

Loun = 520" (H'H) 0, (H'H) + 2% (H'DH) (W'D, H)

Cs A +.\3 CyVr ¢
- % (H'H) +(f H' Hi_Hfq + h.c.

icwg SR v i icsg’ + 57 v

* e (H'o'D" H) (D" W) + 2ne (H'D"H) (6" B,
icHwg i v icHag’ v

+ 167r2fz(D“H)Ta’(D HW! o 2fz(D“/-/)T(D H)B,.,

2
cwg g HTHBWB;W_F 129923f2 ;’rz HTHGZUGE’“”
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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, Hil, Lindner]
light state if protected by Goldstone’s theorem  [Georgi & Kaplan]

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

Lsin = *3“ (HTH) n HTH) o (HTD“ ) (HT?HH)

+

+

Cs
(32

ICW
(16f)2

iCHw
(16f)

* (256f)

(
( Cyyr

H*HfLHfR +h. c>

(HT D ) (D W,,

(D"H) o' (D" )W,

H'HB,, B*" +

+

(256f)2

16f 2
ICHB
(1612)

HTHG?

pv

(H*D*‘ ) (0¥ B,)

(D*H)'(D" H)B,,

GV
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Higgs boson nght HIggS as a Goldstone boson  (contino, Giudice, Grojean, Pomarol, Rattazzi, Galloway,...]
Couplings — strongly interacting models not looking like that  (sardeen, Hil, Lindner
2HDM . . s
| : — light state if protected by Goldstone’s theorem (ceorgi & Kaplan]

et counting X X .
MadMax — interesting if v < f < 4nf ~ m, Titte Higgs v ~ g21/(2m)]

adding specific D6 operator set
collider phenomenology of (HT H)



HoesPvses — Higher-dimensional operators

Tilman Plehn
Higgs boson nght HIggS as a Goldstone boson  (contino, Giudice, Grojean, Pomarol, Rattazzi, Galloway,...]
Couplings — strongly interacting models not looking like that  (sardeen, Hil, Lindner
2HDM . . s
| : — light state if protected by Goldstone’s theorem (ceorgi & Kaplan]

et counting X X .
MadMax — 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

agV f v faw w
Lot = — s; A%(M@GWGH + T W, WH o
fw v fs v fwww v
+ F(Dutb)TW“ (D, ®) + F(D‘gb)*B“ (D, @) + e Tr(W,. WP WE)

f; _ f. _
+ 2 (®70)(Qs0dh5) + 1 (¢7@) (L )

— 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 — Z2Z

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

cosfe =P, - Pz cosf, =p — - Pz
e uze I m eZ“

cos 0" = l?’Ze - Poeam X

C0S pe = (Poeam X Pz,,) * (Pz, X Pe—) Z

008 A = (B X Pgr) - (B~ % Bur)|

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

Angular Correlations in K., Decays and Determination of
Low-Energy =-= Phase Shifts*

Nicora CABIBBOt AND ALEXANDER MAKsYMOWICZ
Lawrence Radiation Laboralory, University of California, Berkeley, California
(Received 1 September 1964)

‘The study of correlations in K.« decays can gi ion on low-energy =-r scattering. To this
end we introduce o partcularly Simple st of corrlations. We show that the mcasurement of these corrcla:
thous at any fixed .r c.m. cnergy s alows on to make & modelindependent determinaton of the diffrence
d061 between the - and P-wave == phase shifts at that energy. Information about the average value of
e can be obtained from & measurement of the sume corrlations averaged over the energy spectrum.
to the testing of any model of low-energy =-x
scattering. We e particular two such models: (a) the Chew-Mandelstam effective-range description
of S-wave scattering and (b) the Brown-Faier o-resonance model for the S wave. If the Chew-Mandelstam
description is adequate, the suggested measurements should yield a value for the S-wave scattering length
in the 7 =0 state. If the -resonance model is correct, these measurements should yield a value for the mass of
the resonance.
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Angular Correlations

Measurements of operator structures fiearning 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]

Cosfe = P, cosf, = b“, - Pz, €0s 0™ = Pz, - Poeam

e

€08 pe = (Pbeam X ﬁz“) : (qu

008 A = (B, X Pot) - (B~ x Buv)|,

PHYSICAL REVIEW VOLUME 137, NUMBER 2B 25 JANUARY 1965

Angular Correlations in K., Decays and Determination of
Low-Energy =-= Phase Shifts*

Nicora CABIBEO} AND ALEXANDER MAKSYMOWICZ
Laswrence Radiation Laborators, Unisersity of California, Berkeley, California
(Received 1 September 1964)
dominated by the postulated o resonance. Measurement.

“The study of correlations in K4 decays can give unique i

end we ntroduce & particulurly e set of corelatons.

tions at any fixed =-r c.m. energy allows one to make a mo

8¢5, between the S- and P-wave =-r phase shifts at that ¢

303, can be obtained from a measurement of the same cc
1

o i -
scattering, We discus n paticulas two such p (@) th
of S-wave scattering and (b) the o-resonance
description is adequste, the suggested messurements shoub
in the 7 =0 state. If the -resonance model is correet, these
the resonance.

* This work was done under the auspices of the U. S. Atomic
Energy Commission,
10n leave from the Frascatl National Laboratory, Frascati,
pwse nt neva,
B Gkun and £ 7. smbalm, Zh. !Lks-penm heor, vis 37,
s (1959) [English transl: Soviet Phys—JETP 10, 1253

’K Ch.'\dnn and S. Oneda, Phys. Rev. Letters 3, 202 (1959).
Mathur, Nuovo Cin Cm\tntc 14, 1322 (1950)

a3 Shaalin, , 345 (1960)
[English transl.: Soviet Phys— b 153 31,

R R Pl G s, A. Kernan,
W. M. , K. H. March,
and S. ). Members of this
group have ‘total of 11 events

reported i i this paper has now incresed to at exst 0.
‘Ciocchetti, Nuo ento 25, 385 (1
11 \4 Brown ‘and H. Faer, Phys, Rev. Letters 12, 514 )
husov, Nguyen Van Hieu,an . Faustov, 7
Fiz, 44, 320 (1963 [English transl.: Sovi
Phys —jr:rr n 525 (1963)]

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*— xt*z¢'y is the same as that used in analyzing
resonances. We visualize this reaction as a two-body
decay into a dipion of mass ., 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 usefulnes of angular correlations in the determination of
30—, was first rece rim. | Teor.
", 765 (1969) [Fnuhsﬁuaml Soviet Phys. ETP 17 517
(x;] See also erratum, erim. i 5, 2085
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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 (7, ¢) in WBF  [Breit: boost into space-ike]

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

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

cos b1 = By - by, ’V1 Breit 00S 02 = Py, + Pv, ’

cos ¢1 = (Pv, X Pa) - (Bv, X Py )‘v1 Breit

cos A¢p = (Pq; X Pyy) - (Pay X f’/’z)‘x :

Vo Breit

cos0* = py, - p
Pv, de
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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 (7, ¢) in WBF  [Breit: boost into space-ike]
[Rainwater, TP, Zeppenfeld; Hagiwara, Li, Mawatari; Englert, Mawatari, Netto, TP]

— possible scalar couplings
. 1 w 1 v PO
LO(STOW W, (T OW Wy (8T @)eppo WH WP

= diffefent channels same physjcs
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Angular Correlations

Measurements of operator structures fiearning 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 (7, ¢) in WBF  [Breit: boost into space-ike]
[Rainwater, TP, Zeppenfeld; Hagiwara, Li, Mawatari; Englert, Mawatari, Netto, TP]

— possible scalar couplings

1 1
LD (¢T¢) w* w, ﬁ(d)fd))w;w W, ﬁ(dfr(i’)ﬂwpa WHY WPe

= different channels, same physics

An;a broad

Anja narrow /di;

1y

2Ew-g
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Error analysis

Sources of uncertainty

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

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  [ckmriter]
—2log £ =x* = X5 C' Xa
0
Xa, =1 1d = & — o™
(exp)

i

ldi —di| <o
b — &> o

(

i
(

i

theo)

theo)
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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  ckwFitter]

—2logL=x*=%] C7" %4

di _ al‘ _ (T{theo)
o exP)

i

Efficient combination of errors

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

— approximate formula

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

chi2

oORr NWNUT O

0 ‘di _ a,/‘ < Uf_theo)
\

i ‘di _ a/‘ > U}lheo)

_ exact
approximation

0123456738910
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 ckwFiter]

0
Xa,i =1 1d = dif — o™
o_/(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%

(
i
(
i

theo)

‘di _ a/‘ > o_y!heo)

AB(syst) ‘
H— ZZ 1%
H— Ww 5%
H — vy 0.1%
H— 17 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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TeV scale
Higgs boson
Couplings — fourth chiral generation excluded
2HDM — strongly interacting models retreating  (oldstone protection]
Jat counting — extended Higgs sectors wide open
MadMax

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]

ax 1 2 2 s 3 2 2 3 4 2 2.2
W = T6n2 [12>\ + 62N, — 3N — EA (392 +g1) + 16 (292 +(9 +97) )
vacuum stability right at edge

A = 0 at finite energy?

IR fixed point for A >\2 fixin: m2 m2 [with gravity: Shaposhnikov, Wetterich]
t H t

m—171.2 as — 0.1176
my = 126.3+ x 4.1 — x1.5
2.1 0.002

IR fixed points phenomenological nightmare
= do not know
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AT EGRmET Running of coupling/mass ratios
Couplings Higgs self coupling and top Yukawa with stable zero IR solutions
- dA 1 dy? 9
_ _ 2 2 o4 Yoo _ 4
Jet counting m T (12)\ +6>\y, Syr) d log @ " 3042 Yt

MadMax
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Running of coupling/mass ratios

Higgs boson
Couplings Higgs self coupling and top Yukawa with stable zero IR solutions
2HDM dx 1 dy2 9

) _ 2 2 4 t
Jet counting m T (12)\ + 6y, — SYr) d log @2 T 3272
MadMax

running ratio R = \/y?

dR 3\

dlog@?  3272R

= (8H2+R72)£0 & Ro="C__~044



HogsPhvses — Exercise: top—Higgs renormalization group
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Running of coupling/mass ratios

Higgs boson
Couplings Higgs self coupling and top Yukawa with stable zero IR solutions
- dA 1 dy? 9

) _ 2 2 4 Yoo _
Jet counting m T (12)\ + 6y, — SYr) d log @2 T 3272
MadMax

running ratio R = \/y?

dR 3\

=" (8RR+R-2)20 & R =22 ~044
dlog@?  3272R ( + ) 16
numbers in the far infrared, better for Q ~ v
A 2 2 2
7:ﬂ v :L'Hz = 0.44 PN M =1.33
¥ 2v2 2m? am? my
IR IR IR
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Hiaeslboson Counting jets: Poisson scaling

couplnes — generating function for exclusive jet number

2HDM < . o 1o

Jet counting ¢ = ;U Pn_4 with P,y = oo = ﬁ dun¢‘ o
MadMax

— with DGLAP-like evolution equation

o) = At 0)0) + [ Lait) S [ a2 bz 001 - 220)
% ™

i—j,k 0
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Hiaeslboson Counting jets: Poisson scaling

couplnes — generating function for exclusive jet number

2HDM < . o 1o

Jet counting ¢ = ;U Pn_4 with P,y = oo = ﬁ dun¢‘ o
MadMax

with DGLAP-like evolution equation

(1) = At b)di(to) + /r de/A,-(t, ) S /1 dz;‘iiv,._,,k(z) ®,(Z2t )b ((1 — 2)°t)
o us

i—j, k0

solution for quarks for large logarithm

t t
dg(t) = uexp Ut at’ Taq(t, ') (Pg(t') — 1)} ~ uexp M at’ Tgeq(t,t')(u—1)
0 0

Poisson form oni1 109 Ag,g(1)]

1—
Dy g(t) = uDgg(t) ™ Rinsty/n = —— o
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Jet counting

Counting jets: Poisson scaling

— generating function for exclusive jet number

— Poisson form

> . On—1 1 dn
¢ = u"P,_4 with Pp_y = = —
nz:; " " ot nldu" |,
- one1 _ |log Agg(Ht)]
Pgg(t) = U Dgg(t) ™ Rinsty/n = ;7: = qu

Counting jets: staircase scaling

— gluons for small logarithms

dog(1)
at

d

Ca as

®g(t) 5

t)

t

fo

t
=u 7 exp |:/ dt’ Tgeg(t,t') (¢g(t/) - 1):|

(o

“) (Dg(t) — 1) = Bg(t) Faeglt, ) (Pg(t) — 1)
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S TS Counting jets: Poisson scaling
Couplings — generating function for exclusive jet number
2HDM > ) On_1 1 d"
Jet counting ¢ = Zu Pn—s with  Pp_y = Tlot T du"¢ 0
MadMax

— Poisson form

- one1 _ |log Agg(Ht)]
Pgg(t) = U Dggq(t) " Rinsty/n = % = qu
n
Counting jets: staircase scaling
— gluons for small logarithms
d¢‘g(t) d /t ’ ’ ’
=u — ex ar' r t, 1) (Pg(t) —1
ot at P geglt:t) (Pg(t) )
CA o [) t 11
() 5o = (Iog - ) (@g(t) = 1) = @g(1) Foeg(t, 1) (®(t) — 1)
— staircase form ([Ag(t) = exp(— [ dt'Tgg(t', )]
1 Onit -
Py(t) = T Rnsty/n = ;n =1 — Ay(t) = constant

uBg(t)
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Jet counting

Counting jets: Poisson scaling

— generating function for exclusive jet number
oo

. Opn—1 1 dn
¢ = u"P,_ with P,y = — = — ¢
; =t - Otot n! du” u=0
— Poisson form i ons1 _ |log Agg(t)]
g g(t) = U Dgg(t) Ripsty/n=——= a1

Counting jets: staircase scaling

— gluons for small logarithms

d®g(0) =u % exp |:/tdt/ Tgeg(t,t') (Pg(t) — 1):|
fo

dt

= 00(t) 22 220 (log £ — ) (90() — 1) = 06(0 Focs(t. ) (850~ 1)

— staircase form  (Ag(t) = exp(— [ o' Fg—g(t', )]

1 ~
Py(t) = — Rnt1y/n = Int _ 1 — Ag(t) = constant
uBg(1)

= first principles QCD: Possion or staircase scaling
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Jet veto

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

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

— e-w Zjj production with too many structures

1.0

]
- < .
E ZEW E
— —— .. 3
Higes WBF E
\ \ \ s s \ F

/0 2/1 3/2 4/3 5/4 6/5 10 2/1 3/2 4/3 5/4 6/5
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Example: WBF H — 77  [Englert, Gerwick, TP, Schichtel, Schumann]
Higgs boson
Couplings — staircase scaling before WBF cuts [acD and e-w processes]
2HDM

— e-w Zjj production with too many structures

Jet counting
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]

T T T
fusion) = 1.80
=142

Rinsty/n

7.QCD

. . . .
1/0 21 3/2  4/3 5/
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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

Understanding a jet veto

count add’l jets to reduce backgrounds
minyi o <y

Rinsy/n

pYe > 20 GeV
Poisson for QCD processes [radiation’ pattern]
(fairly) staircase for e-w processes [cuts keeping signal]
features understood, now test experimentally...

veto

< maxyi 2

(7 QCD)

=142

gluon fusion ] Z EW
]
] I —_—
] —_— —
7 QCD = E
] E Higgs WBF
L L L L L | E L L L L L
1/0 2/1 3/2 13 5/4 1/0 2/1 32 43 5/4
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Fox-Wolfram moments

ngghted series in Spherical harmonics [Field, Kanev, Tayebnejad; Bernaciak, Buschmann, Butter, TP]

— originally alternative to event shapes
14

47
H =—"_
£ 2041 >

m=—4¢

N
Y (Q
; ¢ () PT 1ot

— tunable for forward jets

LY
22
R
ey
2L
L

o \\\““\‘\‘({\\“\ ]
. PZRZRRY

2 N
Pr,i :Z PT,iPT,j P, (cos 2;)

ij=1

%
it

:t\\‘.
N

T, tot

N 7 \\\\\\QQ\\\\\\\ '-,;},f}/

om e o
H, <03 03 < Hy < 0.7 0.7 < Hy <1
even £ forbidden democratic ordered, collinear, back-to-back
odd ¢ back-to-back democratic collinear, ordered
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Higgs boson We_lghted series in spherical harmonics [Field, Kanev, Tayebnejad; Bernaciak, Buschmann, Butter, TP]
Couplings — originally alternative to event shapes
2HDM 2y
Jet counting ZT Z Z YZ (Q) PT f :Z pr, :PT,] Py(cos Q,/)
MadMax 20+ 1 — PT tot ij=1 T ,tot

— tunable for forward jets
— applied to tagging jets in WBF  m; > e00Gev]
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o
g
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Fox-Wolfram moments

Weighted series in spherical harmonics [Field, Kanev, Tayebnejad; Bernaciak, Buschmann, Butter, TP]

originally alternative to event shapes

4 pr i Y. pripr,
H] = Y() = L P, (cos Q)
2041 ; Z Ttot ij=1 pT Jtot
— tunable for forward jets
— applied to tagging jets in WBF  m; > 600 Gev]
— applied to all jets in WBF
0023 N j j j R j j j j T
NGH] NgH]
00157— 00d A
0.01-) 1
0.02 ]
: : ' : X : U‘.E

02 04 06 08 HIt 02 04 06 0.8
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Fox-Wolfram moments

Weighted series in spherical harmonics [Field, Kanev, Tayebnejad; Bernaciak, Buschmann, Butter, TP]

originally alternative to event shapes

2N
47 pT i Pr,iPT
HI = Y (90) = T b, (cos ©
LT 2041 +1 ; Z ( T ,tot ij= pT Jtot ( )
— 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

TE r r r 002F 1N " T T i 9
NygHy N aH;
002 0015 B
00 . B
00 L,
e, 0.005¢ -
g

, , h . ; ; s | , \
02 04 06 08 RIl % 02 04 06 08 Qi % 0z 04 06 08 pit
3 H s
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Weighted series in spherical harmonics [Field, Kanev, Tayebnejad; Bernaciak, Buschmann, Butter, TP]

Higgs boson
couplnes — originally alternative to event shapes
2HDM 5

. 47 p PT.iPT.

T T, T.iPT,

o He =537 Z Z YRR | = 5 Py(cos Q)
MadMax m=—2¢ T, tot i1 pmot

tunable for forward jets
applied to tagging jets in WBF  m; > 600Gev)
applied to all jets in WBF
— applied to all jets after WBF cuts
= might be useful, bachelor project!
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