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One might wonder why

considering an heavy SM Higgs boson. There are classic
constraints on the Higgs boson mass coming from

@ unitarity

@ triviality

@ vacuum stability
@ precision electroweak data
@ absence of fine-tuning

However, the search for a SM Higgs boson over a mass range
from 80 GeV to 1 TeV is clearly indicated as a priority in many %
experimental papers.
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Preludio

From matrix elements to pseudo-obser vables

o

@ Most of the people just want to use some well-defined
recipe without having to dig any deeper;

@ however, there is no alternative to a complete description
of LHC processes which has to include the complete
matrix elements for all relevant processes;

@ splitting the whole S -matrix element into components is
just conventional wisdom. %

@ However, the precise tone and degree of formality must be
dictated by gaug e invariance .
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Heavy or light

the Higgs boson is an unstable particle; as such it is described
by a comple x pole on the second Riemann sheet

SH — MA + Suw (s1, M2, M3, MG, MZ) = 0,

To lowest order accuracy the Higgs propagator can be rewritten
as

Aﬁl = S — SH.

The complex pole describing an unstable particle is
conventionally parametrized as %

si = pf—ip,
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A (gauge) meaningful definition of a nonexistent object. Take

H(P) — Z(p1,n) + Z(p2,v).

Work in the R, -gauge; for any quantity f(£) write

f(6) = f(1)+Af(E),  Af(1)=0. %
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Step 1
Given the Higgs self-energy,

)+0 (g%

Let My be the renormalized Higgs mass, we obtain

SHH(S) = S()+O<g)

g
167

1
AZ(HI—)|(§=5aME|) = (5* ME!) UHH(f s, Mf).
The main equation is the one for the Higgs complex pole,
s M3 +sd (g S, MH) _—

from which we derive M3 = sy + O (g?)
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Easy to prove:

0
3¢ SHn (€ s, sw) = 0

Next consider the one-loop vertices contributing to H — ZZ

and obtain an S -matrix element

AP = (V§Y 8 + VY paupi) € (p1. M) € (P2, Xa). %
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Using the decomposition

vy (5, s, M,ﬁ) = v (1, s, Mﬁ) + vy (5, s, Mﬁ)

~

we obtain the following results:

@ after reduction to scalar form-factors there are no scalar
vertices remaining in Avél) (§, SH, sH). %

@ Furthermore, AV (f Sh . SH) = 0.
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Compute renormalization Z -factors for the external legs

s—M2+s (g,s, M,ﬁ) _

S|(—|1|—)| (é—v S, SH) _S|(-|1|-)| (é—a SHaSH):| -
S — Sy -

(1+ZH> (s—sh)+0O ((s —sH)Z) ;

(s—sn) [1+
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Step 5
The main result follows:

AV (€, 5u, sw) - [5 824(6) + 8Z,9] AO = o

which gives to key to deal with processes where unstable
particles play a role:

@ Define them at the comple x pole %
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The Unbearab le Heaviness of Higgsing
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Table: The Higgs boson complex pole at fixed values of the W, t
complex poles compared with the complete solution for sy, sw and s;

pr[GeV]  yw [GeV]f  y [GeV]f T [GeV]d
200 2.088 1.481 1.355
250 3.865
300 8.137
350 14.886
400 26.598

un [GeV] yw [GeV]d ~ [GeV]d Ay [GeV] derived
200 2.130 1.085 1.356
250 2.119 0.962 3.823
300 2.193 0.836 8.139
350 2.607 0.711 14.653 %

400 3.922 0.566 25.498
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Ty, = 2.55 x 107 GeV

My = 140 GeV

Tp—ar = 4.64 x 107° GeV
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Define the Signal: Step 1

General structure of any process containing a Higgs boson
intermediate state:

A(s) = %—I—N(S),

Signal (S) and background (B) are defined as follows:

A(s) = S(s)+B(s)

S(s) = ;(_S‘”S)H

Bs) — (T o) %

S — SH
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Step 2

Consider the process ij — H — Fwhere i,j € partons and Fis
a generic final state; the complete cross-section will be written
as follows:

Uij—>H—>F(S) =
= _/d(bu—»F

~ [Tl

1
‘ 2

S — SH
= X _Z‘AH_,F‘Z} %

" s,C
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Step 3

Strictly speaking and for reasons of gauge invariance, one
should consider only

@ the residue of the Higgs-resonant amplitude at the
complex pole

If we decide to keep the Higgs boson off-shell also in the
resonant part of the amplitude (interference signal/background
remains unaddressed) then we can write

2 _
/d¢ij—>H Z‘Aij—»H‘ = SAj(s).
s,C
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|2

)

1
Mhor(s) = —/dq)H—»FZAH*)F
2+/s s,c‘

which gives the partial decay width of a Higgs boson of
virtuality s into a final state F.
Aji(s)

Ojj—H = s

which gives the production cross-section of a Higgs boson of

virtuality s. %
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We can write the final result in terms of pseudo-obser vables
1
THRTER S — —
Oij—H F() o
= X Ojj—H
g2
= X >
s
o MH—F
Vs’
Uij—)H—)F(S) = ooo
rtot
~ x —LBR(H—F)
Vs
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It is worth noting that

the introduction of complex poles does not imply complex
kinematics. Only the residue of the propagator at the complex
pole becomes complex, not any element of the phase-space
integral.
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Vprop('USy zSs, {A)

N

vSs — zZ5 —

. vzs?  Tu_g(zs)

= ojjn4k(vs, t, zs) +NR

‘2 (z8)!/2

28 — SH

VS }SH

}1/2 '
—_— FII—»f(5H> + NR’ %

= 0ij—»11+k(1‘5  t, 511)
zZs — SH‘
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The comple x-mass scheme

can be translated into a more familiar language by introducing
the Bar — scheme.

_2 — PR
My = phi+74 pnTH =My

It follows a remarkable identity: !;

1 T —2 Ty -1
S —SH MH MH

showing that the Bar-scheme is equivalent to introducing a
running width in the propagator with parameters that are not
the on-shell ones.
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1t is important to realize however, that
Imllyy(s) =0, s<0,

since a space-like pair cannot appear as on-shell lines in a bubble.

To translate (4) to the full electroweak theory, we rewrite it

s S ma(Lt /)

(5)

S—md {ilps/my  s—md | ilps/my w3

The apparently higher order term in the numerator s essential for the high energy
limit, and cannot be neglected. Equation (5) provides a calculational implemen
tation of (4) that is equally valid in the full eloctroweak theory. Namely that one
makes the replacement

i i(1+ T /)
s—m 4+ iTs/My

s—my

hoson

for the s

, leaving all othy

unchanged

spin, a, obeys

laf] < 1.

Since the condition apNjgs to the exact amplityg€] one expects small violations
at any given order in pertinkgtion theory, fig to the truncation of the series.
However, gross violations should e Taken as an indication of the failure of the

sy EromSeymour “paper
it's Bar - scheme !l FREN T

For a2,
For af,

the only partial wave to which the Higgs resonance contributes, we obtain

20n (1 T (1 } i))
El Rl =

This is shown in Fig. 4, in comparison with various amplitudes that have been
fies unitarity both in the
resonance region and well above it. Note also that it peaks very close to my,
unlike the othe

Tn
@

mys miy +ilys/my

used in the past. Note that only the full amplitude sat
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w0 g 102
@ ®
w0l + 08
H B
H )

From Seymou
no need to app

nothing to do with interf erence!!!

ure 7, {The 77 .t\m.am ‘mass spectrum at the LHC from (a) gg — g¢ZZ and

F»QX — 175 GeV, myz = 912 GeV, a = 1/128, sin0,, — 0
g = mg cos0, and a,(mz) = 0.120, and use the MRS D~/ parton distribution
functions. Curves are as in Fig. 4.

madel the Higgs boson ‘signal’, and not the ©(g?) ‘background’ we compare it
with the full result after subtraction of this background. As usual(9], we define
the background to be the full result in the limit m; — 0, as this gives the lowest
rate one could expect. It is clear from (1) that this background is zero in the
effective theory. The comparison is shown in Fig. 8, where it can be seen that
the improved s-channel approximation performs much better than the naive one,

To conelude, the principal result of this paper is shown in Fig. 3 and Eq. ().
It is that
all orders, and the result smoothly e:
below, above and on the resona
to represent the result

s pos

ble to resum the sum of resonant and non-resonant diagrams to
trapolates the well-known correct behaviour
alculational prescription, it is possible
Trodification of (RNggs boson propagator,

i i1t i /my

s my s myt+ilys/my

although it sffould be stressed that it includes effects th
sociated wit) the propagation of a Higes boson, namely
non-resonanf diagrams. In caleulations that use the s-chan
better modification is

are not strictly as
e interference with
1 approximation, a

7 ) 7.
w iy 4 il

s boson lines]
froduction, is significant

We have show\that the impact on the Hi

whole phenomenNogy of high energy vector boson pair,

fape, and hence on the
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Modified Seymour scheme?

2
My > w771
— |s—mi+i—s

s My

@ not normalizable in [0, o]

@ not derivable from first principles, not justifiable, not
simulating interference

The Higgs propagator doesn’t know about real and imaginary
parts of boxes, e.g., gg — ZZ.

| = 2ReAy Re(AnAL)

+ 21mAy Im (AuAL) %

KH = (S fSH)AH.
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Modified Seymour scheme?

Of course, the behavior for s — oo is known and any correct
treatment of PT (no mixing of different orders) will respect
unitarity cancellations. The Higgs decays almost completely
into longitudinals Zs, thus for s —

2
sm
Ay ~ —3JAyIn? =
2 2
2Mz q
2
m s
Ag ~ —=—b1In®—
2M7 mg

@ but the behavior for s — oo (unitarity) should not/cannot
be used to simulate the interference for s < M3. %

@ The only relevant message is: unitarity requires the
interference to be destructive at large s.




gauge
[ le]

If the Higgs boson is off shell,

@ in LO and NLO QCD in most cases the matrix element still
respects gauge invariance,

@ but in NLO EW gauge invariance is lost, unless the right
scheme is used.

Technically speaking, we have a matrix element

F[H—F) = f(s,uﬁ),

where s is the virtuality of the external Higgs boson, uy is the
mass of internal Higgs lines and Higgs wave-function
renormalization has been included. %
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The follo wing happens:

@ f(sn, Sn) is gauge-parameter independent to all orders
while

o f(u?, n2) is gauge-parameter independent at one-loop
but not beyond,

@ f(s, pZ)is not. AN
In order to account for the off-shellness of the Higgs boson we
can use (at one loop level) f(s, s), i.e.,

@ we intuitively replace the on-shell decay of the Higgs
boson of mass uy with the on-shell decay of an Higgs
boson of mass /s and

@ not with the off-shell decay of an Higgs boson of mass uy.




Schemes
0000000

1.00||||llllllllllllllllll_

0.50

MCFM 6.1
0.20

ox [fb]

0.10

0.05

0.02
3.0

UH,i/UH

[
o
TTTT llllllllllllll

H
1=)
3]

o_
<
S
o_
of
> =
o_
ol
3
o_
ol
o

o_
ol
S

0



@ OFFBW
S(¢ ---) = Vprod(C,
@ OFFP
S ...) = Vprd(¢,
@ CPP
S(¢:--) = Vproa (sh,

Schemes
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...) Aew(¢) Vaec(€),

oY) Aprop(C) Viec(€)

++) Dprop(¢) Vdec(sn)
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The proof that CPP-scheme

satisfies gaug e-parameter independence can be sketched as
follows:

Vprod(SH)Vdec(SH)
[1—S{(sH)] (s —sn)
0

9e Vprod,dec(SH) [1 — Sfyn(sH)] “12 _ o,

S(s) =

where ¢ is an arbitrary gauge parameter and S{,,,(sn) is the
derivative of Syq(s) computed at s = sy. Note that this
equation follows from the use of Nielsen identities. %
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Figure: The normalized invariant mass distribution in the -
OFFP-scheme with running QCD scales for 600 GeV (black), %

700 GeV (blue), 800 GeV (red).
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Figure: The normalized invariant mass distribution in the
OFFP-scheme (blue) and OFFBW-scheme (red) with running QCD
scales at 800 GeV.
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Figure: The normalized invariant mass distribution in the
OFFP-scheme with running QCD scales for 600 GeV. The blue line
refers to 8 TeV, the red one to 7 TeV.
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Figure: The normalized invariant mass distribution in the
OFFP-scheme with running QCD scales for 800 GeV. The blue line
refers to 8 TeV, the red one to 7 TeV.
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Figure: The invariant mass distribution in the OFFP-scheme for
= 800 GeV with THU introduced by T'$(¢).
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THU

It would we desirable to include two- and three-loop
contributions as well in vy and for some of these contributions
only on-shell results have been computed so far.

@ Use the Higgs-Goldstone Lagrangian of the SM

C
ShH(s) = AMﬁ+B@—mﬁ)+M§@—Mm2+”.
H

2 GeM3

A = Za”(zﬁﬂz)n’

n=0
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Derive

Ge Mﬁ
= ———a
T 2\/5772 1

Ge M3 az
X 1+-—— =+ ... |.
( 2272 a1

@ The ratio a,/a; can be used to estimate that the fir st
correction to vy is roughly given by

Gr pfy
oy = 0.350119 ———.
: 2/ 272 %
No large variations up to 1TeV with a breakdo wn of the

perturbative expansion around 1.74 TeV.



THU
00®000000000000

in the Higgs-Goldstone model one has

Z—H — 1.1781gy + 0.4125g2 + 1.1445g3
H
- Gruf,

@ ~ = 168.84 GeV (LO), 180.94 GeV (NLO),
186.59 GeV (NNLO) for uyy = 700 GeV.

@ Using the three known terms in the series we estimate a
68% credible interval of 4 = 186.59 + 1.93 GeV.

@ The difference NNLO—LO is 17.8 GeV and in the full SM %
our estimate is yy = 163.26 + 11.75 GeV.
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It is better

to quantify the uncertainty at the level of those quantities that
characterize the resonance.

o4 total production cross-section

d Uprod

prnd TC
{¢max » Tmax} the maximum of the lineshape

differential distribution

1
{¢+, > Yma}  the half-maxima of the lineshape

C+
A= d¢x the area between half-maxima

C—
where ( is the Higgs virtuality. %
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Table: Theoretical uncertainty on the production cross-section, the

height of the maximum, the position of the half-maxima and the area
of the resonance.

unloeVl  sul%l 5oP 0% srom AC_, AC.[GeV] SAL%]
600 5.3 —6.0 +6.3 —10.8 +11.4 (—2.5 s +2.5) (+2.5, —2.5) —4.8 +6.0
700 7.2 —8.0 +8.6 —14.8 +16.0 (7940 B +8.0) (+4.0, 74.0) —7.0 +11.8
800 9.4 —9.7 +10.6 —19.3 +21.5 (—18.2, +18.2) (+6.1, —6.1) —8.7 4+9.5

°
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Figure: The invariant mass distribution in the OFFP-scheme with

running QCD scales for uy = 700 GeV. The red lines give the
associated theoretical uncertainty.
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The factor %'(¢)

it represents the “on-shell” decay of an Higgs boson of mass
/¢ and we have to quantify the corresponding uncertainty.

3
rH ’ Z n
— = an A" = Xpe,
VC IHG —~
_ Gk
2\/§7r2'

Let I', = Xp /¢ the width computed by PROPHECY4F, we
redefine the total width as

2
rtOt

— = (X — X G)_'_XG: a)\”,
\/Z p H H nZ:o n

where now ag = Xp — Xyg.
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As long as ) is not too large

we can define a p% < 80% credible interval as

rtot(C) = Fp(C):I:AF

5
AT 7 maxi| ao |,a1} p%\* \/C.

It is easily seen that

@ for \/C = 929 GeV the two-loop corrections are of the
same size of the one-loop corrections

@ for \/( = 2.6 TeV one-loop and Born become of the same %
size.
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Table: Theoretical uncertainty on the total decay width, 9%, I, is the
total width computed by PRoOPHECY4F and AT gives the credible
intervals.

VCIGeV] T [GeV] AT[68%] Ar[95%]

600 123 0.25 0.42
700 199 0.62 1.03
800 304 1.35 2.24
900 449 2.63 4.38
1000 647 4.72 7.85
1200 1205 13.1 21.7

1500 3380 34.7 57.8
2000 15800 98.9 165 %
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@ Itis clear that it does not make much sense to have an
error estimate beyond 1.3 TeV and, therefore, all results
for the Higgs lineshape that have a sizable fraction of
events in this high-mass region should not be taken too
seriously. Here, once again, the only viable alternative to
define the Higgs signal is the CPP-scheme.

@ above 0.93 TeV perturbation theory becomes
guestionable since the two-loop corrections start be
become larger than the one-loop ones

@ above 1.3 TeV the error estimate also becomes
guestionable since the expansion parameter is A = 0.7 and
the 95% credible interval (after inclusion of the leading %
two-loop effects) is 32.2%.
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Table: Total theoretical uncertainty on the production cross-section,
the height of the maximum, the position of the half-maxima and the

area of the resonance. The total is obtained by considering the THU
on vy and on My with a cut /¢ < 1.5 TeV.

pnlGeV]  5oP™I[%)]

600 -5.5 +5.9
700 —7.0 +7.5
800 —7.7 +8.8
900 —7.0 +8.9
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Leading K -factor for the decay width H — VV:

GEM3 az( GEM3 >2

oS K~lta — " o, (— 1
1 16272 16+/272
GFSH
CPP K~lt+a, —on
! 16\/§7r2
: GrsH 2
+ (ap+3iray) (21 )7
(2 1) <16\/§7r2>

a; = 1.40-11.35i ap = —34.41 —21.00i

Above 1 TeV the NNLO term dominates the
K -factor ~ 0.17(My/1 TeV)4.
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do
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d

0.9 1

M2
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Figure: The invariant mass distribution in the OFFP-scheme (black)
and in the CPP-scheme (red) for uy = 700 GeV for the process
gg — H — Z°Z°.
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[ pb]

do
dM?

M2

200 600 800 1000 1500 %
M[ GeV]
Figure: The invariant mass distribution in the OFFP-scheme (black)
and in the CPP-scheme (red) for uy = 800 GeV for the process
gg — H — Z°Z°.
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More on interf erence

@ Consider gg — 4f, one would like to have the best
prediction for signal, i.e., '(H — 4f) at NLO+NNLO (NNLO
dominates for large masses).

@ Therefore the Signal is (at least) at two-loop level and is
not gauge invariant for off-shell Higgs.

@ One-loop (complete) Background(+ Interference) is under
construction, two-loop Background seems out of reach for
the foreseeable future.

@ Duralex sed lex . .. %
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Off-shell Pandora box

*
Oprod
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Conclusions

@ Many questions, few answers ... but

@ aking the right questions takes as much skill as giving the
right answers.

(L
@ Higgs signal is in a good shape —
v
@ Interference is not in a good shape /y
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