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Abstract: <p>In this talk 1&€™II discuss some of the recent developments in precision physics which will be useful for extracting the best physics
results we can from LHC run I1. I&E™I| mostly focus on a specific example regarding anomalous interactions of the Higgs boson.</p>
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T AN .
“Physics world celebrates Higgs boson discovery” @CBS

NEWS
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“Physics world celebrates Higgs boson discovery’ @( ] | }L

NEWS

Ehe New Aork Times

A

“Physicists Find Elusive Particle Seen as
Key to Universe”

g
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Ehe New YJork Eimes

Scientists at the Fermilab in
Batavia, lll., on Wednesday
watched the presentation
about the discovery of the
Higgs boson, which was
shown from Geneva.
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Constraining the Higgs
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% ‘ LO ® NLO ® NNLO ® NNNLO nggs aJ[ NSLO

Anastasiou , Duhr, Dulat, Herzog
Mistlberger 1503.04110

LO = NLO m NNLO = NNNLO

Exciting recent
theory
developments!
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Dark Matter

Velocity

Distance
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Dark Matter at the LHC?

“I have a dream. I want to
see the first light in the dark
universe.”

Rolf Heuer (at least according to the Guardian website)

g
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. R,
'[é Dark Matter at Colliders : Q-“‘

The Next Generation
Of PWC Excitement

Is Here! Q

MonoJet | -

The world's first highly maneuverable, high performance, jet
powered surfboard. Take a look

We need instead to look for DM produced in association
with something we can see, i.e. a “monojet” topology.

-
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s

Assuming Baryon number and lepton number
conservation the lowest higher dimensional operators
start at 6 dimensions.

We are primarily interested in the modifications to the
HWW vertex.

W, (P2)

hp1) i["!"” (.W“H' + .fh(. !,.],.-P'_) “p3 -+ .fh{,'i‘).r(l!::; + p;‘i))
) (

(l 1 M 2] 2t N L T )
= JhwwlP2P3 — .‘h...»..»(/)ﬂ’g + P:;P:;) — Pt hwwP2pP30

g
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% Probing anomalous couplings

It seems most logical to probe the vertex by looking at the
decays of the Higgs bosons to the vector bosons themselves in
as much detail as possible.

g
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% Probing anomalous couplings

Using associated production to probe the vertex is then rather
appealing since the s-channel diagram allows access to high
energy behaviour, whilst keeping the Higgs on-shell

[ PP TR I S T R 0 e .
200 300 400 500 600 700 8OO 900
my, (GeV)

eg. Alloul, Fuks and Sanz 1310.5150

g
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Probing anomalous couplings

Using assoclated prodiction to probe the vertex is then rather
appealing since the s-channel diagram allows access to high
energy behaviour, whilsk keeping the Higgs on-shell

500 ach Neo EMATTRN M vl
- ey

8g, Alloul, Fuks and Sanz 1310.5150

Lxid
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Probing anomalous couplings

Using assoclated prodiction to probe the vertex s then rather
appealing since the s-channel diagram allows access to high
energy behaviour, whilst keeping the Higgs on-shell

antfsomsbyangbian iy
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-[é Next to Leading Order Calculations

A m particle final state process at LO

arlo = ]‘Mr.olgd'"'l‘

Has two new contributiohs at NLO

lezd""[l+[lM;¢|"‘d’"“tD
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‘(é Infrared divergences : Soft

See e.g. Catani and Grazzini hep-ph/9908523

We first consider the soft limit of an amplitude,

We re-write the matrix element in terms of the color and spin basis.

MEenisteSn ) = (e e @ (81 sp | )MI(pr .. o))

So M(p1...py) is avector in color and spin space.

g
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‘(é Infrared divergences : Soft

Then when a gluon with color ¢ and spin mu, goes soft the amplitude
factorizes as follows,

(s Mg, p1 - pn)) = gsp JE|M(pr1 ... pn))

where we have introduced the following Eikonal current,

TL ) f
JH(q) = ZTi Py

l
pi - q

=1

and defined the color charge operators as follows,

TS = {c|Tf with T;-T;=T,-T; T;=C,

and C_i is a Casimir of SU(3).

Pirsa: 15050029 Page 32/64



‘(é Infrared divergences : Soft

Then when a gluon with color ¢ and spin mu, goes soft the amplitude
factorizes as follows,

(s Mg, p1 - pn)) = gsp JE|M(pr1 ... pn))

where we have introduced the following Eikonal current,

TL ) f
JH(q) = ZTi Py

l
pi - q

=1

and defined the color charge operators as follows,

TS = {c|Tf with T;-T;=T,-T; T;=C,

and C_i is a Casimir of SU(3).

Pirsa: 15050029 Page 33/64



‘(é Infrared divergences : Soft

Squaring the Eikonal current and inserting the soft gluon polarization
tenSOF d;u; — _.(j/”/ —l_ ..

vr N1t v Pi - p}
JOd ()Y (q) = — T, T,
ol 2 T(pi-a)(pj - q)

So that the Matrix element squared factorizes as follows

ij=1

M(q,p1,...pn)|* = —dmogu™ Z Sii ()M (py . opn)|?

g
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Infrared divergences : Collinear

j 0 — 0

Collinear divergences occur
when the angle between two
massless partons goes to

. Zero,
The limit is defined as follows

, . k% nH , , k4 nt
P zpt + kf = py = (1 —2)p" — K/ l

z 2(p-n) I 2(p-n)

ith ux k2 =0

Wi S12 ' Cl —
2(1 —2) '
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Anatomy of a higher order correction :
NNLO

=
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% Next to Next to Leading Order Calculations

At NNLO we have three types of final state phase spaces

ONLO = / ‘M\"’l""g(l”l(l)‘i— / ‘M”V|2d-m,.|..l(I)+ / ’M]{[{‘2(1”"”|m2(1)

g
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-[é ¢t to Next to Leading QOrder Calculations

AtNNLO we have three types of final state phase spaces

ONLO = f‘MVVlQ’P“ ’+[1MRV|2‘P"+|'I’+/|Mﬂﬂlzdm+ﬂ‘b

Two-loop double virtual

one-loop squared double virtual
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% Next to Next to Leading Order Calculations

At NNLO we have three types of final state phase spaces

ONLO = / Myv[*d"® + / Mgy |2d" T O + / IMpg|*d™ T ®

Real-virtual (one-loop +1 x
real + 1)

g
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Infrared singularities at NNLO : Double Soft

Catani and Grazzini hep-ph/9908523

For our example, the soft physics
we have to consider will arise
from the emission of a soft quark
pair i.e.

(.
(q1,q2) — 0 with N fixed
2

Our factorization result now becomes,

(Mg, q2:p15 - - 'i“n)|2 = (']W/fsz‘.w)Lz(J"W(I’l .. -Pu)|1(qq(fl| v q2) [ M(p1 .. pn))

g
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IR @ NNLO : Double Soft

We build the soft
insertion operator
from the eikonal
currents and the
quark loop
discontinuity
contribution to the
gluon propagator.

Lia(q1, q2) = [J(q1 + @) 'T1" (g1, ¢2) T (1 + ¢2)

where
Tr

III“/((]Ian) — ((]] q
1+ Qo

7 (=0" (a1 a2) + af'as + g )
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'[é IR @ NNLO : Double Soft

Putting this all together the soft behaviour of the matrix element with a
soft quark anti-quark pair is as follows,

\M(qq,q2:p1 .. .1),,)|2 — (lﬂ'(l’g/l!( )2']'” Z Zii(q1, q2)|M(py .. .p,,)\2
i,7=1
where the quark pair soft function is given by,

(pi - @1 )(P,; cot qz) + (P.;‘ ~q1)(pi - q2) — (pi ‘P,;‘)((ll C(q2)

Zii(q1,q2) = .
! (g1 - q2)*(pi - (0 + q2)) (s - (1 + q2)

which can be evaluated simply from the formulae on the previous
slide.

g
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té Infrared subtractions at NNLO : Triple Collinear

%) 0 — 0

A further type of IR singularity we will deal with arises from a triple
collinear singularity in which three partons all become collinear to one
another.

The factorization is analogous to the double collinear splitting

2 8T as ?
|M((jl v 42,43,P1 - - .]),“,)| —

§123
Now, P represents the triple-collinear splitting function

roA
Ts.s' P.s‘ S

q14293

-
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té Putting it all together.

We would like to now build a Monte-Carlo code which is capable of
integrating the +2 parton phase space. In which the two new
partons can be un-resolved.

We know how the Matrix element behaves in the singular limits (as
we’ve just discussed). So the problem should be easy right?

You might guess that a good way to proceed is to simply subtract
the relevant singular limit from the matrix element, and then
integrate the subtraction analytically over the unresolved parton
phase space.

The resulting analytic terms, as a series in epsilon, should then cancel

-

the relevant poles in the loop amplitudes via the KLN theorem.
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té Putting it all together.

This approach, whilst extremely successful at NLO has several
major difficulties when attempted at NNLO,

o Multiple singular regions, how to successfully separate them?

o Integration of subtractions over the unresolved phase space is
extremely difficult.

o Some issues with angular correlations in the most successfully
subtraction approach so far (Antenna subtraction) which will affect
some differential distributions.

However, an alternative approach to analytic integration of the
subtractions was put forward by Czakon in 2010. We'll look at that
NOW.

L
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s

The STIRPPER routine for double real
emission

Czakon 1005.0274 and 1101.0642

See also Boughezal Melnikov and Petriello 1111.0741

g
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'[é IR singularities at NNLO : The Stripper routine

We are considering decays of the Higgs boson to bb, and in particular
we are interested in the bbQQ amplitudes as an example.

We want to write a fully differentiable Monte Carlo code, which can
integrate over the full phase space of the matrix element, i.e. where
the quark pair becomes unresolved we define,

Pq
P1
dD(H — py + p1 + p2 + py)

Pa

g
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% The primary sector

To begin we note the following at first rather trivial, but actually rather
useful identity.

Sq12 Sal2
1 a
_l_
Sq12 T Sa12 Sq12 + Sa12

1 = = 0g + Oq

Then

(Z(I) — (i(I)(Sq + d(I)(Su

-
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té The singular phase space

Exploiting Lorentz invariance we can define the phase space in a
frame in which the b-quark moves along the x-axis. Then the two
other quarks can be written as follows,

p1 = &1(1,sin6y,0,cos )
po = &o(1, 8in O3 sin ¢, sin O, cos ¢, cos )

We will find it convenient to introduce the following two
parameters,

1 1
m = §(1 —cosfy) my = 5(1 — cos 05)

Note that already the set of parameters, &1 §2 M 12 naturally
describe nearly all of the kinematic limits we are interested in.

g
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té Collinear parameterization

We now have 5 variables which completely specify all of the
kinematic IR limits we are interested in,

§1 &2 M1 M2 x5
i : Particle i is soft
)i . Particle i is collinear to the b-quark

M =1ng Particles 1 and 2 are collinear

So our next and final task is to separate out the various
overlapping singularities.

g
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N2 =M
N = N2

m =19
2 = 120

Pirsa: 15050029

Iy
]

Sector Decomposition for H=>bbQQ

We order the variables, and in
each new sector re-map the
variables such that the new
variables are in the unit
hypercube.

Our final integration variables are

2] s I !
S| | S ‘ S| St
" L
T ry ; L3q Uy a2 ry)
[ Lo (9
1) = L3y Iy = L2 ry) Iy
2 2
Sl I Iy Uy Iy
Q2|12 v U2 ma L2 max LB wmaa
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§1 > &2 &2
‘f.'.! * Tyna r{'.!'il
m =19 2 = M
N2 = 121 m = mio
N
|
1= s
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H=>bbQQ Limits in Each sector

Every sector has a Double Soft
singularity which corresponds

tox 1=0
S S
{ L3y
L3y Eq
I (]
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§1 > &2 &2
‘f.'.! * Tyna r{'.!'il
m =19 2 =M
N2 = 121 m = mro
N
|
L= o
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H=>bbQQ Limits in Each sector

If x_4 =0, sectors 4 and 5 have
a double collinear singularity.
Sectors 1 and 2 have no
singularity in this limit.

Si S3 Si St

(] Uylly 'y _l,!{ﬂ_’ (]

raida ra ra(2 ) L3

(] r (M1 1
128 mar | L1228 ma T1E2max 122 maz
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té Example : S4

As an example, lets consider the sector S4, after appropriate
Jacobian transformations the phase space measure is as follows,

dry dro dxs duxy

A44e L 142¢ L 142¢ 1+42¢
€T Lo £Lq Xy

drs |z ririe)

AP g4qq = PS PS¢

Ultimately we want to integrate the Matrix element squared over
the phase space, so we define

dry dro dry duxy

A+4e 142¢ 142¢ 142¢
€Iy .I.-) £y €y

9 ’ —
AP 5449 M|*> = PS PS™

(].I'r) ["’1[.1.'1 y Lo, 'y, Ty, _'1‘;,]

where

Flxy, 22,3, x4, x5] = 212525205 M|?

Is a regular function, and finite for all x_i values!
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'[é Evaluating the limits

This is where the beauty of the method comes in! We know exactly
what F[x_i] looks like with any of the x_i’s zero, since this
corresponds to one of our factorization formula of QCD.

For example, in our sector the x_1 = 0 limit is exactly given by the
soft factorization formula we derived above, e.g. with x_1 and x_4
=0 we are in the double soft limit,

F[0, 22,235,025 = (;1"}.173;1'%.1% L (p1,p2) [ M(H — l;fj|2)

.

) — O 1 —()

which Is,

Fl0 0 2] (Amag) Trao(=1 + x3)ws(—=225(2 — 2w3) + 4(=1 + x3) — 2w9(4 — 8uy + 223(—2 + dag)
: NP PRUE TRV IR y

X |J\/1 L()|!
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té Results

Combining all of the sectors together we find the following
numerical result for the H=>bbQQ double-real contribution to
H=>bb at NNLO

0.333328  1.5557  1.62429
= . — — -

H—bbqq €3 € €

RR = §2 ( + 5.15843)

An analytic calculation for the inclusive quantity from reverse
unitarity yields

0.333333  1.5556  1.62397

€3 €2 €

H—bbqg ~—

RR(':;:(”'{, _ Sflé ( -+ 515993)

Note that the exact numbers above, cannot be used to write a fully
exclusive differential Monte Carlo code, while the top ones can

easily do so! m
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té Conclusions/Outlook

Today I've presented some partial results for the NNLO calculation
of associated production using the Stripper algorithm for IR pole
cancelation. In general:

o Constructing fully differential MC codes at NNLO is no trivial task,
the Stripper routine developed by Czakon provides a physically
intuitive way of constructing this. I've outlined this today.

o Once completed the code will be able to handle pp=> H(=>bb) +
V(=>leptons), at NNLO

o The code will include potential BSM corrections which manifest
themselves as deviations from the SM vertex.

o After that more processes will be implemented!
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