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Higgs physics at LHC

¥ Establishing whether the BEH mechanism and its boson is
SM-like will be of outmost importance for the run of the LHC

¥ Higgs-boson production modes at the LHC:
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Gluoh fusion TTH Higgs strahlung VBF

¥ Current status for the total cross sectiona. bavid @ ICHEP 2014]

SR o

o/ogym = 1.00 +0.13 \f heo.) yst.)]

I Theo. and exp. uncertainties are of the same order.!
' Need to improve our theory predictions!



The gluon fusion cross section

at the LHC Is gluon fusion. !

¥ The dominant Higgs production mechanisr o
I Loop-induced process. fz;m>

¥ For a light Higgs boson, the dimension Pve operator
describing a tree-level coupling of the gluons to the Hig
boson

|
| 1
!£:£QCD,5— EclHGZVG'IaJJV %"'

|
¥ Top-mass corrections known at NNLO.

[Harlander, Ozeren; Pak, Rogal, Steinhauser; Ball, Del Duca,
Marzani, Forte, Vicini; Harlander, Mantler, Marzani, Ozeren]

¥ In the rest of the talk, | will only concentrate on the
effective theory.



The gluon fusion cross section

¥ The gluon fusion cross section Is given In perturbation
theory by | .
I (pp! H+X)=" dzLj (z) b5 ("/z)
T
¥ The (partonic) cross section depends up to an overall s

only on the ratio
m?< m?2
! = — L= ——
| S 5
¥ The partonic cross section known at NLO and NNLO.

[Dawson; Djouadi, Spira, Zerwas,; Harlander, Kilgore; Anastasiou, Melniko
Ravindran, Smith, van Neerven]

¥ The inclusive Higgs cross section is known to be Oplague
by large perturbative corrections.
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[Plot from Anastasiou, BYhler, Herzog, Lazopoulos]

[Results for 8 TeV]

[Fixed order only]



The gluon fusion cross section

¥ We need one more order in the perturbative expansion, N3L(

¥ So far no complete computation is available.

I Scale variation at N3LO is known.
[Moch, Vogt; Ball, Bonvini, Forte, Marzani, Ridolp; BYhler, Lazopoulos]

:¥ Several approximate N3LO results exist.

[BaII,'Bonvini, Forte, Marzani, RidolP; de Florian, Mazzitelli, Moch, Vogt]
I How good are these approximations..?!
I Only full computation can tellE



The gluon fusion cross section

¥ We need one more order in the perturbative expansion, N3L(

¥ So far no complete computation is available.

I Scale variation at N3LO is known.
[Moch, Vogt; Ball, Bonvini, Forte, Marzani, Ridolp; BYhler, Lazopoulos]

:¥ Several approximate N3LO results exist.

[BaII,'Bonvini, Forte, Marzani, RidolP; de Florian, Mazzitelli, Moch, Vogt]
I How good are these approximations..?!
I Only full computation can tellE

¥ Challenge Never has an N3LO computation been
performed so far...

I Uncharted territory!!
I New conceptual challenges.



Outline

¥ Higgs production at N3LO

' ¥ The soft-virtual cross-section at N3LO.

¥ Approximate cross-sections at N3LO.

¥ Going beyond the soft-virtual approximation.
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The gluon fusion cross section

¥ At NLO, there are two contributions (~1991):

[Dawson; Djouadi, Spira, Zerwas]

»i< ZTR

Virtual corrections (Oloops Real emissiol

!
¥ Both contributions are individually divergent:

I UV divergences are handled by renormalization.

I IR divergences cancelled by PDF counterterms.



The gluon fusion cross section

¥ At NNLO , there are three contributions (2002

[Harlander, Kilgore; Anastasiou, Melnikov; Ravindran, Smith, van Neerven]
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The gluon fusion cross section

¥ At N3LO , there are bveontributions:

. . Real-virtual Double virtual
Tnple virtual
| squared real
Double real

. Triple real
virtual P



Triple virtual corrections

¥ The triple virtual corrections are directly related to the
QCD form factor

Y The QCD form factor is known

1 at one loop.

' |Gonsalves; Kramer, Lampe
I at two loops. Gehrmann, Huber, Ma’tre]
| at three |OOpS. [Baikov, Chetyrkin, Smirnov, Smirnov, Steinhausel

Gehrmann, Glover, Huber, Ikizlerli, Studerus]

¥ It is not the loops that are the problem!



Unitarity

¥ Optical theorem:

.mz)i: d

I Discontinuities of loop amplitudes are phase space
| Integrals.

! ~
¥ Disgontinuities of loop integrals are given by CutkoskyC

rule:
| 1

p?! m2+ il

(Pt m) = (ptt m?) #(p°)

¥ These relations are at the heart of all the unitarity-base
approaches to loop computations.



Reverse-unitarity

¥ Optical theorem:

.m}:)i: o

!¥ We can read the optical theorem ObackwardsO and write

Inclusive phase space integrals as unitarity cuts of loop
integrals. [Anastasiou, Melnikov; Anastasiou, Dixon, Melnikov, Petriello]

!
I Rather than computing phase-space integrals, we can

compute loop Integrals with cuts!

I Makes inclusive phase space integrals accessible to all
technology developed for multi-loop computations!

» Integration-by-parts & differential equations.
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Growth In complexity for real emission

LO
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Reverse-unitarity @ N3LO

Growth In complexity for real emission

LO 1 diagrarr 1 integral
NLO 10 diagram: 1 integral
|
|
NNLO 381 diagram: 18 Integrals
N3LO 26565 diagram| ~500 integrals




The threshold expansion

¥ ~ 500 master integrals only for triple real
double real NNLO).!

I Tough nut to crack!




The threshold expansion

¥ ~ 500 master integrals only for triple real
double real NNLO).!

I Tough nut to crack!

' ¥ The gluon fusion cross section depends on one single

| parameter: M2

| Z =
' S

¥ Close to thresholdZz ! 1 ), we can approximate the trif
real cross section by a power series:

p=1! z

B(z)= 1,1+ 1o+@Q! 2)! 1+ O(1! 2)°

¥ Goal: Compute cross section as a series arciimeshold!



- The soft-virtual!
cross section at N3LC



The soft-virtual approximation

¥ The
6(z) =, )+ 'o+ (1! 2)!1+ O@1! 2)°

¥ The soft-virtual term receives contributions from a Opol
atz! 1

1 pytne _81=2) [ 1 LMG llogl(l—z)]++0(€2)

ne 1 — 2 — z

! n n n
¥ Plus-distribution terms already knowniMoch, Vogt; Laenen, Magnea

¥ Complete three-loop corrections are contained the deltz
function term.

I The soft-virtual term contains the complete three-loop
corrections plus the correction from the emission of up
three soft gluons.



The soft-virtual approximation

¥ At NLO and NNLO, the soft-virtual term reads §r = e = my

y
~SV Xs ~ (K
%99 (9 = 2 N2—12Z( ) P

d Y0
log(1l! z
o i%E) =d0-2) 8 (2)=2Ca& 1! 2)+4Ch o7
. ) ) N ) ] +
!$(2)(z)— %1 ! z)QLC2 | 6—78Ql 5—58g| }&1+ %( + N $C '89,' 6—7( e I§&2+}8@+§(%}
S A 187 12707 8 16 - 48 M9 6 3
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N3LO status. soft-virtual

<FR P

Real virtual Double virtual
./ Triple virtual v
squared real
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|

Double real .y
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The soft-virtual approximation

¥ The computation of the brst term has been completed!

[Anastasiou, CD, Dulat, Furlan, Gehrmann, Herzog, Mistlberger]

¥ Many different contributions are needed:

[Baikov, Chetyrkin, Smirnov, Smirnov, Steinhauser;

22 three'IOOp-! Gehrmann, Glover, Huber, Ikizlerli, Studerus]
3 double-virtual-real.! [CD Gehrmann, Li, Zhu]

_ [Anastasiou, CD, Dulat, Herzog, Mistlberger;
/ real-virtual-squared.! Kilgore]
| : [Anastasiou, CD, Dulat, Furlan, Herzog, Mistlberger;
10 double-real-virtual.l i von Manteuffel, Schabinger, Zhu]
8 trip|e real. [Anastasiou, CD, Dulat, Mistlberger]
three-loop splitting functions.! [Moch, Vermaseren, Vogt]

: [Tarasov, Vladimirov, Zharkov;

three-lOOp beta fUﬂCtIOﬂ' Larin, Vermaseren]

_ : ' etyrkin, Kniehl, Steinhauser; Schroeder,
three |OOp Wilson COeﬂ:)CIe[rﬁ:rj'i,teinhauser; Chetyrkin, Kuhn, Sturm]



The Integrals
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What goes In there..?

¥ The soft-virtual real-emission has two types of contributions
I Every bnal-state parton is soft.!

I Every virtual parton can be hard or soft.

¥ Technically, we enter the realm of expansion by regions.
[Beneke, Smirnov]
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What goes In there..?

¥ The soft-virtual real-emission has two types of contributions
I Every bnal-state parton is soft.!

I Every virtual parton can be hard or soft.

¥ Technically, we enter the realm of expansion by regions.
[Beneke, Smirnov]

¥!Physically: QCD soft current:
(a|M(q,p1,---,pn)) = e*(q) Ji(q) IM(p1,...,pn)),

¥ Hard region is trivial:

| Cross section factors into a tree-level soft current,
multiplying the corresponding loop order for H + Ojets.



Soft real emissions

¥ For purely real emission, we can simply expand int he <
parton momenta.

¥ The coefbcients of the Taylor series can themselves be
reinterpreted as loop integrals!

I The coefbcients of the expansion are themselves
accessible to Oloop technologyO.

! Can try to bnd IBP identities among the coefbcients.
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Soft real emissions

¥ For purely real emission, we can simply expand int he <
parton momenta.

¥ The coefbcients of the Taylor series can themselves be
reinterpreted as loop integrals!

I The coefbcients of the expansion are themselves
accessible to Oloop technologyO.

I Can try to bnd IBP identities among the coefpcients.

¥ For NNLO double real:

I There are 18 master integrals.

I After expansion, they all collapse to only



NNLO example

¥ Consider the following NNLO integral:

(! @t 2),
(4! 4", z

dig =a® 1§
n=0

# " " " "
=@ 150) 1+ ppe o S 2+ o)

- 1 (1! 1?2
!! 3() = 2(4")3' 28 " (41 4)

¥ We can reproduce this expansion in our approach:

‘VO [ " " &
d 3 =g** Y | ' +QZ}GM+OZ3
\__/ )6 (2°)




NNLO example

¥ Consider the following NNLO integral:

(1! a2 2%)n
L, @y, B

# 1
. 1!
=¥ *15() 1+

s =a® 1 50)
n

(11 )21 "3 27
2 o7 451 4" 7+ O(r)

- 1 (A 1)?
!! 3(1) = 2(4")3' 2" " (41 41)

¥ We can reproduce this expansion in our approach:
Y0 ' R p &

I The coefbcients themselves have a loop
Interpretation.
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Y0

dl 5 = g3 4 N |




NNLO example

Y0

dl 5 = g3 4 N |

¥ Using IBP |dent|t|es

A -

| }@( e (3' 2")
Ay 405! 4" \__/




NNLO example

+z23>€ik + O(F)

Y0

dl 5 = g3 4 N |

¥ Using IBP |dent|t|es

| >€"\< Y2 @ 2)
Ay 45! 4") ./

¥ To be compared with exact result:

A N

4 1 M@t mE!r 2
@ ¥ 13(") 1+ ——p+ )i(5| Z)L() ) 7+ O(z3)




NNLO example
* 70 : ) ’
dl 5 = g3 4 kJ! +Z2;>/€/:k+o(z3)
¥ Using IBP |dent|t|es
| >€“\< ((1' )2 )(3'2)J
e 45! 4")
¥ To be compared with exact result:
.. (1l 2 "E! 2Y)
34““ 45! 4" )2’2 O(ES)




Soft regions beyond tree level

¥ The soft region for Higgs + 2 jets: similar to purely real, but
need soft regions for one-loop master integrals.
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Soft regions beyond tree level

¥ The soft region for Higgs + 2 jets: similar to purely real, but
need soft regions for one-loop master integrals.

¥ The soft region of the real-virtual squared Is entirely
determlned by the one loop soft current. [Catani, Grazzini]

¥ The soft region of Higgs+jet @ 2 loops requires the two-loo

soft current, to higher orders in dimensional regularisation.
[Badger, Glover; CD, Gehrmann; Zhu, Lli]

I Previously only known up to Pnite terms.



The two-loop soft current

¥ The two-loop soft current was recently computed to all orc

In dimensional regularization. [CD, Gehrmann; Li, Zhu]
(2) _ | 2 |

Y0

2#(&2!) #(L& 21)2#(1+21)? 3#(1& N#(1 & 2!) 2 #1+ !3$ #(1 & 21)?
L+ DN#A&21) #AL&2#(1+ )2 #(1 & 3) 12(1+ 1) #(1& 4!)
&

; R.(!)

Ry(1) = #(1 & 21)3#(1 +21)2
2\ - =

l

, ( #14!3+4!2+5!&3$
& 6! #(1&3)+ #(1&2)&#(1& ) &#@A+!) + 2(1+ N3 &2)1&2)

&
23F,(1,&2!,21 +1;1 & 1,2 +2:1)

L _(@+an #(L & 204 (L +21)2
341 +2N)#1&N)2H#A+ N2#(1 & 4)

# $)
#(1+ N#A & 2) | _ (1+2!) 6/*+13!1°& 16! & 38 + 3
H1& ) sFo(&2!,1+1,20+1;1& 1,21 +2;1) + A1 TN+ NEE 2L E )




Higgs soft-virtual @ N3LO

|
! #
2003 413 7579 979 15257 819 16151 215131
B (z2) = "(1! C | T S+ —#2) — e+ — ! | ——th+ ——#H+
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869 125 2629 1231 70 98059
+ O [p— it g b
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5 11 13 71 63991 37 19
+ CACr —#+3thtb+ —#h+ — ! —#! — +CZ |5k+ —th+ —
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1z , 9 " A g A 1z, A Gehrmann, Herzog, Mistlberger]



Higgs soft-virtual @ N3LO

¥ Caveat!
¥ Source of ambiguity:
) 8

dx1 dzs [fi(z1) fi (x2)29(2)]

@Ij (87 Z)

z9(2)

|./]

'\. Fe——

— LO
— NLO N
— NNLO

--- NNLO SV g=1 ]
NNLO SV g=z

NNLO SV g=7

NNLO SV g=1/z

im, 1g(Z) =1,

threshold

60

50 -

e~
-

— LO
— NLO
— NNLO

-« N3LO SV g=1/z

— N3LOSV g=1
--- N3LOSV g=z

=~ N3LOSV g=z"

-~
—
R I
Ce—
——— .

[Herzoqg,

Mistlberger]




Going beyond soft-virtual

|
¥ Can we go beyond the soft-virtual approximation..?

" More terms In the expansion..?!

| | Result In full kinematics..?

!
¥ Can we improve the soft-virtual result and do phenomenology

|
' Recent approximate N3LO results..?

[Ball, Bonvini, Forte, Marzani, Ridolb; de Florian, Mazzitelli, Moch, Voqgt]

' How good are these approximations..?



~ Approximate cross
~ sections at N3LO



- Approximate N3LO results

¥ Recently, approximate results at N3LO have been presented
that include terms beyond the soft-virtual approximation
(gluons only).

¥ Ball, Bonvini, Forte, Marzani, RidolP:
! Soft-virtual term at N3LO.!

I High-energy behaviour, including top-mass effect:
at N3LO.!

1 Analyticity.

¥ de Florian, Mazzitelli, Moch, Vogt:
| Soft-virtual term at N3LO.!

I First three logarithms from the next term in the
expansion, + numerical guesses for the missing
logarithms.



Mellin-space vs. z-space

3 N1 v TP dN Ly
D(N) = dz z B(z) B(z) = o z " B(N)
0 c" il

¥ Mellin-space Is the natural language for resummation.

| Z-Space Mellin-space
!
Sqft / threshold limit: z! 1 N 1"
High-energy limit: z! Q OsmaN
!

¥ Experience from lower orders: numerical convergence of soft
expansion better in Mellin-space.



The high-energy limit

¥ The leading behaviour of the cross section at small N is know
at N3LO.

' In the InPnite top-mass limit.! [Hautmann]

| | Ball, Del Duca, Forte,
| Including Pnite top-mass effects: \arsam. vicini

!
¥ Inbnite top-mass not compatible with the high-energy limit

| Tension betweerm;! 1 argl 1
!

[Ball, Bonvini, Forte, Marzani, Ridolp]



The high-energy limit

¥ The leading behaviour of the cross section at small N is know
at N3LO.

' In the InPnite top-mass limit.! [Hautmann]

| | Ball, Del Duca, Forte,
| Including Pnite top-mass effects: \iarpani. vicinil

|
¥ Inbnite top-mass not compatible with the high-energy limit
| Tension betweemm; ! 1 amsl 1

¥!If one includes the correct high-energy limit (and requires the
correct analytic behaviour in z-space), we Pnd ~16% Increase
compared to NNLO (8 TeV,ur = my , gluons only).

[Ball, Bonvini, Forte, Marzani, Ridolp]

' To be compared to ~6% from expanding resummation tc
N3LO.



Subleading soft terms

¥ Recently, the brst three next-to-soft terms were published:
B(z)= 1 1+(of (1! 2)!1+ O1! 2)°

4
— 51203 In°(1 — 2) + {1728C'A + %C’Aﬁo} (1 -2)

(3)
" {( — 358442) (25312+ 2 )OAﬁo—cAﬁo} 31— 2)

1)1 30C  [de Florian, Mazzitelli, Moch, Vogt]
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¥ Recently, the brst three next-to-soft terms were published:
B(z)= 1 1+(of (1! 2)!1+ O1! 2)°

4
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¥ Recently, the brst three next-to-soft terms were published:
B(z)= 1 1+(of (1! 2)!1+ O1! 2)°
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Subleading soft terms

¥ Recently, the brst three next-to-soft terms were published:
B(z)= 1 1+(of (1! 2)!1+ O1! 2)°

4
— 51203 In°(1 — 2) + {1728C'A + %C’Aﬁo} (1 -2)

(3)
n { ( 11368 3584C2> (% + 3 ) CAB() — —CA,BO} (1 — Z)

1)1 30C  [de Florian, Mazzitelli, Moch, Vogt]

!
¥ In Mellin-space: Estimated/guessed from D’

NN + 5.701 If*N + 18.9 |n3|\|+[46 PN+ 18 InN + 9)

¥ Leads to an increase of ~10-13% (14Te¥ = my  , gluons
only).
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Going beyond the !
~ soft-virtual
approximation



State of the art at N3LO

- [Moch, Vogt; Laenen, Magnea; Anastasiou, CD
¥ 99 Soft-virtual Dulat, Furlan, Gehrmann, Herzog, Mistlberger]
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State of the art at N3LO

- [Moch, Vogt; Laenen, Magnea; Anastasiou, CD
¥ 99 Soft-virtual Dulat, Furlan, Gehrmann, Herzog, Mistlberger]
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Towards full kinematics
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I
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over multiple polylogarithms.
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I Spin-off: Two-loop splitting amplitudes t@(!) in CDF
[CD, Gehrmann, Jaquier]



Next-To-Soft Contribution

¥ Double-real-virtual was the blocker for some time:
I Hard region is trivial.!
I Soft region similar to soft-virtual.!

| I Collinear regions technically more complicated.

¥ Technical complication:

! . . .
I IBP reduction less straightforward, because there is a
~ preferred direction.

I Was solved by some partial fractioning.

' In the end, master integrals only contain bubble
Integrals!



Next-To-Soft Contribution (gQg)
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Next-To-Soft Contribution

¥ We can compute the full contribution to the second term i
the threshold expansion

B(z)=!11+(o) (@ ! 2)!1+ O(! 2)°

. I Recelves contribution from both gg and gg channel:

' ¥ Needed some rethinking of our technology for double-rea
emission at one loop.

Il There are now contributions from collinear virtual
gluons.

¥ We bnd full agreement with known results for leading
Iogarithms_ [Almasy, Lo Presti, Vogt; de Florian, Mazzitelli, Moch, Voqgt]

. 896
| In particular !y = 3 | 298666...
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Ambiguity In z-space
¥ Ambiguity:
| = nirey” (f g 2’19) ") ) () = fz(af)

I

I Full hadronic cross section cross section Is independe
order-by-order of« .

" Trqncating the soft expansion introduces a dependen
' on o .
6 (2)

z1+!

# O'” ( )l(l! Z)! 1 ‘|— (3'” (Z)l(]_! Z)O ‘|—Oé(1$ Z) (3'” (Z)l(l! Z)! 1 —I'O(1$ Z)l

I Soft-expansion introduces an ambiguity, which can ha
numerical impact.

¥ |s this ambiguity also present in Mellin-space..?



Ambiguity in Mellin-space

e Multiplying by z* In z-space corresponds to shifting

N — N + a In Mellin-space.

B(N) = | 1dzz'\” 1 B(2)
0

¥ The threshold limitN '* is obviously insensitive to this

¥ In order to quantify the validity of approximate cross
sections via threshold expansion, we study the depender
of the result on:
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Soft-virtual N3LO
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Conclusion

¥ The computation of the Higgs cross section at N3LO moy
forward at a steady pace!

I Soft-virtual contribution known.!

I Next-to-soft contribution known (both gg & gQ).!

I First three logs known exactly for all channels.!

I Contribution form single-real emission fully known.

¥ Approximate results should be taken with a grain of salt!

I Only full result for N3LO cross section will be the
Pnal judge!

¥ Stay tuned!



