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Higgs production in VBF
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@ clean signature

CMS Experiment at

@ HVV (anomalous) couplings; CP properties
of Higgs; Higgs decays
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High-order corrections to VBF
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High-order corrections to VBF
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High-order corrections to VBF
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High-order corrections to VBF
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Factorizable VS Non-factorizable

® Factorizable corrections are at O(%) [Dreyer, Karlberg 2016]
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Factorizable VS Non-factorizable

® Factorizable corrections are at O(%) [Dreyer, Karlberg 2016]
0_(13 TeV) [pb] 0_(14 TeV) [pb] 0_(100 TeV) [pb]

LO 4.099 13037 4.647 15937 77.17 1548
NLO 3.970 150 4497108 73.90 173
NNLO  3.93275G; 4452753 724405
N3LO  3.9287G5p 4448755 72.34 %91
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Factorizable VS Non-factorizable

® Factorizable corrections are at O(%) [Dreyer, Karlberg 2016]
@ Non-factorizable corrections are color-suppressed
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Factorizable VS Non-factorizable

® Factorizable corrections are at O(%) [Dreyer, Karlberg 2016]
@ Non-factorizable corrections are color-suppressed
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Factorizable VS Non-factorizable

® Factorizable corrections are at O(%) [Dreyer, Karlberg 2016]
@ Non-factorizable corrections are color-suppressed
® 72 enhancement in non-factorizable contributions [Liu, Melnikov, Penin 2019]
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Factorizable VS Non-factorizable

® Factorizable corrections are at O(%) [Dreyer, Karlberg 2016]
@ Non-factorizable corrections are color-suppressed
® 72 enhancement in non-factorizable contributions [Liu, Melnikov, Penin 2019]
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@ How to go beyond eikonal approximation?
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Forward kinematics
q(p1) + 9'(p2) — Q(ps) + Q' (ps) + H(pH)

P Ps3

R

Pa
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Forward kinematics

q(p1) + 9'(p2) — Q(ps) + Q' (ps) + H(pH)

P+ Ps3
----PH
P2 P4

Sudakov decomposition

pi = aips + Bip2 +pi L, =34
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Forward kinematics
q(p1) + 9'(p2) — Q(ps) + Q' (ps) + H(pH)

P Ps3

R

P2 P4
Sudakov decomposition

pi = aips + Bip2 +pi L, =34

P51 P; L
: 2 > 5
using p54, =0= f33 = , 0y =

’ St SB4
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Forward kinematics

q(p1) + 9'(p2) — Q(ps) + Q' (ps) + H(pH)

P+ Ps3
----PH
P2 P4

Sudakov decomposition

pi = aips + Bip2 +pi L, =34

P51 P; L
: 2 > 5
using p54, =0= f33 = , 0y =
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Forward kinematics

q(p1) + 9'(p2) — Q(ps) + Q' (ps) + H(pH)

P+ Ps3
----PH
P2 P4

Sudakov decomposition

pi=aipr + Bip2 +pi,L, i=3,4

P51 P; L
: 2 5 5
using p54, =0= f33 = , 0y =

’ St SB4
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Forward kinematics

q(p1) + 9'(p2) — Q(ps) + Q' (ps) + H(pH)

P+ Ps3
----PH
P2 P4

Sudakov decomposition

pi=aipr + Bip2 +pi,L, i=3,4

2

. 5 P31 Pz
using p54, =0= f33 = , 0y =
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Forward kinematics
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----PH
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Sudakov decomposition
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One-loop amplitudes

My = GEgeouwnTE, T2, Ay

Ialo

the color-stripped amplitude .44 reads

d%; 1 ~
= —J"d
A1 /(271’)d d1d3d4 "
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One-loop amplitudes
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One-loop amplitudes

My = GEgeouwnTE, T2, Ay

the color-stripped amplitude .44 reads

d%; 1 ~
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Expansion by regions

ddk1 s day dB4 dd_2k1,L
Ki = a1p1+B1p2+kKi, 1, (2m)d - 2 2ni 2ni (2m)d-2
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One-loop amplitudes

My = G guwn TS, T As

the color-stripped amplitude A, reads

d9k; 1 -
= I
A1 /(27T)d d1d3d4 H
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Expansion by regions
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One-loop amplitudes

My = G guwn TS, T As

the color-stripped amplitude A, reads

d9%; 1 -
= | —————J"J,,
A1 /(271')d d1d3d4 "
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Expansion by regions

ddk1 sday dp4 dd_2k1,J_
ki = a1p1+B1p2+kKi, 1, W = —EE%W

ar B ki M,
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Two-loop amplitudes

. 1
M, = *’Q:QEVQVVH (2{7-37 Tb})
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with the current J***

Jwr —
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Two-loop amplitudes

) 1 1
Mz = *’gggsygVVH <2{Ta7 Tb}) (Z{Ta, Tb}> .Ag
i3f1 i4i2
1 d%; dY%, 1 ~
A= / L2 S .
2! (27T)d (27T)d d1 d2d3d4
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with the current J***

JHP = g E% + g g% +(permu.)
ki;h‘m + Bip2 + k/\vh

>

A
s

Only the Glauber and mixed regions contribute! }
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Factorization of amplitudes

g§ a a 1 gg 1 a b 1 a b
—i%s 13 T2 M, C =—c SATT T ¢
M; I47T izi Ligie Mo Ci, Mo 2 (4m)? 2{ T i 2{ T islo Mo
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Factorization of amplitudes

M1—I% T2 T2 MyCy, MzZ*l(gs) ( {re Tb}) <;{Tav7—b}> Mo Co
I'3/'1 i4i2

4r | h ighp 2

The functions C; read

><Q1

R /dd—zku (P35, + my)(Ps | + )
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_2 _2 2 2 2
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2 12
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Factorization of amplitudes

M1—I% T2 T2 MyCy, MzZ*l(gs) ( {re Tb}) <;{Tav7—b}> Mo Co
I'3/'1 i4i2

4r | h ighp 2

The functions C; read

><Q1

R /dd—zku (P35, + my)(Ps | + )
' (2m)1—2e A1Az1A4 1

— — 2 2 2
. — /dd 2k, | d92ky, (P50 + m5)(P5 L +m}) o~
2 — — 12
(2m)1=2¢ (2m)1—2¢ IANPAVYACREVAVEP)
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o1 s (M m o
[ 3 2 2 4 2 2
5,0 T My Aa PiL +my A
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Numerical results
dANNLO _ Ng —1 2 C C1ALO C _ CZ C
Unf - 4N2 as nf A0, nf — Ly — L2,
c
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Numerical results

R NZ —1 n
Ao = Zosm 0f G d6™0, G =CF — e,
Cc

For 13 TeV at LHC
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Scale dependence

@ Strong pg dependence

1/4
2
jE = pp =2 4 2PhL
F— MR = —5~
2 mz
N2 —1
~NNLO c 2 ~LO
Aoy~ = as(pr)” Cor d&
4Nz
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Scale dependence

@ Strong pg dependence

5 1/4
HF = KR 5 m,2_,
o _ NG —1 2 ALO
Aoy~ = ——— as(pir)” Cor d&
4Nz

® How to reduce the renormalization scale uncertainties?
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Scale dependence

@ Strong pg dependence

5 1/4
HF = KR 5 m,2_,
o Ne—1 2 ALO
dés ° = - as(/tr)” Cor A&
4Nz

® How to reduce the renormalization scale uncertainties?
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® Fermion bubble corrections!

EEEH

Cot = Cni(1R)

@ |t will compensate for the ug
dependence of as.
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Fermion bubble

We only consider the leading eikonal approximation. To include the effects of running o, replace A4 in Cy 2

[Brodsky, Lepage, Mackenzie 1983]
A Boas k/%l.
A,’ = A,’ 1+ In -

2r  ued/s

. 4/ ks . ko Agly ( Dede 1 )
! (2r) (27m) AA; \ 31041032042  Dz1204 12

we obtain
2 65/3
Ca =P+ 22 (cn (M) ) + 0(eeR)
vV
where

2
o9 = () —2cf), o) = et —ac 126,
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Fermion bubble

We only consider the leading eikonal approximation. To include the effects of running o, replace A4 in Cy 2

[Brodsky, Lepage, Mackenzie 1983]
A Boas k/%l.
A,’ = A,’ 1+ In -

2r  ued/s

. 4/ ks . ko Agly ( Dede 1 )
! (2r) (27m) AA; \ 31041032042  Dz1204 12

we obtain
2 45/3
Cu=C9 + asbo <Cr(ff)) In <u,:,e=2) + Cﬁp) + O(a285) the auxiliary function
™ my,
d2k1 1 A3 A4 mf}’
Ci(v) = -2 :
where 1(v) / o A]*”ASJAM
2
0® = (c)" —2c(V, o) = cPcl” —ac? + 26,
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One-dimensional integral representation of C1(°’1’2)

1
:/dt AA,
0
1 AA
1 r — I r.
:/dt x2y In2r12|nr12<2 ! n2>
ro 2 r2 r2
0
r. 2 r
+2in 2+ T <1>
o 6 P
1
AA, 1 1 I —r r;
C1(2):/dt |n3f12+|n2f12<2 1+|n2>
r12 6 2 r2 2
0
2 —r r. r 2 r
+7T21+|n2(2>|n1—|nr12( +2|n—L12(1)>
6 n 2 2 6 2 Iz
fr—r r r. 2 r I
-2 1 (1) —In2 (W —Lip <1>) + 2Lig < ) —2Gs
r» £ 2 6 e r2

rp—n
Inr,—2Inro +
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1
AA I —r
:/dt Xy {Inr22|nr12+ 2 1}
r.
0
1 AA
1 r — I
:/dt 2’V In2r12Inr12<2 !
o |2 2
0
r 2 r
+2|n2+7T—Li2<1>
6 ry2
1
AA, 1 1 L —
C1(2):/dt In3r12+|n2r12<2
r12 6 2 r;
0
2r—r r. r 2
—&-W—Q—i—an 2 In—1—|nr12
6 n Iz Iz 6
2
r—r r r
_k 1Li2(1)ln2(wLig
r Iz re \ 6

One-dimensional integral representation of C1(°’1’2)

r
+In

ro )
2

+2In —_— —L12
2

&

ry

ra
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Summary

@ Studies on the Higgs production in VBF are very
advanced, thanks to the impressive calculations of
factorizable corrections up to N3LO QCD.
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® The expansion of the complicated five-point
amplitudes around the forward limit is highly
non-trivial. But the first power correction is
surprisingly compact and relatively simple. That
deeply profit from the special kinematics of VBF.

® The new sub-eikonal contribution changes the
current estimate of NNLO non-factorizable
corrections to VBF cross section by about 20%.
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The strong dependence of renormalization scale
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computing the thréeI6op @(Boal) corrections.

They account for the effects of running coupling
constant, reducing the dependence on
renormalization scale from O(20%) to O(5%),
and thus stabilizing the theoretical predictions.
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Thank you for your attention!



Setup in Monte Carlo

® PDFs: NNPDF31-nnlo-as-118

@ VBF cuts
anti-k;
jet transverse momentum
jet rapidity
jet separation
invariant mass of jets
separate hemispheres
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2jets, R=0.4
pj, L > 25 GeV
lyj| < 4.5
Vi = Y| > 4.5
M > 600 GeV
yl'1yl'2 < O
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