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Higgs production at the LHC
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m Higgs production at the LHC

Higgs production Vector Boson
VBE cuts Fusion (VBF)



Vector Boson Fusion (VBF) Cuts

Higgs production
VBF cuts

‘ij1j2| > Yeut
AZIND. > Myt



Vector Boson Fusion (VBF) Cuts

Higgs production Gluon Fusion (GF)
VBF cuts

‘ij1j2| > Yeut
Mjijs = Meut

—_— Enhance large logarithms
Damage perturbative expansion

VBF cuts make it difficult to get reliable QCD background predictions!
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High Energy (HE) limit

Scattering

Process




High Energy (HE) limit

P1 |
|P1L\ ~ \pzﬂ N N \pnﬂ finite
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Scattering High Energy Limit
Process
Pn—1 .
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t — channel momenta squared finite

Pn large invariant dijet masses s; ;41
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Process
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m Regge scaling

Regge scaling: amplitudes = product of pieces D,
Get leading configurations in the HE limit:
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m Regge scaling

Regge scaling: amplitudes = product of pieces D,
Get leading configurations in the HE limit:

Spin of particle g
‘</> ( >1
a1 (g Xn—1\4n— 2 2
M = 3ol (g2 2 )

n—1ln
/

Finite factor in the HE limit

Leading configurations: maximise number of t-channel gluons exchanges
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QCD scattering: quark-gluon
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The need for resummation

In the High Energy Phase-Space, the perturbative cross-section
expansion contains factors of numerically significant logarithms:

\MQJ' imc.|2 — OéCLO

9 Perturbative expansion valid
T QgCNLO as long as coefficients do
4
+ O CNNLO not grow too much

+ ...
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The need for resummation

In the High Energy Phase-Space, the perturbative cross-section
expansion contains factors of numerically significant logarithms:

|M2j inc.‘2 — @chO
+ o (crnlog(s/[t]) |+ e12)

+ ot (021 log”(s/|t|) H c22 log(s/[t]) + 023)
+ ...

Next-to-Leading
Leading Logarithm (LL) Logarithm (NLL)
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Building blocks of HEJ

; PI' 7+ Contraction of currents over a t-channel pole
0 l + Looks natural: only one diagram contributes
1 at tree-level!

. P, + What about gluon-induced processes”?
1 2

2 2 : : )

‘M‘ X C(F (qg) |j'u(p17pa)],u(p27pb)‘

1
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All
diagrams
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diagrams High Energy Limit
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E Pa
Al S e -
diagrams ; High Energy Limit qll
|§- Pb s s
1 2
. : 2
‘Mlz X CF x CAM X (q_z) |j'u(p17pa)],u(p27pb)‘
1

CAM — (' 4 inthe High Energy Limit
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Real Corrections

diagrams
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Real Corrections
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Real Corrections

< - P1
- NN i
diagrams -I% ngh Energy lelt : YOO00000000C pg
O S
= =
o0 Pb 1%,
L1 g7 ' p %
M x qQ qQJ (pl,pa)j,u,(pQ,pb)V ep(pg)
1 12

Effective Lipatov vertex, gauge invariant
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Virtual Corrections
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Virtual Corrections

g Pa P1
)

<

N High Energy Limit @)

.'C'Cié_

* Pp P>

Finite expression: soft (a(q1) Ayis)
divergences cancel with M CAPAG1) 8 Y12 7" (p1,Da)iu (P2, Pb)
real corrections d1

The gluon in the t-channel reggeizes: Lipatov Ansatz (valid even at NLL)
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diagrams 4

dity ordering
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diagrams 4

dity ordering

Rapl

M X j’u(p17pa)j,u(p27pb)
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X
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High Energy Limit
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All-order Corrections
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All-order Corrections

All-order leading-log results Chl
Gauge-invariant in all phase-space
Phase-space not approximated
Monte-Carlo integration 000000000000 Pg, |
IR divergences cancel -1\

HOOO000000000 Py,

* ¢+ 4+ 4+

pb = = p2

M j'u(pl pa)j,u(p%pb)
Vpl ) (pgl)vpn 1 Zn 1(pgn—1)

eXp( (q1)Ay12)  exp(a(gn)Ayn—1n)

5 5
Q1 Qn
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HEJ Formalism Lipatov Vertex (real)

“ Lipatov Ansatz (virtual)
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YTF 2022

High Energy Limit
Regge Scaling

HEJ Formalism Lipatov Vertex (real)

“ Lipatov Ansatz (virtual)

All-order LL result
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Pa - - P ggH vertex has the following tensor form:
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Pa - - P ggH vertex has the following tensor form:

q1l{g # 5 o gm?
l ________ Py VIIL—IL (Q17QQ) —

(g""T1(q1,92) — ¢4 a7 T2(q1,92))
¢

t-channel factorised form allows us to keep the full
quark masses dependence

v

S

TV

2]



20



Central Higgs Production

pa - > pl
911 2 1
Py M x — 2j“(p1,pa)ju(pzapb)vﬁy(maC]z)
421 11 4
1%

Simple factorised expression, no approximations here!
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diagrams

M x

dity ordering

Rapi

Set of gauge invariant NLL corrections
1 1 * U110

C]2 qQJM (prplap2)ju(p37pb)VﬁV(Q1aQQ)
1 412
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High Energy Limit

dity ordering

diagrams

Rapi

Set of gauge invariant NLL corrections

1 1
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m Higgs plus dijet

Adapted from ATLAS analysis [1407.4222]

Baseline Jet Cuts

Rapidity ly;| < 4.4

Transverse momentum p1; > 30 GeV

Baseline Photon Cuts

Rapidity v | < 2.37

Diphoton invariant mass 105 GeV < My, < 160 GeV

Transverse momentum hardest photon | p; 5, > 0.35m.,,
Transverse momentum other photon DLy, > 0.20mM, 4,

Vector Boson Fusion (VBF) Cuts
Rapidity jet difference v, — Y, | < 2.8

Invariant dijet mass m;, i, > 400 GeV

20


https://arxiv.org/abs/1407.4222
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Resummation softens the tall
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Combined effects
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Combined effects
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Combined effects
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Effects add up: VBF cuts are more efficient than predicted by FO
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YTF 2022

t-channel factorisation
(like in QCD!)

Higgs + dijet

Finite quark masses
LL effects

VBF cuts are efficient!

30



YTF 2022

Higgs + one jet

Theory
Comparisons to
experimental data

Comparisons to FO
2210.10671]
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https://arxiv.org/abs/2210.10671
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1 | y
a | M o —€u(pa)i” (p1.p6) Vi (Pas 1)

41

Simple factorised expression, no approximations here!
Before moving on, check Regge scaling
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Indeed, no approximations,
exact LO description
or finite top mass

Regge scaling is verified:
M sllq—q "

Even though the Higgs Is
not a coloured particle



New Components for H+1j

Al %
diagrams %’
1 1 foy7; A
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New Components for H+1j

diag;\rlms é High Energy Limit
1 1 )

M X q2 q2 Gp(]?a)ju(p 7pb)V[_p]'u(pa,Q1)V)\€>\(p1)
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x 10722

LO with my; = 174 GeV
HEJ with m; = 174 GeV
AEFT with m; = oo

— s HEJ with m; = o0

4
Ay = yg —

6
Yu

8

10

30

Approximations remain
decent at low rapidity
difference or

finite top mass.

Regge theory is verified!
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Higgs plus one jet results

CMS analysis [1807.03825, 2208.12279]

Baseline Jet Cuts

Pseudo-Rapidity n;| < 4.7
Transverse momentum p1; > 30 GeV
Baseline Photon Cuts

Pseudo-Rapidity n,| < 2.5
Diphoton invariant mass My vy > 90 GeV

Transverse momentum hardest photon | p,; 5, > max(1/3m.,.,, 30 GeV)

Transverse momentum other photon D1y, > 0.20 My, -,

30
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https://arxiv.org/abs/2208.12279

[fb]

do

—— Dat
. 10°F pp — (H —)yy + jets - szﬂ E
= LHC@13 TeV —_
anti-kt, R = 0.4, p;.; > 30GeV .
¢ ;] < 2.5 EOL
/ - NLOZ2j
1) = m e + =
10°F
10711
C@ -
= T
< 1.0F
2 T
=2 0.5
<
s
0.0 | | | |

3/

Resummed HEJ with finite m; matched to NLO 1y
Resummed HEJ with finite m; matched to NLO 23

NLO 25 with infinite my

Resummed predictions for 4 jets and more

Predictions undershoot the data, but adding
electroweak processes bring the predictions
within the uncertainty of the data



do
dmin Ay

Higgs plus one jet results

[fb]

Ratio to HEJ

B Resummed HEJ with finite m; matched to NLO 15
== NLOI; NLO 15 with infinite my
O H..--‘_ _:
| e, |
pp — (H —)yy + jets 5_1“;-___: l_-i——l__
LHC@13 TeV eSS
100 anti-kt, R = 0.4,p,., > 30GeV em T, -
i n;| < 4.7 and |n;| < 2.5 o ""'?
- NLO effects harden the tail of
‘ large dijet rapidity separation
a : HEJ resummation soften the tail:
R the logarithms are numerically significant!
0.5F | | | | | | | =
0.0 0.5 1.0 1.5 2.0 2.0 3.0 3.9 4.0
min Ay
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Higgs + one jet Finite quark masses
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YTF 2022

t-channel factorisation
still valid

Higgs + one jet Finite quark masses

‘/\ still important

logs are significant in
tails of distributions
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m Conclusion

HEJ publicly available on here

Resums High-Energy large logarithms to LL
accuracy, work Is ongoing towards NLL
accuracy.
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m Conclusion
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H+1j inclusive: new paper!
Takes into account finite quark masses

unlike FO approaches, more observables
are compared In paper
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Conclusion
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—

HEJ publicly available on here H+2j inclusive
Resums High-Energy large logarithms to LL VBF cuts are more efficient than what FO
accuracy, work Is ongoing towards NLL predicts, finite quark masses effects and
accuracy. High-Energy Logarithms work together

H+1j inclusive: new paper!
Takes into account finite quark masses

unlike FO approaches, more observables
are compared In paper
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Conclusion
224

—

HEJ publicly available on here

Resums High-Energy large logarithms to LL
accuracy, work Is ongoing towards NLL
accuracy.

H+1j inclusive: new paper!

Takes into account finite quark masses
unlike FO approaches, more observables
are compared In paper

40

H+2j inclusive

VVBF cuts are more efficient than what FO
predicts, finite quark masses effects and
High-Energy Logarithms work together

Ongoing work

Merging with parton shower, reaching NLL
accuracy, amplitudes for
Vector Boson production


https://hej.hepforge.org/index.html

m Thank you for listening

Any questions?




