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ki Higgs Physics at the LHC

Measurements of Higgs properties are central to exploring SM at LHC: EL: 'E cMs Supplementary wZ, s
5 my, = 125.38 GeV .’
* Properties: mass, width, CP nature, ... E“j;"’ fPalie- 1k
* Couplings to other SM particles — explore EWSB. -
* Self-coupling — explore Higgs potential. e
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Multiple production and decay
modes available at LHC —
complementary measurements of
Higgs properties and couplings.
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T

Measurements of Higgs properties are central to exploring SM at LHC: EL: 'E cMs Supplementary wZ, s
5 my, = 125.38 GeV .’
 Properties: mass, width, CP nature, ... g0 praes s
* Couplings to other SM particles — explore EWSB. i
* Self-coupling — explore Higgs potential. E
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£ 101 > Second largest production cross section * Measure couplings of Higgs to weak gauge
1 bosons.
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q // * Study CP-structure.

* Higgs decays into invisible particles / b-quarks
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Measurements of Higgs properties are central to exploring SM at LHC: EL: 'E cMs Supplementary wZ, s
5 my, = 125.38 GeV .’
* Properties: mass, width, CP nature, ... g0 praes s
* Couplings to other SM particles — explore EWSB. o
* Self-coupling — explore Higgs potential. i
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ATLAS:

Experimental status

e WBF + H - bb decay:

Signal strength: 0.9519-32(stat.) 022 (syst.)

—0.17

2.6-sigma significance.
* WBF +H - WW*decay
ofid = 1.68 & 0.33 (stat.) = 0.23 (syst.) fb
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CMS:
« WBF + H - bb decay:

Signal strength: 1.01+0'39(stat.)J_rgz?z’?l

—0.39

2.4-sigma significance.
« WBF + H - bb decay, boosted:

Signal strength: 4.9713

90.8 fb' (13 TeV)
[ SM w10 (SYSH)
CMS A Observed — — o (syst @ stat)
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H |
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.072003
https://link.springer.com/article/10.1140/epjc/s10052-021-09192-8
https://link.springer.com/article/10.1007/JHEP12(2024)035
https://link.springer.com/article/10.1007/JHEP01(2024)173

Weak boson fusion vy
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q P Higgs is central

Image: K. Asteriadis

WRBEF cuts: mj, j, > 600 GeV, ij1j2 > 4.5, Yi, Y, <0

“Double-DIS (factorized) approximation” for QCD
corrections:

* Radiation connecting quark lines is zero at
NLO, colour-suppressed at NNLO.

* Identical-flavour interference < 1% of LO
Cross section.

SM@LHC 2025
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https://arxiv.org/pdf/1506.02660
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In double-DIS approximation:

* Fully differential results at NNLO QCD:

»  corrections at 1%-5% level.

> Residual scale uncertainties ~ 1%.

* Inclusive results at N3LO QCD:
> Corrections ~ 1%-2%.

> Residual scale uncertainty < 1%.

NLO EW corrections known:

SM@LHC 2025
7 April 2025

Precision Results for WBF
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In double-DIS approximation:

* Fully differential results at NNLO QCD:

»  corrections at 1%-5% level.

> Residual scale uncertainties ~ 1%.

* Inclusive results at N3LO QCD:
» Corrections ~ 1%-2%.

> Residual scale uncertainty < 1%.

NLO EW corrections known:

Precision Results for WBF

do/dp, ;, [pb/GeV)
. :

T
LO

QCD corrections well-controlled
in double-DIS approximation.
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Non-factorizable corrections at NNLO: need 2-loop 5 point
amplitudes with internal masses — very challenging!

SM@LHC 2025
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Non-factorizable corrections at NNLO: need 2-loop 5 point
amplitudes with internal masses — very challenging! & & & > - -
\\

For WBF cuts: forward jets — use eikonal expansion (Pr.j/v/s)

* Two-loop non-factorizable corrections color-suppressed but enhanced by Glauber phase — 0.5%-1% corrections

SM@LHC 2025
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https://arxiv.org/pdf/1906.10899
https://arxiv.org/pdf/2005.11334

Non-factorizable corrections Cinew
/

Non-factorizable corrections at NNLO: need 2-loop 5 point
amplitudes with internal masses — very challenging! & & & > - -
\\

For WBF cuts: forward jets — use eikonal expansion (Pr.j/v/s)

* Two-loop non-factorizable corrections color-suppressed but enhanced by Glauber phase — 0.5%-1% corrections

* Other non-factorizable contributions at NNLO (real-real and real-virtual) negligible.
* Sub-leading eikonal effects ~ 20% of leading eikonal contribution.

3 : L :
«  O(Boas) corrections ~ 20% of leading eikonal and reduce scale uncertainty on
eikonal to ~ 5%.

[ Non-factorizable effects under control. }

SM@LHC 2025 )
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https://arxiv.org/pdf/1906.10899
https://arxiv.org/pdf/2005.11334
https://arxiv.org/pdf/2305.08016
https://arxiv.org/pdf/2305.12937
https://arxiv.org/pdf/2309.06292
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Sk WBF with Higgs decays

Use WBF signature (forward jets +
central Higgs) to identify b-jets from
H — bb decays.

* Higgs is narrow-width scalar particle — treat
production and decay processes separately.

* Jet clustering/tagging and kinematic cuts can correlate production and decay subprocesses:
> TImpact of QCD corrections can change depending on cuts.

> Especially true for hadronic Higgs decays, e.g. H — bb.

* Generate decay kinematics in Higgs rest frame;

* Nonew calculation needed, but computationally expensive: * Use importance-sampling grids for WBF production of stable Higgs;

> H — WW* — 2¢ 2v : 21-dimensional phase space + NNLO
calculation! v P P * For each production point, choose 10-100 randomly generated decay

events;
* Reweight events according to decays;

* Boost back to laboratory frame to apply cuts and evaluate
observables.

SM@LHC 2025
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Setup for WBF production:

e 13TeV LHC, NNPDF31_nnlo_as_0118
¢ Renormalization/factorization scale: UR = pUFp = U = \/

* Jets defined with anti-kT algorithm with R=0.4.
* WBF cuts

p1j =25 GeV |yl < 4.5 Ui = Yjo| = 4.5 YjrYia <0 mj,j, > 600 GeV
Large rapidity gap Opposite hemispheres Large invariant mass

H — WW?* — 2¢ 2v decays:

e D1, Z 25 GeV DLy 2 13 GeV miy i, Z 12 GeV Pl Z 30 GeV PL miss > 20 GeV 60 GeV < mr < 125 GeV

* Rapidity of leptons required to be between — \/gpg'zpzuss (1~ cos Mgy e,
rapidity of two hardest jets — selects central
Higgs bosons, correlates production and
decay.

SM@LHC 2025 )
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https://arxiv.org/pdf/1506.02660
https://www.sciencedirect.com/science/article/pii/S0370269319301169?via%3Dihub
https://arxiv.org/pdf/2110.02818
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Impact of decay on QCD corrections quite mild — cuts on decay products don’t change kinematics of Higgs significantly.

CVellp —0.045 EVefllp _ +0.005 elefivy +0.008 Similar to corrections for stable Higgs.
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e Higgs reconstructed from
observed b-tagged jets.

* Factorization of production and
decay can be broken in several
ways:

SM@LHC 2025
7 April 2025

WBF with H — bb decay

Jet clustering

Raoul Rontsch

b-tagging

15


https://link.springer.com/article/10.1140/epjc/s10052-021-09192-8
https://arxiv.org/pdf/2110.02818

WBF with H — bb decay s

Istituto Nazio

e Higgs reconstructed from
observed b-tagged jets.

* Factorization of production and
decay can be broken in several
ways:

Jet clustering b-tagging

First computation:
*  WBEF production at NNLO, decay at LO, massless b-quarks.
* Decay scale ptdgec. = mpy-.

* Treat all quarks from production as flavourless:

> Final state b-quarks ~ 1% of cross section at NLO.

* Require two b-tagged jets with p1» > 65 GeV, [y <25

SM@LHC 2025 )
7 April 2025 Raoul Rontsch 16


https://link.springer.com/article/10.1140/epjc/s10052-021-09192-8
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WBF with H — bb decay s

e Higgs reconstructed from
observed b-tagged jets.

* Factorization of production and
decay can be broken in several
ways:

Jet clustering b-tagging

First computation:
*  WBEF production at NNLO, decay at LO, massless b-quarks.
* Decay scale ptdgec. = mpy-.

* Treat all quarks from production as flavourless:

> Final state b-quarks ~ 1% of cross section at NLO. /

 Require two b-tagged jets with[ pLp > 65 GeVJ Y| < 2.5

Requires boosted Higgs.

SM@LHC 2025
7 April 2025
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https://link.springer.com/article/10.1140/epjc/s10052-021-09192-8
https://arxiv.org/pdf/2110.02818

WBF with H — bb decay at LO

ol =75.9700th, oo =T097021h oo = 69.4%93 fh. Sizeable cross sections: ~ 10k events already!

UH O'H
NLO — 0.917(1) :> —NNLO — .885(1)

O’H H
Lo 3.9% Lo
@qul.?% @JF 2.9% * Effect of decay comparable to NNLO corrections!
bb bb
INLO. — 0.934(1) UNIJEO = 0.914(2)
g
LO 910
With decays:
Stable Higgs Ho/2 < pr = pr < 240 maller scale uncertainties;
* Improved perturbative convergence.
= LO
L o] NLO
H = bb decay ‘ G NII\ILO
0.85 l OI.9 I 0.95 I 1 . l.|05 I 1.1
ol OLo

Images: K. Asteriadis

SM@LHC 2025
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WBF with H — bb decay at LO @

ol =75.9700th, oo =T097021h oo = 69.4%93 fh. Sizeable cross sections: ~ 10k events already!

UH O'H
NLO — 0.917(1) :> —NNLO — .885(1)

H H
o o

LO _32% LO

+1.7% +2.9%

obb obb
—NLO — 0.934(1) -NNLO — (.914(2)
o.bb be

LO LO

——
Stable Higgs Bo/2 < pr = pr < 2p0
HH LO
= NLO

H - bb decay o i NNLO

085 08 09 1 105 11
ol OLo

Images: K. Asteriadis
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g ! e i g e
g BEY: e :H
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* Cuts on b-jets — harder transverse momentum distribution for Higgs.

> Reduces effect of higher order corrections.

* Can obtain similar results for stable Higgs by imposing p; r > 150 GeV.

Raoul Rontsch 19
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WBF with H — bb decay at NNLO N

Include NNLO effects in decay:

* Massive b-quarks — use anti-kT algorithm. (IR safe.)

* Quarks in production still considered flavourless.

* Events with 4 b-jets due to corrections to decay:

> Choose pair with invariant mass closest to Higgs mass to reconstruct Higgs kinematics.
* Yukawa coupling renormalized in MS scheme, pole bottom mass used in amplitudes.

e All cuts on production and decay products unchanged.

SM@LHC 2025

7 April 2025 Raoul Rontsch 20


https://arxiv.org/pdf/1911.11524
https://arxiv.org/pdf/2407.09363

WBF with H — bb decay at NNLO e

Istituto Nazio

Include NNLO effects in decay:

* Massive b-quarks — use anti-kT algorithm. (IR safe.)

* Quarks in production still considered flavourless.

* Events with 4 b-jets due to corrections to decay:

> Choose pair with invariant mass closest to Higgs mass to reconstruct Higgs kinematics.
* Yukawa coupling renormalized in MS scheme, pole bottom mass used in amplitudes.

e All cuts on production and decay products unchanged.

4 N

Rich jet environment: interplay
between “WBF jets”, jets from
decay, radiation from production
and/or decay.

J

SM@LHC 2025
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WBF with H — bb decay at NNLO @y

: : : : : dI’

* Write differential cross section as do = Bry_,;; dowsr dy, with  d~, = F_b
b
* Keep branching ratio fixed and expand other factors:
n n (k) n
do™N'LO = Br doiioh) » qyN'LO : NrLo _ 2ok—0 9% N"LO (k)
H—bb kz: WB v with  dy = = "o I, Z Ty
0 b k=0

SM@LHC 2025 Raoul Réntsch 22
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WBF with H — bb decay at NNLO @y

* Write differential cross section as do = Bry_,;; dowsr dy, with  d~, = ?
b
* Keep branching ratio fixed and expand other factors:
n n (k) n
do™N"'0 = Bry .z Z daW ") x dyNkLO with  dyN"LO — Zk:Onde [N"LO ZF(k)
=0 FN LO
b k=0
NL + NNLO __ 40.9
= 75. GJr6 5fb o = 524" fb o = 44.6";1b

* Very large corrections: -30% at NLO, -10% at NNLO.

e Scale uncertainties dramatically underestimate effect of QCD corrections.
SM@LHC 2025 Raoul Roéntsch 23

7 April 2025


https://arxiv.org/pdf/2407.09363

WBF with H — bb decay at NNLO CiNFN
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Write QCD corrections as oN'LO — 4510 4 Z dAN"LO o0 =75.6,0°C fb
k=1
dANFO — dAI()IrZ)Oc; + dAEi%cD + dA(()())(g) Corrections to production,
decay, Higgs width
NNLO __ 2,0 1,1) 0,2 1,1 0,2 expansion.
dA = dAprod®? + dAdec™V) + dAdec®? + dALY + dAD2)

SM@LHC 2025

7 April 2025 Raoul Rontsch 24
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WBF with H — bb decay at NNLO e

Istituto Nazio

Write QCD corrections as oN'LO — 4510 4 Z dAN"LO o0 =75.6,0°C fb
k=1
dANEO = dAI()IrSOc; + dAé%cl) + dA(()())(g) Corrections to production,
decay, Higgs width
dANNLO = qAprod®? + dAdec™V + dAdec®? + dALD + dAD2) EXPATISIOn.
dASS = —4.9 b dA®Y = 53 dAllY =130
Corrections to production mild,
similar to situation with stable
dAZ) = —15 fb dA't) = voab dAl? = 501 Higgs.
dAlS) = 40.8 fb dA%?) = —25 b
SM@LHC 2025 Raoul Rontsch 25
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WBF with H — bb decay at NNLO <5
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Write QCD corrections as oN'LO — 4510 4 Z dAN"LO o0 =75.6,0°C fb
k=1
JANLO _ dAS;)OC; + dAé%’C D4 dAg?g;) Corrections to production,
decay, Higgs width

dANNEO = dAprod®*® + dAdec™™) + dAdec®? + dALD 4 dA02 €xpansion.

exp

dALO) = —4.9 fb dA%Y — 53m  (dAY) =-13.01D
Corrections to width expansion
large at NLO, moderate at
NNLO.

dAZY) = —1.5 fb ALY =404 b aAl? = 501

dAlS) = 40.8 fb dA%?) = —25 b

SM@LHC 2025 Raoul Réntsch 26
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n
n k
oNO = dg"O 4y " daANTe
k=1

Write QCD corrections as

dANEO = AL+ dARY + dAGD

prod dec exp

dANNLO — qAprod®? 4 dAdec™ ) 4 dAdec®? + dALD + dA0:2)

exp exp

dASS) = —4.9 b dA®Y = 53 ) dAl%bb =130

dACY — 15

prod

dA%?) — 50 b

dec

dAlLY = 0.4 b

dAlS) = 40.8 fb dA0:2) = 25 fh

exp

SM@LHC 2025

7 April 2025 Raoul Rontsch

WBF with H — bb decay at NNLO

o

MO = 75.6.0C fb

Corrections to production,
decay, Higgs width
expansion.

Corrections to decay ~ -7% at
NLO and NNLO

27
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Write QCD corrections as oN'LO — 4510 4 Z dAN"LO o0 =75.6,0°C fb
k=1
JANLO _ dASSOc; + dAé%’C D4 dAg?(’P}) Corrections to production,
decay, Higgs width
dANNEO = dAprod®*® + dAdec™™) + dAdec®? + dALD 4 dA02 €xpansion.
(1,0) _ _ 01 _ dAOD = _13.0 fb
dlAprod 4.9 fb dAdee 5.3 1b exp 3.0 m) - Large corrections due to

combination of more

moderate effects.
dAZ) = —1.5 fb ALY =404 b (aAl? = —5.0 b .
* Poor perturbative
convergence driven by
dAg;pl) — 10.8 b dAé?;pQ) — 951 radiation from decay.

SM@LHC 2025 )
7 April 2025 Raoul Rontsch 28
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WBF with H — bb decay at NNLO T

4 Istituto Nazios

To understand origin of large corrections to decay, remove cut on sub-leading b-jet transverse momentum:

— Lo :
Peaks at /&/' ’___] ________ LO + ﬂg%cu C e d

0+ 88 + AR

Decreases rapidly for

iy, 7 30 GoV ; J
40 GeV < pip, < 80 GeV

Real emissions make
| spectrum softer — less
J - ' likely to pass cuts.

do /dp, b, [fb / GeV]
=y

10 30 50 70 90 110 130
P1.b, [GeV]
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WBF with H — bb decay at NNLO g

A€ Istituto Nazior

To understand origin of large corrections to decay, remove cut on sub-leading b-jet transverse momentum:

oo
‘ ‘ T T ‘ ) . . . . i do
_______ — Lo Cumulative distribution a(py,) = / ~ dpip, pr—
3 . . _] ...... LO + Ag%c.u A .4 pIJ!_l:;:Z pJ_,b2
. = Lo+ ARY + A2 ; . : : . . .
_ “ : e : NNPDF31 _nnlo_as 118
> 6l S oo e T LHC, 1B TeV. WBF + b-jet cuts
] . - ' . P WV 1
o : : Perturbative convergence for AW bt =]
£ | : . i
— 1 . . min |
& 4L . _| ...... ] Pb, < 30 GeV _| : : :
iy i { '_300_....._..I.... oo
s | | - e | v Lo |
AP S B == & ] | oAl
: - 2 - : { Lo 4+ AR 4 AR 4
J = : | . . dec dec:
ol - : T Poor perturbative ; N E : :
convergence for 100 F o
L75 NNPDE31 nnlo_as 118 g . : . .
i LHC, 13 TeV, WBF + b-jet cuts min > 30 GeV : o
9 1.50F - T nop_bzcuts |..l§=|.\.lp‘.=”iig._ pJ_,bz = : : -———-.__
8 . . [ | | i . o o ; -
9 1 25 ....... i
Bl B R s G M
. e : Cut p. s, > 65 GeV ot
0.75F ;- IR RN ERRREE I i 1' 45
10 30 50 70 90 110 130 =T N S S T SRR l
P1.b, [GeV] c
0.8 1 1 1 i i L 1
10 30 50 70 90 110 130
P, [GeV]
SM@LHC 2025 .
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WBF with H — bb decay at NNLO @

Istituto Nazio

Restore cut p 3, > 65 GeV

N'\EPDF3I1_n”|0I_35_11I3 NNPDF31 nnlo as 118
1.0F LHC, 13 TeV, WBF + b-jet cuts | 0.5 _LHC,_13_TeV |
Ho/2 < [ = Pir < 240 WBF + b-jet cuts
< 0.8} © Ho/2<HF= PR <2Wp .
3 = 047 1 Strong correlation between
h o .
£ 05 =Lo 3 03l — 0 | Higgs transverse momentum
£ oul o : i and ability to pass cuts
= § 02 o
02} c . — k-factor is strongly
of : dependent on reconstructed
L Higgs transverse momentum.
; 1.4+ 9
_‘g 12} P
B 1.0 s 2 ;
0.8 4 syt
60 80 100 120 140 160 180 200 ; : ; ; =
P, [GeV] 140 200 260 320 380
p1,ob [GeV]
QCD corrections to b-jet transverse
momentum distributions relatively flat.
SM@LHC 2025 ,
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T | s, WBF with H — bb decay at NNLO @

Istituto Nazio

10'F " NNPDF3L nnio as 1181 Mpp : “reconstructed” Higgs mass
. LHC, 13 TeV
_ H WBF + b-jet cuts * If no corrections to decay or interplay between production and decay:
100 | : o s Ho/2 < HF = Hr < 2,“0 | single bin at Mpy = M.
b . . . . . . .
S '« * Corrections to decay decrease mypyp.
> [ == LO
=101 - : g NLO 4 * Clustering of QCD radiation from production with decay products increases myy.
£ : w I ‘ ‘ “ NNLO
2 »;
=] . . . . . :
T 1072 b . kg . o /
| ) @
- Vs
o S,
| /g/é;;(
1073__"4,. A %%‘ﬁ _______
o . ‘ %// 74/ :
=
_ 0 :
o : ‘ ‘ B ‘
E 07F - . .
oal . ~

40 80 120 160 200 240 280
Mpp [GeV]
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WBF with H — bb decay at NNLO <R

10'F " NNPDF3L nnio as 1181 Mpp : “reconstructed” Higgs mass
- LHC, 13 TeV
_ H WBF + b-jet cuts * If no corrections to decay or interplay between production and decay:
100 | : o s Ho/2 < HF = Hr < 2“0 | single bin at Mpy = M.
b . . . . . .
§ . ‘,,,,JJJ—)T;}**'***’  Corrections to decay decrease Mpy.
S =
=101 - : g NLO 4 * Clustering of QCD radiation from production with decay products increases myy.
£ w I ‘ ‘  NNLO
2 »;
o : P ' . . . :
© 102t oo SR N “REES . /
ot Pt »
o 2222
/éﬁ%///
! .
1073__"’4,. AN %%‘Q _______
o ‘ f//// ‘ i%/ :
= 7 Y /
2 W //%/ //
o : : o Z T 0
T T * | " ] * ~1% of events have my, > mpy.
=4 ’ .
oal ‘ — clustering of any production parton and decay products ~ 1% of events.

40 80 120 160 200 240 280

s [GeV] * ~ 1% of WBF events at LO have an additional final state b-quark.

* A posteriori justification of flavourless treatment of WBF production.
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Conclusions <R

Istituto Nazio

* For stable Higgs bosons, fixed-order WBF predictions well-controlled:
v In double-DIS approximation;

v Eikonal approximation for non-factorizable corrections;

* Including realistic final states with decaying Higgs can change the picture,
depending on decay mode and kinematics cuts:

* Fairly similar for H — WW* — 2/ 2v decay with mild cuts;
* Effect of H — bb decay at LO ~ NNLO corrections;

* Including NNLO corrections to H — bb decay — large changes, poor perturbative
convergence, largely due to strong cut on b-jet transverse momentum.

* Large logs? Captured by resummation/parton shower?
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Definitions of corrections to production,

WBF with H — bb decay at NNLO

decay, and Higgs width expansion:

1)
ALY = B r,”
( dec = 1H—>bb FNLO
F
dAe?cy}} = _BIH—>bb FNLO

SM@LHC 2025
7 April 2025

dr}

b

(daw BF X

0))

(1,0) 1.(1)
dAjea = Bra_up (dffwm« X £

drt
I

)

(da&&i P X d~" O)

(0)
(Al
iAprod = BIH—)-bb (dO—\VBF X W) 3

I i

(1,1) 1

dAt:lec = BI-H—)-?)E P)?LO (dJ‘(NJBF X P(’i} ) .
b b

(2) (2
(0,2) I, dr
iAclec = Bry_up r\JNLO do WBI‘ x F(g)
b

F(l)
dALY = —Bry_; r_%(dgg;,}% xtif},bo)’

(2)
I,
dAeE](s = BIH—)bb m(do{\&ﬁ[‘ 4 d,},NLO)

Raoul Rontsch 37
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WBF with H — bb decay at NNLO

* Decay scale Udec. = MH

* Decay scale figec. = mp /2 :

=) Decay scale variations do not capture large corrections observed.

0.7

done /dpy b, [fb/ GeV]

0.1 foof

=my
=
o
=)

Ratio to p

e
©
=]

0.90

SM@LHC 2025
7 April 2025

0.6f
05F
0.4F
0.3}

02} |

NNPDF31_nnlo-as_118
LHE, 13 TeV,; WBF + b:jet-cuts 1
NLO computation

60 80 100 120 140 160 180 200

p .., [GeV]

dAY — 531

dec

dAlY = —13.8 b

dec

olQ = 75.6_02th

dAOD — 130 b

exp

dAOD — g3 fp

exp

oNFO = 52411 5fh

Raoul Rontsch

Istituto Nazio

dafl . =183 fb
daipl) =221 b

oNNLO 44 67091,

38
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