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Disclaimer

* | will give an overview of the successes, opportunities and challenges
for Higgs studies in the offshell regime.

* Try to be as comprehensive as possible.

* Focus mostly on Higgs production through gluon fusion and decay to
massive EW boson pair, g9 — (H) — V'V.

 Will not discuss:

- Non-interfering VV background - John’s talk
- BSM effects (including SMEFT) - Alejo’s talk
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Why study the Higgs boson?

Goals of Higgs physics studies:

* Determine properties of Higgs boson (mass, spin,
CP properties, ...).

* Determine interactions with other SM particles.
- Is the Higgs (solely) responsible for EWSB?
e Can the Higgs lead us to NP?
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Why study the Higgs boson?

Goals of Higgs physics studies:

* Determine properties of Higgs boson (mass, spin,
CP properties, ...).

* Determine interactions with other SM particles.
- Is the Higgs (solely) responsible for EWSB?
e Can the Higgs lead us to NP?

Prediction in SM:

Coupling to Higgs is proportional to mass

m
JufF ™ Tf gavv ~ My
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Why study the Higgs boson?

Goals of Higgs physics studies:

* Determine properties of Higgs boson (mass, spin,

CP properties, ...). E >
* Determine interactions with other SM particles. %
(@]
- Is the Higgs (solely) responsible for EWSB? £>
« Can the Higgs lead us to NP? *

Prediction in SM:
- . . . E
Coupling to Higgs is proportional to mass ‘ A

f
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Unitarization of massive amplitudes

Apart from generating masses, EWSB mechanism also unitarizes massive scattering amplitudes.

QCD and

Textbook example: W (py) + W~ (p=) = W (k1) + W~ (ko) p+ = (E,0,0,+£p)

s
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Collider Physics.
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Unitarization of massive amplitudes

Apart from generating masses, EWSB mechanism also unitarizes massive scattering amplitudes.

QCD and
Collider Physics

Textbook example: W' (py) +W ™ (p_) = W (ky) + W™ (ko) p+ = (E,0,0,+£p)

» Violation of unitarity due to longitudinal
P2 2 e vector boson modes.
() 2 ()
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Unitarization of massive amplitudes

Apart from generating masses, EWSB mechanism also unitarizes massive scattering amplitudes.

Textbook example: W' (py) +W ™ (p_) = W (ky) + W™ (ko) p+ = (E,0,0,+£p)

» Violation of unitarity due to longitudinal
P2 2 e vector boson modes.
() 2 ()

Higgs boson cancels out high-energy
behavior of longitudinal modes — amplitude
remains finite in high-energy limit.
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Unitarization of massive amplitudes

The same thing happensine.g. tt — VV

B I A
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Unitarization of massive amplitudes

The same thing happensine.g. tt — VV
—— N — >“—

..andin gg - (H) > VV
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Unitarization of massive amplitudes

The same thing happensine.g. tt - VV

AAAYAYAY,

—_—

..andin gg — (H) = VV
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Studying offshell Higgs production allows us to confirm that the Higgs
IS Indeed unitarizing scattering amplitudes — essential part of EWSB.
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5 Offshell Higgs —

= g9 — H — V'V must have a large contribution in the offshell region.

* ~ 10% of events have myy > 2my .
* Contrary to expectations from narrow width approximation:

'y 4 MeV

~ ~ 0_5 10 g9 — H — ZZ — Ulving, Mp=200GeV y ;
- pp, /s = 8TeV | H|2+|cont|? (:-g
mg 125 Gev 1E —— |H+cont|? A
—— Hoffshell

0.1 F i ---- Hzwa

— Naively expect a very narrow resonance and hence offshell
cross section highly suppressed.

do /dMzz [fh/GeV]

* Instead, relatively large number of offshell events — dramatic e
failure of NWA. My [GeV)

* What else can we do with offshell Higgs?
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Higgs Width Determination

« Direct measurement of Higgs width limited by detector resolution:
'y <1GeV with T8 ~ 4 MeV

» Consider i - H — f:

- Onshell cross section: Myy ~m} o« g;g7/Tu

« Offshell cross section: Myy > m3 0 X 92-29]20

» Consider rescaling couplings and width such that onshell rate is unchanged:

g9i > agi; I'm—a'ly
r r
. 4 _off 2 H _off H
« Offshell cross sectionis oot = A" 0 — Q" Ointr = M oy — \| TS Tintt

Interference term with different
scaling of width!

« Comparing this with number of observed events - bound on Higgs width.
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Higgs Width Determination

« Cut-and-count: Iy <21 x I
« Matrix element methods: I'y < 25 x I'2M
s H—WW Ty S 45 x Ty

27 March 2024 Raoul Rontsch 14


https://arxiv.org/pdf/1311.3589.pdf
https://arxiv.org/pdf/1307.4935.pdf
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Higgs Width Determination

« Cut-and-count: Iy <21 x I
« Matrix element methods: I'y < 25 x I'2M
s H—WW Ty S 45 x Ty

10 years of work....

ATLAS: Ty =45%32 Mev  CMS: Ty =32777
Ly =297%7

27 March 2024 Raoul Rontsch
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Higgs Width Determination L

« Cut-and-count: Iy <21 x I
« Matrix element methods: I'y < 25 x I'2M
s H—WW Ty S 45 x Ty

10 years of work....

ATLAS: Ty =45%32 Mev  CMS: T'g=32777 MeV
Ly =292 MeV

Remarkable progress: from constraint of three orders of
magnitude to 50% error in a decade!

27 March 2024 Raoul Rontsch 16
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Caveat

Underlying assumption: Higgs onshell couplings same as offshell couplings.

Valid in SM, but Higgs width fully predicted by SM - consistency check.

New Physics could change the behavior of the couplings in such a way that
the Higgs width is the same as in SM!

Parametrize couplings using e.g. SMEFT and perform simultaneous
determinations of these and Higgs width using offshell data.

— constraints on light quark Yukawa couplings.

- Talk by Alejo

27 March 2024 Raoul Rontsch 17


https://arxiv.org/pdf/1405.0285.pdf
https://arxiv.org/pdf/1410.5440.pdf
https://arxiv.org/pdf/1608.00977.pdf
https://arxiv.org/pdf/2304.09772.pdf

Ingredients for theoretical predictions L

Need to include both signal and background amplitudes:

uuuuuuuu 00000

Massive quarks | > (All quark
(mostly tops) W - - - 'i |- flavors)

<
«

“signal” A, “background” A,
[Azz|* = | A" + [Ap]* + 2Re[, A7]
— Ofull = Osigl T Obked + Ointf

/4 >

Physical observable Large and negative

27 March 2024 Raoul Rontsch 18



Ingredients for theoretical predictions L

Need to include both signal and background amplitudes:

uuuuuuuu 00000

Massive quarks (All quark
(mostly tops) %Zb --- —i Yy 4 flavors)

<
«

“signal” A, “background” A,

[Azz|* = |As]” +]As]” + 2Re[s A7)

— Ofull = Osigl + Obkgd + Tintt Loop-induced processes -
/ > challenging calculations!
Physical observable Large and negative

27 March 2024 Raoul Rontsch 19
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Leading order results

uuuuuuu

4 .

o Stable V bosons

A

10E T T T T L]
4—lepton production, CMS cPts, Vs=13 TeV
s - 1 - dleptons * Including decays
gg - 4leptons(cont)
gg - 4leptons(total)
§ Usigl * gg2VV
E; 10"% * MCFM
- Obkegd
10"’%—
e ( Ofull — }<+——— Large destructive interference at high
ol b e o energies — sign of Higgs unitarizing

my[GeV]

massive scattering amplitudes.

27 March 2024 Raoul Rontsch 20


https://inspirehep.net/literature/247461
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limit.

> Loop amplitude
> IR singularities

NLO Calculations

Observe large QCD corrections to Higgs production through gluon fusion in infinite top

Two challenges in computing higher order results:

Since LO process is loop-induced, NLO results requires two-loop amplitude — bottleneck.
IR singularities are NLO-like and can be treated with standard NLO subtraction techniques.

» Relevant amplitudes for signal process have been known for many years.

>

27 March 2024
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g

+ modern one-loop generators, e.g.
» MadGraph

»OpenLoops
>. ..

Raoul Rontsch
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NLO = NNLO = NNNLO
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https://inspirehep.net/literature/302911
https://inspirehep.net/literature/315069
https://arxiv.org/pdf/hep-ph/9504378.pdf
https://arxiv.org/pdf/hep-ph/0509189.pdf
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https://inspirehep.net/literature/265159
https://arxiv.org/pdf/1503.06056.pdf
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o NLO Calculations —

Background amplitudes are more demanding:

Massless quarks: analytic results

VWY
Massless + massive quarks: automated one-loop tools (OpenLoops, MadGraph, ...)
“BOBTBTE000" VN BOOLTO0000 VWV

* Massless quarks: challenging but achievable
* Massive quarks in the loop: very demanding - bottleneck for many years
* Computed using expansion in 1/my

0.00012 r T

1/mj}

0.0001| 1/

8e—=05} .o 1/m$

6e — 05 | —— Exact =

= * Expansion valid for myy < 2m;.

4e — 05 | LHC13, p = mye/2
2e — 05 -
0
1 B v T T g,
PTLT = ay
0.5

150 180 210 240 270 300 330 360 390
mae [GeV]

dopasive /dmy, [fb/10 GeV]

* Breaks down above top-pair production threshold.
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https://arxiv.org/pdf/1509.06734.pdf
https://arxiv.org/abs/1503.08835
https://arxiv.org/pdf/1503.08759.pdf
https://arxiv.org/pdf/1503.01274.pdf
https://arxiv.org/pdf/1605.01380.pdf
https://arxiv.org/pdf/1605.04610.pdf

e NLO results: ZZ final state <o

all loops, interference only

— 0.0007 | | ;ig], 12; TeV LO 100.0 __' R '__
% 0.0006 - NLO ] = 50.0?— NLOx(—1) _f
2 0.0005 E tooL
=, 0.0004 5 sOF
3 00003} & sl Padé approximant above
< 0.0002 T oosf ir threshold
£ 00001 L F top-palr threshold.
0 0.10
i — 8 804
1 F _ | : i ‘ t ! — E 2.0
0 ey "o * Minor differences between two
calculations, but qualitative
0.07[ o 0 agreement on impact of NLO
? 0.06 bkgd, 13 TeV  N1,0 — %
e & —0.001 | eﬁeCtS-
o 0.05 =
£ oo £ « Corrections for signal,
g g background, interference are
£ o0 5 ~0.004) N large and similar, but not
’ NLO pmm . .
0 ‘ ‘ L ‘ 704003 : ‘ : ' identical.
EE—— . ,
= | == = e e * Similar results for WW final
160 180 200 220 240 260 280 300 320 160 180 200 220 240 260 280 300 320
mye |GeV] mye [GeV] Sta.te :
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NLO Results

* NLO corrections combined with NNLO QCD + NLO EW results

for ZZ production:
P o do/dm,, [fb/GeV] ZZ@LHC 13 TeV
10 I T I I I I T T T T T I E
o . ; gglLo 3
- All partonic channels included. 101 ;
- Two-loop background amplitudes estimated through reweighting ~~ F - || [ = ggN"Ob_kg
procedure. 102 2
- Idea: Assume QCD effects are similar for massless and massive quark 103 ;

loops.

104

Ag_loor’ (u,d,s,c,b,t) N Ag_IOOpb(u, d,s,c,b)
Ai_kwp(u,d, s,¢,b,t) Aé_IOOP(u, d,s,c,b) 10

AiilooP(u, d,s,c,b)
A};IOOP(U, d,s,c,b)

= A7T1OPTVEY (y,d, s, ¢, b, 1) = AT (u,d, s, ¢, b, t)

(implemented at amplitude-squared level). _
- / 2
== results above top-pair threshold. 1

prOdUCEd with MATRIX (using OpenlLoops+Recola+VVamp)

of B | | ] | 1 L | - |
80 100 200 300 400 1000
- WW channel also included. m,, [GeV]

Publicly available through MATRIX.
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https://arxiv.org/pdf/1811.09593.pdf
https://arxiv.org/pdf/2102.08344.pdf
https://arxiv.org/pdf/1912.00068.pdf

NLO + PS Results

* NLO-accurate calculation matched to parton
showers in POWHEG-BOX.

gg — e e ptpm @ NLO(+PS)

99 = e*e @ NLO(+PS) 3 o ==f
= = 0] =
& ﬂ:"‘—_-___y—'_\-—_ il Ll:llgd ] E wop T )
ﬂ'\' 1070 — signal =) = interf |
3 — _—1 = interf | =
§ —ur('] . . .g_m,.,
< * Two-loop background amplitudes either - ——
P computed in 1/m; expansion or through Bosf T i
0.0 — 1 1 00— —— =
reweighting. =
5 + no . . . Q 15t ‘ +
2 1 el —— £ Mowevel * Main observable myy is inclusive — I —
o effect of PS is small. :
915 + MO i . oi?;fﬁ/,,,,xﬁf——> } 4 NLO
% 1o PR | 0.pve ] * For exclusive observables, e.g. Hr, it -1 T B
o — can be substantial. e —
gi(; P P ot e e e T mamﬂ ;15» 77"__7__7 J :_L'S .
05 = I e I 4+ NLO+PYS "
20 0.5E=
g 73 20
=10 NLO+PY8 ; 15k CI;CE)
100 150 ZINJ[G V] 250 300 = ‘l)(: NLO+PY8

100 200 300 100 500
Iy [GeV]
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Summary: where are we today?

® Most advanced calculation available: (approximate) NLO
> Difficulty of computing background amplitudes at two-loops with massive (virtual) quarks.

> Approximations:
+ Expansionin 1/m; —limited to myy < 2my
+ Reweighting

D) (Approximate) NLO matched to PS — unweighted events
@Y Public: MATRIX and POWHEG-BOX

27 March 2024 Raoul Rontsch 26
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Summary: where are we today?

® Most advanced calculation available: (approximate) NLO

> Difficulty of computing background amplitudes at two-loops with massive (virtual) quarks.

> Approximations:
+ Expansionin 1/m; —limited to myy < 2my
+ Reweighting

D) (Approximate) NLO matched to PS — unweighted events.
@Y Public: MATRIX and POWHEG-BOX.

Where should we go from here?

1. Complete NLO corrections
2. Beyond NLO
3. EW effects

27 March 2024 Raoul Rontsch
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Towards Complete NLO Corrections

Two-loop massive background amplitudes have been
computed numerically.

> Fixed values of top, W, Z masses.

Evaluation time: 1-24 hours/phase space point.

Typical number of points in MC integration ~ 100k.

Interfacing these calculations with MC integrators is tricky
but doable.
[ ]

Better idea (?) : Pre-generate a grid and then interpolate [
between them to obtain virtual amplitude at MC point. MC point

> Re-use grid for runs with minor differences in inputs (e.g. pdf
sets).

Shouldn’t be any major obstacles to including these
amplitudes in NLO codes and obtaining complete NLO results.

27 March 2024 Raoul Rontsch 28


https://arxiv.org/pdf/2011.15113.pdf
https://arxiv.org/pdf/2009.03742.pdf
https://arxiv.org/pdf/2101.12095.pdf
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Beyond NLO in QCD

» Onshell Higgs production (in infinite top limit):
- NNLO corrections large (k ~ 1.2-1.3).
- Scale uncertainty at NLO doesn’t capture higher order corrections.
- Top mass effects are small.

» Assuming same is true for offshell Higgs — need NNLO corrections
(with full top mass dependence).

* NNLO corrections for signal process known.
Tt > ﬁi\ ’M(W 0000000000 70000000000 (0000000000

» Background requires three-loops corrections

- beyond current abilities.

{0000CC030C000
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M LO = NLO m NNLO = NNNLO

-~

* What can we do?
> Reweighing
> Additional radiation
> (Better) approximations

~
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https://arxiv.org/pdf/2105.04436.pdf
https://arxiv.org/pdf/1503.06056.pdf
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Reweighting

Lo
NLO mmm

= 0.0007 sigl, 13 TeV/
NLO mmm | = o

0.07 LO ]

full, 13 TeV |
0.06 1 3 0.0006
|

0.0005

/10 GeV]
/10 C

0.0004

3 0.0003
= 0.0002
IS

. . . |
* Corrections to signal, background and interference are |

similar. === =
* Rescale background and interference by corrections to

signal at NNLO. ;;,;;1 | e B2

doNNLO
doNNLO sigl. NLO
Obkgd. ~ d NLO Obkgd. 15

do/dmye

160 180 200 220 240 260 250 300 320 160 180 200 220 2
mae [GeV] mae

1 [GeV]

260 280 300 320

0
i [Gev]

/10 GeV]

|
]
|
|
1

do fdma

. LO
ntf, 13TV

— { H ]

sigl. 0 w0 2w 200 w0 20 o e e Wm0 20 50 % W e
In conclusion, in all cases radiative corrections have the effect of increasing the absolute size
of the individual contributions. However, the relative size of the corrections for the individual
contributions is quite different. especially at small my, values, and the full result is a combination
of all of those effects. Only at large invariant masses (mgy = 400 GeV) the relative size of the
corrections becomes similar for signal, background and interference. It is therefore difficult to make
a direct connection between the (QCD corrections beyond NLO for the signal, which are known to
be relatively large (see Ref. [92] and references therein), and the other contributions, where they
are not known. Nevertheless, the NLO corrections in the off-shell region are not that different ..
among the three contributions, and the QCD effects beyond NLO are expected to be significant. * How to evaluate uncertainties?
Therefore, in order to approximately take higher-order corrections into account, one might be
tempted to rescale our NLO result for the off-shell cross section by using the relative impact of * Use NLO reSU|tS?
the QCD corrections beyond NLO evaluated in the off-shell region for the signal contribution [92].
Needless to say, much care should be taken when following such approach.
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Adding radiation

* NLO calculation supplies one jet (matrix-

. using MadGraph and
element level).

MLM merging.

* Further jets through PS — from radiation - Softer second jets from ME compared to
from IS and FS partons. PS.

» Miss radiation from virtual quarks in loop.

=]
b 102:—
E - — gg— ZZ (MCFM)
'% & Is=13Tev S gg- ZZ O-jet (MG)
E 10 p P, ,>10GeV . gg~ ZZ 1-4et (MG)
= g ' — gg~ ZZ 0,1-et (MG)
1 — gg~ZZ 0,1,2-jet (MG)
0500000 N
10 E
107 E
I ; : 10°L
* Can include second jet at ME level using £
jet merging. _ ok
L = 150
(] = 1l
1%
S Z osp m.,,—|—+_4_:,+,_'_—|—
- L L L L L . . T ———
See also for 0 and 1-jet merging in SHERPA. 0 20 40 60 80 100 120 140 160 180 200

gen-jet P [GeV]
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Better approximations

« Expansion in 1/m; valid for myy < 2m;.

 Also include expansion around top production threshold and in small mass limit m; — 0.

« Combine using Padeé approximants.

=» Results valid across all of phase space.

10 ,
i =0.00 Re =
Im e
sk ]
Regac —
Imeaee —
6 Re LME only
” Im LME only
. 4
jise
== of AP, T
xxxxxx
""""""
h y_‘.,.r’;:w
—2F TR 3
I I I I I I
300 400 500 700 1000 2000 oo
My [GeV]

Re =
0 sz Re LME ml]]l\-' o
xxxx i Im LME only
i
%Jfﬂ
Y mHH%HHHmm xxxxxxxxx
x% ’”‘?%I .
HH1HHHHH%HHHHHHHHH{HH]Hlmm

Foa=009 ]
S(Il(l 4r‘)0 5(‘)0 T(I)U m‘n(l 2(]‘(10 e

Mzz [GeV]
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Extend to 3-loop for NNLO
corrections?
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* EW corrections expected to be enhanced in high-energy

regime.

* NLO EW corrections + NLL EW Sudakov corrections
computed for ZZ and ZZj, merged with MEPS@NLO.

- EW corrections to O(«y) processes only.
» EW corrections to g9 — (H) — ZZ not included.

* Would require challenging two-loop amplitudes.

« QED radiation provided by parton showers (e.g. SHERPA, PHOTOS)

— provide accurate approximation of EW effects in ¢q7 — 4¢

27 March 2024
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%
2
=
2
3
<
E

da/fdim,, 4 [ib/Gev]

/ONLO EW

B o
a0 v 7 e
RS

3 T

107" NLO EW + NLL EWSP

—
0c oo o ke oHeO

Electroweak Corrections

wvirt
© LOEWq + YFS
LO + EW_ 5+ YFS

sud—__

pp—ee w o, Vs=13TeV
e AL B B e
10 * é— - _;
107 = gy -
10t = -
F —— NLOEW Ly 3
S = E
~f —+—1w©0o = E
== LO+EW,, +YFS 1=

VoA L NR Ry ERVER )
T

VIO / SIOOTNT IO VINAHS

e

500 1000 1500 2000

B = 1
—— YFS x EWapprox
PHOTOS % EWapprox

By = 10
—— YFS x EWapprox
-+ PHOTOS % EWapprox

e L
SHERPA+OPENLOOPS

Meqy, [GeV]

2500

¢ SHERPA:

*« PHOTOS:

[ -
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Other production processes

Offshell Higgs in VBF:

» Higgs exchange in s- and t-channels. Y %‘* H ot

» Same pattern of large destructive interference at high energies.
 Less stringent constraints on Higgs width.
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4-lepton production, CMS cuts, Vs=13 TeV
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Other production processes

Offshell Higgs in VBF:

» Higgs exchange in s- and t-channels. Y %‘* H ot

» Same pattern of large destructive interference at high energies.
 Less stringent constraints on Higgs width.

10" g——

i Pt prdueten, OUS euis, NS T - : :
gl o poteR SRR SR 2 * Not loop-induced: NLO QCD corrections can be
g Gor ¢ chargedlptons (i) obtained in e.g. MadGraph.
= E VBF 4 charged leptons (total) E
E 10°
7 oL :
3  NNLO QCD results unknown but feasible.
_ * QCD corrections mild (~ few percent at NNLO) so
| ] NNLO might not be necessary.
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» Theoretical predictions for offshell Higgs production in gluon-fusion:
> (Approximate) NLO QCD + PS.
> Publicly available codes: POWHEG and MATRIX
> Full NLO QCD corrections should be feasible.
> As experimental precision improves, this might not be sufficient.

> Ideas to include higher order effects:
+ Reweighting;
+ Jet merging;
+ Approximating multi-loop amplitudes using simultaneous expansions and Padé approximants;
+ QED effects in parton showers.

* We have made remarkable progress in ~ 10 years, largely due to dialogue between
theorists and experimentalists.

* I'm excited to see what the next decade will bring for offshell Higgs phenomenology!
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