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Higgs self-interactions?: \pmm, \unHnH

Direct search via multiple-Higgs (>2) production — goal for a future
collider
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Why this process in particular?
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Why this process in particular?

o(pp — HH + X) [fb] Destructive interference of triangles + boxes
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Why this process in particular?

o(pp — HH + X) [fb] Destructive interference of triangles + boxes
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o Dominant production o HL-LHC aims for ~O(30%) precision of &

mechanism at hadron colliders

o Need computation of NLO EW contributions!
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Top-Yukawa and Light-Quark Results

Top-Yukawa: -1.9% correction to o Light-Quark: -1.5% correction to ot
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In agreement with HTL analysis of [MiihUeitner et al. JHEP 10 (2022) 185] ) .
In agreement with [Bonetti et al. JHEP 07 (2025) 024]
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Computational details
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Returning to the problem at hand
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o Leading order takes form:
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o Amplitude decomposition into two orthogonal spin structures

AW = (CAFa + F)T + GoTs”
\ J L J
|
F1 FQ
o At NLO: EW corrections IR and collinear finite:
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Okay, okay — some planning involved here!

ch &

o LO~0(10)diagrams > NLO EW ~ O(1000) diagrams

«d <
<o §
ey

o Systematic approach needed

o Divide and conquer - separate into classes with similar
topologies
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First steps : Light-quark and top-Yukawa
induced corrections

1. Light-quark topologies 2. Top-Yukawa (box) topologies
t/b
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First steps : Light-quark and top-Yukawa

induced corrections

1. Light-quark topologies
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2. Top-Yukawa (box) topologies
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PSI

Workflow

Workflow Overview S — Assign Feynman
o Numerical methOd Diagram Momenta Parameters

o Many mass scales
o Feynman parameters + phase space ~ 7-dimensions

. Monte-Carlo Loop
o Working diagram-by-diagram: no need to enforce

ratio of masses to simplify calculation
o No tensor reduction or reduction to master integrals
o Instead, projectonto F,/ F,

o MC integrations
o Main challenges come from stabilising integrands
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Workflow

Stability problems = Employ some tactics! ' I
. . .. Diagram Momenta Parameters
1. End-point singularities
1 1 f( _,) Thresholds Loop
r X and‘ n eol’c; ion
I(':U7 Y, Z) — /0 dxy1+€ R3+26(_)) Endpoints Integrat

- [} o { e~ ey o) () [ et 2
Y v Y

Regulariny —1 Regulariny

Extract hidden pole structure €

Increase stability of numerical integration
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Workflow

2. Virtual Thresholds

Singularities occur when Virtual
Thresholds are reached

e.g. Q°>0,4Mi,...

g - = H
q4 Y W/Z/GO/Gi
g - siaiaiel |

q € {u,d,c,s,b}

16

Generate Assign Feynman
Diagram Momenta Parameters
Thresholds
and Loop
Endpoints Integration

Analytic continuation of propagator
masses:

Mz — M3 (1 —ix)

Then, send x close to zero ~ approx. true
value of integral
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Workflow

2. Virtual Thresholds

1 —

Lessen severity of these singularities via
integration by parts (IBPs)

' flx)  f(0) f(1)
e.g./o dx(a—l—ba:)g’ " 2ba’

Generate Assign Feynman
Diagram Momenta Parameters
Thresholds
and Loop
Endpoints Integration

f'(x)

1
d
2b(a +b) i /o be(a + bx)

Trade off: Increase size of form factor
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Workflow

PSI

Sanity Check:
ARITITITITITY ANy oo "
fz'nite Generate Assign Feynman
4 = + finite + O(e Diagram Momenta Parameters
€
G . 900000000000 A —————@4—— I AnA~nnAnANS - - - - oo oo o H

Then, the sum:

QB (AAAAAAAANG -

””””” Thresholds
Y and Loop
Endpoints Integration
229999099989, «— AN - e
Monte-Carlo
Methods

As expected, no renormalisation required for the light-quark loops v/
No (hidden) singularities missed!

Expand in

= finite + O(e) pg;“j}[j,?f
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Renormalisation Rundown: Top-Yukawa

o Triangles:

AN =01 +Agpm

/ \

2-loop triangles 1-loop x 1-loop
51,CT _ 0Zu . 5_7} . ZathaFA Results from muhueitner et al. JHEP 10 (2022) 1851

2 v Fn Omy
0S / oS
Muon decay in G scheme
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Renormalisation Rundown: Top-Yukawa

o Triangles:

AN =01 +Agpm

o 2-loop boxes:

Aoor =670 — 22 —26m, 00— R
’ v Fn Omy

Acor =025 — 22 —26m 00— G
’ v Gp Omy
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Tadpole Renormalisation Schemes PSI

Tadpole Schemes Parameter-renormalised | Fleischer-Jegerlehner

Origin of 5t Renormalisation of Shift of Higgs field

tadpole parametertin

Higgs potential Requirement: | 71 4 5; =0 |
Tadpole diagrams? Cancel against 0¢; Kept explicitly in all 2-

dropped everywhere point functions and 3-

point bosonic vertices

Consequences to Mass CTs gauge Gauge independent
counterterms dependent
Physical result Gauge independent Gauge independent
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Tadpole Renormalisation Schemes

Tadpole Schemes

Origin of 5t

Tadpole diagrams?

Consequences to
counterterms

Physical result

22

Parameter-renormalised | Fleischer-Jegerlehner

Renormalisation of
tadpole parametertin
Higgs potential

Cancel against 0¢;
dropped everywhere

Mass CTs gauge
dependent

Gauge independent

Shift of Higgs field

Kept explicitly in all 2-
point functions and 3-
point bosonic vertices

Gauge independent

Gauge independent

Requirement: | 7H 4 5t —0 |

FJ in practice:

ot TH

v — v+Av, Av=— =

D) B
My My

om; Ov TH
— D

Y
my U vm%[

Renormalized amplitude identical in FJ and PR schemes:
tadpole-dependent counterterm pieces cancel +/
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Looping back...
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Bin-free: resolves individual points, not
finite width-histograms

0.2

0.15

o Detailed structure of virtual thresholds

0.1

o Cross check: Shoulder-like shape
indicative of p-wave ttbar threshold - in
agreement with single Higgs production v

0.05

oo bt oo oo b o Dominant contributions from F,
' 280 300 320 340 360 380 400

o Finite slope in large My,
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i PSI

Full NLO Electroweak Calculation

WORK
IN
PROGRESS

&
1. Heavy-quark loops
i. Top/bottom loops with non-zero quark masses
2. Triple and Quartic gauge interactions ” MLI _____ !
i. New topology types )

0 .£90000000000 - i H

3. Massive gauge boson extension of top-Yukawa corrections
i.  Gaugeless limit HEE Full EW theory

4. Renormalisation

i.  More mass scales, counterterms and tadpoles H--- _Q tW.Z,G°, ...
ii. Useboth FJand PR tadpole schemes as cross check

Full NLO EW corrections to complement existing
NLO QCD corrections
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Conclusion

25

; PSI

Trilinear coupling Az g H is the primary target: HL-LHC aims for ~O(30%) precision
for Kx —requiring improved theory uncertainties

Light-quark (-1.5%) and top-Yukawa (-1.9%) corrections computed and contribute
at the percent level — non-negligible at HL-LHC precision targets

Goal: Compute the remaining 2-loop EW contributions

With QCD corrections complete, full EW corrections would provide a pathway to
develop this method into a community tool for cutting-edge loop calculations
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How does this help?

1000

100

10 |

0.1

27

o(pp — HH + X) [fb]

V5 =14 TeV, My = 125 GeV -

-5 -3 -1 0 1 3
AuHH/ MifH

i PSI
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Further decomposition

o Spintensors:

! q1 - g2
v o, MRS aepudtpt L apintds | pipk
" =g"" + 2 2 2 —2 2 + 2 2
P41 - g2 pPrq1 - g2 P41 - g2 Pr

Pr transverse momentum of each final state Higgs

o Projectors castin D dimensions

AT + 18" v _ 117+ (A =TS
2(1 — 2¢) 2 2(1 — 2¢)

pro
Py =

ff+ dt [(CAFA + Fn)*(CAFAAA + FoAp) + |GD|2AG]
6 = 2Re

f

S+ di|ICaFa + Fol? +Gol?]
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First steps : Light-quark and top-Yukawa
induced corrections

Gaugeless limit: 2. Top-Yukawa box topologies

[Brignole et al. Nucl.Phys.B 631 (2002) 195-218]
[Espinosa et al. Nucl.Phys.B 586 (2000) 3-38]

t/b
L= LGWG, + T Db+ B0 T T 0 s
4 H H,GO,G* ' ttfh Tt @,G* 1t
— V() — 9:Qrodtr — GpQrLdbr + h.c g A I u R S B
A g TOOOEOy—>—T ~~~ -~ H g R
V(g) = —p*lo* + 3o Ho o " g t

1 g "00000 —<+——— ~~——~~ H g bt - - - -

Mgo :MG:I: :O
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Stabilising the MC Integration: Rlchardson

Extrapolation 03 ¢
02 L ] reg=0.2
- | e 8‘8‘
Feynman integrals are now regulator dependent: 01 ) RES
0 [+ RiExoS
] 4,0.1
I(x) = 1(0) + O(x) o1 | EBeor
Generate iterative function defined as: 0.2 3171“ _4:,;;;_‘% 2:3282
t"R,,_ — R, _1(t 03 S ]
Ra(t) = Pt = il _ gy oGt aef T
0.b H—+++—+—+++—+—+t+—+—+++—+t+++t++
t[ - I t 1. o :
Ry t) = T ZI00 _ pg) 4 o) o] | .
t—1 05 ]
B
1 | R ::
Ri(x,2) = 2I(x) — I(2x) = 1(0) + O(x?) s _
-10
1 ........................
Ra(x,2) = 5 BI00 = 612x) + I(4)] = 1(0) + O() 0 a0 o 10 e v
HH G€
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Top-Yukawa contribution decomposition
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Renormalisation details — Top Yukawa

Tadpoles:

Counterterms:

Orcr

0Zy = Ty (Q%)
v 2 M
om;  X(my)

my my

32

— =12 xtAo(mt) .
5ZH ov 1 8FA
02t _ %% o5m,—
2 v FA 8mt

6 z; {(4mf - Qz)B(I)(Qz; mtamt) - BO(Q2; my, mt)}
T

+ x¢ { Bo(0; my, mp) 4+ 2By (0; my, my) + m2 By (0; my, me) }

vM?,

i 2 My Bo(p; my, M )+”L§+”L§B( ms, 0)
_x — Y — . "

’UMlz_I t 9 % o\p; My, H 9 % o\p; My,

Ao(MH) — 2A0 (mt) — Ao(mb)
+ 2
2m;

p2=m; }

PSI
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Full NLO Electroweak Calculation

1. Heavy-quark loops

A B~
—

9 290000000000, R s H
1
|

) ! s/
qa Yq/q Vie

I
|
1

9 . 200900000200 - - e H
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2. Triple gauge interactions

q Vi/ig
9 992929990909, > mmmmmee-
qa -
Vie vYa/d
q/q' 4
INTIITITITITTS: L
q/q
q
ANTITTITITIITY: ——r e ememmam
qa
Vie vyq
aldh -]
INTIITITITITEY - R
q/q Vig

PSI

WORK
IN
PROGRESS

L)

3. Quartic gauge interactions

q H
g 900000000009 - > L. ’
Vie
q 4 q/q'y < ’
q Vie .
G 308000909000 - ' N
H
q H
9 000099999909 Vi ‘
N T e
\(/
. 4q Vie .
9 .9099909099 (”wa "
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