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Motivation

The Standard Model (SM) has been tested to highest
accuracy, but there are open questions that call for
new physics.

There are different ways to search for new physics:

u Direct searches of new phenomema, e.g. new
particles

u |Indirect effects by computing observables at
high precision
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Scalar Higgs Potential in the Standard Model

After the electroweak symmetry breaking (EWSB) the
Higgs potential in the SM becomes:
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NLO EW Corrections A“(IT
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gg — HH is a loop-induced process where we have two types of diagrams
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Sizeable contributions of the EW corrections come from the top-Yukawa coupling
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Sizeable contributions of the EW corrections come from the top-Yukawa coupling

Our framework

® Gaugeless limit — presence of massless Goldstone bosons
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Sizeable contributions of the EW corrections come from the top-Yukawa coupling

Our framework

® Gaugeless limit — presence of massless Goldstone bosons

a Massive top and bottom quarks, light quarks massless
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Sizeable contributions of the EW corrections come from the top-Yukawa coupling

Our framework

® Gaugeless limit — presence of massless Goldstone bosons

a Massive top and bottom quarks, light quarks massless
® Only top-Yukawa-induced corrections + light quark loops
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Top-Yukawa-Induced Corrections

Matrix element split into tensor structures

MW =FR T + [T
The cross section can be written as
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do ~ Re [(CaFia + Fin)" (CaFia + Fip) + F3pFar]

Since only virtual corrections are involved, the corrections can be added by shifting the LO terms

CaFin — CAFA(L+ 61 4+ Apun)
Fig = Fio(1+ Ain)
Fog — Foo (14 Aop)

— Expand do properly to next-to-leading order (NLO)
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Workflow A“(IT
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a |dentify all the Feynman diagrams that contribute to the process for the considered correction
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Workflow A“(IT

Karlsruhe Institute of Technology

a |dentify all the Feynman diagrams that contribute to the process for the considered correction
@ Apply Feynman parametrization to all the diagrams
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Workflow A“(IT

Karlsruhe Institute of Technology

® [dentify all the Feynman diagrams that contribute to the process for the considered correction
a Apply Feynman parametrization to all the diagrams
® Small mass regulator for the internal particles 4+ endpoint subtraction — isolate the UV singularities
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Workflow A“(IT

Karlsruhe Institute of Technology

a |dentify all the Feynman diagrams that contribute to the process for the considered correction

@ Apply Feynman parametrization to all the diagrams

® Small mass regulator for the internal particles + endpoint subtraction — isolate the UV singularities
® Instability? — Integration by parts
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a |dentify all the Feynman diagrams that contribute to the process for the considered correction

@ Apply Feynman parametrization to all the diagrams

® Small mass regulator for the internal particles + endpoint subtraction — isolate the UV singularities
a Instability? — Integration by parts

® Richardson extrapolation to do the narrow-width limit € — 0
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a |dentify all the Feynman diagrams that contribute to the process for the considered correction

@ Apply Feynman parametrization to all the diagrams

® Small mass regulator for the internal particles + endpoint
® Instability? — Integration by parts
a Richardson extrapolation to do the narrow-width limit € — 0

. and if is it not enough? — choice of a new parametrization
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Triangle Counterterms
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Triangle-like Corrections
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CAFA = CAFA(L+ 61 + Aypy)

real part

—— imaginary part

light quarks
s R - - S

top induced

Sauro Carlotti: Higgs-Pair Production via Gluon Fusion: Top-Yukawa- and
light-quark-induced electroweak Corrections

1 L 1 1 1 1
400 600 800 1000 1200 1400

M, [GeV]
Results Summary and Conclusions
O®000 [e]e]

Institute for Theoretical Physics, KIT



Box-like Corrections

KIT

Karlsruhe Institute of Technology

Ao — Ao (1+A\7) 0 — o (1+A27)

0.2 T T T T T T
. . 6meruka\\a
a Top-Yukawa-induced corrections to o
5 a = 0.15 q
as a function of the invariant
Higgs-pair mass Myy
o . 0.1 J
® iop— Yukawa: COrrections proportional
to Ao, Ao, normalized to 0.0
L _ 005 | y
® | arge contributions below the tt
threshold ﬂ
0 -
m Few percent corrections at the high
energy tail 05 . . ‘ . . .
400 600 800 1000 1200 1400
M,y [GeV]
gg — HH NLO Overview Calculational Strategy Results Summary and Conclusions
00000 0000000 [e]e] lele) [e]e)

14/17 05.10.2026

Sauro Carlotti: Higgs-Pair Production via Gluon Fusion: Top-Yukawa- and
light-quark-induced electroweak Corrections

Institute for Theoretical Physics, KIT



Box-like Corrections

KIT

Karlsruhe Institute of Technology

Ao — Ao (1 + Alf) F00 = o (1 + Az!_\)

tt magnified ]

0.2 T
. . alop—Yukawn
® Top-Yukawa-induced corrections to o ois L
as a function of the invariant '
Higgs-pair mass Muyy
0.1
® iop— Yukawa: COrrections proportional
to Ay, Ao, normalized to 0.0
_ 005
® | arge contributions below the tt
threshold
0
a Few percent corrections at the high
energy tail
-0.05 L
280
gg — HH NLO Overview Calculational Strategy
00000 0000000

14/17 05.10.2026

Sauro Carlotti: Higgs-Pair Production via Gluon Fusion: Top-Yukawa- and
light-quark-induced electroweak Corrections

300 320 340 360 380 400
M,y [GeV]
Results Summary and Conclusions
00e00 [e]e]

Institute for Theoretical Physics, KIT



KIT

Full Top-Yukawa-Induced Corrections
0.8 T T T T T T
0.7 F 5loerukm\.’x E
06 F B
m Full Top-Yukawa-induced corrections 05 ]
to o as a function of the invariant 04 F ]
Higgs-pair mass My, normalized to 03 b E
gLo 02 F 3
® |arge contributions around the tt o1 E
threshold and below (Appy) o e
0.1 | 1 | 1 1 |
400 600 800 1000 1200 1400
My, [GeV]
gg — HH NLO Overview Calculational Strategy Results Summary and Conclusions
00000 0000000 [e]e]e] lo) [e]e)

Sauro Carlotti: Higgs-Pair Production via Gluon Fusion: Top-Yukawa- and

light-quark-induced electroweak Corrections Institute for Theoretical Physics, KIT

15/17 05.10.2026



Full Top-Yukawa-Induced Corrections
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Light Quark Corrections
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Summary and Conclusions

a We calculated the next-to-leading order top-Yukawa-induced corrections and the light quark loop
induced corrections to gg — HH production
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Summary and Conclusions

a We calculated the next-to-leading order top-Yukawa-induced corrections and the light quark loop
induced corrections to gg — HH production

a Full symbolic dependencies on kinematical variables and masses kept
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Summary and Conclusions

a We calculated the next-to-leading order top-Yukawa-induced corrections and the light quark loop
induced corrections to gg — HH production

a Full symbolic dependencies on kinematical variables and masses kept

® The results are:
no sizeable corrections at the high-energy tail from the light quark loops
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Summary and Conclusions

a We calculated the next-to-leading order top-Yukawa-induced corrections and the light quark loop
induced corrections to gg — HH production

a Full symbolic dependencies on kinematical variables and masses kept

® The results are:
no sizeable corrections at the high-energy tail from the light quark loops
~ 2—4 % contribution from top-Yukawa-induced corrections in the high-energy tail
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a We calculated the next-to-leading order top-Yukawa-induced corrections and the light quark loop
induced corrections to gg — HH production

a Full symbolic dependencies on kinematical variables and masses kept

® The results are:
no sizeable corrections at the high-energy tail from the light quark loops
~ 2—4 % contribution from top-Yukawa-induced corrections in the high-energy tail
~ -1.9 % top-Yukawa-induced correction at the level of the hadronic cross section
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® We calculated the next-to-leading order top-Yukawa-induced corrections and the light quark loop
induced corrections to gg — HH production

a Full symbolic dependencies on kinematical variables and masses kept

® The results are:
no sizeable corrections at the high-energy tail from the light quark loops
~ 2—4 % contribution from top-Yukawa-induced corrections in the high-energy tail
~ -1.9 % top-Yukawa-induced correction at the level of the hadronic cross section
~ -1.5 % light-quark correction at the level of the hadronic cross section
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Summary and Conclusions

® We calculated the next-to-leading order top-Yukawa-induced corrections and the light quark loop
induced corrections to gg — HH production

a Full symbolic dependencies on kinematical variables and masses kept

® The results are:
no sizeable corrections at the high-energy tail from the light quark loops
~ 2—4 % contribution from top-Yukawa-induced corrections in the high-energy tail
~ -1.9 % top-Yukawa-induced correction at the level of the hadronic cross section
~ -1.5 % light-quark correction at the level of the hadronic cross section

What's next?
® Full EW corrections to double Higgs production (work in progress!)

gg — HH NLO Overview Calculational Strategy Results Summary and Conclusions
00000 0000000 00000 oe

Sauro Carlotti: Higgs-Pair Production via Gluon Fusion: Top-Yukawa- and

17/17 05.10.2026 light-quark-induced electroweak Corrections

Institute for Theoretical Physics, KIT



Summary and Conclusions

KIT

Karlsruhe Institute of Technology

® We calculated the next-to-leading order top-Yukawa-induced corrections and the light quark loop

induced corrections to gg — HH production
a Full symbolic dependencies on kinematical variables and masses kept

® The results are:

no sizeable corrections at the high-energy tail from the light quark loops
~ 2—4 % contribution from top-Yukawa-induced corrections in the high-energy tail
~ -1.9 % top-Yukawa-induced correction at the level of the hadronic cross section
~ -1.5 % light-quark correction at the level of the hadronic cross section

What's next?
® Full EW corrections to double Higgs production (work in progress!)
® |nvestigate the residual theoretical uncertainties
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a We calculated the next-to-leading order top-Yukawa-induced corrections and the light quark loop

induced corrections to gg — HH production
a Full symbolic dependencies on kinematical variables and masses kept
® The results are:

no sizeable corrections at the high-energy tail from the light quark loops
~ 2—4 % contribution from top-Yukawa-induced corrections in the high-energy tail
~ -1.9 % top-Yukawa-induced correction at the level of the hadronic cross section
~ -1.5 % light-quark correction at the level of the hadronic cross section

What's next?
® Full EW corrections to double Higgs production (work in progress!)
® |nvestigate the residual theoretical uncertainties

Thank You for your Attention!
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Projectors

Matrix element can be written as:

M = F T 4+ F TR

The Form factors can be obtained via the projectors
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Integration by parts
Lof(x) VIBP (x) 2’IBP 1 f(x), 1/(f(x), Lf(x)
dX37 = 2 |0 = Y YA |0 + = |0 + dx 2
o N3(x) 2b N (X 2b 2b | N?(x) b \ N(x) 0 N?(x)
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Richardson Extrapolation

Improve accuracy by combining approximations with different step sizes.
© Compute the approximation S, for step size h.
@ Compute the approximation Sy, for step size 2h.

© Extrapolated solution:
25p — Sop

Sextr = 1

@ First four polynomials of Richardson extrapolation:
Sh=po+ pih+ pah® + psh® + - --
Son = po + p1(2h) + pa(2h)* + p3(2h)® 4 - --
@ Applying Richardson’'s method, we obtain:

2(po + pih + pah® + p3h®) — (po + p1(2h) + p2(2h)* + p3(2h)?)

Sextr - 1
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Useful relations for loop integrals
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d°k ! DV T(V-8) 1
/(27T)D (k* = M2+ ie)N ( )& T(N) (M2 —ie)(N=2)

d°k K2 _ )MV -1-3) 1
/(QW)D (k* — M2 + ie)N ~ 27 (47)(2) r(N) (M2 — je)(N-1-%)

ok ek LCDVITN-1-8) g,
/(27F)D (k2 — M2+ je)N ~ 2 (47)(2) r(N) (M2 — je)(N-1-3)
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Light quark diagrams
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Cross section

The cross section can be decomposed as follows

do = CIO'LO + deirt
dovire ~ Re |(CaFR + FIS)™ (CaFia + Fin) + FiS* Far
6top-yukawa—A ~ RE| (CA FILAO)* CAFILX

5top—Yukawa ~ R€| {(CAFlLAO + F1L|:|O)* (CA Fin + Fl[l) + FQLé)*F2D:| | - 5top—yukawafA
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Heavy Top-Quark Limit (HTL)

In the HTL, the top-Yukawa-induced electroweak corrections to the effective Hgg and HHgg couplings can
be obtained as
Ler =

G"’“’ G, log (1 + C2H>
v

2, denotes the gluonic field—strenght tensor, C; =1 —3x + O(x2), and G = 1+ 2x. + O(x?).
C; and G, yield the explicit effective Hgg and HHgg couplings,

where G?

2
Lefr = Ga“VGIiy/og {(1+51)’:/ +(1+7]1)2H? + O(H3)]
where
b1 =5 + O0(<)
m = 4x + O(x7)
0000000800
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Counterterms Corrections
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Box-like Corrections

a Pure two loops Top-Yukawa-induced
corrections to ¢ as a function of the
invariant Higgs-pair mass Myy

® Jtop—Yukawa: COrrections proportional
to A1g, A,g, normalized to g0

® Large contributions around the tt
threshold

® Few percent corrections at the high
energy tail
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