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Standard Model of Elementary Particles

three generations of matter

The Standard Model (SM) has been tested to highest I e s T ey e SO ey ek
accuracy, but there are open questions that call for "ol olfololFo| @ @
new phySiCS. up || charm top || antiup || anticharm || antitop || gluon higgs
There are different ways to search for new physics: ‘"olfofOlloll @ ®| @2
- v | V|| V|| V|| P o
- down strange bottom antidown | antistrange| antibottom hoton Do
= Direct searches of new phenomema, e.g. new e
particles 909 & @ @Il @ j
electron muon tau positron | antimuon | antitau Z' boson ;'j 8
u |Indirect effects by computing observables at e e e e I = e )
. .. @ @I @I @I &I & | wr ! w-
high precision sncven | " muen | o || oron | e | o Lw.bMJmeJ
Figure: [Wikimedia]
Motivation Top-Yukawa-Induced Corrections: Computation Results Summary and Conclusions
(o] lele] 00000 00000 [e]e)

3/14 22.07.2025 Sauro Carlotti: Top-Yukawa-Induced Corrections to Higgs Pair Production Institute for Theoretical Physics, KIT



Motivation ﬂ(IT

Karlsruhe Institute of Technology

Standard Model of El: y Particles
) N———— g SRS
The Standard Model (SM) has been tested to highest e """.'."""‘“’ . ‘ """""',',""""""‘"" . gy s

accuracy, but there are open questions that call for

: @ i
new physics_ up charm mp amlup antlcharm .mmop

e

. . i [ [ [ o -
There are different ways to search for new physics: -0 IF @ ® | ® |2
. down strange boltom amldwn antistrange) | antibotta photon | D
u Direct searches of new phenomema, e.g. new - 23
| oo | (s :: e (esies ) Commnmss Y rwaae ) (e ) 112
part|c|es Ol @I @ |- & | @I @ |8
| electron muon tau positron_+antimuon || antitau 2Z' boson 5 g
w Indirect effects by computing observables at R T T e T e
hich .. ; v " - D DI S w ||
igh precision R e = ,l‘”‘"’"" lw ot
Figure: [Wikimedia]
Motivation Top-Yukawa-Induced Corrections: Computation Results Summary and Conclusions
lo] Jele} 00000 00000 [e]e]

3/14 22.07.2025 Sauro Carlotti: Top-Yukawa-Induced Corrections to Higgs Pair Production Institute for Theoretical Physics, KIT



KIT

Scalar Higgs Potential in the Standard Model

After the electroweak symmetry breaking (EWSB) the
Higgs potential in the SM becomes:

Figure: [J.Ellis, 2013]
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After the electroweak symmetry breaking (EWSB) the
Higgs potential in the SM becomes:

Figure: [J.Ellis, 2013]

1 1 1
Vom = Em;24H2 + aAHHHH?) + EAHHHHI"/4

a Measurement of the Higgs boson mass jarias cws

2012]
a Test the shape of the Higgs potential mr = V2Av
AxnH is accessible through the Higgs pair production : . 3
via gluon fusion at hadron colliders I 3':?/ e = 31?277’
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Top-Yukawa-Induced Corrections

gg — HH is a loop-induced process where we have two types of diagrams
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t H

Sizeable contributions of the EW corrections come from the top-Yukawa coupling

Motivation Top-Yukawa-Induced Corrections: Computation Results Summary and Conclusions
0000 Oe000 00000 [e]e)

6/14 22.07.2025 Sauro Carlotti: Top-Yukawa-Induced Corrections to Higgs Pair Production Institute for Theoretical Physics, KIT



Top-Yukawa-Induced Corrections ﬂ(IT

Karlsruhe Institute of Technology

gg — HH is a loop-induced process where we have two types of diagrams

t 9

BTCCTTT—e—4 — - - - - 100000004
I " ! H.”
¢ i A 20y S,
H ‘\\
e Y z HN G
00000008 —p—& — - - - - 02000000

d H

Sizeable contributions of the EW corrections come from the top-Yukawa coupling

Our framework

@ Gaugeless limit — presence of the Goldstone bosons
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Our framework

@ Gaugeless limit — presence of the Goldstone bosons

® 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 the Goldstone bosons

® Massive top and bottom quarks, light quarks massless

a Only top-Yukawa-induced corrections + light quark loops

Motivation Top-Yukawa-Induced Corrections: Computation Results Summary and Conclusions
0000 Oe000 00000 [e]e)

6/14 22.07.2025 Sauro Carlotti: Top-Yukawa-Induced Corrections to Higgs Pair Production Institute for Theoretical Physics, KIT



KIT

Top-Yukawa-Induced Corrections

Matrix element split into tensor structures
MW =R T + RTY
The cross section can be written as
do ~ Re [(CaFin + Fin)" (CaFia + Fio) + FinFoo]

Since only virtual corrections are involved, the corrections can be added by shifting the LO terms
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— Expand do properly to next-to-leading order (NLO) P21 - 2 P2
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Top-Yukawa-Induced Corrections

Matrix element split into tensor structures

MH = F T 4 Fp TH

The cross section can be written as
do ~ Re [(CaFin + Fin)" (CaFia + Fio) + FinFoo]

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

Contributions computed

— Expand do properly to next-to-leading order (NLO)
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Relevant Diagrams

How many diagrams need to be considered?
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How many diagrams need to be considered?
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a |dentify all the Feynman diagrams that contribute to the process for the considered correction
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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

1 r ) 1—x1—...=Xp—2
_ (01 + .. +a /dx1 / dxo 1

artay?...ap" M) ..
ar—1 _ap—1 ap—1
(1= X1 — oxpe1) ™ X2 X ]
o
(31(1 —X{ — .. — X,,,l) + arxy + ...a,,X,,,l)Z
— up to (n — 1)-dimensional integral
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® [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

m? —m? (1 — i6)

I Ny SUTE
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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
@ Instability? — Integration by parts

' fix) _ f(0)  f(Q1) Ldx f(x)
/o dX(a+bx)3 ~23%b 2p(a+ b)? +/o 2b (a+ bx)®
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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
@ Instability? — Integration by parts

® Richardson extrapolation to do the narrow-width limit 6 — 0
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. and if is it not enough? — choice of a new parametrization
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Identify 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 4+ endpoint
Instability? — Integration by parts

Richardson extrapolation to do the narrow-width limit 6 — 0
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Triangle-like Corrections

CAFA = CAFA(L+ 61 + Agpy)
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a Top-Yukawa-induced corrections to H
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Full Top-Yukawa-induced corrections
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Light Quark Loops Corrections
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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
® Preliminary results suggest:

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

What's next?
a Complete the calculations and perform further cross-checks
a Full EW corrections to double Higgs production
® |nvestigate the residual theoretical uncertainties
Thank You for your Attention!
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Projectors

Matrix element can be written as:

M = F T + F T

The Form factors can be obtained via the projectors

2py - p3py p N
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2p5py
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pTpL - P2
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Full EW cross section
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Integration
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by parts

1 f(x), 1 /1 f'(x) 2mp 1
| dx =
o N2(x) 2b

Sauro Carlotti: Top-Yukawa-Induced Corrections to Higgs Pair Production

1
1 J—
|0+b<

KIT

Karlsruhe Institute of Technology

P, [t ()
b dx/v'z(x)ﬂ

000e000000000

Institute for Theoretical Physics, KIT



KIT

Richardson Extrapolation

Let a function /(€) behave for small € as:
I(e) = 1(0) + O(e)
If we know /(€) from two different values of €, we can construct the new function:

t"1(e) — I(te)

Ra(e, t) = ]

where I(e) = 1(0) + O(e"t1) for small regulator.
Thus, the new extrapolation function will be:

Ri(e,t) = tl(e) — I(te)
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Richardson Extrapolation

Iteratively we have:

Ri(e, t) = 21(€) — I(2¢)
Ro(e, t) = % [81(e) — 61(2€) + I(4¢)]

Ra(e, t) = % [641(€) — 56/(2¢) + 141(d€) — I(8¢)]
where t = 2.
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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:
25h — Sap

Sextr = 1

@ First four polynomials of Richardson extrapolation:
Sh=po+ prh+ poh® + psh® + - -

Son = po + p1(2h) + p2(2h)* + ps(2h)® + - --
@ Applying Richardson's method, we obtain:

2(po + prh+ p2h? + p3sh®) — (po + p1(2h) + p2(2h)? + p3(2h)*)
1

Sextr =

00000 e@0000000
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Higgs Potential in the Gaugeless Limit
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Counter Terms

CTy = %z;, (@) =3x [(4m? — Q) By (Q*, me, me) — By (@2, me, m;)]

ov_ 1omy _1¥w(0) _ T

2
CTQ _ —— = —2 m2VV — 2 mzvv - lez-l +Xt [BO (07 mtamb)+2BO (Oa mt7mt)+mtB(/) (Oamtvmb)]
6mt mta (n) 1
Ty =2 Fm) =
3 mt (amt Lo FLO
where x; = 8%2
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Light quark diagrams
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Cross section

The cross section can be decomposed as follows

do = CIO'LO + dgvirt
dovie ~ Re [(CAFLS + FLQ)" (CaFia + Fin) + FES" Fao)
5top—yukawa—A ~ R6‘| (CAFng)* CAFILX‘

5top7Yukawa ~ Re‘ {(CAFng + Fng)* (CAFIA + Fll]) + FQLDO*F2D:| | - 5topfyukawafA

000000000 e000
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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

Lefr =

H
GauuGEV/og <l + C2V>

where G2, denotes the gluonic field—strenght tensor, C; =1 —3x. + O(x2), and G, = 1+ Zx; + O(x?).
C; and G, yield the explicit effective Hgg and HHgg couplings,

Lefr =

5+ O(H3)}

H H?
G‘*"“’Ga Jlog {(1 + 51)7 +(1+m)—
where
Xt 5
01 = P +0(x;)
m = 4x; + O(x,_?)
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Counter Terms
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Box - like Contribution w/o CT
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