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Introduction

® motivation: measurement of the quark Yukawa coupling
* state of the literature

Results

o review of different hierarchies for kr, m,and my
® endpoint divergences for soft and collinear emissions

Summary
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Introduction



Higgs gr spectrum
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Motivation

measurement of y,
® last year: g spectrum for gg — H at N3LL'+aN3LO

® at sufficiently high order: can resolve Initial state quarks
e disadvantage: qq — H minor contribution to Higgs production
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Motivation

bottom mass effects in gluon fusion

® now: consider gg — H with massive bottom-quark loop

® usually consider top-quark loop since m; > m,

* bottom loop gives O(5 — 10%) contribution from interference with top-quark
® lighter quarks only make up for a few percent of the Higgs cross section

"

b A -

5
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Mass effects Ingg — H

so far: form factor F(m;,mg)

® subleading power factorization and

resummation of form factor for m,; < ()
[Liu, Neubert ‘19,Liu, Mecaj, Neubert, Wang ‘20,
Liu, Neubert, Schnubel, Wang ‘22]

N :

bA -

e

® F(ms,my) depends on two scales

® renormalization and treatment of endpoint
divergences is active field of research

[Beneke, Ji, Wang ‘24, see also M. Beneke’s talk]
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Mass effects Ingg — H

so far: form factor F(m,,mg) now: qr spectrum do (gr, ms,mz)
® subleading power factorization and * grmeasurment adds additional scale

resummation of form factor for m,; < ()

[Liu, Neubert ‘19,Liu, Mecaj, Neubert, Wang ‘20, == three scale problem!

Liu, Neubert, Schnubel, Wang ‘22]

g

b %
. - <) A o
b
5 T
® F(ms,mu) depends on two scales ® add emission kr~qr

® renormalization and treatment of endpoint

. . o o still have m, < ), but kr can have
divergences is active field of research q Q T

different scalings
[Beneke, Ji, Wang ‘24, see also M. Beneke’s talk]

DESY. Mass effects in the Higgs ¢r spectrum | Rebecca von Kuk | SCET 2024 6



gr spectrum for gg—H



Different regimes

consider different scalings of &r

® emission krintroduces additional scale to the calculation

O

kr < mp < mpy
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]CT ~ Ty < mg
myg

My, k1
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my < kr < my
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Different regimes

consider different scalings of &r

® emission krintroduces additional scale to the calculation

O (1

kr < mp < mpy kT ~mp < my
M gy mpy
My My, kr
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factorization theorem

® Only valid in a very small region of the ¢ spectrum
® use standard factorization for ¢r resummation with n;=4 massless flavors

= 2Re[Cy . (mu) Cygo(my, mu )] By(qr) ® By(qr) © Sgq(ar)
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factorization theorem

® Only valid in a very small region of the ¢ spectrum
® use standard factorization for ¢r resummation with n;=4 massless flavors

do
dZ;?b = 2Re| ggt(mH) Cogv(mp, mp )] Bg(qr) ® Bg(qr) ® Sgg(gr)
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factorization theorem

® Only valid in a very small region of the ¢ spectrum
® use standard factorization for ¢r resummation with n;=4 massless flavors

do
dztyb = 2Re| ggt(mH) Cygv(mp, mp )| Bg(qr) ® Bg(qr) ® Sgg(4T)
’ e p
K N e I T e S
99 — H ; N Bl
from ¢ £ os et
----- b i P
form faCtOI‘ O'O(I) 1I0 20 30 40 B;JT(i[(éZ\(;]SO 100I 150 200
k;%%b mIH

DESY. Mass effects in the Higgs ¢r spectrum | Rebecca von Kuk | SCET 2024 8



factorization theorem

® Only valid in a very small region of the ¢ spectrum

® use standard factorization for ¢r resummation with n;=4 massless flavors

do
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Different regimes

consider different scalings of kr

® emission krintroduces additional scale to the calculation

I
kT < my

my
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myg
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Regime I

bare factorization theorem Fkr ~m, < my —l—l—

kT,mb meg

= Hgg(m) By(ar) @ By(qr) @ Sgglar)

+ f dZbeg(Z) [Bn,fcx(za qT, m) ® Bg(QT) ® Sgg(QT)
+Bg(CIT) ® Bﬁ,)_gx(za qrT, m) ® Sgg(QT)]

+/d€+d€_beggj(€+)j(€_) BQ(QT) X BQ(QT) & S@th (€+7€_7 qr,m)
L e <f
o S AN

operators: [M. Stahlhofen’s SCET talk * 15, Liu, Neubert ‘19]
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Regime I

bare factorization theorem Fkr ~m, < my —l—l—

n ]fT N7 mpg

= Hgg(m) Bg(qr) ® Bg(qr) ® Sgg(qr) }

n

+ f dZbeg(Z) [Bn,fcx(za qT, m) ® Bg(QT) ® Sgg(QT)
+Bg(CIT) ® Bﬁ,)_gx(za qrT, m) ® Sgg(QT)]

—I—/d€+d€_beggj(f+)j(€_) BQ(QT) X BQ(QT) & S@W (€+7€_7 qr,m)
L e <f
o S AN

operators: [M. Stahlhofen’s SCET talk * 15, Liu, Neubert ‘19]
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Regime I

n kT,mb meg
. ﬁ
dZ;b — Hgg(m) BQ(QT) ® BQ(QT) & Sgg(QT) n . %

+ [ dszbg(Z) [Bn,icx(za qT, m) ® Bg(QT) ® Sgg(QT)
+Bg(qT) ® Bﬁ,)‘(){(za qrT, ’m) ® Sgg(QT)]

T / d€+d€_beggj(€+)j(€_) BQ(QT) X BQ(QT) & S@Zip (['_,6_, qr,m)
L e <f
o S AN

operators: [M. Stahlhofen’s SCET talk * 15, Liu, Neubert ‘19]
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Regime I

bare factorization theorem Fkr ~m, < my —l—l—

7l kr,myp mpy
. ﬁ
dy = Hyy(m) By(qr) @ By(qr) @ Sgg(qr) n E&%X@
qrT v

+ f dZbeg(Z) [Bn»‘cx(za QTam) ® Bg(QT) ® Sgg(QT)
+Bg(CIT) ® Bﬁ,)_gx(za qrT, m) ® Sgg(QT)]

+/df+df—beggj(€+)j(€_) By(qr) ® By(qr) ® S5y (4, £7, g7, m)

%%M %{
o,

_ ] n
operators: [M. Stahlhofen’s SCET talk * 15, Liu, Neubert *19]
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Matrix element definition

Beam function I I

kr,myp mpg

« % .
l 00873 = i <N| BJ_"LL62('Z€J_ - PX,J.) |X> <X| Xn,szaf)/J_,an,w(l—z) |N>

Soft function

i /e e [0S, — - P WM LSt TS (e — - )

_ 1 a
u>\ S (07,0 ,/@T,m):gf N1 (0|0 ®*6% (k, - Px, 1) |X) (X] 0% |0)
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Regime I

bare factorization theorem Fkr ~m, < my —l—l—

kT,mb meg

d()'yt Yb 1 1

dor = Hog(m) Bylar) ® Bylar) & sggm)/' "

n / 2y, (2) (B (2, 0 m, 2) © Bl ® Syo(qr)
+BQ(QT) ® Bﬁ,)zx(z7 QTa m7 Z) @ Sgg(QT)] / €+£_

+ / Al Al | Hypgq T (€7) T (07) By(qr) @ Bg(qr) @ Sy (€747, g, m)

lead to endpoint divergences! (ust as for form factor)

operators: [M. Stahlhofen’s SCET talk * 15, Liu, Neubert ‘19]
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Endpoint divergences

® expect endpoint divergences in soft and collinear contribution
e form factor F(m,,mx) depends on two scales

® the spectrum introduces an additional scale &r

1 m 1 m
I (E> = (E)

®* how does the additional scale affect the structure of the endpoint divergences?

*in general f.(m/kr) and f,(m/kr) can be non-trivial functions of m/kr
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Endpoint divergences

® regulate endpoint divergences just like rapidity divergences
® example: LO NLP collinear contribution:

0, _ 1
Chpg(2) = z+ 11—
%/dz(zmu 1
AR 1 —2
1

® ; IS not a rapidity divergence!

® the “true” rapidity divergence (related to ¢r spectrum) comes later from the phase
space integral over k!
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Endpoint divergences

collinear NLP one-gluon contribution

® consider collinear NLP with emission kr

® endpoint divergences partially cancel within the beam function but there are left-over
poles
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Emission kr

soft vs. collinear emission

® emitted gluon can be ‘'soft or collinear
® endpoint divergences have to cancel within the same sector
® consider both sectors separately

_ ‘ S| (4
%a@ﬂgz S &%
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Endpoint divergences

collinear emission
® has to be canceled by collinear LP emission and soft LO NLP!
s, vy

B BY _ _
/d€+d€_ sinh y,| ™" i _ _I_A(k )+B(k )
Ane Ane

® endpoint divergences cancel between diagrams with collinear emission!

t/ ( %4;%;-+§% 4—fw§) (MﬂM‘(§%%+§§i)::

® divergences cancel against LP collinear emission!

5(0) s

z+z—“3

vV

® mass and kr dependence are factorized!
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Endpoint divergences

soft emission

® sum of diagrams with collinear emission is finite

2 sum of diagrams with soft emission has to be finite as well!
= free to choose regulator to regulate endpoint divergences in this subset of diagrams!

® LO NLP example for pure rapidity regulator [Ebert, Moult, Stewart, Tackmann, Vita, Zhu ‘18]

(0)

B )+ —n S v
/ detde (6_—) =0 (scaleless)
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Endpoint divergences

soft emission

® use the pure rapidity regulator for NLP soft diagram

+\ 7 5,9
/ drtdes (ﬁ—) = O(°)

N\ " ézw
/dﬁdz— (£—> = O(n")

® both contributions are individually finite!
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Endpoint divergences

soft emission

e what about the collinear LO NLP x soft LP emission?

1 1 _ ®
/dz<2+1—z)z AT § +% =

1 1 Bl ki _
z 1-z AW

® endpoint divergences from n- and 7- collinear sector cancel!
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Endpoint divergences

bare factorization theorem

dO'yt Yb

dgr

= Hgg(m) By(ar) @ By(qr) @ Sgglar)

+ / dZbeg(z) [Bn,Xx(ZaQTam) ® Bg(QT) ® Sgg(QT)
+Bg(qT) ® Bﬁ,)ZX(Za QTam) ® Sgg(QT)]

+/d€+d€_beggj(f+)j(€_) By(qr) ® Bg(ar) ® Sgyp(€7, L7, qr, m)

/dz (j‘;% +j£;§ 1 ﬁg%r ﬁ(g ) + /dﬁdé‘( f>g@%+>§&) _ 0(770)

DESY. Mass effects in the Higgs ¢r spectrum | Rebecca von Kuk | SCET 2024 21



Endpoint divergences

bare factorization theorem

dO'yt Yb

dgr

= Hgg(m) By(ar) @ By(qr) @ Sgglar)

+/dZbeg(Z) [Bn,)ZX(Z7QT7m) ®Bg(QT) ®Sgg(QT)
+B4(qr) ® Bp gy (2,97,m) ® Sgq(qr)]

/dﬁ_dﬁ beggj(€+)j(€ )B (CIT)®B (QT)®S¢¢ f U, qr,m )

TR IR
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Summary



Summary

1 y: Interference in gluon fusion

¢ interference term contributes 5—10% to the cross section
® important contribution to measure the Yukawa coupling

m,, effects in gluon fusion
® the emission kr adds an extra scale to the problem
e coefficient functions of endpoint divergences could be non- trivial functions of m/kr
® collinear endpoint divergences cancel against LP collinear emssion

= m and kr dependence factorizes!
® endpoint divergences from soft and collinear emissions cancel separately

next steps
® compare to fixed order amplitudes

® integrate over phase space Th an k yo u !
22

DESY. Mass effects in the Higgs ¢r spectrum | Rebecca von Kuk | SCET 2024



Acknowledgments

This project has received funding from the European Research Council (ERC) under the European
Union’s Horizon 2020 research and innovation program (Grant agreement No. 101002090
COLORFREE).

European Research Council

Established by the European Commission

DESY. | Mass effects in the Higgs ¢r spectrum | Rebecca von Kuk | SCET 2024 Page



	Slide: 1
	Slide: 2
	Slide: 3
	Slide: 4 (1)
	Slide: 4 (2)
	Slide: 4 (3)
	Slide: 5
	Slide: 6 (1)
	Slide: 6 (2)
	Slide: 6 (3)
	Slide: 7
	Slide: 8 (1)
	Slide: 8 (2)
	Slide: 9
	Slide: 10 (1)
	Slide: 10 (2)
	Slide: 11 (1)
	Slide: 11 (2)
	Slide: 11 (3)
	Slide: 11 (4)
	Slide: 12
	Slide: 13 (1)
	Slide: 13 (2)
	Slide: 13 (3)
	Slide: 13 (4)
	Slide: 14
	Slide: 15
	Slide: 16
	Slide: 17
	Slide: 18
	Slide: 19
	Slide: 18
	Slide: 21
	Slide: 20
	Slide: 23
	Slide: 24
	Slide: 25
	Slide: 26
	Slide: 28
	Slide: 30

