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Introduction

Higgs couplings

Questions: is the scalar discovered in 2012 the SM Higgs? Does it couple to other particles outside the
SM picture or can we use it as a probe of BSM?

* To answer: we need to measure Higgs couplings and compare with accurate SM prediction

* Higgs-W/Z constrained to about 20% of SM prediction, while top-Yukawa coupling constrained to ~20-50%

* Higgs production at LHC proceeds largely through quark loops, historically computed in HEFT
limit my; — oo
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[Anastasiou et al 16, Mistlberger ’ 18]



Introduction

Going beyond inclusive rates: Higgs pr g
2

* As more Run |l data enters and luminosity increases, we will gain more experimental access to Higgs
transverse momentum (pr y) distribution
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Introduction

Relevance of pr y-distribution

' istributions i €[> 1ATLAS and CMS '
* Theoretical knowledge of py j distributions is used to compute s e
fiducial cross sections, that are then used to determine Higgs 5
; S 107 3
couplings =
¢ Can be used to constrain light-quark Yukawa couplings o2t
(Top quark loop ~ 90% and bottom loop ~ 5-10%) b ATLASIGMS
e SM Higgs boson |
» Alternative pathway to distinguish top-Yukawa from point-like e oL
ggH coupling o ] 95%CL
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Particle mass [GeV]

[arXiv:
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Introduction

Relevance of pr y-distribution

. ' istributions i €[> 1ATLAS and CMS '
Theoretical knowledge of pr 4 distributions is used to compute s e
fiducial cross sections, that are then used to determine Higgs 5
. g 107¢ =
couplings = .
[arXiv:
e Can be used to constrain light-quark Yukawa couplings 102k 1606.02
N ) 266
(Top quark loop ~ 90% and bottom loop ~ 5-10%) b ATLASIGMS ]
I SM Higgs boson |
» Alternative pathway to distinguish top-Yukawa from point-like e oL
ggH coupling [ J95% 0L
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Main channels
o gg-fusion dominates at low pT, where most Higgses are produced

e At very high pT ~ | TeV the electroweak channels start playing a bigger role
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H+j at LHC

o (gluon-fused H+j production at LHC
5

below quark thr. close to threshold above quark thr.
HEFT . ‘ . g q L H
g increasing pr y ‘
>
g g g g
m? 4m
Mg — 00 1= — 1«1 7 <!

* Computation of bottom contribution starts at |-loop for moderate pr ; > 10 GeV
e Top quark loop resolved at high pr y > 350 GeV

NLO:

* Real corrections can be computed with exact mass dependence (MCFM, Openloops, Recola...)

* New required ingredients are two-loop virtual corrections



NLO

=== \firtual amplitude

6

.(l% g=bt . H g q=0bt ,H

’ g

Typical two-loop Feynman diagrams are: g

9& Y g %9‘

Project onto form

factors A g0 (D102, p5%) = FO19295 €l €5 e (Fy g* ph + Fa g"? oY + F3 g7 pb + Fypkpips)

Reduce with Integration by parts (IBP) Z(s) = Z Rational(s, d) x (Master Integrals)(s, d)

[planar diagrams:

Exact mass dependence in two-loop Feynman Integrals very difficult and currently out of reach g;ianiecal16]



NLO

=== \firtual amplitude

6

’ g

! g=bt . H 9 g=bt LH

Typical two-loop Feynman diagrams are: g

9& Y g %Q‘

Project onto form a2 ;83) — farezas

factors Ati—ggg (P1",P2°,P5") eh s el (Fyg"" ps + Fag"” py + F39"° p§ + Fapspips)

Reduce with Integration by parts (IBP) Z(s) = Z Rational(s, d) x (Master Integrals)(s, d)

[planar diagrams:

Exact mass dependence in two-loop Feynman Integrals very difficult and currently out of reach g;ianiecal16]

Use expansion approximation

Expand in small

Scale hierarchy below top threshold: mpy < pr,mp < My quark mass
approach
Scale hierarchy above top threshold: mp <K th < pL —

[Mueller & Ozturk ’15;
Melnikov, Tancredi,

Two-loop amplitudes expanded in quark mass with differential equation method CW '16, Kudashkin et al '17]



Mass
expansion
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Usefullnhess:

How useful and valid is m, expansion?

Integrals with massive quark loops computed exactly are complicated

—

og (z3a] — 27 + womy — dwsay + By (an)Ra(x) Be(w)) |

2
log (farg 4+ x1Ty — T1X3Ty + 2x3x0 + 2T W8 + Rl(Ig)Rz(:Bg)R'?(fE)) ,

log (—zﬁr% + 3x3x? + dadz) — dzozym + Ry(x3)Rs(x)Rg(x)x1) , R (Il) = v, RI(IB) = Vo, By (3:2) = VT,

log (3R (x2)Ro(wa) + o Ry (w3) Ra(xs)) , Rg(xl) =v4—x1, Rz(l‘g) =+v4—x3, Rg(:l:‘z) =4 —x2,
log (@1 Ry(22) Ra(x2) +$2R1(SI 1)Ra(xy)) Ralz1) = /790 — T1. . — 1o —

log (2471 (a5) Ra() — R (1) Ra ) Rao)) sln) = vie Z Bales) = vies = 2,

Tog (a3 B (1) Rar1) — Ra(ara) B () i) Ralw) = Vo —a1 —4, Ra(y) = Vo — 23— 4,

log (22 Ry(z1) Ra(21) + wa Ry (21) Re(x1) + 21 Ra(w3) Ra(23) , Rs(x) = \/4xy + zyx5 — 421 + 73)

log (—wa Ry (w2) Ralwe) + w3l (w2) Ra(w2) + walls(ws) Ra(zs))

log (—w2Ru(w3) Ra(w3) + w1 R (3) Ra(w) + w3 Ry (1) Ra()) Re(x) = \/ 223(—223 + 21 + 203) — 1175 — 71,

log (—z2Ry(@2) Ra(w2) + x1 Ry (22) Ra(w2) + z2Rs(z1) Ra(z1)) ,

S

log (=232} + 37} + dafx) — 3wazazy + Ry(z) Ri(xa) Rs(2) Be () Re(x) = \/2$1$3(I2 —a1) + (w2 —a1)* + (21 — 4)T1‘T§ :

log (zo Ry (w1) Ry (w3) Rs(x) — zyws Ry (x2) Ra(w2)) . o ,
log (*$2.‘l?3 + a3 + Rl (:L‘Q)RQ(Iz).’L‘g - Rl(Il)Rl(:Bg)Rs(ﬂ:)) . [planar dlagramS: BonCIanI et al |6]

Some sectors not known how to express in terms of GPL's anymore plus genuine elliptic sectors

Expanding in small quark mass results in simple 2-dimensional harmonic polylogs
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expansion
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How useful and valid is m, expansion?

* Integrals with massive quark loops computed exactly are complicated

log (a:;g.f.'? — 2] + zaxy — 4wz + R1(&L'1)R2(£C1)R7(T)) ,

log (73:2 4+ x1Ty — T1X3Ty + 2x3x0 + 2T W8 + Rl(Ig)Rz(Ig)R'?(ﬂZ)) ,

log (—z%r% + Bm;;zf +4:c§:n:1 — dxgrar) + Rl(za)R;)(m)Rﬁ(z);ﬂl) , R1 (21) =\ —T7, Rl (l’3) =\ —1I3, Rl (3}2) =+ —T3,

log (w3 Ry (22) Ra(w2) + 22 Ry (w3) Ra(x3)) Ro(x1) = VA — 21, Ro(ws) = VA — x5, Ro(w2) = V4 — 22,

log (@1 R (w2) Ra(w2) +$2R1(&’ 1)R2(x1)) Ral21) = /79 — 1. Ral22) = /79 —

log (w1 R (3) Ra(3) — R (21) Ra () Ra(a)) . a(w1) = Vaz — a1, Rylas) = Vs — a3,

log (x3Ry(21) Ra(x1) — Riw1) Ri(w3)Rs(x)) . Ry(z1) = Voo —x1 — 4, Ry(x3) = Vog — 23 — 4,
Usefullness:  los(-a:Ri@)Ra(a) + 2aRi@)Ralar) + o1 By(a3) Ra(wa) Rs(z) = \/4zq + 2175 — 421 + 73) ,

log (—wo Ry (w2) Ra(22) + w3 Ry (x2) Ra(w2) + w2 Ra(w3) Ralws)) ,

log (—x2 Ry (@3) Ra(z3) + x1 Ry (x3) Ra(wy) + @3R3 (z1) Rala1)) Re(z) = \/23:3(—2:1:2 + x1 + 2w3) — 125 — 71,

]og (—:l:le(.’Eg)Rg(.l 2) + xRy (L )Rz(l’:g) -+ lgRq(ll)R_i(.l 1)) s

Validity:

_ 2
log (—1‘%1‘% + 33331'% +4:::§331 — 3zaxyry + Ri(x1)Ry(x3)R5 RT(I} = \/2551333(372 - -1'71) + (562 - 561)2 + (3,"1 — 4)(.171:1",3 .
log (zo Ry (w1) Ry (w3) Rs(x) — zyws Ry (x2) Ra(w2))

log (*$2$3 + 123 + Rl (.’IIQ)RQ(ZEz).’l’Ig - Rl(Il)Rl(:Bg)Rs(ﬂ:)) . [planar diagramS: Bondani et al ’ I 6]
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¢ Some sectors not known how to express in terms of GPL's anymore plus genuine elliptic sectors

»  Expanding in small quark mass results in simple 2-dimensional harmonic polylogs

Bottom-quark mass expansion: Top-quark mass expansion:
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Mass expansion

«no High-pT expansion comparison at NLO

I T T T T T I I
virtual qgbar  x
Born ggbar  * ]
virtual gg & —
Born gg
s
.g % iy H—( i == m
g ’Xﬂ T x x5 4 -}
X
3]
~
2
s -
—3& « Preliminary -
X -3 = I I 1 o T 1 | |

0 200 400 600 800 1000 1200 1400 1600 1800
pt [GeV]

[Plot from Matthias Kerner ’18]

e Comparison of full (Secdec) and high-pT expanded virtual

. . [Kudashkin et al, Jones et al ’18]
contributions

* Agreement is good, within 20% difference down to 400 GeV

e Virtual piece contributes ~10-20%. Dominant real can be computed exactly w. Openloops



IBP

IBP reduction difficulties

[Melnikov, Tancredi, CW ’16-’17]

 IBP reduction to Master Integrals Z(s) = Z Rational(s,d) x (Master Integrals)(s, d)

* Reduction very non-trivial: we were not able to reduce top non-planar integrals with t = 7
denominators with FIRE5/Reduze e coefficients become too large to simplify ~
hundreds of Mb of text




IBP

IBP reduction difficulties

[Melnikov, Tancredi, CW ’16-’17]

 IBP reduction to Master Integrals Z(s) = Z Rational(s,d) x (Master Integrals)(s, d)

* Reduction very non-trivial: we were not able to reduce top non-planar integrals with t = 7
denominators with FIRE5/Reduze e coefficients become too large to simplify ~
hundreds of Mb of text

* Reduction for complicated t=7 non-planar integrals performed in two steps:

) FORM code reduction:  Z}E" =Y e, MIL_; + ) T/

2) Plug reduced integrals into amplitude, expand coefficients ¢;, d; in m,

3) Reduce with FIRE/Reduze: t = 6 denominator integrals Z:=6

* Exact m; dependence kept at intermediate stages. Algorithm for solving IBP identities
directly expanded in small parameter is still an open problem




DE method

|0

Step I: solve DEinm

MI with DE method for small m, (1/2)

System of partial differential 0 - U IBP= ,. . = ~
—TMI(5€) = My(5,¢).2M(3,¢)

equations (DE) in m, s, t, m? O3y,
with IBP relations

Interested in m, expansion of Master integrals ™M

o> expand homogeneous matrix My in small m,

q

Solve m, DE with following ansatz

9\ J ke 2

m m
IMI 2 2 E : 2 q n q
7 (m S,t,lllh,G) Cijkn(sata]”’hve) log

q?
S S

ijkn

Peculiarity: half-integer powers of (squared) quark mass also in Ansatz, contributing

momentum region unknown

Plug into m, DE and get constraints on coefficients ¢;jxp

. . . [Gehrmann & Remiddi ’00, Tausk,
Ciooo is My = 0 solution (hard region) and has been computed before  Anastasiou et al '99, Argeri etal. '14]



™ MI with DE method for small m,, (2/2)

M m2\’ " m2
*  Ansat 7T s.t,m? :Ecq;-nstm, 4 log™ | —4
Z ( qa y Uy Mp, € ) Jk ( h ) 3 g 3

17kn

Step 2: solve s,t,m% DE for Cijkn(S, L, mj)

Solution expressed in extensions of usual polylogarithms: Goncharov Polylogarithms

After solving DE for unknown ¢;j,,, we are left with unknown boundary constants that

only depend on ¢

Step 3:fix £ dependence

*  Determination of most boundary constants in € by imposing that unphysical cut singularities in
solution vanish

*  Other constants in ¢ fixed by matching solution of DE to Master integrals computed via various
methods (Mellin-Barnes, expansion by regions, numerical fits) in a specific point of s, t, m?

[A. Smirnov ’14]

Step 4: numerical checks with FIESTA



Constants

) Constants: Mellin-Barnes method

*  Let'ssay (m;) ' *

branch required of

M = ¢y (m2) 2P e (m2) @(mg)W +O((m2)°)

M _ / DDA
(k1 +p1)? = mg) (k1 — pas)® — m3) (k3 — m) (k2 +p1)? —mg)? (k1 — k2)?) 0 (k1 — k2 — p2)?)' =0
Mellin-B | N P(—2)T(\ + 2)
e ellin-Barnes y® —Z +z
integration in complex (z+y)> 2mi / d2$z+)\ T(\) —
plane —100

+ioc
™ ] (Hdzz) =2 —0) 2T AR E I A AT (=2 )T (—22) (22 + DI (—23)

. Mellin-Barnes
_"ePr_eSf"tat'O" o D(=z)0(—e— 21 = D0(za — )P (23 — 6+ YI(=2¢ — 21 — 20 — AT (22 + 25+ 24 + 1)

in s=u=-1 T(1—6T(6 + )T (e + 1)20 (=2 — 221 — 1)T(=3€ — z; — 1)['(—2e — 2, — 1)

X I'(2e+21+20+23+3)(—26—21 —23+0—2)[(—e— 21 —20 — 23 — 24 — 1).

—i00




Constants
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IM'I —
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Constants: Mellin-Barnes method

Let’s say (m7) '

branch required of

DL DY

M = ¢y (m2) P ey (m2) @(mg)”ﬁ +O((m2)°)

+ic0o

Mellin-Barnes 1 1 y* I'(—=2)['(A 4+ z)
integration in complex (z + y) ~ 9o / d2$z+)\ T(\) >
plane —io0o

+ioo
™I — f (Hdzl) —2 —i0) 2R BT ()T (— 2 )T (—22)T (22 + 1)(—23)

—i00

Mellin-Barnes
representation D(—24)D(—€ — 21 — Dl(24 — )T(23 — 6 + DI(—2€ — 21 — 20 — 2)T(22 + 23 + 24 + 1)

in s=u=-1 x P =00+ DI (e+1)2I'(=2e — 22 — 1)I'(—=3e — 2 — DI'(—2e — 2y — 1)
X I'(2e+21+20+23+3)(—26—21 —23+0—2)[(—e— 21 —20 — 23 — 24 — 1).
Require the poleat 21 = —1 — 2€ === result is coefficient c,

After picking up pole, we expand in epsilon and apply Barnes-Lemma’s, which reduces
the amount of integrations to one (completely automatized steps)

Fit numerically (integrals converge fastly) the constant or compute analytically by closing contours
in complex plane of Mellin-Barnes integration

—d
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Branches
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Square-root branches

Expansion in m 7M1 (mg)g/gm5 +c

(m

Q)

M (m2) T+ 0((m

q

Normal integer power regions can be attributed to common soft, collinear and hard type

regions, but what about square-root powers!?

IMI _ Pl -- a -- -

1
L m

73

Mellin-Barnes result:  C

4/ —512513523

This diagram only appears in gg channel

(1

2€

+2—5bgm)
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Square-root branches

Expansion in m2 M1 (mﬁ)g/zz'5 + ¢ (mﬁ)ilﬂE + 3 (mi)ilfzﬁ + O((m2)?)

Normal integer power regions can be attributed to common soft, collinear and hard type
regions, but what about square-root powers!?

_’Z"MI — P o-- a -=- =Pz

]
y P3

3 1
Mellin-Barnes result:  Cp  ~ W, 1 (2— +2—-5 10g(2))
—812513523 €

This diagram only appears in gg channel
These branches do not contribute to the amplitude up to mczl, but what happens at higher orders?
What if they reappear? Would it be possible to resum their corresponding logarithms? [Penin et al. ’18]

Which momentum regions contribute to these type of branches? If known, please visit: GGI, office
60, between 15-26 Oktober 2018 (ask for Wever)

Do they contribute to other processes, such as HH for example? [Bonciani et al, Steinhauser et al. ’18]



g Outline

= Introduction
= Ingredients for NLO computation

® Pheno results: below top threshold



Pheno+Results

Below top threshold

14

Constrain bottom- and charm-quark Yukawa couplings

Light quark contributions appear pre-dominantly through interference with top. However relative
contribution of direct qq = Hg,qg — Hq contribution increases with light Yukawa coupling ===

[Bishara, Monni et al

* Shape of pr y distribution may put strong constraints on light-quark Yukawa couplings '16; Soreq et al ' 16]

14 14—
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* Bounds expected from HL-LHC K. € [—0.6, 3.0] Ky € [0-7, 1-6] [Bishara, Monni et al *16]



renoiesis Below top threshold pr y < 350 GeV: top

. contribution

e HEFT approximation good enough for top contribution

* Large Sudakov logarithms at very low pr ; < 30 GeV

=
o)
Q
do pPr.H Pr, o 8
~ expl{aglog® [ —— | + aglog [ —= | +--- T,
Iorn p{sg(mh> sg(mh) } E
A
o
e Higgs distribution at low pr y < 30 GeV requires
resumming these logarithms. Perturbative expansion
good at higher pr ;; > 30 GeV 2
5
e Resummation reduces scale error: top contribution now &
understood well to within few percent error £
2
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- %
08 i/
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NNLL+NLO 223
NNLO [
N3LL+NNLO EE

RadISH+NNLOJET, 13 TeV, my; = 125 GeV
MR =HUF = mH/2, Q= I’T'IH/Z
PDF4LHC15 (NNLO)

uncertainties with pg, g, Q variations
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LXARARFERFII RS
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p [GeV]
[Bizon, Chen et al., arXiv: 1805.0591]



Pheno+Results

. contribution

HEFT approximation good enough for top contribution

Large Sudakov logarithms at very low pr ; < 30 GeV

=
5
d g
a 2 ( PT.H DT, H =
~ exp{aglo —— | +a,lo ’ +--- T,
Iorn plos g(mh> . g(mh) } E
A
o
Higgs distribution at low pr ; < 30 GeV requires
resumming these logarithms. Perturbative expansion
good at higher pr ;; > 30 GeV 2
5
Resummation reduces scale error: top contribution now &
understood well to within few percent error £
2
What about bottom mass corrections in ggF?
g t ’ H 9 b ,/
99—9gH +
g g g

Below top threshold pr 5 < 350 GeV: top

1.6 T T T T T T T T T
NNLL+NLO (2222

141 NNLO 7 -

12| N3LL+NNLO |

RadISH+NNLOJET, 13 TeV, my; = 125 GeV
MR =HUF = mH/2, Q= mH/2

PDF4LHC15 (NNLO)

uncertainties with pg, g, Q variations
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[Bizon, Chen et al., arXiv: 1805.0591]

dominant bottom
correction

Differential cross section do ~ |A]? = do = doy, @ dopy,, doi; ~ O(yiy;)



menoiesis— Below top threshold pr y < 350 GeV:including

" bottom

» Theoretical complication: pr ; above bottom threshold and thus bottom loop does not factorize

2
bottom-loop Ypmy 2 4mb
~ log

>2my, ~10GeV @ A
PT H b gg—Hg PT.H p’ZI‘,H

2

* Top-bottom interference naively suppressed compared to top-top contribution by

m?/m3 ~ 1073

« However, logs enhance contribution such that suppressed by ~ m2 /m?2 log®(m?2 /m?2) ~ 107!

«  Every extra loop adds extra factor of  log?(p? /m?), log®(m3 /m?)

 Bottom contribution to py 5 computed recently at NLO [Lindert et al *17]

»  Previous N2LL resummed predictions can now be matched to full NLO with bottom [Caola ecal. "I8]
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Below top threshold pr ; < 350 GeV:including

. bottom

[Caola et al., ArXiv: 1804.07632]

» Resummation of Sudakov-logarithms log (pr 1 /ms) strictly speaking only possible when quark loop
factorizes

e At small py ;~10 GeV logs still large so best we can do is to resum and gauge error of different
resummation scales and schemes

‘ — ‘ — 16 S —
0.04 NNLL+NLO interference (total uncertainty) [22750 NNLL+NLO (top+bottom, total uncertainty) 27771
NLO interference (total uncertainty) 14 NLO (top+bottom, total uncertainty)
0.02 i
1.2
0 R
% pp->H,13TeV, my =125 GeV
> -0.02 2 038 1R = g = Mp/2, Q, = Qp = M2
10} a On-shell, multipl. scheme
3 PDFA4LHC15 (NNLO
8 -004 ] T 06 (NNLO)
7 °
o 04
o -0.06 |
3 pp->H, 13 TeV, my = 125 GeV 0.2
0.08 K22 HR =M = M7/2, Q=Qy=m;y/2 o 0
0.1 On-shell scheme, multipl. matching 2‘
PDF4LHC15 (NNLO) 5 1.2
-0.12 | zZ 1
2 o8
-0.14 L L L L I g L L 1 L L L L L L L
20 30 40 50 60 70 [ 10 20 30 40 50 60 70 80 90 100 110 120
p, [GeV] P, [GeV]

* Interference contribution error~20%, translates to ~1-2% error on total

* Largest uncertainty of the top-bottom interference contribution from bottom mass scheme choice

. . 4m?2
* Open question: can we resum the bottom mass logarithms log (pz ") ?

T,H

[Penin, Melnikov ’16]
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Above top threshold: pr 5 = 400 GeV

|18

. . . . R
* Constrain top Yukawa and point-like ggH coupling = SipesrsaanEn

¥ v i —M= eV, sin“6=0.1
—_ M:=1000 GeV, sin® 0 = 0.1
200+ — M;=2000 GeV, sin? 6 =0.1
- - M;=600 GeV, sirf 6 =0.4
-~ M;=1000 GeV, sin® 6 = 0.4
- M=2000 GeV, sin®8=0.4 .

* Higgs couplings to top-partners induce effective ggH

coupling I
100~
my — « my — I
—ttH - —kg——GY,G""*H + k,—1tH
v 127v v
O L | L 1 |
¢ Inclusive rate only constrains sum kg, + k;, while Higgs == 500 o (25060\9)
distribution at large pr gy can disentangle the two T
contributions [Banfi, Martin, Sanz, arXiv:1308.4771]
35.91" (13 TeV)
= N S B I B B L N
. — 8 BUOOE CMS 450 <p <1000GeV - W ]
*  CMS has already begun searching for boosted H — bb decay w7000 doubleblagger 2 =
% BOOO? e E'T;I:#t:ackgmund E
- s000 e E
- : : 4000
* At HL-LHC enough statistics for differential at p; ; = 400 GeV 2000
2000;
1000%
e Theoretical complication: usual HEFT approach breaks down A
starting at large pr gy and top mass corrections cannot be 15 5
, 0
neglected - *
o 0 60 80 100 120 140 160 180 200

mg, (GeV)

[CMS-HIG-17-010-003]
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High pr y: boosted

regime

At pr g larger than twice the top mass, not even the top loop is point-like

HEFT (m; — o) breakdown

Top amplitude contains enhanced Sudakov-like logarithms above top threshold

_ o 4Am? 4m?
pra > 2my ~ 350 GeV : Alrleer ST g2 (TR 4o (2T
PTH PrH Pru
pp = H 4 jG13TeV
10° ) I - LO
Use scale hierarchy, pr g > 2m, to expand result in 7 - EB |
top mass %m -------------- == LOpgrr |]
o
N 10
10
Expansion in Higgs and top mass converges quickly =~ === |

In practice first top-mass correction is enough for |
approximating exact result within 1%

L I
1000 1200 1400

prir [GeV]

L I
600 800 1600 1800

[Kudashkin et al., arXiv: 1801.08226]
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High pr y: NLO results

20 [Kudashkin et al.,, arXiv: 1801.08226]

o pp — H+j@Q13TeV
g -- LO
® NLO 10°R3ES s . ’ : : HEFT | o ]
I - NLOmmr |] Expansion in top and Higgs
results mass approximation
-2 L . . .
. €X] 5

4 )

PDF: NNPDF3.0

do/dpr,u [fb/GeV]

e HEFT K-
my = 173.2 GeV
factor ﬁ S .  — — - - - - -
CIose to ; 1.5 P e S : : : — mH f— 125 GeV
exact
1.0 Ju.‘,:,uf:HTﬂ:é (m-l'zpi,g) 1 _ 1 2 2
po={1/2,2} % pg
05 4(‘)0 660 8(‘)0 10‘00 12‘00 14‘00 16‘00 18‘00 K )
pr,u [GeV]

LOHEFT) | LO(full) | NLO(HEFT) | NLO(full) | K(HEFT) | K(full)
> 450 22.00 6.75 4171 13.25 1.90 1.96

ag;‘fgg%%ev(gg — H(— bb)) ~ 7fb + 20%

agy§2450 aev(99 — H(— bb)) ~ T4 4 48(stat) 4= 17(syst) fb

«  NLO theory result should be multiplied with -22HEFT 1 2 if proximity of HEFT and SM K-factors

OHEFT
postulated to occur at NNLO as well



g Outline

= Introduction

= Ingredients for NLO computation
= Pheno results: below top threshold
= Pheno results: above top threshold

= Summary and outlook



Summary

Summary
21

e As luminosity increases at the LHC, we will have access to Higgs transverse momentum
distribution with improving precision

* Higgs pr g distribution provides us rich information: |. computation of fiducial cross
sections; 2. fixing of light-Yukawa couplings; 3. alternative to measuring top-Yukawa
coupling and point-like ggH couplings (CMS measurements underway)

* The past few years has seen remarkable theoretical progress that have
important implications for predictions of pr g distribution, among others:

Fixed order as well as N3LL resummed predictions in HEFT achieved
Bottom mass corrections have been computed at NLO
Combined N2LL matched to NLO including bottom mass corrections

now available, with as a result QCD corrections controlled to few
percent in low to moderate pr g region

High-pr g predictions including top mass available at NLO



Outlook

Outlook and Open Questions

22

* How large are the mixed QCD-Electroweak corrections to the Higgs pT
distribution? The planar Ml for H + jet recently computed [Becchetti ec al. *18]

* Hgg point-like coupling: perform point-like and top-Yukawa analysis using recently
computed higher order theory predictions for top contribution at high pT

t
9 L H
9 t+T ,/ H ’ q H
ﬁ —I_

g g g g g g

mt— as

—ttH kyg—=GS GM*H

Rt v 91270 MY

¢ Momentum-space origin of square-root branches at high-pT?

?

= m2 —3/2—2¢ m2 —1—¢ m2 —1—2¢
== TS TP A ‘(Sq) +c (:) + ¢ (bq) Jro((mg)o)

1
L P

 Resummation of logarithms in m,? logQ(pi/mg), 10g2(mi/m§) [Penin et al. " 18]
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N Real corrections with Openloops

e Channels for real contribution to Higgs plus jet at NLO

99 — Hgg, 99 — Hqq, q9 — Hqg, qq — Hgg, - -

* Receives contributions from kinematical regions where one parton become soft or collinear
to another parton

e This requires a delicate approach of these regions in phase space integral

*  Openloops algorithm is publicly available program which is capable of dealing with these
singular regions in a numerically stable way

e Crucial ingredient is tensor integral reduction performed via expansions in small Gram
determinants: Collier

[Cascioli et al ’12, Denner et al '03-"17]

* Exact top and bottom mass dependence kept throughout for one-loop computations



