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Radiative corrections & Collider Observables



The Higgs total cross section (contd)



Recap: The leading order (L0) cross section

ACD vertex
» After averaging over colour & spin states, the partonic XS reads 6, = A,, 6(1 — 2) , ¥
2
as(ﬂ )2 1 m2 —————— H
Ag =" | Dt I+ (U =g)fir)| . 2=~ X
g€loop
Yukawa vertex
1+,/1— 7,
f(T)__Z In \/ iqu<1
1_\/1_T Tq=4m§/m,f
f(z,) = arcsin’ ( 1/Tq> ifz, > 1
» Total cross section is simply given by
: ) . m,% L dx T
0p = dxldx2]ig(x2’ IMF)fg(xl’ /’tF) ny, Agg 5(S ) - g P gij(f) — J' Tfi(x’ /’tF)]ﬁ ;a HF
0 T
. Parton (gluon)
B luminosity



Recap: NLO calculations (e.g. for 2 — 2 partonic process)

2
L0 ~ 0(g)) ~ O(a))
(only tree-level diagrams)

NLO+ 2

1) Add a virtual loop to the LO process
and expand the squared norm IR { } N ~ 6(ad)
E s
2) Add a real emission to

the LO process

| AD +adV)* = A0+ a, 2RO D)T + ...

@,

 In our case the Born process is given by gg — £, 1.e. the one-loop diagram > ------------------------

T We use representative diagrams, the actual number of Feynman diagrams explodes with the perturbative order 999} O



Heavy-top effective field theory

« A way to simplify the NLO calculation is to consider the limit m, — oo 6553

~ Effective field theory (EFT) Lagrangian reads > ------------------------ — e

= —C We reduce the
ggH o .
|4 complexity of the
problem by a loop order!!

Wilson coefficient O(cx, ) o———\ ............... .
( ) h Gi Gl
m

1
I
]
]

- Excellent approximation for the total XS up to an overall rescaling

a2 1 6, Since m,, < 2 m,we can calculate radiative
5 5EFT — 2 — ~ 1.066 ions i |
6y — 0 T 6(1-z) =P GEFT corrections in the EFT and then rescale hy the ratio

of LO cross sections.



Path to NLO: UV divergences and running of o,

. . pr 5 dPq 0’ /1 0
o QCD is a renormalisable gauge theory ol S~ 5 —+ O(e”)
— q-(q + p) —p €

“—
- Loop integrals diverge at most logarithmically in the UV (g° — o)

~ All divergences can be systematically absorbed into the Lagrangian bare parameters (m , o)

» To regularise the divergences (preserving Lorentz invariance), we continue to D = 4 — 2¢ space-time
dimensions: divergences show up as poles at e =0

UV divergence
I—. e > 0 (D < 4)toreqularise theory in the UV I (pole)
d*q , dPq ( p

¢ (0) _ 0 2

— a,” = awz,, Z,=fle)|!l—-——au)+ O(a;

J ervind J RRY = a7, Z,=flo| -+ 0@)
Unghvical Renormalisation is what

nphysica . .
- J drives the running of o,
renormalisation scale o (1) — Bla(u) = — f, O‘SZ (W) + O (%3)

d In p?



Path to NLO: Infrared & collinear divergences

o Phase-space (& loop) integrals diverge logarithmically in the soft (E — 0) and/or collinear (6 — 0) limits.
At the squared amplitude level this leads to the following factorisation theorems (here @ lowest order)

Propagator nearly on-shell — factorisation
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Path to NLO: Infrared & collinear divergences

o Phase-space (& loop) integrals diverge logarithmically in the soft (E — 0) and/or collinear (6 — 0) limits.
At the squared amplitude level this leads to the following factorisation theorems (here @ lowest order)

Soft factorisation Propagator nearly on-shell — factorisation
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Path to NLO: Infrared & collinear divergences

o Phase-space (& loop) integrals diverge logarithmically in the soft (E — 0) and/or collinear (6 — 0) limits.
At the squared amplitude level this leads to the following factorisation theorems (here @ lowest order)

Soft factorisation Propagator nearly on-shell — factorisation Collinear factorisation?

I :
D Tttt ' 3
T
el = = dapa, Y =l (1, T hystly, = 2 e Py e o
k0 ij=1 1 Pk ) o Sab
ab_)

T Here we neglect spin correlations between the hard squared amplitude and the splitting kernel 10



Path to NLO: Infrared & collinear divergences

o Phase-space (& loop) integrals diverge logarithmically in the soft (E — 0) and/or collinear (6 — 0) limits.
At the squared amplitude level this leads to the following factorisation theorems (here @ lowest order)

Soft factorisation Propagator nearly on-shell — factorisation Collinear factorisation?

. 4
L Pt D
Ay di = —dnp*a, Zp o @fn(Ti.Tj)ﬂ; oA, o
kH—0 =11 /

o The Kinoshita-Lee-Nauenberg (KLN) theorem guarantees the cancellation of IRC divergences when
summing over all possible physical states (real & virtual corrections)

o Dimensional regularisation can be used to regularise IRC divergences too, this time with ¢ < 0 (D > 4)

T Here we neglect spin correlations between the hard squared amplitude and the splitting kernel 11



- . We use the conventions adopted in Nucl.Phys.B 359 (1991) 283-300.
Virtual corrections

For NLO calculation in the full theory see Nucl.Phys.B 453 (1995) 17-82

Mathematica code available at this URL

» The one-loop corrections to the ggh vertex lead to the following contribution to the partonic XS

= Include UV counter-term stemming from strong coupling renormalisation?

Firt — a M_2 <_i 3 regular bits) 5(1 — 2) + 8UVet (1 — ) Term due to renormalisation
576 72v2 \ § €2 ¢ : :
of & in the L0 cross section

ST T T R | UV B 23
' After UV renormalisation: ! 6yt ==260a—, Py=-—=
. i € 127
[ ]
' Double pole: soft AND collinear divergence ,
. Single pole: collinear (OR soft) divergence !

1 Since the top quark decouples in the EFT, the only effect of the m, renormalisation is encoded in the Wilson coefficient 12


https://gitlab.cern.ch/pimonni/summer-school-public-material

Real corrections

We use the conventions adopted in Nucl.Phys.B 359 (1991) 283-300.

For NLO calculation in the full theory see Nucl.Phys.B 453 (1995) 17-82

Mathematica code available at this URL

» Real corrections receive contributions from gg — gh as well as new channels (¢g — gh, gg — gh)

- qq — ghis finite (no poles)

- 2qg — gh I1s divergent

584—9h —

3

Uy

1

1152 722 (

AN
= (-Zqu(Z); + regular bits>

- gg — ghIs divergent

3 2
58878h — %s H
I 576 n2v2 \ §

P, (2) =2C, (

<

(1 =24

j

_|_

3

3 A 1
< <— + — + regular bits) o(l —z) —zP, (z)— + regular bits)
€? € e

1 -z

<

+ z(1 — Z)) + 27 fyo(1 — 2) o—l

7’

L]
-
L]
-
S
.
.
.
-
.
»
»
.
e
-

Singularities with a 6(1 — z) cancel
against the virtual corrections.

What happens to the remaining
single poles??
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https://gitlab.cern.ch/pimonni/summer-school-public-material

Collinear divergences & PDFs evolution

» Left-over singularity is related to our inability to sum over physical states (as required by the KLN
theorem); a partonic initial state i1s unphysical.

- However, we can absorb the divergence into the bare PDFs (similarly to renormalisation). This procedure
can be extended systematically to higher orders, leading to collinear factorisation#

- Collinear divergences make PDFs evolve with ; much like UV divergences make «, evolve with .

ap) ~ 1
£ =) Ty ®fzp, Tyz) =31-2)5;1 —Py)— + O(a)
J
:' Establishes our ability to predict the | df(z.p)  au) -
v structure of ISR divergences order by, l = ——P;(2) ® fi{(z. u)
l . . . d In p? 2r
: order in perturbation theory '
S - Structure of divergences leads to flavour

mixing in DGLAP evolution, and predicts the

evolution of the content of the proton!
¥ No rigorous proof of its validity is known in the most general case!

14



The NLO cross section & scale uncertainty s e et e e

o Assembling all pieces we obtain the NLO cross section

- Very large correction due to new channels

opening at NLO 00—
o 50*. :
K p— NLO ~ 2 %
%0 FR----40---Sn :
. oo =34"%pb| = T
- Unphysical scales provide N-© —13% Y Q 30 e e e e -
a handle on theory uncertainty o T
(gets smaller with higher orders) 20 .. -
B o
Hp=pg=p, 112 <plm, <2 0 e :
- Commonly u; (scale of the coupling) and o
ur (scale of the PDFs) are varied independently 0.5 1.0 1.5 2.0 2.9
for a more conservative error estimate Ll
mp

15


https://www.roma1.infn.it/~bonvini/higgs/

The NLO cross section & scale uncertainty s e et e e

o Assembling all pieces we obtain the NLO cross section

- Very large correction due to new channels

opening at NLO 60” W
GNLO 50‘\ ............... ]
K = - ~ 2 BN NNLO el
0 Fp-=-=-40-==%w. 0 TTmmmmeeeeee 4
_ _ o — 34+17% pb —_ el
- Unphysical scales provide N-© —13% Y Q 30 e e e -
a handle on theory uncertainty o No
(gets smaller with higher orders) 20 .. )
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, LO
Hp=ur=p, 2= pu/im <2 0 ;
- Commonly u, (scale of the coupling) and o: S U e S
ur (scale of the PDFs) are varied independently 0.5 1.0 1.5 2.0 29
for a more conservative error estimate Ll
Mp

15


https://www.roma1.infn.it/~bonvini/higgs/

The NLO cross section & scale uncertainty

Predictions here obtained with the ggHiggs public code

‘ -------------------- .

o Assembling all pieces we obtain the NLO cross section :' NB: N3LO necessary for few-% 1
\ control over perturbative error! :
- Very large correction due to new channels Ve emmcemmemsm e ———- o
. 60 TEoESmTemmsmssmmsmsse=nt
opening at NLO
9
K= NLO 5
oy FR====40-=-Tn,
_ 2 +17% R
= Unphysical scales provide ONLO = 34 13y, pEI - Q 30 e e T T ;
a handle on theory uncertainty o T
(gets smaller with higher orders) 20 .. -
B 0
HrF = Hp = H, l/zﬁﬂ/mhﬁz 0 :
- Commonly u; (scale of the coupling) and o
ur (scale of the PDFs) are varied independently 0.5 1.0 1.5 2.0 2.9
for a more conservative error estimate Ll
mp

15


https://www.roma1.infn.it/~bonvini/higgs/

Other sources of theoretical uncertainty (gluon fusion)

TH uncertainty breakdown at N3LO (gluon fusion) 1901.00134

o nggs XS Working GFOUP recommendation:t - Predictions from Anastcllsioz,lt et clll. 1|602f00|695

cf. chapter 1.4 of 1610.07922 12
o = 48.58 ph T2 22PP(HA6%) (1 0rv) + 1.56 pb (3.20%) (PDF+a,) .

—3.27pb (—6.72%) 10:
PDF uncertainty & o——, f

parametric uncertainty in o,

- Besides the scale uncertainty, the
theory error also involves other sources

| 4 - W

_ = oo ay o, o oo oo omomomomom ] . ]
S(PDF-TH) 1 S(EW) ‘.- 5(t,boc)  8(1/my) N w
K — _

i i |

6//6tota|x100%
oo
| T T
(
o
O
L
+
h
L I B B R

1

I

' £0.56 pb E—' +0.49 pb 1" : ' +0.40pb  +0.49 pb E : E S(scale)

: +1.16% : +1% ': +0.83% +1% : Ot 0 v T
e S ——— —~ 0 20 40 60 80 100

l Collider Energy / TeV
‘—0 Estimate of uncertainty in the effect of finite quark
Estimate of effect of missing masses beyond NLO. Now known up to NNLO

N3LO PDFs (NNLO PDFs used here)
Estimate of impact of NLO mixed QCD-EW

t Central scales y, = . = m, /2 correction. Now known 16



Back to our comparison to LHC data

s T N I I I N N W
Rl

\ g

\

» Inclusion of radiative corrections and other production channels leads to good agreement with data

Data from ATLAS (2207.08615) @ s =13 TeV

60[ -

| - LHC data Theory (all channels) -~
Production XS’ from 1610.07922 5 :
“s. 250 1-ggh
ovpr = 3.78 £0.08pb % ‘T :
| = 40
oW
oin = 0.49 £0.11 pb - 30
e O
e =059+005ph ¢ K 20
Otth-+th D7 T UUOP p |
N »7 Q.
B — g Q_

—_—
o

o

17



Differential collider Observables



Going more differential: IRC safety

» To ensure calculability in perturbation theory, we must guarantee the cancellation of IRC divergences
between real and virtual corrections. This imposes a criterion on observables known as |IRC safety

- Two conditions on the observable O(k,, k,, ..., k)

Oy .orki ok kipys oo k) = Oy ki ok kg -n k) ‘ . S,

. Observable is insensitive to
kil 1K . very soft emissions or very
Oy, .. ki1, ki ki gy oo k) = Oy, o ki ks -0 k) \ collinear splittings h

k.—0

l



Going more differential: IRC safety

» To ensure calculability in perturbation theory, we must guarantee the cancellation of IRC divergences
between real and virtual corrections. This imposes a criterion on observables known as |IRC safety

- Two conditions on the observable O(k,, k,, ..., k)

Oy .orki ok kipys oo k) = Oy ki ok kg -n k) ‘ . S,

. Observable is insensitive to

killkiyy . very soft emissions or very

Oy, .. ki1, ki ki gy oo k) = Oy, o ki ks -0 k) \ collinear splittings h
k—0 SEmmmmEmEEEE - -°

l

- Consider a histogram for a given observable:

20
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Going more differential: IRC safety

» To ensure calculability in perturbation theory, we must guarantee the cancellation of IRC divergences
between real and virtual corrections. This imposes a criterion on observables known as |IRC safety
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k—0 SEmmmmEmEEEE - -°

l

- Consider a histogram for a given observable:

\ real corr"s bin_

)E virt. corr’s bin
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Going more differential: IRC safety

» To ensure calculability in perturbation theory, we must guarantee the cancellation of IRC divergences
between real and virtual corrections. This imposes a criterion on observables known as |IRC safety

- Two conditions on the observable O(k,, k,, ..., k)

Oy .orki ok kipys oo k) = Oy ki ok kg -n k) ‘ . S,

. Observable is insensitive to

killkiyy . very soft emissions or very

Oy, .. ki1, ki ki gy oo k) = Oy, o ki ks -0 k) \ collinear splittings h
k—0 SEmmmmEmEEEE - -°

l

- Consider a histogram for a given observable:

real corr™'s bin

The reals must end up In
the same bin as the
virtuals when radiation 1s
soft and/or collinear

)E virt. corr™’s hin

20



Other IRC safe ohservahles

» Make it always customary to check whether an observable is IRC safe. Some examples:
-~ |s the energy of a quark/gluon/hadron IRC safe?
-~ |s the Higgs rapidity IRC safe?
- |s the transverse momentum of the Higgs boson IRC safe?

- Are jet observables IRC safe (e.g. leading-jet transverse momentum)?

- [...]

21
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Other IRC safe ohservahles

» Make it always customary to check whether an observable is IRC safe. Some examples:

-~ |s the energy of a quark/gluon/hadron IRC safe? X
~ |s the Higgs rapidity IRC safe?
- |s the transverse momentum of the Higgs boson IRC safe?
- Are jet observables IRC safe (e.g. leading-jet transverse momentum)? ?

- [...]

21



An example: The Higgs transverse momentum spectrum

22



Why is it interesting?

» Spans wide range of momentum scales: sensitivity to a variety of effects in different regimes

Low-qr regime can be exploited to infer
indirect bounds on light-quark Yukawa
couplings (e.q. charm quark)

)

o CMS Projection 3000 fb™' (13 TeV)
> Ew/ YR18 syst. uncert. (S2)
= Acs(p: > 600) / 250
LS s e T Ac(p:'>200)/120
- s Ao(pt > 600) / 250
10 A.v ........
= + Combination O
10°E 4 Hoobb TR N
oop oo
= ) HoZZ A
10" aMC@NLO, NNLOPS
- G, from CYRM-2017-002 144
10_5—|—I||II|I|I|II||II||II||I||||||I|||||II|I
1.5
1 187 8% --zH---i--éi---—--H---§--éi—----ﬁ-----ﬁ<>----i+>--!
O.5__IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0) 15 30 45 80 120 200 350 600 -

Ratio to prediction

HL-LHC projection 1902.00134

P} (GeV)

High-gr (boosted) regime can he exploited to
set bounds on couplings to top quark and
gluon (e.q. heavy top partners)

q

23



Calculating the Higgs gr distribution at leading order

o As for the total XS, we can compute the spectrum in the large-m: EFT and rescale by the ratio of the LO
cross section in the full theory to the EFT one. We choose the following parametrisation for the kinematics

i

§
p; = 7(1,0,0,1) k" =k, (coshn,1,0, sinh r)

NG
H _

P, =

(1,00,—1) PI'= (\/ my; + g7.cosh” i, — 7,0, — gpsinh )

2
e.g. gg — gh (also other flavour channels
A contribute, as in the NLO total XS)
\“ ?
The relative azimuthal angle between the Pr— ' — P2

Higgs and the radiation can be integrated out
exploiting Lorentz invariance

¢ =
-\

24



Calculating the Higgs gr distribution at leading order

Predictions here obtained with the H1Jet public code

I——O Parton luminosity (as in total XS)
2 A DNOA

dU ij ‘ (Sa ta u, //tR) S’\

— = L\ —,

dqr 8%,[ - ’72 [ E, §32 y (S 'MF)}

2
§= <qT coshn + \/m}zl + g% cosh? ;7>

0.100
A L 0.010
5= +p 232 > Large-m; EFT
tA =P =H) ) ) 0.001 (rescaled by ratio of L0 cross sectmns)
U= (p,—k) o | = ' .
E
e -4
= 10 L
-rl B

: Full theory (wl top loop) :
0 100 200 300 400

qrlGeV] 25


https://h1jet.hepforge.org/#:~:text=H1jet%20is%20a%20fast%20code,be%20extended%20to%20higher%20orders.

Large-qr regime: validity of heavy-top EFI

Even when rescaled by the ratio of LO cross:
sections, the EFT approximation breaks
down around the top threshold, due to

sensitivity to particle content in the loop.

dOgrr dOsm

This i1s an important observation: the tail of
the gr distribution is sensitive to potential
heavy new physics in the loop!

‘---------

/

dqr

dqr

—
@)
T I T T T

\
L
-
-
\
I m =
---------------
------------

300

400

20



Low-gr regime: logarithmic divergences

o The divergent structure of gauge theories in the IRC regime leaves behind a logarithmic sensitivity to

large hierarchies of scales

- Physical enhancement of configurations characterised by soft and/or collinear radiation

1.5
e.g. transverse momentum spectrum: L0 o—l

distribution diverges as a logarithm of gr in
the small-gr limit! Can we predict the
structure of the divergence?

3|5 1.0
5|8

0.5
logarithmic fitt
O.OT I B }g T B IS Y
0 2 3 4
Log[q/GeV]

L0 distribution

27



Recall soft/collinear factorisation of ACD squared amplitudes

 In the logarithmic limits, QCD squared amplitudes factorise into lower-point squared amplitudes and
universal singular kernels (shown below at the lowest perturbative order)

Soft factorisation Collinear factorisationt

n
Pi- p] 87T
sl 2 e, Y, ol (T, T dyoitlyy = 2 ka0 d, )
k0 ij=1 1 Pk ) o Sab
ab™

» This factorisation allows for a systematic control of the logarithmic IRC divergences

T Here we neglect spin correlations between the hard squared amplitude and the splitting kernel 28



Calculating the leading divergence of the gr spectrum

e The dominant singularity in the NLO qr spectrum arises when the radiation is simultaneously soft and
collinear to the beam

Soft factorisation (previous slide), together with colour .
- | of ? ~ 4raC—2L P2 2
conservationT, - T, =-T:=—-C, = — 3 g(pg(p)—g®n(py) I 2 sA pi-kp, -k 8(p1)8(p2)—h(py)
predicts (sete = 0) k=0

- We can use a simple kinematic parametrisation to calculate the resulting phase space integral

p = %a,o,o,l) K* = ay p! + i p + k" = k, (cosh, cos ¢, sin ¢, sinh 1) -
| I
\ W
\/E - B 1 Q. \/E >~ my, B Py — N %)
png(l,0,0,—l) kf_lkll |7f]|—5 ln,ﬁ_k <In kt = Mmax
\—o emission’s rapidity
- my,
dGDL 0(S4C Jﬁ dkt J’rlmax d Jﬂ d¢5( ) aS 8C lnq—T
dgr "2z A, k), TN 2T T 0 Ty,

29



Structure of logarithmic divergences

» The pattern of the logarithmic divergences can be predicted using soft and collinear factorisation

- |[t's convenient to work with the cumulative distribution (L = In —h)
qr
O(a): al* al a
Cumulative distribution=XS for producing a O@?) : a’L* oL’ o’L* o’L o
Higgs boson with transverse momentum < g
- do q @(0@2): a§L6 (foS a3L4 a3L3 aS3L2 aS3L af
o(qr) =0— | dgr—
“qr dQT
O(a?): a'L* oL 'L ... o'L o

- Problem: when ¢, < m, (e.g. L* ~ 1/a,) we face a breakdown of the perturbative expansion!

30



Rescuing the predictive power of perturbative QCD: resummation

» Convergence can be recast by reorganising the perturbative series across orders: resummation

- For instance, If we are interested in resumming the double-logarithmic (DL) tower of terms

I O O

O(a,) : . al”
: + I
Cumulative distribution=XS for producing a O(a?) : ' aiL*
Higgs boson with transverse momentum < gr vt
» do q O(a3) : v a;L° :
o(qr) =0— | dgr— o
Y qr dQT ] °e :
O(a?): v a'L>™
l ' We now proceed to
DL N 2 . do""
o(qr) = o* g = oy [ 1+ ) c,all™ ) | calculate
n=1 \. dqr



Physical interpretation of resummation

‘-----.~

Summing the perturbative series corresponds to considering
any number of (soft and/or collinear) emissions between the
hard scale and the scale of the measurement (assuming it is

In the perturbative regime)

Hadronisation
(~ 1 GeV)

1
1

Multi-scale

evolution

Proton

Proton

32



Physical interpretation of resummation

> o
5 Proton  Proton
T

Summing the perturbative series corresponds to considering !
any number of (soft and/or collinear) emissions between the !

hard scale and the scale of the measurement (assuming itis !

In the perturbative regime) y

‘---.~

Multi-scale
evolution

Hadronisation
(~ 1 GeV)

32



DL resummation of Higgs qr

Mathematica code available at this URL

33


https://gitlab.cern.ch/pimonni/summer-school-public-material

The mutti-particle squared amplitude at tree-level

» The dominant (DL) divergence arises in the presence of any humber of gluons simultaneously soft and
collinear to the incoming partons

- At DL order we can then use the following approximation of the real emission squared amplitude
(independent emissions picture)

0 n
2 2 2
| gpetp—tionx ) = gorgomnion | 2, (H|%sc(ki)‘ )

n=0 =1 7T — Z kt,i
- — _ L i
)
1+... .
\
2 P1° P2 ) .
| M (k)| =4ra,C, pi = e p
pl'kipz'ki 000000000C D0 0000 0 0L ) C

' This formula describes any number of |
' soft/collinear independent emissions |

34



Factorisation of the measurement

» In order to resum this series to all orders, we need to address the space integration

- multi-particle phase space is now constrained by the measurement

dep

Ph k| = k. dk
,—o ase space [dk] fdfd”(zﬂp

dGDL’ reals o0 1 n , no_
1 — 00 Z _'J H [dk] | M (k) |~ ) 6°(q = Z i,
qr n: i1 i=1

n=0

\———0 Combinatorial factor for n identical gluons

- We can recast the measurement as (Fourier transform)

4 \‘

n._ 2D :' We achieve the factorisation of the observable’s !

S5(qr— ), k)= J (zﬂ)ze‘b'% e ki ' phase space. b is the impact parameter, small ;
=1 =1 ' qr corresponds to largeb = | b | ;



DL resummation

o We are still missing the virtual corrections. At DL order, the finite parts of the virtual diagrams are not
relevant, and we only need the IRC singularities to remove the divergences of the reals

- A simple prescription is to subtract, for each emission, a virtual term with the exact same weight (unitarity)

- We can now resum the DL series, noticing that it's just a Taylor series of an exponential function

,——0 Virtual corrections
= 4 s\ azimuthal integration ;DL +00

do sz? 0 Y| (Tl P 1) = | avbaoan e
= O, € I — : : € Lig— — = O, €
dz?T 0 (272_)2 ~ ! L l SC\"™ . 'I qu odT , o\Pdr

B 2 ib-k X » bo — N,
Rb) = |dk] | A (k)" (1 —e N ~ —4C,1n , by=12e'E
1 <m,

o« Resummation restores the predictive power of perturbation theory, albeit with a different perturbative

expansion that captures towers of terms at all orders in «,
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The Higgs gr dlstrlbutlon In DL approximation

Sudakov peak: indication of DL exponential (Sudakov) \‘
suppression in the regime ¢y ~ k| >k, > .- >k, K

i Il ENN BN BN BN BN BN BN B B B =N =N = w

. At high gr we want to F
' combine the standard :
| ! perturbative expansion at
|+ fixed order to achieve a .
' * reliable prediction across
: the whole spectrum

(matching)

N Om m

' Scaling at very small gr Is instead
. ruled by kinematic cancellations

-= 37



The Higgs gr distribution in DL approximation

--------~

o

’ Power (linear) scaling at very small )

gr is a consequence of kinematic
cancellations
qdT1 = Z kti ~ () ’
‘Q f'

----'

do

1

Jdo quZ

0.010

0.008

0.006

O
o
o
AN

0.002

0.000

1

" do

——scales as O(gy)
: dQT

0.01

1 0.050.10
qr[GeV]

050 1 5
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Elements of higher order resummation for Higgs ar

o The DL resummation we just performed can be extended to include additional towers of logarithmic
corrections. The counting can be defined at the level of the logarithm of the cumulative distribution, i.e.

Current state of the
, art, also with

In G(QT) - a;fan+1 (LL) 4 a;an (NLL) n agan—l (NNLL) 4 a,gan—Z (N3LL) 4. elements Of NI‘LL
| ." NB: DL only corresponds to the \l
‘. n=1 term of the LL series! Ry

-------------------------

- Going beyond DL entails several aspects (hard-collinear limit, running coupling effects, DGLAP evolution
of PDFs, higher-order corrections to splitting kernels, ...)

- Field very mature, with many different formulations of the resummation (e.g. QCD, SCET, b-space/qgr
space, ...)

- Rich phenomenology at the LHC
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Comparison to LHC experimental data

’

Good description of data for different !

NSLL®NNLO). Experimental precision

decay modes (state of the art is

expected to reach the ~35% level (or

better) at HL-LHC!

da/d(pTH)[pb/GeV]

Theory/Data

ATLAS 2207.08615
o o[~ | | | | | | | e
- ATLAS L Hezz -
21— s 77 H s v H-—yy —
— H— 225 H YX ¢  Combination —
1.8 Vs=13TeV,139fb Systematic Uncertainty —
— Total Uncertainty —
1.6 W MG5 FxFx K=1.47, +XH -
— ResBos2 K=1.14, +XH _
14— SCETIlib K=1, +XH 7
B _ RadiSH K=1, + XH _
1 o g e NNLOPS K=1.1, +XH 7
T C S XH =VBF+VHx+{TH+bbH-+tH Z
0.8F... I —
1 N o + -
- | 1: n
04 [ L |'.'"I; —
E A++TI ’A ++ oA E
0.2 L. =
0 Eemnees R:{:t{i\\\\\\‘k\\\\\\\\\\\\u\\\\\\\'l\u\x\i 20 i) o) g
Al ' Tk
1.5 ' .
_____________ TR T N B 1 B P
0519.1', " 1y T3 |’.|" ;
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Other examples of resummations in Higgs physics

» Large logarithms appear whenever a collider observable is sensitive to a hierarchy of scales (in the
previous case g, < m,), different types of resummations can be formulated for different problems. E.g.

- Higgs total XS & rapidity distribution: sensitive to threshold logarithms In(1 — m,f/ﬁ)

- Light-quark mass effects (e.g. bottom quark) in Higgs XS and gr distribution:
sensitive to logarithms In(m /my,) , In(m /q7). with m, < g, m,

- Jet veto resummation when imposing a veto on additional jets produced with the Higgs boson:
sensitive to logarithms In(p“°/m,)

= ... Many other examples for specific collider observables
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