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Why transverse momentum resummation?

& The effects of the QCD radiation are encoded in the
qT spectrum.

& Transverse momentum (9T ) and rapidity identify
the Higgs kinematics
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We have to distinguish two regions of
transverse momenta
¢ qT ~ M,

To have T # 0 the Higgs boson has to recoil against at
least one parton

NLO corrections are known
only in the large m, SR

approximation (part of
inclusive NNLO cross
section |)




We have to distinguish two regions of
transverse momenta

¢ qT ~ M,

To have T # 0 the Higgs boson has to recoil against at
least one parton
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Recently NNLO (i.e. O(as)) contribution
from the gg channel has been evaluated

quantitative effect

~ ¥ appears to be large
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We have to distinguish two regions of
transverse momenta

. qT << MH
In this region large logarithmic corrections of the form

o "In*"(M?/qT?) appear that originate from soft and collinear

emission - : : :
€ the perturbative expansion becomes not reliable
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Signal and background

qT

YY

Same perturbative

pp—>H+X—>y§+X

We need resummation
for both

features as for signal @f Y
: %
Y

> PP—>?/v+><

Main differences at small qT:
+) H = gg fusion

+) Yy = mostly qq_and also gg
+) H peak position ~ 10 GeV
+) yy peak position ~ 5 GeV




The qT resummation formalism



The qT resummation formalism for colorless final states

¢ Resummation in b-space was fully formalized by Collins,
Soper and Sterman for the DY process by qq anihilation

& Process-independent universal generalization to generic
colorless high-mass systems

& Universal resummation coefficients explicitly known at
NLO/NLL level

¢ And NNLO/NNLL



Catani, de Florian, Grazzini (2000)

" Bozzi, Catani, de Florian, Grazzini (2005)
Our' formal lsm Catani, LC, de Florian, Ferrera, Grazzini (2013)

¢ Resummation performed in b-space — constraint
of qT conservation
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Catani, de Florian, Grazzini (2000)

" Bozzi, Catani, de Florian, Grazzini (2005)
Our' for.mal lsm Catani, LC, de Florian, Ferrera, Grazzini (2013)

§ W n(M:os(ih), o) = @ 30 M2 iy M2y M2/ Q)

Free of large logarithmic terms (behaves as

Sudakov - includes all the large logarithmic
terms in the large b limit (then small qT)

aconstantinb — o, or gT - O limit).

Y M2 i, M2 i, M2/ Q) = o} s, M) |1+ 5 O (M2, M2 i, M/ QP
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n=3

I Process dependent

Universal

& ),L; M? gy, M?/Q%) = —]b% iq {A(ﬂfs(q?)) lﬂq— + Bn(as(g ))]




Our formalism

LL NLL ‘;>
G (as, L M?/ﬁ%{%%% L gWiagL) € ¢Q (asL; M?/p%, M?/Q?)
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+ X g (AL M2/ M2 /%) w[ NNLL
o0

¢ With L= In(1+ Q2b?/b?)) and a .= a_(4,) ; y,~ O(M)

T

$0(aL)y~1-LL~a L™ and NLL~a L" - NLL/LL ~ O(a,)
& The form factor takes the same form as in threshold resummation
& Unitarity constraint enforces correct total cross section



Our formalism

¢ L~In(@Q%?/b%);b Q> 1 (large log)
L« 1.:bQ<«1 (small corrections)
In particular: L -» O if b —» O (total cross section)

& Unitarity constraint — the integral over qT of the transverse
momentum distribution gives the total Xsection

' /d , Aoy M, EHFM M2 /2 M2/ 2. M2
@ Jo I dg? (0, M, 8 as(up), i, 17, Q°) = (M, 3, as (ug); M? /ug, M?/u, M2/ Q%)
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dg?. =~ dg* dg?




. Catani, de Fl_orian, Gr_azzini (200_0_)
Our formalism o cws o e e,
& Unitarity constraint — the integral over qT of the transverse
momentum distribution gives the total Xsection

dg(ﬂ'ﬂ ) M2
F 3 : Mz/ﬂiaMz/Qz) )

(QTaM 8; &S(IU‘R) P:Ra P:Fa 2) =

“ / dqt

dotres) g5

Ao Fab _ Q0Fp g + OFab

dg2 —  dg* dq?

¢ The calculation can be done:

NLL+NLO: we need the functions g( ,) (@) and the coefhicient H

plus the matching at relative order as

3
NNLL+NNLO: we also need the function ggv)and the coefhcient HE,\Z;)
plus the matching at relative order a3




Our formalism

g Unitarity constraint — the integral over qT of the transverse
momentum distribution gives the total Xsection

| o0 deres) A M? )
& /ﬂ dg —deg (g7, M, 3; as(pg), a, 15, Q%) = — H" (M, 3, as(ug); M? /g, M? )1, M?/ Q%) |
. T

§ The formalism was applied at NNLL+NNLO to:

LZ, WW, VY, H, DY



. Catani, de Fl_orian, Gr_azzini (200_0_)
Our formalism o cws o e e,
& Unitarity constraint — the integral over qT of the transverse
momentum distribution gives the total Xsection

| o dote) . M2 .
ﬁ A dg‘lz" ﬁ(QTaMas;&S(ﬂ?{)aﬂzﬂaﬂia Qz) = ? HF(MasaQS(P:?{);Mz/ﬂiaMz/ﬂiﬂMz/Qz) )
T

~ (res.) d ~ (fin.)

Ao Fab o A0 o + OFab

de? —  dg dq?

& Recently all-order extension of the formalism for t1:

First all-order formulation of qT resummation for final states

with color
Zhu, Li, Li, Shao; Yang (2012)

Zhu, Li, Li, Shao; Yang (2013)
Catani, Grazzini, Torre (2013)



The resummed Higgs qT
spectrum



Higgs boson —» HRes

& HRes combines the NNLO calculation in HNNLO with the small-qT
resummation as implemented in HQT — "Higgs event generator”

It includes the decay H—=yy, H=WW —lvlv, H—=Z7—4I1
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Higgs boson —» HRes

D. de Florian, G.Ferrera, D. Tommasini, M.Grazzini (2011)
Bozzi, Catani, de Florian, Grazzini (2003)(2005)
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The upper (lower) curve at small qr is obtained with gxp = 1.67 GeV? (gnp = 5.64 GeVQ)I



Higgs boson — HRes

D. de Florian, G.Ferrera, D. Tommasini, M.Grazzini (2011)
Bozzi, Catani, de Florian, Grazzini (2003)(2005)
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The first data
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ATLAS data seem to suggest a harder spectrum (but still
very large uncertainties )



Sketchy form of contributions




The resummed qT spectrum for
Yy production



Resummation -» ATLAS yy - (2yRes)
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do/dqT,, [pb/GeV]

Resummation -» ATLAS yy - (2yRes)

First results!
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Resummation -» ATLAS yy - (2yRes)

+) NLO here means: yy + jet at NLO
+) yy + jet at NLO is a part of yy production at NNLO
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Resummation -» ATLAS yy - (2yRes)
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Resummation -» ATLAS yy - (2yRes)

First results!
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Resummation -» ATLAS yy - (2yRes)
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Summary

The qT resummation is necessary (and essential) in order to reproduce
the phenomenology of the measured gT spectrum

First ATLAS data show a spectrum which is significantly harder than the
SM prediction, though still with very large uncertainties

HRes includes the finite top and bottom quark masses at full NLL+NLO
accuracy. NNLL+NNLO effects are included in the large-mtop limit

HRes allows us to retain the full kinematical information on the Higgs
boson and its decay products in H-»yy, H-WW-lvlv and H-»ZZ-4]

Among the various kinematical distributions in gg—H the qT spectrum
plays an important role: embodies main effects of QCD radiation

First results of diphoton production at NNLL+NNLO (2yRes) show an
improved agreement (respect NNLO) with the LHC data over the
whole gT range.



Thank you!!!
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Higgs pr and BSM

Modifications of the Higgs couplings to gluons and the top quark can be

parametrised as
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P 127
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Mass effects at fixed order

Let us look at the mass effects in the NLO pt spectrum
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When only the top contribution is considered the shape of the spectrum in
the small and intermediate pr region is similar to the m;—co result

The bottom contribution significantly distorts the spectrum in the low pr
rn::ginn




Mass effects at fixed order

In order to understand what happr:ns; let us focus on the qg channel

We may expect that when pr<< my the

diagram should factorize naively Py =
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Also in this channel the bottom contribution modifies the shape at small pr
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The resummation formalism

The resummation formalism has been developed in the
eighties

As it is customary in QCD resummations one has to work in a
conjugate space in order to allow the kinematics of multiple
gluon emission to factorize

Many phenomenological studies performed at different levels
of theoretical accuracy

Recent studies also in the context of SCET



Our formalism

¢ Resummation performed in b-space — constraints
of qT conservation

M2 [ b ,
(QT:M:S):_ f dbEJ{](bQ’I‘)W (bJMJS)—l—
0

| PDFs

W& (b, M 0. p(as(M?), MY HE (as(VR) Sc(M,b)
ce, I

. Hard coefficient Collinear coefficient
orn - Process functions - Universal
Xsection dependent




Mass effects in the resummed spectrum

S

€c

€

€

It is not difficult to extend the fully exclusive calculation in HNNLO to

include the exact dependence on the masses of the heavy quarks up to
NLO

Two loop virtual corrections available

One loop real corrections available

Top and bottom quark contributions exactly taken into account up to
NLO. At NNLO we consider only the top-quark contribution and we
rescale it with the ratio o (mt )/o  (mt —»o)



Mass effects in the resummed spectrum

€

€0 €

€c

Studying the analytic behavior of the QCD matrix elements we find that
collinear factorization is a good approximation only when qT <«<2m b

The standard resummation procedure cannot be
straightforwardly applied to the bottom quark contribution

the top quark gives the dominant contribution to the qT cross section
and we treat it as usual with a resummation scale Q1

the bottom contributions (and the top-bottom interference) are
controlled by an additional resummation scale Q2 that we choose of
the order of the b-mass



Mass effects in the resummed spectrum
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€  We see that for Q2 =mb/2, mb, 2mb the fixed order is nicely
reproduced in the region qT >10 GeV. For Q2 =4mb instead the
resummation deviates from the NLO result. We thus choose Q2 =mb
as central scale and proceed with the full calculation
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H.Sargsyan, M. Grazzini (2013)

Numerical results

| ! L] L ! I ¥ 1 L) L] | ' L] ! ! I ! ! ¥ ! | L] I ! L] i .
| ppoHHX V=8 TeV NLL#NLO | Comparison of the results

obtained with Q.=myp and Q.=mp1/2

1.2

| MSTW2008 NLO
Significant differences
in the low-prregion

The result with Q.=mji/2 is in
agreement with independent

fiy =g =mg=125 GeV ] calculation by Mantler-Wiesemann
S Q@emyz 4 (and with MC@NLO)
U'En 20 40 80 80 100
pr (GeV)

Our result for Q,=m}, somewhat more similar to POWHEG though the
distortion is at smaller pr

But in order to judge the relevance of this effect we should compare with the
perturbative uncertainties affecting the NLL+NLO calculation (which are large)
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Recently the choice of the central value and range of the second
resummation scale has been the subject of discussion

It has been argued that the factorisation breaking terms are small and
could be treated as a finite remainder

This point of view has been recently taken by Harlander et al. who
suggest to choose Q2 so as to let the resummed spectrum agree (with
100%) with the fixed order at qT ~ m H

In this way one is lead to consider values of the second resummation
scale Q2 larger than what suggested in the analysis of Sargsyan and
Grazzini (but still smaller than Q1)



QT resummation and Higgs couplings

¢ The transverse momentum spectrum of the Higgs boson can be used to
extract information about the couplings

¢ It has been argued that the most important region for this task is the
large g T region and the total Xsection
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qT resummation “spreads” the uncertainties
of the gg channel over the whole qT range
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With respect to the fixed-order
calculation, the present
implementation provides a
better description of the data

and recovers the correct
physical behaviour in the small
qT region, with the spectrum

going to zero.
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(b)

Vector boson production at the LHC with lepton selection cuts. The NLL+NLQO (red)
and NNLL+NNLO (blue) normalized gr spectra for Z/~* production

The inset plot shows the ratio of the data and of the
scale dependent NNLL+NNLQ result with respect to the NNLL+NNLQ result at central values of
the scales.
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(a) The qr spectrum at NNLL+NNLO accuracy for Z boson production at the LHC
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uncertainties. The possible impact of NP effects is also shown (black crossed dashed). (b) The
same results are normalized to the central NNLL+NNLO prediction at \/s = 14 TeV (upper panel),
and corresponding results are shown at \/s =8 TeV (lower panel).
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