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Here | will discuss SCET-based, RG-resummed
predictions for the inclusive Higgs cross section.

Different methods
e based on the same factorization formula

o with same NSLL+NNLO (+N3LOparial) accuracy

can give fairly (~10%) different cross sections, due
to different choices of:

e expansion parameters (power corrections)
 treatment of large virtual corrections

e scale setting prescriptions
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e o Terminal — bash — 70x42 o~ |
becher:~/Documents/Software/RGHiggs-1.1> ./RunHiggs.py 7000 125(MSTW) =
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Higgs production at the LHC in NNLO RG-improved QCD
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becher:~/Documents/Software/RGHiggs-1.1> I

Using MSTW PDF sets PDF uncertainty for MSTW,
sqrtS —  7000. GeV CT10, CTEQ and NNPDF
m_H = 125.0 GeV
Cross sections with scale uncertainties (pb)
Fixed order: 13.443 +1.431 -1.373
Fixed order + 14.135 +1.504 -1.443
Only threshold resummed: 13.834 +0.703 -0.171
Only piA2 resummed: 14.618 +0.549 -0.636
Threshold+piA2 resummed: 14.679 +0.415 -0.112
Threshold+piA2 resummed + EW: 15.434 +0.436 -0.118
Cross sections with(EéEEEipha_s u:;S;;g£E££§;>(pb)
Fixed order: : +1.001 -0.968 -~
Fixed order + EW:  14.135  +1.053  -1.018 |
Only threshold resummed: 13.834 +1.051 -1.014 :
Only piA2 resummed: 14.618  +1.166  -1.118 |
Threshold+piA2 resummed: 14.679 +1.172 -1.124 :
Threshold+piA2 resummed + EW: 15.434 +1.232 -1.182 L

run time is ~1.5 min

Available partial N3LO results (hard and soft functions) are currently

being implemented!
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Results for cross section (NSLL+NNLO)

(not the most up-to-date results...)

o [pb] scale unc. Ao [%]
iHixs 15,37 +9/-8
deFG 15,40 +7/-8
RGHiggs 15,43 +3/-1

(mn=125 GeV, LHC 7 TeV, m:=173.1 GeV, mpy=4.2 GeV)

e Based on MSTWO8SNNLO:

¢ + 8% (PDF + as) uncertainty @ 90% CL
e +4% (PDF + ;) uncertainty @ 68% CL
e PDF4LHC prescription gives +8/-7% uncertainty

e Numerically, there is excellent agreement for o !
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Differences

Several differences in these results are hidden by the
excellent numerical agreement:

e We find that soft-gluon resummation alone
increases the cross section by 3%, dFG find 8%.

This means more than a factor 2 difference in the
resummation itself! — power corrections are important!

¢ Different treatment of the hard function in our
approach (“m2 resummation”) yields 9% increase.
Once this is done, soft-gluon resummation itself

becomes a small effect. — might help to reduce remaining
ambiguities at N3LO!

e Hixs uses u=Mn/2, which enhances o by 10%
compared with u=Mh.
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t Issue

Management
Process Issue

Some issues
in soft-gluon resummation



Common first step: integrate out the top

g GOCEE60 g %,
A --H ®0--H
o
g 90999999 T o 99999999
H a,(p?)
2 2 S v
Eeff — Ct(mt H ) v 127 G'uy,a, GZ

For my < 2m; we can integrate out the top quark, I.e.
replace the SM by an effective theory withn s = 5.

Calculations in EFT are much simpler (one loop and one
scale less). NNLO results are only available in EFT.

C:is known to N3LO and shows excellent convergence.
Power corrections (mus/m;y)2 turn out to be small.
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Factorization theorem

Sterman '87; Catani & Trentadue ’88

o H = j:;ig.: + §$9=
Q h &

§ m?
Q soft radiation T = —= ~ 0.0003

S

H(my ) | SO0 =2 oo /20

hard function soft function  parton luminosity

Scale of soft radiation is lower than mgu: large logarithms (?)
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Dynamical threshold enhancement ?

10° =

Becher, MN, Xu ‘07
104 3

= 100}
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107

Fall-off is not very strong. We find that the typical
scale of “soft” radiation is of order Mn/2, meaning
that there are no parametrically large logarithms!
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Dynamical threshold enhancement ?

Becher, MN, Xu ‘07

(1 —x)*

0.001 0.01 0.1 1
r=7T/z

Find that approximately (witha — 1 =~ 1.5):

1
~ a—1
o~ aBom/ dz 27" C(z,my, mp, jif)
0

The threshold region is not strongly enhanced!
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Dynamical threshold enhancement ?

6 1
10° s Becher, MN, Xu ‘07

(1 —x)*

0.001 0.01 0.1 1
r=7T/z

In moment space, dominant contributions arise from
N ~ 2. Numerical dominance of threshold terms can
only be justified a posteriori !

It might deteriorate for multiple emissions...

M. Neubert — RG-improved predictions for the inclusive Higgs cross section at the LHC



Dynamical threshold enhancement ?

For Higgs production at the LHC, hard emissions are
not strongly suppressed by PDFs.

Expansion around the soft limit (z—=1, N—) has an
expansion parameter ~1/2, and hence the threshold
enhancement cannot be justified parametrically:

e EXxact choice of expansion parameter (or space
iIn which the expansion is performed) matters

e Significant scheme dependence from different
treatments of “power-suppressed” terms
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Three differences



Three differences

1. Integral transform & choice of singular distributions
e Mellin moments
e | aplace transform (in Es)
2. Scale setting for soft emissions
e on the partonic level
e on the hadronic level
3. Evaluation of the hard function
¢ time-like matching

e space-like matching & RG evolution (72 terms)

BLUE: de Florian, Grazzini GREEN: Ahrens, Becher, MN, Yang

M. Neubert — RG-improved predictions for the inclusive Higgs cross section at the LHC



1. Soft emissions and singular terms

o (ks / _ng 2, M, M, fig) [ag(T/ 2, 1)

Soft emissions give rise to singular distributions in
partonic cross section Cgyg, Which can be written as:

In"(1—2)

1 — 2z

or

Resummation predicts these singular distributions to
all orders in perturbation theory.
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1. Soft emissions and singular terms

Second form is particularly natural, since the exact
results for the hard-scattering kernels involve
precisely these logarithms (at least to NNLO):

_ Qs L 1 mi (1 — 2)* 1 2\l =2)° 11 (1-2)
Colesmemn o) = 80 =+ 2 [30-2) (5 +20°) +o [FESEEEERE 0 (1 -2+ < WS- 5 £

™

1+ (1—2)? 1 mai(1—2)2 2z (1-2)?
n _ —
2 132 3 2

it

B
CQCI(Z7mt7mH7:uf) = g

0= — still true at (0s?)!

s
qu(Z,mt,mH,uf) = ? E >

In this sense, the SCET approach nicely matches
onto fixed-order results!
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Integral transform

To perform the resummation one takes the Laplace
or Mellin moment transform of the cross section.

Lnlf(E)] = /O Cde e Malr©) = [ a0 e

e |nthe SCET approach, we solve the RGEs in
Laplace space and then invert analytically.

e Traditionally, resummation is performed in
moment space, with a numerical inversion at

the end.
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Singular terms from Mellin inversion

Threshold limit z—1 corresponds to expansion
around N—. Mellin- and Laplace-space results are
the same after 1/N expansion.

Difference arises in the inverse transform:

In"(1—2)

Laplace (— IJIFIN)nH > i . + ...

11—z

Laplace E; (— EN)n+1 e n ( NZ )

Mellin (—In N)™T1 , [i=in2) + ...
+ ... N
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Singular terms from Mellin inversion

lnz= 1\;; O[(1 - 2)?]

The main difference between the two last approaches
is a factor of /z:

- n l1l—z
In"(— In 2) . VE X In™ =2

—Inz / 1 — =z
power correction at such terms do arise in
threshold z=1 fixed-order computation

On the other hand the simple Laplace inversion
giving rise to |- Z>] terms is not favored by the
structure of flxed orcifer expressions!
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Singular terms up to NSLO

LO NLO NNLO | NNNLO
full 4,69| 5,96 3,71 ?
Laplace 469 4,48 1,68 0,16
Laplace | 4,69| 5,12 2 87 @
Mellin 4,69| 5,74 3,71 1,61
(LHC@7 TeV, ur=ur=mgy) 13% of LO

e |arge differences between schemes indicate the
importance of power corrections!

e The singular pieces in the Mellin approach are
very close to the full results, but given that there is
no parametric reason this seems to be accidental.
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Ahrens et al.
(SCET)

de Florian et al.
(QCD)
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Singular terms up to NSLO

LO NLO NNLO | NNNLO
full 13,7 17,6 10,6 ?
Laplace 13,7 12,5 4,36 0,34
Laplace 13,7 14,6 7,90 @
Mellin 13,7| 16,4 10,3 4,32
(LHC@13 TeV, ur=ur=mg) 12% of LO

e |arge differences between schemes indicate the
importance of power corrections!

e The singular pieces in the Mellin approach are
very close to the full results, but given that there is
no parametric reason this seems to be accidental.
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(QCD)
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Singular terms up to NSLO

LO NLO NNLO | NNNLO
full 574| 697 |[ 3,17 ° ?
Laplace 574 4,19 1,00 -0,028

Laplace 5,74| 5,08 1,89 0,226
Mellin 574 5,42 |\ 2,22 @
(LHC @7 TeV, ur=ur=mul/2) 2,5% of LO

e For different scale choices, matching corrections
at LO and NLO can be larger (and similar) in both

approaches.
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Singular terms up to NSLO

LO | NLO NNLO | NNNLO
full 16,0/ 20,6 |( 9,39 ) ?
Laplace 16,0 11,3 2,67 -0,003
Laplace 16,0 14,1 5,20 @
Mellin 16,0 14,9 [l 599 /\.0,953

(LHC@13 TeV, ur=us=mu/2) 2.0% of LO

e For different scale choices, matching corrections
at LO and NLO can be larger (and similar) in both
approaches.
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2. Choice of the soft scale

|5 SO 2). ) g/ 200

Appropriate scale u in the soft radiation? Can set scale
either at:

e partonic level: set 1 — \/5(1 — z)and give a
prescription for Landau pole

® hadronic level: set u equal to the average
energy of soft radiation, determined numerically
(result: u~Mu/2)

Numerically, the two prescriptions give very similar
results
(see e.g.: Sterman, Zeng 1312.5397; Bonvini, Forte, Ridolfi, Rottoli 1409.0864)
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3. Choice of the hard scale

2.0 — e ‘ ‘ ‘ -
7 NNNLO IHeinrich et al. '09:; Baikov et al. ‘09:
f =TI IIT=~ ] ’

181+ Pt ~=IIz<.l JT. Gehrmann et al. '10
L ZFNNLO |
L ;’:”’ NN::\\ i

P4 ~
16 7’, ,/ ———————————————— \:\
. 3 ’, ————— ~

L ~ _
NNN
14+ Sso
~
L N

H(miy, 1°)

1.2
- LO |
1'0,- ————————————————————————————————————————— _j
08— A . L
0.2 0.5 1 2 5
2 2
wo/miy

e Hard function is scale dependent.

e Naively, contains large corrections for any 2!
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Time-like gluon form factor

2 opgopo”
e Hard function H(m3%, u* \CS —miy — i€, j )‘2

° : \
Scalar form factor: time-like gluon form factor

Cs(@?) =1+ Y @) ()L L= n(@2/u?)

c1(L) = Cy (—L2 + %2)

Sudakov double logarithm
e Perturbative expansions:

space-like: Cs(Q% Q%) =1+0.393 a,(Q%) — 0.152 a2 (Q?) +
time-like: Cs(—q%,q¢°) =1+ 2.75 as(q%) + (4.84 + 2.077) o2 (q°)
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Time-like gluon form factor

e Replacement I — Ing®/pu® — im in double logs gives

rise to large n2 terms, which can be resummed
Parisi ‘80; Ahrens, Becher, MN, Yang ‘08

e \We can avoid these terms in the matching by
choosing a time-like value p? = —¢*

Cs(—q¢%, —q*) =1+ 0.393 as(—¢%) — 0.152 a%(—¢*) + . ..

— same small expansion coefficients as for CS(Q27 QZ)

e |arge w2 terms are resummed in the RG evolution of
the hard function to the scale ur
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Time-like vs. space-like scale choice

2.0 ‘ \ ‘ ‘ T T T T ‘ \ ‘ ‘ I —
.9 L | Heinrich et al. ’09; Baikov et al. ‘09;
180 :LL > O ,¢—’:::::---:::Z ~~~~ NNNLO 1T. Gehrmann et al. ’10
. N\ ~~~:~ |
N ’,::: :::: NNLO ~:::::\~ ]
. 16pe00e” T e NI
= i NLO ~~~~~~~~~ NN
N§ 1.4 j ~~~~~~
~ 12" 2
i pe <0
m 1 0% \
08 | | L L | L L L L | |
0.2 05 1 2 5
2 2
‘,LL /M ‘

e Convergence is much better for p? < 0

e Evaluate H for u° < 0, where the convergence is
good, and use RG to evolve it to an arbitrary scale
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Fixed-order vs.

25 [ ] 7 T —r 1 T
[ Vs = 1.96 TeV
2 — MSTW2008NLO fixed order —
15 .
e)
B
o) 1 _
05 MSTW2008NNLO |
MO
0 A S R S S R S S RS S —
100 120 140 160 180 200
mgyg (GGV)
90 — 71 r 1 1 1 ]
S0 Vs =14 TeV E
70 § MSTW2008NLO  fixed order :
60
= 50 .
E F
o 40 MSTW200SNNLO
30
20 |
10 ; MSTW2008L
O : N B B RS SR
100 120 140 160 180 200
mpg (GGV)
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resummed results

25 —

[ MSTW2008NLO

V5 = 1.96 TeV

resummed

1.5 ]
o)
) [ _
S 1} MSTW2008NNLO -
0.5 +
- MSTW2008LO
0||||
100 120 140 160 180 200
mgyg (GGV)
90||||
80 Vs =14 TeV ]
70 resummed _
60
. 3 MSTW2008NNLO
o 50 F
s
s 40 :
30 :
20 |
- MSTW2008NLO
10 — MSTW2008LO 4
O:....|....|....|....|....:
100 120 140 160 180 200
mpg (GGV)

No large K-factors!
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Conclusions

e Higgs production cross section is not strongly
dominated by partonic threshold contribution;
related expansion parameter is ~1/2 !

e As a result, a significant scheme dependence in
soft-gluon resummation due to the truncation of
“power corrections” remains at NNLO.

e [arge corrections arising from time-like gluon form
factor and contained in the hard function H can and
should be resummed using RG methods!

e This might help reducing the ambiguities in the
matching to recent partial N3LO results (subleading
terms In threshold expansion). Anastasiou et al. 1411.3584
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Conclusions

Entire cross section: (L

HC @13 TeV, ur=ur=mr)

LO | NLO | NNLO [NNNLO
full 13,7| 17,6 10,6 ?
Laplace |13,7| 12,5 4,36 0,34
Laplace 13,7| 14.6 7,90 @

Melin [13,7] 16,4 | 103 [\4,32/
Cross section divided by the hard function:

LO | "NLO' | NNLO. |NNNLO
full 13,7 9,17 2,03 ?
Laplace |13,7| 4,05 -1,09 | -0,4/8
Laplace |13,7| 6,10 1,18 |/<0,011\

Mellin 13,7| 7,94 2,46 |\0,486/
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Conclusions

e Today, theory uncertainties are dominated by PDF
errors and the treatment of yet unknown subleading
threshold terms (not by scale dependences)!

e These should be estimated by comparing different
schemes, e.g. de Florain & Grazzini vs. Ahrens et al.

e Before presenting our final numbers in the SCET
approach, we will:

include known N3LO contributions to the hard and
soft functions

match onto recently computed, partial N3LO results
for subleading threshold terms
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