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The Higgs Boson: from discovery...

Selected diphoton sample
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The Higgs Boson: ... to precision measurements

ATLAS Preliminary Vs=7TeV,[Ldt=4.6-4.81fb"
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Good control of theoretical predictions is required
to search for small deviations




The Higgs Boson: ... to precision measurements

Observable Expected Ervor (experiment @ theory)
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Typical size of BSM physics:

g = gsm (1 + O(v?/TeV?))



The Higgs Cross Section: what do we know

Gluon fusion: ~ 10%

* NNLO QCD (inclusive and differential)

e NLO EW

e QCD resummations 10°g
 approximate NNNLO
e mixed QCD-EW

e |/mt,mb corrections
e H+1j,H+2j @ NLO

VBF: ~ 1%

* NNLO QCD (inclusive only)
* NLO EW

*VBF+1j @ NLO

\'s= 8 TeV

o(pp — H+X) [pb]

Higgs-Strahlung; ~ 1% 80100 200 300 400 1000

M, [GeV]
* NNLO QCD (differential)

e NLO EW
*VH+1j @ NLO Very good theoretical control

tetH: ~ 107% IS IT ENOUGH!?
* NLO QCD, including PS matching

+ PDFs + MC tools + ...




Higgs plus jet: need for improvement

Experimental analyses for pp —H—WWV:
binned according to jet multiplicity (different systematics)
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e Signal/background ratio for
H+1, H+2 jets: ~ 10%

* Significance in the H+ljet
bin smaller, but not much
smaller, than significance in
the H+O0 jet bin
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Higgs plus jet: need for improvement

The H+1 jet bin: large NLO K-factor and large theoretical uncertainty

Source (1-jet) Signal (%) Bkg. (%)
J

Missing transverse momentum
W +jets fake factor

b-tagging efficiency

Parton distribution functions
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Need for higher orders!
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NEED NNLO FOR H+JET(S) TO FIX THESE ISSUES
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The 0-jet bin: jet-veto resummation

Higgs plus jet: need for improvement

[Banfi et al. (2012), Tackmann et al. (2012)]
[I-jet bin: Liu and Petriello (2012,2013)]

NNLL resummation for In(pt/mh)

Challenging part: appearance of non-resummable (?) jet-algorithm dependence
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Uncertainty can be reduced by improving f.o. H+jets predictions




Riggs plus | jet at
NNLO




Anatomy of a NNLO computation
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[Gehrmann et al. (201 1)] [Badger et al. (201 1)] [Del Duca et al., Dixon et al. (2004)]
[Badger]

Individual ingredients known for a while.
What prevented from doing the computation?

A (generic) procedure to extract IR poles from
RV and RR was unknown until very recently




What about existing NNLO results?

Until very recently, all NNLO computations relied on
SPECIFIC PROPERTIES OF THE PROCESS UNDER CONSIDERATION

* Sector decomposition: simple enough phase space
Higgs, Drell-Yan, dijets in e"e" [Anastasiou, Melnikov, Petriello; Melnikoyv, Petriello]

* e*e” antenna subtraction: no partons in the initial state
dijets and trijets in e*e [Gehrmann-De Ridder, Gehrmann, Glover et al.]

* qI resummation: no colored particles in the final state
Higgs, Drell-Yan, dibosons and WH [Catani, Cieri, De Florian, Ferrera, Grazzini]

None of these methods would work for H+jet

e MoOSt recent prOgI‘eSS: pp—»ttbar [Barnreuther,Czakon,Fiedler,Mitov]

- [Currie,Gehrmann-De Ridder,
gg - di-jet Gehrmann, Glover, Pires]

. [Boughezal,Caola,Petriello,Melnikov,M.S.]
gg—’ H+Jet [Chen,Gehrmann,Glover,Jaquier]



A successful strategy for simpler processes:
Sector decomposition

[Binoth, Heinrich; Anastasiou, Melnikov, Petriello (2004)]

Basic idea: clever parametrization of the PS which makes
IR SINGULARITIES MANIFEST:

/\M\ZdCD —

[UpPal{ay) 5 =~ F(0) +

Fz) = / 1M ] {dy)

Remap singular denominators on the hypercube
Singularities are extracted before integration




A toy example: simple parametrization

NLO: | sector
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A toy example: sector decomposition

NNLO: overlapping divergences —» sector decomposition
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Sector decomposition: pro et contra

: /de(x)_F(O) -

Subtraction and integrated subtraction terms are for free

(no need for analytic PS integrations)

Powerful tool for fully differential NNLO computations:

* dijet production at LEP [Anastasiou, Melnikoy, Petriello (2004)]
* Higgs production at hadron colliders [Anastasiou, Melnikov, Petriello (2005)]
e DY production at hadron colliders [Melnikov, Petriello (2006)]

BUT

Parametrization become challenging for more complicated processes

Parametrization known only for ONE COLLINEAR DIRECTION

As it is, highly process-dependent framework




Higgs plus jet: singularity structure

Much more complicated singularity structure. Collinear:

ng & ‘ij|2

Sgg

Potential troubles: S14, 524,539, Sgg, S1gg; S299> 5399 and combinations

Finding a ‘good’ global parametrization is (very) hard




Sector-improved subtraction scheme

HOWEVER: collinear sing. cannot occur all together [Czakon (2010)]

Troubles: : Troubles:

Can we make use of it, i.e.
can we single out different collinear directions!?

YES, just use the Frixione-Kunszt-Signer (FKS) partitioning

[Czakon (2010)]
1 — ZAngi,ngJ

Angi,gQHj — 0 when glupla 92Hpm7 l# i? m #]




Sector-improved subtraction scheme

Sector decomposition + FKS [Czakon (2010)]
[ 1070 =37 [ |papasag il

Single collinear direction
~ parametrization of

ggH, DY, e*e” = dijets
I— ———

/ ‘M‘2d¢Agl||1’92||1 .

Two (~uncorrelated) dir.

2 1 3
/\M\ dp A9 1192118 —s - NLOA2

_ﬁ

No matter how complicated the process is,
it can be reduced to the sum of individual contributions. For each of
them, we know a sector decomposition-friendly PS parametrization

T —————— e ——————




Sector-improved subtraction and H+j

Worked-out details for RR: [Czakon (2010)]

(Although we use a slightly different parametrization and sector definition)

Three triple-collinear partitions
Each: 5 sectors

Six double-collinear (energy ordering)
No sector decomposition required

dx;
Fi(x17x27$37$47 {y}) H 1—|—a e{dy} —

dflj‘l -+ ...

) — Fy(0, {y}))




Sector-improved subtraction and H+j

Worked-out details for RV: [Boughezal, Melnikov, Petriello (201 1)]

(Although we need a slight generalization)

rrrrrrrrrrr
OGO
|

- Three collinear partitions
3§ & (same of NLO)
000 i,,l:m ) l.i.i.t:m hoa®d000

L OO

Phase-space is simple (same of NLO), but amplitudes have
non trivial branch-cuts

dry dx
RV /{dy} 1_|_12€ 1_|_2€ (F@l —+ (33%5132)_6 i 2 + X4 Zer 3)

/{dy}A B C D




Sector-improved subtraction and H+j:
building blocks

Recall the general structure: F(z) = /[|M|2:z;]{dy}

/\M\2dq§: FEO) | /da;F(x)_F(O) -

X

We need to provide
F'(2;{y}): fully-resolved matrix element (RR and RV)

o 11m F( ;{¥}): matrix element in a singular configuration

V

hm F( :1y}) : reduced (=lower multiplicity) matrix

element times universal eikonals / splitting functions
[Catani, Grazzini (1998, 2000); Kosower, Uwer (1999)]

At the end: ~ |70 different limits contribute
T e =




H+j: building blocks

Because of gluon spin correlations, we are forced to work in full CDR

Apart from eikonals/splitting functions, we require
® tree-leve H+3 [Del Duca et al., Dixon et al. (2004), Badger]

o tree-level H+2j [Badger etal. 2011)] up to O (%)

e tree-level H+1j up to O(¢)

* one-loop H+2j [Badger etal. (2011)]
* one-loop H+Ij up to 0(62) (although see [Weinzierl (2011)])

e two-loop H+ | [Gehrmann et al. (2011)]
* renormalization, collinear subtractions

Amplitudes are evaluated near to singular configurations:
have to be very stable (and possibly fast) —

ANALYTIC RESULTS, SPINOR-HELICITY FORMALISM

EXTREMELY GRATEFULTO MCFM FOR PROVIDING
EXCELLENT AMPLITUDES ALREADY AS A FORTRAN CODE!
e ——————




H+j: spinor-helicity in higher dimension
Because of gluon spin correlations, we are forced to work in full CDR

To get O(€?) tree- and loop-level amplitudes:

Dimensional reconstruction: O(e) and O(e*) from spinor-helicity in
higher dimensions

55— EE— |

Scalar-like gluons with polarization vectors pointing in the D=5,6
subspaces

Similar to what is done for |-loop in D-dimensional unitarity
* although slightly more tricky if quarks are around

~

[urv"py...pp Y0 (I-loop) vs U~ Py ...pxv (here)]
* and analytic-friendly

WE GET COMPACT AND STABLE RESULTS ALSO FOR
FULL AMPLITUDES IN D-DIMENSIONS

e Recent proposal for 4-D framework: [Czakon (2014)]



Higgs plus | jet at NNLO:

results (gg only)




Checks: generic

Two entirely independent computations (JHU/ANL-Northwestern)
|

Phase space parametrization and partitioning
 correct D-dimensional PS volume in each partition
e rotational invariance in D-dimensions (spin-correlations)

Amplitudes

e tree-level amplitudes tested against MadGraph

* l[oop-amplitudes implementation checked against original MCFM
e singular limits (see below)

* D-dimensional helicity amplitudes checked against brute-force
computation for ) M|

pol




Checks: limits and scaling

Subtraction terms should match the full amplitude in singular limits

Non-trivial since subtraction terms computed from
reduced matrix element and eikonals/splitting functions

Double soft limit, 4111, 5112 Triple collinear limit, 4113, 5113, sector 1

T T T 800 T T T
t=10712 m— =104, T
700 t=10"4 m—

800 T T T
600 w00 | A
600 i

500

t=10713

400
300

Number of events
Number of events

200
0 5x107%  1x102  1.5x10712

100

| —— | O
-5 -6 -6
2x101%  4x107%  6x10'?  8x107'? -1x10 -5x10 0 5x10

L(xg)

Soft Iiﬁ(*xfi)ts: Collinear limits:
lim 1 — F(z1)/F(0) ~ 23 lim 1 — F(z2)/F(0) ~ /22

x1—0 x2—0

Correct scaling is the ultimate test for limits
I — e ——————




Checks: poles cancellation

NUMERICAL CANCELLATION between
renormalization and coll. couterterms, RR, RV, VV

160 192 224 256 288 320 352 384 416 448 480
Vs

1/€ poles, summing individual contributions




Checks: poles cancellation

NUMERICAL CANCELLATION between

renormalization and coll. couterterms, RR, RV, VV
e ————

0.01

| |
1/e —o—

.

i

001 W | | | | | | | | |
160 192 224 256 288 320 352 384 416 448 480

Vs

1/€ poles, degree of cancellation ~ 10~*
(1/e: ~107%)




H+j @ NNLO (gg only)

200
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* Partonic cross section for gg = Hj @ LO, NLO, NNLO

e Rea

e Hac

istic jet algorithm, kT with R=0.5, pt> 30 GeV

ronic cross-section pp — Hj using latest NNPDF sets

* Scale variation in the range mu/2 < 4 <2 mpy, my = 125 GeV




H+j @ NNLO (gg only)

OLO i
ONLO
ONNLO

1 L 1
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Large K-factors
ONLo/OLo = 1.6
O/NNLo/ONLo = 1.3

- Significantly reduced O(4%)
scale dependence




Outlook
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Partonic Channels: LO

*gg is by far the most important
*qg is relevant as well
*qqb is negligible



Partonic Channels: NLO

~ -0.5%

Again, gg and qg are the most relevant
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gg: 1/e pole cancellation
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res|["gg’
chil"gg’
res|["gg’
chil"gg’
res|"gg’
ehil"gg’
res| gy’
chi|"gg’
res| gy’
chi["gg’
res| gy’
chi["gg’
res|["gg’

cen.ohiu

2015-01-20

resout mat

| Y]

chil"gg” AR, "41 52", 158
res [ "ggq"” AR, "41_52", 158
chil"gg” AR, "41 52", 158
res["gg" AR, "41_53", 158
chi["gg” AR, "41 53", 158
res["gg" AR, "41_53", 158
chi["gg” AR, "41 53", 158
red [ "gg" AR, "42_51", 158
chil“gg"” AR, "42_51", 158
red [ "gg" AR, "42_51", 158
chil“gg"” AR, "42_51", 158
res["ggq" RR,"42 53", 158
chil“gg"” AR, "42_53", 158
res|"gg" AR, "42 53", 154
chil“gg"” AR, "42_53", 158
res["gg" AR, "43 51", 154
chil“gg"” AR, "43 51", 158
res[“ggq"” AR, "43_51", 158
chil“gg" AR, "43 51", 158
res["ggq" AR, "43 52", 158
chil“gg" AR, "43 52", 158
res["ggq" AR, "43 52", 158
chil“gg" AR, "43 52", 158

561685434591 ,1]
J597954357813,1]
.597954357813,1]
561685434591 ,1]
561685434591 ,1]
J597954357813,1]
.597954357813,1]
561685434591 ,1]
561685434591 ,1]
.597954357813,1]
J597954357813,1]
561685434591 ,1]
561685434591 ,1]
.597954357813,1]
J597954357813,1]
561685434591 ,1]
561685434591 ,1]
.597954357813,1]
J597954357813,1]
561685434591 ,1]
561685434591 ,1]
J597954357813,1]
J597954357813,1] =

458.494 +par 232;
118.7@5 +pm @.8382725;
213,653 +par 232;
189,752 +pm 8. 8282643 ;
314.495 +par 232;
127.189 +pm @.8288775;
286,924 +paer 232;
95.3278 +pm @.8236882 ;
368.332 +per 232;
118,778 +pm @.8323539;
189,434 +per 232;
148,65 +pm @.821166;
382.297 +per 232;
127,216 +pm @.8281171;
258.878 +per 232;

-96. 3657 +pm 88261815 ;
188,783 +per 232;
-115.1 +pm 8.8342269;
113.278 +per 232;
-96.3733 +pm @.827M86;
117.785 +per 232;
-115.11 +pm 8. 8328446 ;
91.1634 +per 232;

res|gg” AR, "41_51al”, 158,
chil"gg" AR, "41_51al", 158.
res|gg” AR, "41_51al”, 158,
chil"gg" AR, "41_51al", 158.
res|gq" AR, "41 51a2", 158,
chil“gg” AR, "4l 51a2", 158,
res|gq" AR, "41 51a2", 158,
chil“gg” AR, "4l 51a2", 158,
res|gq" AR, "41 51a3", 158,
chil“gg” AR, "4l 51a3”, 158,
res|gq" AR, "41 51a3", 158,
chil“gg” AR, "4l 51a3”, 158,
res|gq" AR, "41 51a4", 158,
chil“gg” AR, "4l 51a4", 158,
res|gq" AR, "41 51a4", 158,
chil“gg"” AR, "41_51ad”, 158,
res[gg” AR, "41_51a5", 158,
chil“gg"” AR, "41_51a5", 158,
res[gg” AR, "41_51a5", 158,
chil“gg"” AR, "41_51a5", 158,
res[gg” AR, "42_52al", 158,
chil“gg"” AR, "42_52al", 158,
res[gg” AR, "42_52al", 158,
chil“gg"” AR, "42_52al", 158,
res[gg” AR, "42_52a2", 158,
chi["ggq"” AR, "42_52a2", 158,
res|"gg” AR, "42_52a2", 158,
chi["ggq"” AR, "42_52a2", 158,
res|gg” AR, "42_52a3", 158,
chi["gg"” AR, "42_5283", 158,
res|gg” AR, "42_52a3", 158,
chi["gg"” AR, "42_5283", 158,
res [ gg” BR, "42_5244%, 158,
chil"gq"” AR, "42 52a4", 158,
res [ gg” BR, "42_5244%, 158,
chil"gg"™ .RR,"42_5244", 158,
res["gg" AR, "42_5285", 158,
chil"gg"™ RR,"42_5245", 158,

561605434591, 1]
561685434591, 1]
597954357813, 1]
597954357813, 1]
561685434591, 1]
561605434591, 1]
597954357813, 1]
597954357813, 1]
561685434591, 1]
561605434591, 1]
597954357813, 1]
597954357813, 1]
561685434591, 1]
561605434591, 1]
597954357813, 1]
597954357813, 1]
561605434591, 1]
561685434591, 1]
597954357813, 1]
597954357813, 1]
561605434591, 1]
561685434591, 1]
597954357813, 1]
597954357813, 1]
561605434591, 1]
561605434591, 1]
597954357813, 1]
5970954357813, 1]
561685434591, 1]
561605434591, 1]
597954357813, 1]
5970954357813, 1]
561685434591, 1]
561605434591, 1]
597954357813, 1]
597954357813, 1]
561685434591, 1]
561685434591, 1]

-8 .292984 +pm @ . 838183563;
179. 289 +per 73;

EaabatealefEaiallonafalalaYaiafadaballa

492838 +pm @.888176325;
JT112 +per 73

.168383 +pm 7.25124418"-85;
L8217 +per 73

(2BA3ATA +pm 9. 94553418"-85;
L8545 +per 73;

165539 +pm @.88814214;
L4338 +per 73;

.2BAA1A +pm @.0888232792;
L8436 +per 73;

.339595 +pm 8. 888267117;
L1747 4per 73

577727 +pm 8. 888449465,
L9371 +per 73;

167463 +pm 6. 78533418"-85;
TTME Hper 73

J2ET134 +pm 8.088112442;
L7331 +per 73;

293184 +pm @.088112449;
1.384 +per 73;

4891917 +pm @.088174414;
L2911 +per 73;

L168174 +pm 6.91744418"-85;
AT 4paer 73

.2BATE +pm @.0808185782;
JBB51 +per 73;

. 1E5795 +pm @.888139633;
5B 4per 73

. 280888 +pm @.088236416;
4122 +per 73;

.33944 +pm @ .008250884;
L7418 +per 73;

J5T77282 +pm 8. 088438429;
8888 +per 73;

167362 +pm 6. BAE19418"-85;
JBTTE Hper 73;




2015401-20

resout mat

res|"gg’
ehil"gg’
res| gy’
chi["gg’
res|["gg’
chil“gg’
res|["gg’
chi["gg’
res|["gg’
chil"gg’
res|"gg’
chil"gg’
res|"gg’
ehil"gg’
res| gy’
chi["gg’
res|["gg’
chi|"gg’
res| gy’
chi["gg’
res|["gg’
chil"gg’
res|["gg’
chil"gg’
res|"gg’
ehil"gg’
res| gy’
chi|"gg’
res|"gg’
ehil"gg’
res| gy’
chi["gg’
res|["gg’
chil"gg’
res|["gg’
chil"gg’
res|"gg’
ehil"gg’
res|"gg’
chil"gg’
res|"gg’
ehil"gg’
res| gy’
chi["gg’
res["gg’
chi["gg’
res|["gg’
chil“gg’
res|["gg’
chil"gg’
res|["gg’
chil"gg’
res|"gg’
ehil"gg’
res| gy’
chi|"gg’
res| gy’
chi["gg’
res| gy’
chi["gg’
res|["gg’

cen.ohiu

2015-01-20

resout mat

chi["gg" RR,"41 52" ,158 . 561685434591 ,1] = 458.494 +per 232 ;

restgg”
ehil"gg”
restgg”
ehil"gg”
restgg”
ehilgg”
res | "gg”
chil"gg"
res | "gg”
chil"gg"
res | "gg”
chil"gg"
res | "gg”
chil"gg"
res | "gg”
chil*"gg"
res|gg”
chil“gg"
restgg”
chil“gg"
restgg”
chil“gg"
restgg”
chil“gg"
restgg”
chil“gg"
res | "gg”
chil"gg"
res | "gg”
chil"gg"
res | "gg”
chil"gg"
res | "gg”
chil"gg"
res | "gg”
chil"gg"
res | "gg”
chil"gg"
res | gg”
chil"gg"
res | gg”
chil"gg"
res | gg”
chil"gg"
res | gg”
chil"gg"
res | gg”
ehilgg”
restgg”
ehil"gg”
restgg”
ehil"gg”
restgg”
ehil"gg”
restgg”
ehil"gg”
restgg”
chil"gg"
res | "gg”
chil*"gg"

2015-01-20

reSaut mat

res|"gg” AR, "42_52a5", 158,
chil“gg" AR, "42_52a5", 158.
res|gg” AR, "43_53al”, 158,
chil"gg" RR,"43_53a41",158.
rag[“ggq” AR, "43_53al”, 158,
chil“gg" AR, "43_53al",158.
ras[“ggq” AR, "43_53a2", 158,
chil"gg" AR, "43_53a42",158.
res["gg” AR, "43_53a2",158.
chil"gg" AR, "43_53a42",158.
rag|[“ggq” AR, "43_53a3", 158,
chil"gg"” AR, "43_5343",158.
rag[“ggq” AR, "43_53a3", 158,
chil"gg"” AR, "43_5343",158.
res["gg” AR, "43_53a4",158.
chil"gg"” AR, "43_53a4",158.
res["ag" AR, "43_53a4", 158,
chil"gg"” AR, "43_53a4",158.
res["ag" AR, "43_53a5", 158,
chil“gg” AR, "43_53a5", 158.
res["ag" AR, "43_53a5", 158,
chil"ggq"” AR, "43_53a5", 158,
561685434591, 1]
561685434591, 1]
597954357813, 1]
597954357813, 1]
561685434591, 1]
561685434591, 1]
597954357813, 1]
597954357813, 1]
561685434591, 1]
561685434591, 1]
597954357813, 1]
597954357813, 1]
561685434591, 1]
561685434591, 1]
597954357813, 1]
597954357813, 1]
561605434591,1]
561685434591, 1]
.597954357813,1]
597954357813, 1]
561685434591, 1]
561685434591, 1]
597954357813, 1]
597954357813, 1]

res|"gg"” RR, "41_S2a" 158
chil"gq" AR, "1 52a", 158
res|“ggq"” AR, "41_52a",158
chil“gg" RR,"41_52a" 158
res|“ggq"” AR, "41_53a",158
chil"ggq"” AR, "41_53a",158
res[“ggq"” AR, "41_53a",158
chil“gg" AR, "41 53a%,158
res["ggq"” AR, "42_5la”,158
chil“gg" RR,"42_5la" 158
res["gq" AR, "42 S5la“,158
chil“gg" RR,"42_5la" 158
res["gq" AR, "42 53a",158
chil“gg" AR, "42_53a",158
res["gq" AR, "42 53a%,158
chil“gg" AR, "42_53a",158
ras|[“ggq” AR, "43_5la”,158
chil“gg" AR, "43_51a",158
res["gq" AR, "33 S5la",158
chil“gg"” AR, "43_51a",158
res|"gg" AR, "43_52a",158
chil“gg"” AR, "43_52a",158
res|"gg" AR, "43_52a",158
chil"gq" AR, "33 52a", 158

597954357813, 1]
597954357813, 1]
561685434591, 1]
561685434591, 1]
597954357813,1]
597954357813, 1]
561685434591 ,1]
561685434591, 1]
597954357813,1]
597954357813, 1]
561685434591 ,1]
561685434591, 1]
597954357813,1]
597954357813, 1]
561685434591, 1]
561685434591 ,1]
597954357813, 1]
597954357813, 1]
561685434591, 1]
561685434591, 1]
597954357813, 1]
597954357813,1]

HallalklsbaFaalesEaEaEala

.287414 +pm @ .838184181;
L3649 per 73

818336 +pm 1.85351*18"-85;
(@952 wper 73;

L@365854 +pm 3 .48856+18"-45;
JT31 4per T3;

.@331151 +pm 1.71751*18"-45;
@8R 4per 73;

L@661353 +pm 3.33316%18"-45;
G959 per 73;

.@38826 +pm 4.11531*18"-85;
L1393 +per 73;

L@T775878 +pm T7.16953+18"-45;
M H4par 73

.@A54699 +pm 4.49844+18"-a5;
A2 per 73

1763 +pm 8.99145*18"-85;
LT Hper 73

8314483 +pm 2 .85752+18"-a5;
@581 +wper 73;

JBE2T994 +pm 3.94194+18"-A5;
LT wper 73

| Y]

-8, 679399 +pm @.8088198394 ;
147 (555 +per 73;

-1. 16885 +pm @.088328881 ;
44,8935 +per T3;

-8. 684335 +pm @.888284411;
184,314 +per 73;

-1.1797 +pn @.898356859 ;
48,8612 +per 73;

-8. 67942 +pm @.98818825;
115.584 +per 73;

-1. 16924 +pm @.888332845;
49. 7576 +per T3;

-8, 684945 +pm @.88028588 ;
82,9763 +per T73;

-1.17881 +pm @.088348971;
88,4725 +par 73;

-8, 158793 +pm 3.5578+18"-85;
93.2875 +par 73;

-8, 381271 +pm 5.48988+14"-45;
63.8678 +per T73;

-8, 158726 +pm 3.92382414"-45;
58.8116 +per T73;

-8.381281 +pm 5.719+18"-45;
48, 4686 +par T3;

res["gg" RV,"41",158,
chil"gg" RV, 41" 158.
res|"gg" RV, 41", 158,
chil"gg" RV, 41" 158.
res["gg" RV, 42", 158,
chil"gg" RV, "42" 158,
res["gg" RV,"42",158,
chil"gg" RV, 42", 158,
res["gg" RV,"43",158,
chi["gg" AV, 43" 158,
res["ggq" RV, 43" 158,
ehi["gq" AV, "43" 158,

56168543459]1,1] =

S56168543459]1,1]
597954357813, 1]
597954357813, 1]
561685434591, 1]
S56168543459]1,1]
597954357813, 1]
597954357813, 1]
561685434591, 1]
561685434591, 1]
597954357813, 1]
597954357813, 1]

-1849. @38 +pm @.8242532;
363,236 +per 232;
-119.88 +pn @.8319817;
164,186 +per 232;
-184 . 181 +pm 8. 8243629;
246,156 +per 232;
-119.839 +pm @.8335599;
192,912 +par 232;
91.2597 +pm @.8242387;
B6.2124 +per 232;
118.33 +pm @.8322452;
44,2783 +par 232;




2015401-20

resout mat

res|"gg’
ehil"gg’
res| gy’
chi["gg’
res|["gg’
chil“gg’
res|["gg’
chi["gg’
res|["gg’
chil"gg’
res|"gg’
chil"gg’
res|"gg’
ehil"gg’
res| gy’
chi["gg’
res|["gg’
chi|"gg’
res| gy’
chi["gg’
res|["gg’
chil"gg’
res|["gg’
chil"gg’
res|"gg’
ehil"gg’
res| gy’
chi|"gg’
res|"gg’
ehil"gg’
res| gy’
chi["gg’
res|["gg’
chil"gg’
res|["gg’
chil"gg’
res|"gg’
ehil"gg’
res|"gg’
chil"gg’
res|"gg’
ehil"gg’
res| gy’
chi["gg’
res["gg’
chi["gg’
res|["gg’
chil“gg’
res|["gg’
chil"gg’
res|["gg’
chil"gg’
res|"gg’
ehil"gg’
res| gy’
chi|"gg’
res| gy’
chi["gg’
res| gy’
chi["gg’
res|["gg’

cen.ohiu

2015401-20 resout.mat 2

chil“gq" RR,"41 52", 158, 561685434501,1] = 450,494 +per 232;

res.l"g-g"

ﬂi : ,,33 . | 20150120 resoutmat 3

chil"gg"” res["gq" AR, "42_5285",158.597954357813,1] = -0.287414 4pm 9. 008184181;

res | "gg" chil“ggq" AR, "42 5245, 158.507954357813,1] = 34,3649 +par 73;

chil"gg"” res["gq" AR, "33 53s1",158.561685434591,1] = -0.818336 +pm 1. 85351*18"-85;

res|"gq" chi["ag" AR, "3 _53al",158.5616854345091,1] = 18.8952 +per 73;

chil"gq" res|gg” AR, "43 531", 158, 507954357813,1] = -0.0365854 +pr 3.40856+18"-05;

res["gg" chi["ag" AR, "43_53al",158.597954357813,1] = 19.731 +per 73;

chil"gq" res|gg” AR, "43 532", 158, 561685434501,1] = -8.8331150 +pr 1.71751+18"-45;

res]gg" chi["ag" AR, "3 _53a2",158.561685434591,1] = 18.8933 +per 73;

chil“gg"” res|“gg” AR, "43_53a2",158.597954357813,1] = -8.0661353 +pm 3.33316418"-45;

res]gg" chi["ag" AR, "43_53a2",158.597954357813,1] = 31.6959 +per 73;

chil“gg" res|gq” AR, "43 533", 158, 561685434501,1] = -0.038826 +pm 4, 11531418°-85;

rea | "gg" chil“gg" RR,"43 5333, 158.561685434591,1] = 24,1393 +per 73;

chil“gg" res|gg” AR, "43 533", 158,507954357813,1] = -8.0775878 +pr 7.16053+18"-05;

resl"gg” chil“gg” AR, "43 533", 158.597954357813,1] = 15,774 +per 73;

chil"gq" res["gg"” AR, "43_53a4", 158, 561685434591,1] = -0.0854699 +pn 4.49844%18"-a5;

res ] "gg” chil“gg” AR, "43 5334, 158.561685434501,1] = 44,0482 +per 73;

chil"gq" res["ag” AR, "43_53ad",158. 597954357813, 1] = -0.170763 +pm 8. 99185%18"-85;

res]gg" chil“gg" RR,"43 5334, 158.597954357813 11 = 20 7029 4aar 77

chil"ag" res|gg" AR, "43 53a5", 158. 5616854345

resgg" chil“gg” AR, "43_53a5",158.5616854345 | 201501-20 resout.mat £377

ﬂi:,,‘-"g,, xi:..‘-"g.. T vans | hil"ar® ML, "cy®,168 965870231710,8] = 3.62 +per 71; \\

ml..‘-‘g.. res|"gg"'nn"'a1'5za" 158 Se1emsq3qsg | reSUar”.NL, "cv" 178 683218283678,8] = 6.5347¢18°-04 +pm 2.8417418°-87;
"ag” mi|"33"IHIII"-11_52&"'153.561&35-13-159 chil"gr® ML, "cw"” 178 688238283678, 8] = 4.04 +per 73;

res|gg” res["gq” AR, "4l S2a” 158 59705435781 | "®5L"ar".ML, "cv",171.615361583662,8] = 7.3785¢18"-84 +pm 3.1820+18"-67;

chil"ag” mi|"33"'nn'"-:1'524;"'153'59?95-135111 ghil“ge" ML, "ev",171.615361583662,8] = 3.62 +per 73;

e | el oo AR *41 =3a 138 s61gasasasa | M®S1"4r".ML,"cv",173.610956111466,8] = 9.3066+18"-04 +om 3.9730+10"-67;

ﬂ-’::"{:g" mi|"gg"'nn'"-11_533"'153'551@5-13-159 chil"gr* ML, "cv",173.618956111468,8] = 2.35 +per 71;

ml..gg.. ml..gg.. ‘AR "a] 53a" 158 59795435781 | eS17arT.ML, "ev”,175.889460208384,8] = 1.1656°18"-83 +pm 4.9242+18"-97;

res] "gq" mi|"gg"'nn'"-11'533"'153'59395-135111 ehil"gr" ML, "cv",175 809469288384, 8] = 2.62 +per 73;

chil"gg" res|"gg"'nn'"-12_513"'153'551&&543-159 Fes["gr" ML, "cv" 174 .683676611297,8] = 1.08425%18°-83 +pm 4.4261+18~- 87 ;

res] "gq" mr‘gg"'nn'"-:2'514;“153551@5-13-159 chil“ge" ML, "cv",174 6BIGTE611297,8] = 2 .81 +per 73;

chil"gg" nea"gn" ‘BB 43 5la” 158 59795435781 | reSl"9r".ML,"cv",178.23838714839,8] = 1.4495¢18°-03 +pm 6.8268418"-07;

res] "gq" ml..gg..'m'..”-513..'153'51_”95_,3531 ehi["gr" ML, "cv",178.230838714839,8] = 2 .31 +per 73;

il g res.|"g-g"IHIII"-12_53&"'153.561535-13:155 res["grt ML, "cv",172 588920137493,8] = 8.2917*18°-84 +pm 3.5594+18"-07;

ml,,‘-‘g,, mr‘gg"'nn'"-12_533"'153'551&&543-159 chil“ge" ML, "cv",172 .5889201374493,8] = 2.66 +per 73;

m1|"gg" neal"gq" ‘AR "42 53a" 158 59785435781 | r®S0"Grt.ML, “ev*, 188 898474692577,8] = 1.7917418°-03 +pm 7.3261+16"-87;

ms|"§3" rJ'ni|"g-g":Hll:"-12_53&":153.5'9?'95-135111 ghil“ge" ML, "ev", 188 BO08474602577,8] = 2.52 +per 73;

hil'gq" res["gg” AR, "43 5la”,158.56168543453 | reS1"ar".ML, "cv” 179 532246265021,8] = 1.6126*18"-83 +pm 6.697418"-07;

res"gg" chil"gq" AR, "43 5la”.158 56168543a50 | Chil"qr".ML."cv".179 53246265011,8] = 2.16 +per 73;

hil'gq" res["gq"” AR, "43 5la”.158 59795435781 | "=s0"gr”.ML, "cu” 185 423730353662,0] = 2.4482°18"-03 +pm 9.7827+18"-47;

res]"gq" ehil"gq" AR, "43 5la”.158 59795435781 | Chil"gr ML, "cv" 185.423730353662,8] = 1.80 +per 73;

hil"gg" res"gq" AR, "43 52a®.158 56160543450 | reSlar”.ML, "cv”,176.994919472596,8] = 1.3089°18"-03 +pm 5.4495°18"-47;

res]"gq" chil"gg" AR, "43 52a* 158 56168543453 | CMil"grr.NL, "cy”,176.990919472596,8] = 2.49 +per 73;

hilgq” res"gq" AR, 43 52a®.158 59795435741 | res[Ugrr ML, “cu” 183 .840186186584,0] = 2.2038°18"-03 +pm 8.8517+18"-87;

[ e ehil"gg" AR, "43 52a”.158.50795435781 | Chil"gr".NL, "cv",183.848186186584,8] = 2.18 +per 73;

chil"ag" res["gq" AV, "41",158 561685434591,1] | res"ar".NL,"cv" 188 848136454697,8] = 2.9839*18"-83 +pm 1.1685418"-06;

r"ES-l"iI'EI" Iﬂ'lil“gg“,“."-r."d].",ljﬂ551“5‘13‘591.1] ﬂ'lil"qr'".HL."Eu".lﬂ:ﬂ.:ﬂ-ﬂﬂ]ﬂﬁﬂ.‘iﬂﬁ'ﬂ?.ﬂ] = 2.149 Hier ?3.

hilgq" res["gg" AV, "41",158.507954357813,1] | res0"9r".NL, "cv" 187 088689245335,8] = 2.6995*18"-83 +pm 1.8624418"-86;

res"gq" chil"gg" AV, 41" 158 597954357813, 1] | Chil"gr".NL, "cv" 187 888689245335,8] = 2.29 +per 73;

chil"gg" res]"gq" AV,"42",158.561685434591,1] | res"qr’.ML, "cy”, 182 333118483074,8] = 1.9883°18"-03 +pm B.0404+10"-07;

r"ES-I"il'EI" |‘J11|"g-g".H'l.l'."dz".ljﬂ.ﬁﬁlﬁﬂjdjdﬁgl.ll |‘J‘|1qur'".HL."Eu".132.333113-1113&?4.0] = 2.41 '|'|:'th?3: -

ﬂlil"gg" r'les.l"g-g".H'l.f."-12".153.59?‘95435313.1] ey qr ML, Mew™ 192 625726874286,8] = 3 .6383*187-83 +pm 1.3825*18"-86;

res"gq" chil"gg" RV, 42" 158 597054357813,1] | chil"gr".NL, "cv", 192 .625726874286,8] = 2.89 +per 73;

Iﬂ'lil"gg" r'les.l"g-g".H'l.f."-13".153.551&35-13-15‘91.1] r'es.qur".HL.ul:u".lﬂﬂ.ﬁﬂjlﬁﬂﬂzﬂiﬂjl = 3.2962*18"-83 +pm 1.2686*18"-86;

I"éil"g-g" Iﬂ'lil"gg".“.'l"."dj".153.551“553‘1591.1] chil qr ML, Yew® 199 6BATISAG92958,8] = 2 .88 +per 73;

ﬂlil"g-g" r'es.l"g-g" B, 43" 158 .597954357813, 1] r'ESl"qr'" ML, "ew™ 196 833197763193, 48] = 4.4265*18"-83 +pm 1.6434+18"-86;

ghil“ge" ML, "ev",196 .833197763193,8] = 2.33 +per 73;

chil"gq" Rvw,"43" 158.

597954357813,1]




Conclusions
e Colorful 2—-2 NNLO phenomenology is a reality

« Our calculation is a prototype of a generic NNLO QCD computation

- large number of Feynman diagrams
- gg. maximal presence of spin correlations
- gg. no phase space symmetries

» Robust test of theoretical framework

« Computation completed for all relevant partonic channels
* Two independent calculations, implementations and codes

o Differential distributions and dynamic scale available

» To-do: Higgs decay, pdf variations, jet-vetoed cross section,
a-parameter, 4-D framework (t'Hooft-Veltman scheme)
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Quality of effective gluon-Higgs coupling

[Buschmann,Goncalves,Kuttimalai, Schonherr,Krauss,Plehn]
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