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Higgs Cross Section and Branching Ratio

—

t T | T T T T T T T T I I I I I I | | L I | I I I I I I

i T F i
a \s=8TeV  J8 = [ ob 12
—_ g 0000 Ta @ i 1 _E’:’
~~ b & — -9
< 10E on =% €
CRE | ! S z s
B 00000 _ m ? ]
1\ = | I"é ‘~ ]
\% —= + | cC |
© . o 2
— M10“ =
_ ) C =
O B ]
= S L i
T \ T - ]
A q N 10'3 I =
- i ]
\ Ao 3 B 1 7]
, v = i
: y _ uw
1 .
1 1 1 1 1 | | | | 1-4 | | | | | | | | | | | | | | | | | | | | | |
80 100 200 300 400 500 1000 O80 100 120 140 160 180 200

_ My [GeV] M, [GeV]
Q) Why slopes in bbH&ttH different ?
LHC Higgs XS WG CERN Report Trilogy
Handbook of LHC Higgs Cross Sections:

1. Inclusive Observables (CERN 2011-002, 151 pp) s e S
2. Differential Distributions (CERN 2012-002, 275 pp) -
3. Higgs Properties (CERN 2013-004, 392 pp)

Q) CERN Report 4 > 1000 pages ?


https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG

Higgs XS&BR for RUN-2

@ RUN-2&3

@ L=100 fb* by the end of RUN-2 in 2018, L=300 fb' by the end of RUN-3

@ L|=3ab’atHL-LHC

@ Cross section at 13/14TeV wrt 8TeV
@ ttH will get big gain due to phase space opening (—Yukawa Htt/Hbb).
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1. QCD Scale Uncertainty



Higgs XS theory uncertainties at 7/8 TeV
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ver (+5<-11 60%) +1% +4% +5% £ £1% 4% N £5%
+2-6% % |
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Renormalization and factorization scale uncertainty study by M. Cacciari et al. work in progress.
@ Higher-order calculations, ex. ggF QCD scale: 8% @NNLO — £5%@NNNLO in few years ?
® PDF+a, (PDF4LHC prescription): £8% — <5% with improvements with LHC data ?
@ jets, top, prompt photons and Z p; distributions contribute gluon PDF determination.
(but paradoxically, ggF is the best measure to determine gg parton luminosity around MH=125GeV!)5



QCD scale uncertainty

® LHC Higgs combination WG's prescription (ATL-PHYS-PUB-2011-011, CMS Note-2011/005)
® Subdivide nuisance parameters until they become uncorrelated.
® Take Gaissian/Log-normal for pdf. Practically Gaussian as k=1.0 for scale.
® New method by M. Cacciari and N. Houdeau. JHeP 09 (2011) 039
® Preserves both characteristics of log-normal (tail) and flat-top.
® Treats renormalization scale only, factorization scale is work in progress.
® Questions are flat-top width and tail length.
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3 ' C. Anastasiou et al., PRL 114 (2015) 212001
New phenomenal N°LO! | Cfreemoen Emmana

" 'm LO m NLO m NNLO m NNNLO A

o/pb 2 TeV 7 TeV 8 TeV 13 TeV 14 TeV

Ao +0.329% 10.31% 1+0.32%
19_’_47—2.99:4'31—2.64% 49.87 25 61%

mHe 0.99+0.43% 1531+031%

K= —4.65% —3.08% %"~ —2.99% > ‘ .
o=y |0.94725T% 14 8443 18% 18,007 3080 4314421 48 5TERN & p ?
b ® ! . . :
@ Large K-factor for gg—H (+80-100%@NLO, +20%@NNLO)
@ Now complete perturbative calculation at NNNLO ! ol W o W e i :
@ QCD scale uncertainty reduced from 8% to few%. ‘ 3 f !
@ As small as qg-initiated VBF or WH/ZH processes ! ) J—
@ Current hot issues: Y OO0 0000 00t OO SO S Sommmeeee
@ How to reduce PDF and as uncertainties. Y
@ Finite-quark-mass and NLO EW effects. AT o : 2
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http://www.sciencedirect.com/science/article/pii/S0370269305013985
http://www.sciencedirect.com/science/article/pii/S0370269305013985
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.212001
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.212001

Higgs boson production in gluon fusion

K. Melnikov, LHCP2015

Estimates of N3LO Higgs production cross sections were attempted before an exact
calculation using various approximations (essentially, emission or soft gluons or
powers of 71 are assumed to be the dominant source of QCD corrections). The HXWG
has assembled various predictions for the Higgs cross section made before the N3LO
result became available. The picture below should tell us about the success or failure
of these predictions. But it does not...; It leaves more questions than answers.
However, the correct answer is important since it will teach us if approximate
predictions for Higgs production cross section are reliable and to what extent.

It would be important to
understand why this point is so
much higher than everybody

The authors of this result claim
the same increase of the cross-
section relative to NNLO as the

exact N3LO computation shows. \%\_

Yet, the results on that plot are
apparently different,

Good agreement with
N3LO; obviously larger
errors.

/

else and why the claimed
precision is so high.

— ggF inclusive cross section, s =13 TeV, My =my
Uncertainty band: largest scale-var deviation from nominal

Arrows: N°LO approximation uncertainty

recommenda
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https://indico.cern.ch/event/389531/session/31/contribution/52/attachments/1147369/1645483/melnikovlhcp2015.pdf
https://indico.cern.ch/event/389531/session/31/contribution/52/attachments/1147369/1645483/melnikovlhcp2015.pdf

2. BR Uncertainty
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Higgs Decay Branching RatiosQ) THU prior ?

® Use HDECAY and Prophecy4f for A. Denner et al., Eur. Phys. J. C (2011) 71
best estimate.

120GeV H-—bb +2.8%
| FHDECAY . FHDECAY . FHDECAY 4+ FProphecy4f
H WW 77 Af H—TT +6.1%
® What are the theory (THU) + H—uu 16.4%
parametric (PU) uncertainties ? H—vyy *5.4%
H—-Zy +9.4%
@ Relatively large uncertainties for H—22 14.8%
H-T1T, ud, vy, ZY/WW/ZZ at low M,,. H->WW +4.8%
® Smaller uncertainties relative to scale ¢ 12 V) EE
. . . . &) — _g
and PDF+a, uncertainties in Higgs S T
production. g |
= 3
: : + 10'1 99 —
Separation of BR THU and PU are in progress. - —_—— (zz) ]
Stick to THU+PU £5-10% conservative uncertainty. & ~ :
> _
T |
Updated numbers in CERN Report 2. 10% E
https://twiki.cern.ch/twiki/bin/view/L HCPhysics/CERNYellowReportPageBR2- .
Major change was BR(H—ss) due to quark mass definition. [ <> Zy i
Revisit SM input parameters (Os, Mp, Mc, Mt) 1073 4 < o o~ L 500
M, [GeV] 11

... may affect BR (but not for XS)



H—Zy, Higgs Dalitz decay

1. Categorization should be like
1.H—yy
2.H — Z*/y*+y — ftbart+y
3. H — ftbar
4. H — Z*+y* — ftbar + f'f'bar

2. We should call process 2 as Higgs
Dalitz decay.

3. We need to come to possible
agreement with CMS on signal
definition with (di-lepton) invariant
mass cut to put in PDG.

Q) A+C should come to common
fiducial definition ?
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3. PDF Uncertainty
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Q) as=0.118+0.015 for

PDF+as Uncertainty both NNLO and NLO?

Q) How to improve as?
Update of PDF4LHC Prescription (2011) Q) N3LO PDF needed?

¢ “The PDF4LHC Working Group Interim Recommendations”,
arXiv:1101.0538 ... envelope of MSTW2008, CTEQ and NNPDF.

e (Can we get the new PDF4LHC recommendation at NNLO?
e We should separate QCD as (do/o=3das/as though as? at LO)

e  1+1% uncertainty in as would corresponds to £3% in XS which is comparable
with scale uncertainty in N3LO ggF !

e Now many PDF sets are at NNLO (CT10, MSTW, NNPDF, ABM11,
HEARPDF, ...) and LHC data start to play the role.

CERN Report 3, Fig. 59

LHC 8 TeV - iHixs 1.3 NNLO - PDF+og uncertainties
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http://arxiv.org/abs/arXiv:1101.0538
http://arxiv.org/abs/arXiv:1101.0538

Recent progress in PDF ¢

@ Now many NNLO PDF sets exist.

@ Major updates to CT14, MMHT2014, NNPDF3.0
@ CT10, MSTW2008 and NNPDF2.3 in RUN-1

@ Almost perfect agreement between global PDF fits now !

@ All sets have changed a lot. Now all include lots of LHC RUN-I data. MMHT and
CT have enlarged their parametrization and use orthogonal polynomials. NNPDF
uses a closure test to tune the methodology. So there is no single simple
explanation. (S. Forte)

ggF cross section at NNLO

CT14 MMHT2014 NNPDF3.0
8 TeV 18.66 pb 18.65 pb 18.77 pb
-2.2% -1.9% -1.8%
+2.0% +1.4% +1.8%
13 TeV. 42.68 pb 42.70 pb 42.97 pb
-2.4% -1.8% -1.9%
+2.0% +1.3% +1.9%

J. Huston, PDF4LHC meeting, Apr. 13, 2015

2012

LHC 8 TeV - Ratio to NNPDF2.3 NNLO - o, =0.118

B8 nNPDF2.3 NNLO
s::: CTIONNLO
£22222 MSTW2008 NNLO

B8 nNPDF2.3 NNLO
s:::- CTIONNLO
#7772 MSTW2008 NNLO

A X o kK K KT T T IIRIT

2015

Quark-Quark, luminosity

) PDF4LHC15 (LHAPDF6)
for XS but also for MC?

GLUON-GLUON

1.3¢

NNPDF3.0
MMHT2014

\S = 1.30e+04 GeV

Generated with APFEL 3.0.0 Web

Gluon-Gluon, luminosity

E mmm
125F o MMHT2014

NNPDF3.0

CcT14
\S = 1.30e+04 GeV

very good agreement now;

T

especially important now that

ggF known to NNNLO
1l

10° M, [Gev)

10°

Generated with APFEL 3.0.0 Web



https://indico.cern.ch/event/377812/session/0/contribution/4/material/slides/1.pdf
https://indico.cern.ch/event/377812/session/0/contribution/4/material/slides/1.pdf

PDF+as uncertainty correlations
between Higgs signal and SM backgrounds

e Previous prescription based upon LHC Higgs Combination prescription in 2011.

100% correlated PDF+as uncertainties for gg-initiated (ggF, ttH, gg->VV) and qg-initiated (VBF, VH, VV) processes.

my=120
- geH VBF WH ZH ttH z W+/W- | zz ww wz Wy waa | zaQ | ggWW | ggZz | ttbar twW tb thq
.
"4 N
gegH 1 -0.57 -0.23 -0.14 < -0.6 ) 0.01 0.03 0.02 -0.20 0.04 0.23 -0.14 0.95 047 0.28 -0.35 -0.12 -0.24 0.52
N
[ —
VBF -0.57 1 0.63/0.73| 0.76 0.09 0.43 |(0.26/0.41) 0.79 0.72 |0.28/0.43|0.28/0.37|0.52/0.71| -0.41 -0.47 0.4 -0.10 -0.28 0.65 -0.25
WH -0.23 |0.63/0.73 1 093 0 0.62 |(0.52/0.64] 0.92 093 (0.65/058|0.65/0.56/0.79/0.95( -0.02 -0.29 -0.28 -0.15 -0.28 |0.99/0.77|0.05/-0.30
ZH -0.14 0.76 0.93 1 0.03 0.64 |[0.53/0.66/ 0.99 099 |0.55/0.71 0.63 0.83 -0.07 -0.31 -0.3 -0.14 -0.28 093 -0.14
ttH -0.6 0.09 0 0.03 1 -0.61 -06 0 -0.05 -0.58 -0.64 0.04 0.5 0.03 0.56 0.94 0.84 0.02 -0.07

e The correlation between ggF and ttH was negative p=-0.6 (with CTEQ?).



PDF+as uncertainty

® Currently assume separate gg-initiated 8% and qg-initiated +4%.
® Assumes NO PDF+a, correlation between (ggF, ttH, tt, ...) and (VBF, VH, VV, ...).

® Full correlation study in CERN Report 2 (https://cds.cern.ch/record/1416519)

® ggF - VBF p=-0.6 ... due to sum rule of 2(gg+qgqg+qqgbar)=1.
® ggF-WH p=-0.2 ... due to small correlation between gg vs qqbar.
® ggF-ttH p=-0.2 ... it's the different Bijorken-x.

CERN Report 2

My =120GeV  ggH VBF WH ttH  Table 10

ool 1 —02 (0.2
VBF —0.6 —0.4
WH —0.2 . | —0.2
Q) Which PDF correlationttg 092 —04 —009

should we take into “““ —03 O-g 0i8 —0123
VW —0.4 0. | —0.
account 7 WZ —0.2 04 08 —04
Wy 0 0.6 0.8 —0.6
Whb —0.2 0.6 1 —0.2

tt 0.2 —-04 —-04 1
th —0.4 0.6 1 —0.2

t(— b)q 0.4 0 0 0

@ All these issues should be discussed in LHC Higgs Combination wa17



2D

between

-+0s uncertainty correlations
Higgs signal and SM backgrounds

e PDF4LHC average for the PDF correlations (CERN Report 2, PDF section, Table 10 and 11)

e The correlation between ggF and VBF is p=-0.6 due to sum rule of parton luminosity 2(gg+qg+qqbar)=1.

¢ The correlation between ggF and WH is p=-0.2 due to small correlation in parton luminosity between gg vs ggbar.

e The correlation between ggF and ttH is negative p=-0.2 contrary to naive intuition. It is due to the fact that these
processes are hitting different Bjorken-x regime (ttH system requires much heavier final state than ggF), hence anti-
correlated in gg-parton luminosity. For heavier Higgs, the correlation becomes positive (ex. p=+0.8 for Myp=800GeV)

as shown in Table 10 in CERN Report 2.

My =120GeV ggH VBF WH ttH
ggH 1 —0.6 —-0.2 -0.2
VBF —0.6 1 06 —04
WH —0.2 0.6 1 —0.2
tt H —-0.2 -04 -02 1

\WY —-0.2 06 0.8 —0.6
WW —04 0.8 1 —0.2
WZ —-0.2 04 08 —-04
Wy 0 06 08 —0.6
Wbb —0.2 0.6 1 —0.2

tt 02 —-04 —-04 1

tb —0.4 0.6 1 —0.2

t(— b)q 0.4 0 0 0

W WW WZ Wy Wbb tt tb  t(— b)q
W 1 0.8 0.8 1 06 —0.6 0.6 —0.2
WW 0.8 1 0.8 0.8 0.8 —04 0.8 0
WZ 0.8 0.8 1 0.8 0.8 —04 0.8 0
Wy 1 0.8 0.8 1 06 —0.6 0.8 0
Whbb 06 08 08 0.6 1 —0.2 0.6 0
tt —06 —-04 —-04 —-0.6 —0.2 1 —04 0.2
th 06 08 0.8 0.8 06 —-04 1 0.2
t(—b)g —-02 0 0 0 0 0.2 0.2 1

18



C) Asking PDF4LHC WG for full

correlation table for Higgs and SM bkg.
Recent updates (S. Forte)

@ Vs=13TeV, as=0.118 (do not expect large change for 7&8TeV)
@ Combination PDF4LHC set, obtained by combining 300 replicas

each for CT14, MMHT, NNPDF3.0.

S. Forte
Observable Correlation for MC900 NNLO

W

it =

gagff

it

HZ

HW

| | |
Z W it gl Hit HZ HW

ggH

ttH

-0.49 | +0.08
-0.40 | +0.20 | -O0.
tt -049 | -040 | +1 | +0.30
ggH | +0.08 | +0.20 | +0.30 | +1 -0.13 1 -0.01 | -0.17
-0.13 +1 -0.13 | -0.17
-0.01 | -0.13
-0.17 | -0.17




4. ggF and Jet-bin
Uncertainty

20



ggr

@ NLO MC for H+2-jets

e we still observe discrepancies among different generators.
e use Sherpa H+2-jet@NLO to evaluate the CJV uncertainty if we use the JVE method?
Uncertainties in jet-bin

e need to continue discussions with S&T, JVE-resummed, improved S&T and other
SCET approaches.

e study jet-bin fractions/jet-veto efficiencies and pt". Compare them with different
NLO ME+PS MCs.

NNLO exclusive cross sections

¢ need to follow up the recent progresses in H+0/1/2-jet(s) NNLO exclusive cross
sections [Glover et al.], [Melnikov, et al.].

Integration of Prophecy4f H—4f decay into (N)NLO MC (general issue).

Trying to coordinate discussions on i) NLO ME+PS MCs, ii) H+0/1/2-jet exclusive/
inclusive calculations, iii) Jet-bin via S&T, JVE-resummed, iv) Higgs pr, etc.

21



(N)NLO QCD + NLO EW MC

@ NNLO QCD + NLO EVV MC dOeS not eXiSt yet | M. Spiraeral./gNuclearPhysicsB453(1995) 17-82 21
@ New developments in NNLO QCD MC in W/Z/H }_H
for 2—1 (colorless) process at LHC. g

@ NLO ME+PS Monte Carlo

@ Normalize with NNLO QCD + NLO EW inclusive
cross section.

@ NLO EW effect O(5-10%) correction via Higgs
pT reweighing (poor-man’s solution).

@ Attention to non-accounted diagrams in NLO !
ga/qgq negligible (< few %) in NNLO inclusive,
but gg is 30% in H+1-jet exclusive !

@ Many matching schemes: POWHEG MiNLO,
Fx-Fx aMC@NLO, SHERPA MEPS@NLO,
PYTHIA9/UNLOPS, HW++/Matchbox.

><if>
E

Fig. 1b
Fig. 1. Generic diagrams of the gluo f n mechanism gg — H for the production of Higgs bosons: lowest
), a

order mpll d (a dQCD radiative corrections (b). 22
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-~ Higgs pr Is generated by gluon, while Y by PDF.

Jet-bin Uncertainty in ggF

1) Stewart&Tackmann prescription ... fixed order calculation. ro ss (2012) 034011)
2) Jet Veto Efficiency (JVE-resummed) by Banfi, Salam, et al.
- improvements in 0- and 1-jet bin uncertainty. (prL109 (2012) 202001)
3) Updated S&T with 0,1-jet rsummation by Tackmann, Petriello et al. (pro 89 (2014) 074044
4) Other groups with SCET(soft-collinear effective theory) (Neubert et al.)

NNLO+NNLL for O-jet bin uncertainty is
+15%—x9% ! (code JetVHeto)

JVE-resummed method will affect Ay and Ao
substantially in exclusive analysis (ex. H->WW) !
Higgs pT (pTt) and jet-bin should be strongly correlated.

T T T T L
1 ...........................................................................................
B —
: 7T
H 7T 7L i L
i sy P

0.8 “ —

.......................................................................

&(Pt veto)
o
[e)]

A ' NNLL+NNLO [ZZ771 |
2 HaT- rescaled POWHEG + Pythia —— = I

Jets in PS MC needs special attention.
Recent preprint by Boughezal et al. erL 115 (2015) 082003)

on exclusive H+1-jet NNLO QCD calculation.
Still a lot of discussions on H+0/1-jet NNLO+NNLL

E(pt,veto) / e(:entral(pt,veto)

10 20 30 50 70 100

exclusive cross sections on scale choice etc. Prveto [GeV]

Improvements expected in jet-bin uncertainty due to N3LO, etc.


http://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.034011
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.034011
http://prl.aps.org/abstract/PRL/v109/i20/e202001
http://prl.aps.org/abstract/PRL/v109/i20/e202001
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.074044
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.074044
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.082003
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.082003
http://jetvheto.hepforge.org/
http://jetvheto.hepforge.org/
http://indico.cern.ch/event/390389/
http://indico.cern.ch/event/390389/

H+jet @ NNLO

K. Melnikov, LHCP2015

The NNLO QCD corrections to H+jet production at the LHC were computed recently.
They increase the H+jet production cross section by O(20%) and significantly reduce the
scale dependence uncertainty . This is similar to corrections to the inclusive Higgs
production cross section although corrections to H+j are slightly smaller.

: Co \ \  NNLO — 8000
‘Q) Which:scale (Mn)? xLo — |
LO 17000

6000
5000

4000

- NNPDF2.3, 8 TeV

-+ 3000

40 60 80 100 120 140 160 180 200 220 240

The cross sections for the anti-ki
algorithm with the jet transverse
momentum cut of 30 GeV at the 8
TeV LHC.

o [GeV] R. Boughezal, F. Caola, K.M., F. Petriello, M. Schulze

Combine with NSLO+NNLL for exclusive jet bins !

Using these results and the N3LO computation of the Higgs total cross section, one can
find the fraction of Higgs boson events without detectable jet radiation.

24
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https://indico.cern.ch/event/389531/session/31/contribution/52/attachments/1147369/1645483/melnikovlhcp2015.pdf
https://indico.cern.ch/event/389531/session/31/contribution/52/attachments/1147369/1645483/melnikovlhcp2015.pdf

L HC13 efficiencies: 0- and 1-jet bin

[Many thanks to P. F. Monni and F. Dulat]

F. Caola, LHCHXSWG WG1 meeting, May 2015

ord | 0% (JVE) | op%& 7 (JVE) | og%d " (scales)
O-jet bin | NNLO [ 262730 pb 258737 25871 ¢
N3LO | 27. 2+2 2T pb 7.2+ 14 27.270-9

ord | L9 et (scales) 055 et (JVE) 0f>({ Jf]l;]tNLL (JVE)
>1-jet bin | NLO 14.7728 pb 14,7134 15.1727
NNLO | 17.5713pb 175126 17.5%17

® | 0ogs completely under control

(logR: see [Dasgupta, Dreyer, Salam, Soyez (2015)])

NoO breakdown of f.0. perturbation theory for pt ~ 30 GeV
Reliable error estimate from lower orders

| 0gs help in reducing uncertainties
e Significant decrease of pert. uncertainty
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http://indico.cern.ch/event/390389/
http://indico.cern.ch/event/390389/

Q) What EXPs should do for H+1/2-jet bin in RUN-2 (H+0-jet in NNLO)?

goF contamination in VBF category

® Needs significant improvements in reduction of ggF contamination
and reduction of theory uncertainty with Gosam HJJJ eftc.

R R R I I I I I I I
@ocF Bver  @wH Bz Ban BebH B H N ZZ ATLAS Simulation H— 27 — 41

ATLAS Simulation H—yy Vs=8TeV | my = 125 GeV 110 <my [GeV] < 140
mVBF SNWH mzZH mttH
T TT TT TT 1T T T 1T T I LI

H—yy

tTH leptonic

W ogF + bbH
el

ttH hadronic
VH dilepton

VH one lepton

Inclusive

VBF enriched{#

VH-hadronic enriched

VBF loose
Forward - high Py

VH-leptonic enriched
Forward - low p .

Central - high P,

ggF enriched
Central - low p_ A T A T A A
0O 01 02 03 04 05 06 0.7 08 09 1 0O 10 20 30 40 50 60 70 80 90 100
Fraction of each signal process per category Signal Composition (%)
A 80::|: 1 1 % Observed p=1.09 Observed pggr =1.02 Observed pysr = 1.27
J V E I I l ethOd A =+ 1 50 Source Error Plot of error Error Plot of error Error Plot of error
€1= 0 +  —  (scaled by 100) +  —  (scaled by 100) +  —  (scaled by 100)
Data statistics 0.16 0.15 —— 0.19 0.19 S—— 0.44 0.40 ——
2 S % 'SM'(sysf@s',at)' ' Signal regions 0.12 0.12 e 0.14 0.14 e 0.38 0.35 S
Q 5000 - ATLAS o [ wzzzw ] Profiled control regions 0.10 0.10 —— 0.12 0.12 e 0.21 0.18 e
w [{s=7TeV, [Ldt=471b" E e E 3;"9": Top ] Profiled signal regions - - - 0.03 0.03 + 0.09 0.08 =
L . +ets +ets _
4000 W Orzseevixro ] MC statistics 0.04 0.04 v 0.06 0.06 _ 0.05 0.05 +
- ] Theoretical systematics 0.15 012 === 0.19 0.16 == 0.22 0.15 —
3000 . Signal H >WW~* B 0.05 0.04 wj 0.05 0.03 - 0.07 0.04 *-
] Signal ggF cross section 0.09 0.07 e 0.13 0.09 e 0.03 0.03 *
2000 - Signal ggF acceptance 0.05 0.04 - 0.06 0.05 - 0.07 0.07 -
1 Signal VBF cross section  0.01 0.01 4 - - - 0.07 0.04 *
1000 ] Signal VBF acceptance 0.02 0.01 * - - - 0.15 0.08 e
] Background WW 0.06 0.06 - 0.08 0.08 —— 0.07 0.07 s
ﬁ_ﬁ L] Background top quark 0.03 0.03 - 0.04 0.04 - 0.06 0.06 -
0 P 4 6 ) 10 Background misid. factor 0.05 0.05 e 0.06 0.06 e 0.02 0.02 t
N Others 0.02 0.02 + 0.02 0.02 + 0.03 0.03 * 26
jets



5. Higgs pr
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Higgs pr in ggF

@ Higgs pr uncertainty in ggF, Higgs prt uncertainty assignment (do/dpr)
MC reweighting study with HRes(v2) in NNLL+NNLO.
@ Decided to survive with reweighting for legacy paper.

Q) How to avoid MC reweighing for Higgs pT and NLO EW?

@ Still to check dynamical scale, which is
relevant in boosted regime (pt>Mn).

@ To do hfact tune in POWHEG. »

L3

Bagnaschi, ATLAS (N)NLO MC &Tools WS, Dec. 17, 2014

[ —— s =125.0 GeV, r=A/h

Q) Higgs prin BSM? N R R M N

@ Some interest for BSM Higgs pr and physics
in via do/dpr.

@ MSSM/2HDM Higgs pr in POWHEG by > """"""" ““““““ _
A. Vicini et al. ] I T T )
0.7 Lo _
@ Dbottom quark softens the pt spectrum N R R T |
compared to top (MSSM already exists). O'S
— POWHEG should be useful for CP-mixing study in JP=0%. p7(GeV]


http://powhegbox.mib.infn.it
http://powhegbox.mib.infn.it
http://arxiv.org/abs/arXiv:1111.2854
http://arxiv.org/abs/arXiv:1111.2854
https://indico.cern.ch/event/345455/session/3/contribution/14/material/slides/0.pdf
https://indico.cern.ch/event/345455/session/3/contribution/14/material/slides/0.pdf

PowHeg (u,,,=mt) / PowHeg (u,.,=m},)

Q) Suggests dynamical scale of boosted and other analysis?

Dynamical scale

@ Dynamical scale is relevant in boosted regime (typically pr>100GeV or Mn).
@ ex. gg—H with py=Vpr2+Mn? instead of fixed y=Mn.

@
@
@

Reduces cross section but also changes the shape! Same issue for SM bkg.!
Dynamical scale recently implemented in HRes2.1.

Dynamical scale effect for VH is relatively small (5%) due to the fact
that Higgs is recoiling against V not against jets. How about VBF, SM VV?

Recommends to use dynamical scale for Higgs signal and bkg. when relevant.

1.1
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http://indico.cern.ch/event/276546/
http://indico.cern.ch/event/276546/

6. Higgs Interferometry
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Higgs Interferometry

Interference exists when

(1) 1dentical initial and final state
(1) at the same order in perturbative

theory, agw™>aqcp” (not always true?)

Interference with continuum
background in gg—yy and VV, VBF

Loops 1n Higgs boson production and
decay, gg—H—yy,Zy (via t,b,W),
go—7/H (viat,Z), tH (via t, W)

Identical particles in the decay,

H—->WW/Z7Z—41 for Mp=120GeV,

+11% 1n H—>ZZ*—e¢eeee,puup
-5.4% in HH-WW?*/ZZ*—evev,uvuv

R =

CERN Report 2

BR(H — VV) x BR(V — ff) x BR(V — ff)

BRProphecyélf (H — 4f)

I
100

500 300 400 1000
M, [GeV]

H — F'vqg (I=e,u g=udscb)

200 300 400 1000

Br?(V — ff) / Br(H — 4f)

Br(H— VV) x

Q) Why the interference is almost always destructive?
A) Accidental except the case related to unitarity constraint.

11417

0.95-1

100

200 300 400

1000

M, [GeV]

H — qgqg (g=udscb)

H—vvqg (v=v, v,

V. g=udscb) ]

200 300 400

1000

M, [GeV]
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Higgs Interferometry in H—4 leptons

2 2
joffi—shell  IHggIHZZ
e Kauer-Passarino-Caola-Melnikov Effect sg~H=22  (2Mz)?
e (Off-shell signal cross section 1s independent of I'y ! Conshell Tige9Ti27

® On-shell signal cross section 1s proportional to 1/T'y gg—H=22 iyl

® Take the ratio in ¢!
® More pronounced at 13/14TeV as
gg parton-luminosity increases.

dO'/dMZZ [fb/GeV]

30

25

20

15

10

Kauer and Passarino, JHEP08 (2012) 116

g9 — H — ZZ — Uiy, Mg=125GeV
| pp, /s =8TeV —— |H+cont|?.
—— Hffshell
---- Hzwa

124.99 124.995 125 125.005 125.01
MZZ [GeV]

No interference effect for on-shell

g TV g > V qa—s A~V
Hﬂ 4 4 Y Y
8.900 V g < V q§——« AV

Campbell et al. JHEP 04 (2014) 060
10 | L I I | | I | | L I

; 4—lepton production, CMS cuts, Vs=13 TeV
S 10~ qq - 4leptons
a0 — geg > h - 4leptons
— gg - 4leptons(cont)
1072 gg - 4leptons(total)
.
3 -3
L 10 —
& - _,___l_
3 -
£ 107
N =
b -
© —
10°
- ViLVL
107°L- dominates
10-”_|||||/ | L ' B R R R
100 200 500 1000 2000

m“[ GeV]

Q) K-factor for gg—VV (int vK)? 32


http://dx.doi.org/10.1007/JHEP08(2012)116
http://dx.doi.org/10.1007/JHEP08(2012)116
http://dx.doi.org/10.1007/JHEP04(2014)060
http://dx.doi.org/10.1007/JHEP04(2014)060

VBF Interference meeting in LHCHXSWG, Dec. 19, 2013
Heavy Higgs width and interference discussion in LHCHXSWG, May 4, 2015

Higgs Interterence in VBF

Interference in VBF H-WW/ZZ

. o r— | | | | l | I | | I | | | | I | | | |

@ becomes significant for My > 400GeV. > ¢ N -
riginal signa

@ MadGrapn5, SHERPA, Phantom, % 102 Background only -
VBFN LO, etC = E W ",. continuum Reweighted signal E
] - T Reweighted signal+background .
@ Study reweight (S+1)/S. S [ A i
— g L (Signal + Interference) +
oo Y '8 10°° 3 1 Background E
——— o - L direct gen. S+B+l -
Rackground S RS _ T 404k || Signalf Interference _
i i :
_ VBFNLO CPS M .
i by

10-5....|11.,|....|..

0 500 1000 1500 2000

My [GeV] 33


http://indico.cern.ch/event/286018/
http://indico.cern.ch/event/286018/
http://indico.cern.ch/event/389216/
http://indico.cern.ch/event/389216/

Resolving the degeneracy in kr with interference in tH

ATLAS PLB 740 (2015) 222

34

b, ot g vooo—e— b ?1035'|"'|"'|"'|"'|"'|"'|§
w H | g T [ ATLAS [Ldt=45fb", \s=7TeV 3
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> - —\/ NN T = =
T T -
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D - S .
c N ]
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= 15 =mmm or s s s = SN —
£ - i 3
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for interference effect ? S 1o
® - + 20 .
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http://www.sciencedirect.com/science/article/pii/S037026931400851X
http://www.sciencedirect.com/science/article/pii/S037026931400851X

/. NNLO Differential VV
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Q) NNLO QCD + NLO EW pp—VV MC? NLO QCD MC for gg—VV?
pp—=WW/WZ/ZZ/Wy/Zy(@NNLO

@ NNLO QCD pp—WW/WZ/ZZ/Wy/Zy calculations by M. Grazzini et al.

@ Onshell gauge-boson (except WZ). Offshell case completed recently (z*z* ready in arXiv:1507.06257).
@ NNLO correction at 9-12% for pp—WW (gg—WW contributes 35% at NNLO).
@ We survived with K(ma) for RUN-1 with scale at p=ma/2.
@ Needs to re-calculate QCD scale and PDF+as uncertainties for 13TeV (apart from YR2) !
@ The final goal is to have a public program MATRIX that can deal with all these processes,
including leptonic decay and off shell effects, at the fully differential level (M. Grazzini).
@ VBFNLO for pp—>ZZ (inCIUdeS OffShe”) with approx. NNL German et al., PRL 113 (2014) 212001
@ M .Raychem et al. (arxiv:1504.05588). obb I wrw-ax
@ Can interface to Les Houches format. 140°r
120 |
@ NLO EW correction ool
@ NLO EW should be important as NNLO QCD.
@ Small for integrated observable but large in HE tail. O ¢
@ RECOLA, OpenLoops, SHERPA and MUNICH, 0 e
MadGraph5 aMC@NLO 40 r
— Complete NLO EW for all VV/(+jets) processes. 0 b pded oo all oot 150
* gg—VV’ 1.15 M
Q@ NNLO O(as?) correction of O(5%) to pp—VV.. LLg
@ Largest source of uncertainty at NNLO. B
More important at higher energies. 0.95 E. , . : : :
@ Dominant part of 2-loop amplitudes recently calculated, 7 8 Vs [TeV] 13 14
Caola et al. (arxiv:1503.08759), von Manteuffel et al. (arxiv:1503.08835). 36
@ Expect full NLO corr. soon. NLO MC development ?


http://arxiv.org/abs/1507.06257
http://arxiv.org/abs/1507.06257
http://arxiv.org/abs/1504.05588
http://arxiv.org/abs/1504.05588
http://arxiv.org/abs/1503.08759
http://arxiv.org/abs/1503.08759
http://arxiv.org/abs/1503.08835
http://arxiv.org/abs/1503.08835
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.212001
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.212001

8. gg—VV, gg—HZ
via box-diagram
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Higgs pr in VBF and WH/ZH

@ NLO EW effect on Higgs pr in VBF, WH/ZH and dynamical scale issue.
@ Prescription and reweighting tool at ATLAS Higgs XS TWiki page.

@ Needs to take into account Higgs pr dependence of NLO EW radiative
correction via MC reweighting (cf. irrelevant in case of ggF). — Reweight !

@ Largely different Higgs pr in gg—ZH.
Q@ gg—HZ (LO) is now available in POWHEG version 2.0.

Q) Dedicated gg—ZH analysis? |
C) EXPs want to have NLO QCD gg—ZH MC. ’ jj> <\ m

C Englert et al. PRD 89 (2014) 013013

NLO EW corrections inclusive corr.

;c: -G—F_l I T T TT I T T 1T I T 1T I T T 1T I T T 1T I T T TT I T T 1T I T T 17T ] T T I: 10 I mh I 125 GeV, qq
) _ 7 ';' - -
5 85 A. Mueck @ ' 99 — ]
e - © boxes only — — - .
S -10F- (HAWK) - o 1 -y , |
s F = ~., triangles only - - -
g 120 < |
(o] — ),
O 14— S 0.1 £
2 F N -
& -16— S
o - ~
= - 0.01 E

18 S _

20— i

— 0001 ~
22 = _
R I T T I T I T P -
50700150500 250300 350 400 450 500 0 100 200 300 400 500

P, (W) [GeV]


https://twiki.cern.ch/twiki/bin/viewauth/AtlasProtected/HiggsCrossSection
https://twiki.cern.ch/twiki/bin/viewauth/AtlasProtected/HiggsCrossSection
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.013013
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.013013

9. Higgs Boson Coupling
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On the sign of kr (convention kv>0)

@ 2HDM/MSSM predicts kr <1, but ks >1 is possible in Little Higgs, Higgs triplet model.

@ Different sign in up/down-type fermion is possible in limited parameter space in
2HDM/MSSM, ex. Type-Il k d = sin(3-a) - cos(p-a)*tanp.

@ “Wrong-sign Yukawa coupling”, cos(B+a)=0.

@ Composite top-quark that could give A_top-bottom < 0 but for the light quarks it would
be much more complicated.

@ k¢<0 in EFT would require very large higher-dimensional operators. ATLAS HIGG.2015.03

ATLAS HIGG-2014-06 2HDM Type ll ATLAS
e e I B e s s e Ly B s s B Obs. 95% CL (s =7TeV, 4.5-4.7 b
3; ATLAS ] "X" Eizt ];t5% o /s =8TeV, 20.3 fb”
[ Vs=7TeV, 4.54.7 o = s
- Vs=8TeV, 203" - N Yo | N YT
20 m-isacey | 1 5 RIRRK ‘.N KRR
: = AN
: ? IS A0Sl
5 o : A (I TR
A E A etotot [N Sie e
_2 7'// ’ % o ve o ““““‘ 1% 4’0‘“““
: A E G000 0 000 172020505050
-3 x SM — 68% CL ooy “““““ | 4&‘0“‘0‘@
e toesi eweo || E3Copeies i Otoeceteoses | oinivmiote
" 04 06 08 1 12 14 16 1.8 OV 0:9.0:0: | 9. 9. 9,99
< 1-0.8-06-04-02 0 02 0.4 oéiso(.g_a; 40


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2015-03/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2015-03/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2014-06/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2014-06/

Couplings versus Mass - Higgs-gauge boson and Yukawa -

Electroweak symmetry breaking needs to explain:
Non-zero mass of W/Z gage bosons and fermions and unitarity conservation below 1 TeV.

Non-linear relation would indicate the Higgs sector 1s not single doublet.
CMS-HIG-14-009

ATLAS HIGG-2014-06 19.7 fb™ (8 TeV) + 5.1 15" (7 TeV)
E>|> _|||||| I T TTTTI I I ||||||| I I ||||||| I I_ > :III T T lllllll | T Illllll I I lllllll :
> ATLAS t = - CMS -

E 1 = 5 t
. - [s=7TeV, 4.54.7 15" z¥ ~ L E
O - R & ] O . -
. - /s=8TeV,20.3 b ] 5 -
> | AW =~ [ |==68%CL ]
L 10 — Observed — > 10 o CL —
- --- SM Expected ] E | 99% .
. i - |---SM Higgs I
2L . | 102 F E
10 : ¥ T - ; -
- T ] I ]
i b . ] A (M, g) fit |
3| Yyr — Kr— ] 10 E E
107 1w - - £ =68%CL | -
- [ = RV —095%CL | -
L | | ||||||| | | ||||||| | | ||||||| | | 10-4 1 1 IIIIIII | 1 IIIIIII | | llIlllI |

10 10 102 0.1 1 _ 10 100

Particle mass [GeV] Particle mass (GeV)

| LHC Wants to add H1ggs self-couphng K and ferm1on couphng H—>u p cc, etc (e e hopeless).’



https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig14009PaperTwiki
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig14009PaperTwiki
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2014-06/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2014-06/

Note on Coupling versus Mass relation

& Discussions on quark mass (M. Spira)

= K
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGSMInputParameter I F

™m
.y : yv = RV =
Prescription for mass vs coupling plot Y
https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWGSMInputParameter/Higgs coupling.pdf

m
(Y

ATLAS HIGG-2014-06

1. One can define quark mass for Yukawa coupling, > R L L B
G0 (M), do(Mo) pole g 1_ATLAS t
JeVRH ) IRV I _ - ls=7TeV, 4.5-4.7 " Z. ¥ §
2. Though above are theoretically equivalent, rupning mass LLO - s=8TeV, 20.3 i’ ' ]
evaluated at Higgs mass scale is better to avoid the offset g |> i W i
due to non-universal corrections in quarks and leptons, S 107 — Observed E
B 3Mpy 17 o - --- SM Expected ]
I'H — QQ) = gQ(MH) T {1 + ——=+ O(oﬁ)} . -
s 3 m B ]
my(my) = 4.16 GeV, my(Mp) = 2.76 GeV 10°: I{ =
3. Use pole mass for top quark (172.5 GeV). - = :
] b ]
4. Use PDG values for leptons and W/Z boson masses. 103E o ]
_I' “V | I I| | I I I| | L1111 II| | I_
2 10™ 10 10°
_ gr = \/5% _———— gy = p Particle mass [GeV]
(V)

my(mp) = 4.16 GeV,mpy(Mpy) = 2.76 GeV

Q) top-mass (172.5GeV) in MC?42


https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGSMInputParameter
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGSMInputParameter
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2014-06/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2014-06/
https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWGSMInputParameter/Higgs_coupling.pdf
https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWGSMInputParameter/Higgs_coupling.pdf

Higgs Analysis in Unified HEFT ?

Higgs coupling

ggF

categories [

VBF

categories [

VH
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10. Higgs XS&BR for RUN-2
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Q) Higgs mass range Mnu=[60,1000]GeV?
Mn=125+5GeV with 0.1GeV step?
PTOCCSSGS Q) Reference Higgs mass 125 or 125.09GeV?

® Needs to survey detectable processes for Higgs production and decay
for RUN-2 and beyond !

® Tool development is also very important aspect.

|.  Main production processes

ll. Associated Higgs production with heavy 'H, qqH, VH]

quarks ttH/bbH/ccH]

lll.  Associated Higgs production with single top quark tHq, WtH, btH, tH, bH]

IV. Higgs boson pair/triple production 'HH, qqHH, VHH, ttHH, tjHH, HHH]
V. Higgs production in association with gauge bosons  yyH])

VI. Higgs production in association with a gauge boson  [4qHV]

and two jets

VIl. Gauge boson scattering WW—-WW, WW—HH, etc.]
VIll. Rare process and decay 'qq—Hy, t—cH, etc.]
[quarkonia J/Y(Y)+y, yYYW/Z+P, etc.]

Recalculation of SM BR with new SM inputs ?
(as=0.119—0.118, updated quark mass) 45

+ any other process ? Q)



FCC-hh

Q) Different theory consideration needed for 100TeV?

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HiggsEuropeanStrategy#6_Plots
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HiggsEuropeanStrategy%236_Plots
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HiggsEuropeanStrategy%236_Plots

Leftover from RUN-1 and challenge for RUN-2

—1

—

—>—

Jet-veto

gluon @ Update of S&T to JVE, new SCET approach
@ Correlation with Higgs pr
@ N3LO inclusive + NNLO H+0/1-jet comb.
@ H+2-jet bin uncertainty beyond NLO

ggF
@ N3NLO QCD correction

@ as uncertainty reduction
@ Reduction of ggF in VBF category

Differential NNLO Wiz
@ NNLO QCD effect in fiducial XS, ex VBF top/bottom
@ NNLO QCD + NLO EW pp—VV and MC
(include offshell, ex Z*Z*) —_——— —
. Higgs
Higgs Interferometry Hi
@ NLO QCD in gg—VV, ZH and MC Ig_gs pPT |
@ Interferometry in VBF ™\ @ Higgs prin BSM W/Z
gluon (N @ NLO EW effect
(N)NLO MC N @ Dynamical scale _
Higgs Decay

@ Separation of THU and PU

H+0/1/2-jets (N)NLO MC
@ jets (N) @ THU statistical prior

@ NNLO QCD + NLO EW MC for 2—1 proces
@ H+3-jets NLO MC for CJV

G i @ BR update (ex H—bb)
@ A®; in He2-jets MC e — @ PU update (as, mp, mc, my)
PDF — @ NLO EW differential
(Prophecy4f/Hto4l)
@ N3LO PDF @ Dalitz decay common def.

@ PDF4LHC15 (LHAPDF) for XS and MC
@ PDF correlation between Higgs and SM bkg.

Compiled by R. Tanaka, Sep. 2015



ggF
HIGLU (NNLO QCD+NLOA

iHixs (NNLO QCD+NLQE
FeHiPro (NNLO QCD+NLO E
HNNLO, HRes (NNLO+NNLL QCD)
ggH@NNLO, SusHi (NNLO QCD)
RGHiggs (NNLO+NNNLL QCD)
agHiggs (approx. NNNLO QCD)

VV2H (NLO QCD)
VBENLO (NLO QCD)

HAWK (NLO QCD+EW)
VBF@NNLO (NNLO QCD)

WH/ZH

V2HV  (NLO QCD)
HAWK (NLO QCD+EW)
VH@NNLO (NNLO)

ttH
HQQ (LO QCD)
POWHEL (NLO QCD)

MG5_aMC@NLO (NLO QCD)

Tools for Higgs ﬂna[ysw

—>—

s

VBF gluon

Jet-veto
(NNLO+NNLL)*

* NLO+NNLL in differential

top/bottom

Higgs

Higgs pr

HgT/HRes (NLO+NNLL)
ResBos (NLO+NNLL)
CuTe (NLO+NNLL)
PeTeR (NLO+N3LL)
MoRe-SusHi (MSSM,2HDM)

bbH
bbh@NNLO (NNLO QCD) / ——

MG5_aMC@NLO (NLO Q€3] =
HH PDF: MSTW/MMHT, CTEQ, NNPDF, HERAFitter etc.

HPAIR (NLO QCD)
MG5_aMC@NLO (NLO QCD)

+ private codes. DiffTop

SM: MCFM, MG5_aMC@NLO, VVamp, gg2VV,

Clickable Link

NLO MC
POWHEG-BOX MiNLO

MadGraph5 aMC@NLO
SHERPA MEPS@NLO

PYTHIA8 UNLOPS
HERWIG++ Matchbox

NLO ME/Automated NLO

MCEFM, MG5_aMC@NLO
BlackHat, GoSam, HELAC,

OpenlLoops, etc.
W/Z

Higgs Decay

HDECAY (NLO++)
Prophecy4f (NLO QCD+EW)
Hto4l (NLO QCD+EW)

W/Z
Higgs Properties

HEFT

MSSM/2HDM

FeynHiggs, CPSuperH

HiggsBounds/HiggsSignals
SusHi+2HDMC

HIGLU+HDECAY

Compiled by R. Tanaka, June 2015
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Frequently asked question: which My for p ?

e Pay attention to My when discussing the pu-value !

® Total cross section and BR are changing slowly for My=125GeV.
e BR(H—7vy) 1s at plateau.
e But BR(H-WW,ZZ7) are changing rapidly due to phase space.

E‘ 1 O E | I I : I I I I I I | I I I I E §

= E T : \E =8TeV E g

oC u I 1R

Process de/dM, dBR/AM m B — 8

x  TeBFRL v WW=Tvag = =

o(ggF+VBF+VH+ttH+bbH) 2%/GeV S et P |
BR(H—bb,11,c0,111) -3%/GeV CA : = ]
BR(H—gg) -1%/GeV 107 cz-ha -
BR(H—yy) +0%/GeV / : sl
BR(H—Zy) +5%/GeV 1025, : Z->1
BR(H->WW) +8%/GeV / : :
BR(H—ZZ) +9%/GeV 1ok ZH - ITob\ N, i
@Mu=125GeV : ¥ - \ ...... :
-4 ) | | |q:=| ud|SCb| | ! ! A |.....|.....|."'1- | .

107 100 150 200 250
M, [GeV]



Higgs boson decay uncertainty

Channel ' [MeV] Aas Amy Am. Amy THU
H — bb 235 o i 00w Too% —aon
Ho o™ 2571070 1500 “00% “oo% 0% -so%
H—pu” 891107% 1060 *00% oo toin “aon
Hoce 1181070 708 09¢ 8l *0%% 13o%
Uncertainty in width 7oss a0 =5 55 56 G5 56
Hoy  928107° 008 008 *00% 00% ‘rox
HoZy 627107 *00% 0% Toi% Toi% 5o
H—-WW 87510t *0.0% +00% +0.0% +0.0% +0.5%
H—ZZ  1.07.1071 +00% +00% +00% +0.0% +0.5%
Total 4.07
Channel BR Am. Amp Amy Aoy PU THU Total
H—bb 5771070 03F 10 00% 109% —iuw ianm - aa%
Hotho 6321077 090 39% T01% T1s% oe% -se%  -o0%
Ho—pfp~ 2190074 0% 00 *01% Ti%% v 30w - asx
U taintv in BR H—cc  291107% 1288 ~20% 01 1oe% - sa% —som L ison
ncertainty In Hogg 857:107% 000 T39% To2% 4% -s8% —4o% —103%
Hoyy  228107° 1098 398 100% T13% Soan Sson %
H—Zy  154107° 33% ~20% 0% Tliw Tain Tosm  osn
HoWW 215100 890 3900 100% —14% 2% -aa% -a1%
H—ZZ  264107% 000 000 100% —14% —sun —saw -

51



be = SM bbH cross section is not negligible! (forgotten...)

@ SM bbH XS at 7TeV and 8TeV released for My = 125.0, 125.5 and 126.0 GeV.
@ 1.1% of ggF at 7-8TeV (ttH 0.6-0.7% of ggF) but ggF scale uncertainty is O(10%).

@ Needs bbH (4FS) MC  Sherpa-MC@NLO, MG5 aMC@NLO % check acceptance.

(ii) bb+Higgs production

4FS :i 5FS > '

NNLO
exact g — bb splitting & mass/off-shell effects massless/on-shell b's, no pry
no resummation of log M7 /m? terms resummation of log M7 /m? terms

T I L I L I LI B B | I L L I L I L I LI B I |

N wW=1 op - Bh+ O [R]

102 Vs=7 TeV |
1= (2m, + M,)/4 1 Santander matching:
MSTW2008 :
B o4FS | 1,55FS
: N s gg — bbh (NLO) 3 M
i ~ 4 w = log H i 1
-4FS and 5FS agree % w=3 1 my,

Harlander, Kramer, Schumacher

1 every well for Mh=125GeV =

N Dittmaier, Kramer, S.
-1 Dawson, Jackson, Reina, Wackeroth
|O L1 PR T B T L L PR SN T T T T L

PR TR PR B P PR PR T
100 150 200 250 300 350 400 450 500 Harlander, Kilgore
M, [GeV]

@ bbH NLO MC in 4FS under validation by MadGraph5 aMC@NLO. 52



https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt7TeV
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt7TeV
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt8TeV
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt8TeV

How about ccH ?

ccH/bbH cross section ratio estimation

1) parton distribution
From figure in PDG review, f(x) ratio between bottom/charm is about
1/1.5 for x = 1.0~1.5x107-2 for mu=100GeV.
Sea quark PDF is the same for quark and anti-quark.
2) Yukawa coupling
The running mass ratio at Q2=MH”2 is Y_bottom/Y_charm = 4.5.
Thus cross section ratio bbH/ccH = (1/1.5)"2 * (4.5)"2 = 9.
bbH cross section in variable or five flavor PDF is 1.1-1.2% of ggF,
thus ccH contribution is O(0.1%) of ggF, being completely negligible.

12 18. Structure functions PDG Review

ccH measurement
1. charm tag (difficult at hadron collider)

2. Higgs boson decays to quarkonia
BR(H—J/W+y) = 2.5x10-°
BR(H— Y+y) =1.4x1038

~>~50 p*uy events @ 14TeV, 3ab’
G. Bodwin et al. Phys. Rev. D88 (2013) 053003

53



http://prd.aps.org/abstract/PRD/v88/i5/e053003
http://prd.aps.org/abstract/PRD/v88/i5/e053003

BR and Rare Process&Decay

® Branching ratios

theory and parametric (as, mpct, My, etc.) uncertainty reduction?

® Rare process and decay (common uncertainty

assignment )

qq—Hy
t—cH

quarkonia JAy(Y)+y
v/W/Z+P

.. etc.

ccH measurement

1. charm tag (difficult at hadron collider)

2. Higgs boson decays to quarkonia
BR(H—J/¥+y) = 2.5x10°6
~ 4.7 J/P+y events at 3 ab™
BR(H— Y+y)
~~50 utuy events @ 14TeV, 3ab-’

G. Bodwin et al. Phys. Rev. D88 (2013) 053003

= 1.4x103

V P mode BM V P* mode BM
W n™t 0.6 x 10~ W= pt 0.8 x 10~
W-KT 0.4 x 107° Z%¢ 2.2 x107°

Z°n° 0.3 x 10~ Z°p 1.2 x 107°
W~—D7T 2.1 x 107° W~ D*t 3.5 x 107°
W~D" 0.7 x 10~° W D*t 1.2 x107°

Z°n. 1.4 x 10~ Z°J /4 2.2 x 107°

G. Isidori et al., PLB 728 (2014) 131



http://www.sciencedirect.com/science/article/pii/S037026931300960X
http://www.sciencedirect.com/science/article/pii/S037026931300960X
http://prd.aps.org/abstract/PRD/v88/i5/e053003
http://prd.aps.org/abstract/PRD/v88/i5/e053003

