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1. Higgs boson
production cross section
and decay width&BR



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

Higgs Boson Production and Decay
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b=

Higgs Properties

Deciphering the nature of the Higgs sector
(CERN-2017-002-M, 869 pp)

Handbook of LHC Higgs Cross Sections:
Inclusive Observables

LHC HIGGS XS WG 2016

(CERN 2011-002, 151 pp)
Differential Distributions (CERN 2012-002, 275 pp)
(CERN 2013-004, 392 pp)
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https://cds.cern.ch/record/1318996
https://cds.cern.ch/record/1416519
https://cds.cern.ch/record/1559921
https://arxiv.org/abs/1610.07922
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG

Higgs XS&BR Calculation Instruction

@ SM input parameter !
Q https://twiki.cern.ch/twiki/bin/view/L HCPhysics/LHCHXSWGCrossSectionsCalc !
Q@ Mwp=172.5+1 GeV, ! s(mz)=0.118+0.0015 (not PDG values)!

Mass range and step for SM-like Higgs boson:

Q@ swm Higgs scan My=125+£5 GeV! [120,124)GeV ~ 0.5GeV 9 points
's = [6,15] TeV! [124,126] GeV 0.1 GeV 20 points + My=125.09 GeV

9 Cross Section Scan!

@ Ecmscan
[126,130] GeV 0.5GeV 8 points

@ Heavy Higgs Mu=[10,3000] GeV! « Total 38 points for Myy=[120,130] GeV.
9 PDFE4LHC PDE set! Mass range and step for BSM Higgs boson:
- I
@ SMHiggs PDF4LHC15 100 set 10,1501 Gov o | 20 rors
@ BSM Higgs PDF4LHC15 mc set! [150,500] GeV 10 GeV 35 points  + Mp=125.09 GeV

[500,3000] GeV 50 GeV 50 points

I I
9 Numerical Results ! « Total 115 points for My=[10,3000] GeV.

Q Separate theory uncertainty (THU), parametric uncertainty (PU), PDF uncertainties.
Q@ XS +Scale Uncertainty [%] £+ THU [%] £PU(quark-mass) [%] £PU(! s) [%] £PDF Uncertainty [%o]
Q@ BR +THU [%] £PU(quark-mass) [%] +PU(! <) [%]

@ Correlate PU(quark-mass, ! ) between Higgs production and decay, and PDF for di"erent Higgs
production and SM backgrounds.

Q@ Allresults at https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG |
Q kappa-modiber updates: https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG2KAPPA 5



https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGCrossSectionsCalc
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG2KAPPA

QCD scale uncertainty correlations in qq/gg — VH, VV and H

qq! VH gg! ZH qq! vV gg! VV gg! H! VV

# Note 1. V=W,Z. And assumes +100% correlation between (gq! WH and ZH), (gqg¢ WW and Z2),
and (gg! WW and Z2).!

# Note 2: +50% correlation among di$erent processes should be reasonable estimate. !
# Note 3: no correlations between others: ggF, VBF, VH, ttH, bbH and SM VV ?



New in CERN Report 4

gluon-gluon fusion gg—H

@ First complete N3LO calculation at hadron collider !  [Anastasiou:2016cez]

d(scale) d(trunc) d(PDF-TH) J(EW) d(t,b,c) d(1/my)
tOloPb £018pb  +056pb  £0.49pb  +040pb  £0.49 pb

A% 10.37% +1.16% +£1%  +0.83% +1%
missing uncertainty missTing T t \ tainty
higher-orders from the soft EW uncertainty uncertan
expansion N3LO PDEs corrections  from heavy- mn the 1/m¢
quark mass included
13Tev’ MH:125G BN ) BEES » ey v WP p—— e— . eSS T — . . ectlons

2.22 pb (+4.56%)

o = 48.58 b. 3.97 pb (—6.72%) (theory) + 156 pb (3.20%) (PDF+ay) !
Q@ NNLO+NNLL{! = 44 14 p +7 6 -8.1% (QCD scale) 1% (PDF+" s)
Q@ Debates in WCT B T Unceranty treatment
Q@ ETH-Zurich: N3LO, scale [Mu/4,Mu], add uncertainties in linear. [#6.7, +4.6]%
Q@ Milan: N3LO+N3LL, scale [Mn/4,My], add uncertainties in quadrature. +4.5%
@ Recommendation: use ETU-ZYrich numbers 1 (10(8/)7 1
@ Flat uncertainty: [16.7, +4.6]% @100% CL o “’”"“"’Cxp( ﬁ) ’
@ Gaussian uncertainty: max{neg,pos}/"3 = +3.9% @67% CL ! =tor "=1

@ Use this number for current workspace construction ~ la LHC-HCG prescription.
@ Interest for H+0-jet XS measurement at NNLO QCD (H+0/1 jets@NNLO). I



http://cds.cern.ch/record/1375842/
http://link.springer.com/article/10.1007/JHEP05(2016)058

Total/Fiducial cross sections
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@ Tremendous progress in QCD and EW theory predictions.

ggF prediction in N3LO QCD
Q@ scale uncertainty £8% (NNLO) "# £4% (N3LO)

Q@ PDF+as uncertainty £7% "# £3% (new PDF4LHC)

@ Uncertainties in o for combined yy+ZZ (ATLAS)
Q@ stat £10%, syst £10%, theory £5% for [Ldt=36fb-!
@ Needs 150fb-! when stat. uncertainty reaches theory uncertainty
@ RUN-2 120fb!, RUN-3 300fb-!, HL-LHC 3ab!

Perhaps | was exaggerating a bit to ggF conveners
but it will take long for EXP to reach TH accuracy !
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Giulia Zanderighi

OPrecision theory for precise measurements
at LHC and future collidersO, Vietnam, 2016.

.. EXP precision 1s very far
away (TH went ahead 15 years
of EXP?), but it would be better

to have numbers with best
precision.”
[email by Reisaburo Tanaka to
the ggF conveners]


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-020/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-047/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-041/index.html
https://indico.cern.ch/event/559999/contributions/2260878/attachments/1342761/2024609/Vietnam-Zanderighi.pdf

Global Signal Strength & Production Cross Section

# ATLAS Combined yy+ZZ for RUN-2 data
=109 £0.12 = 1.09 £ 0.09 (stat.) *3-% (exp.) *3-% (th.) RUN-2

P
ATLAS-CONF-2017-047

Major TH uncertainty

Source Up Down ATLAS-CONF-2017-047
. —mmmeme—due to ggF QCD scale —————————7———7———7—— 71—
Theoretical . il i agF ATLAS Preliminary
| ot (perturbative) 47 10045 +0.044 / % i 2o
PDFs J +0.018 ! i m,, =125.00 GeV, Iy [<2.5
Branching fractions 5 +0.014 VBF | =
" N, ! 0011 +0.012 4 s
> : — - o : Measurement  Fed
Experlmental e s VH : ¢ =‘ Stat. uncertainty
Luminosity 1 0.037 +0.038 ; Syst. uncertainty ||
Electron and photon resolution +0 .021 ! 0.019 {TH - B SM prediction [
Pileup +0.014 ! 0.015 | i | | |
1 o 1 2 3 4 s
_ — Cross section normalized to SM
Process Result Uncertainty [pb] SM prediction
(lyn | < 2.5) [pb]  Total | Stat. [pb]
ggF 439 %5 154 L 44554 -
42 1 417 o 10 .08 Large theory uncertainties in VBF,
VBF 7.9 ' ' 3.52
! 1.8 1! 1.6 I 0. VH and ttH channels due to ggF
V H 03 44 3 2. B 1.997% 58 contamination,UE/PS uncertainty etc.
+0.37  +0.36 +0 .03
teH 0.27 o3 1 0.31 0.59 /05

9


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-047/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-047/

H—yy

Q@ Signal strength is obtained for each Higgs boson production mode.

Q@ Categorize events by production topology

Q@

1 8BR
T (T@BR)g,
utop
l'lVH
l'lVBF
ggH
ggF@n3Lo Mg,
ggF@NNLO M o

Would have been 10% smaller

ttH, VH, VBF and ggF (with pr) RUN-2
e ATLAS-CONF-2017-045
I I I | I I I I | I I I I | I I I I | I I I I | I I LI | I I I I | I LI I | I I
ATLAS Prellmlniry —e— Total +—e— Stat
| Vs=13TeV, 36.1fb 2N
Total Stat  Syst F §
+06 [+06 +0.1f+0.
— H—e— Hiop = 0.5 o6 [! 0.5 101f!o0.
+0.9 [+0.8 +0.28
— | o H IJVH = 0.7 |44 [! 08 102
+0.6 [+05 +0.3
- H—e&—H UVBF = 21 |45 [! 05 102
+0.19 [ +0.16 +0.07 +
— o4 IlggH =0.80 | ,1g [! 0.16 ! 0.06 ! 0.05]
"""""""""""""""""""""""""" 014 [+012 +0.06g80.06"
| gH@N’Lo el IJRun-Z = 0.99 1 014 [! 011 ! 0.0
- +0.28 L +0.23 +0.10f + 0.12
— gH@NNLO @4 S 1 0.26 [J1 0.23 1 0.08% |
I BT ST N T ST S N N T R SR T AR S M IR i A S N B, T
o 1 2 3 / 4 5 6 7

If ggF@N3LO was calculation used.

Signal Strength

Large Theory uncertainty
for ttH/tH, VH and VBF

3 Theory uncertainty 1/2

10


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-045/

Higgs boson decay width and branching ratio

LHC Higgs XS WG CERN Report 3

| HDECAY

| HDECAY

- ZZ " Af

1. Start with Higgs boson decay width

2. Categorize PU(" s, mp, m¢, m¢) and THU
Separate treatment of PU($" s $mq) and THU

3. Convert to BR (correlations are taken into)

Partial cancellation for h%bb,cc but not for gg !

RUN-2

agF ¥ B4I

B/B.

$VBF/$ggF
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BR(H !
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vy _ lvv
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Decay
H—bb
H—cc
H—t1
H—pp
H—gg
H—yy
H—Zy

H—->WW

H—-ZZ

Ads

" 2.3% § A

" 7.1%
+0.0%
+0.0%
+4.2%
+0.0%
+0.0%
+0.0%
+0.0%

Decay width uncertainty

Amy ” Amg
33% 1 £0.0%
+6.2%
+0.0%
+0.1%
+0.0%
+0.0%
+0.1%
+0.0%
+0.0%

Interesting quantity #.,/#zz:
sensitive to new physics via loop in yy

| theory uncertainty 1s +£1.1% !
But current EXP error 1s £20%. Long way to go...

2

Amy
+0.0%
+0.1%
+0.1%
+0.1%

" 0.2%

+0.1%
+0.1%
+0.0%
+0.0%

THU
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-047/
https://cds.cern.ch/record/1559921

Higgs boson decay width and branching ratio

LHC Higgs XS WG CERN Report 3

| HDECAY I
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- WW " ZZ " Af

1. Start with Higgs boson decay width

2. Categorize PU(" s, mp, m¢, m¢) and THU
Separate treatment of PU($" s $mq) and THU

3. Convert to BR (correlations are taken into)

Partial cancellation for h%bb,cc but not for gg !
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ATLAS-CONF-2017-047

... EXP precision 1s very far
away (TH went ahead 15 years
of EXP?), but 1t would be better

|

to have numbers with best
precision.”
[email by Reisaburo Tanaka to
the o conveners]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-047/
https://cds.cern.ch/record/1559921

2. Higgs boson
differential distributions



Higgs Production and Decay Differential distributions
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| cross section in categorized
{ ggF, VBF, VH, ttH, bbH, etc.
[ processes.

(1) Higgs boson production

| 2) Higgs pr and rapidity Y. |

3) Higgs boson decay
i kinematical variables
i (8D in H—41)
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+ new particles
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Use combined information of Higgs production and decay!




Differential Distributions

@ BSM physics may reveal in high pr
regime. Very important to treat finite
top-quark mass effect.

@ Dynamical scale reduces cross
section but also changes the shape!

@ Higgs pr was used to reweight MC
to take into account NLO EW effect.

@ Recent progress
@ NNLOPS Higgs pr spectrum
agrees well with HRes. " No
need to reweight MC.
@ RadISH: inclusion of NNLL
resumption and matches to H
+1-jet NNLO.

@ Higgs measurement in exclusive H
+0,1,&2-jets bin interesting. Not
trivial for H%yy due to continuum
background. Clean in H%ZZ but
suffers from low statistics. H% WW?
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-041/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-015/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-045/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-032/

Higgs pt projection for RUN-3 and HL-LHC

Q@ Projected Higgs pT spectrum uncertainties by CMS
Q@ For Higgs pr>200GeV, the statistical uncertainties: £29% (RUN3), £9% (HL-LC)

CMS PAS FTR-16-002 CMS PAS FTR-16-002
CMS Projection 300 b1 (13 TeV) CMS Projection 3000 fb (13 TeV)
| FoT I I I | I I I I | I I I I | I I I I | I I I 4 FT I I I | I I I I | I I I I | I I I I | I I I I
% 1 3 ¢ Toy Data (stat.# sys. unc.) = %) 15— ¢ Toy Data (stat# sys. unc.) 3
(D - Systematic uncertainty (ECFA16 S1) . (D - Systematic uncertainty (ECFA16 S1+) .
~~ L Systematic uncertainty (ECFA16 S2) ~~ L Systematic uncertainty (ECFA16 S2+)
é 10"1E G ggs H (POWHEG+JHUGen) + XH s = é 101 7% gg$ H (POWHEG+JHUGen) + XH o =
— W [ ] XH=VBF+VH +ttH e 9 — %ﬁ [[°°] XH=VBF +VH + ttH e 3
L g 1T [ L2 S
- 10F £ 5 - 107 £ -
Q E g 3 Q. ) o -
° ’ - 5 kS ’ - 3
=] "3 B W o - R 7%
= 10 °F — = 10 °F _
T T
A0 — - 010°E ] | R
g ig :// ............................................................................ / %_ %J E’]]__g : .................................. / ............................................................................ . 5 ._
e ool i //// 7 ////////%// e 09 --/////// /////M///
o ) OO, === <= o L b AL
T 0.7L e || ............................. [ . | ............................. [ T 0.7t e || ............................. [ o || ............................. | ............................
- 0 50 100 150 200 _ N 0 50 100 150 200 _
p_(H) [GeV. p,(H) [GeV.


https://cds.cern.ch/record/2266165?ln=en
https://cds.cern.ch/record/2266165?ln=en

Jet-bin Uncertainty

H—yy categorization

ATLAS-CONF-2017-045

"goH VvBF | WH lizH ogzH ttH [llbbH | tHgb | tHW

ATLAS Preliminary H - yy, m_ =125.09 GeV

tH lep Ofwd
tH lep 1fwd
ttH lep

ttH had BDT1
ttH had BDT2
ttH had BDT3
ttH had BDT4

Untagged 0
tH had 4j1b
. Untagged 1
tH had 4j2b
VH dilep Untagged 2
VH lep HIGH Untagged 3
VH lep LOW
VBF 0
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i ttH Leptonic
VBF tight, high pt¥
VBF loose, high p!¥ ZH Leptonic
VBF tight, low ptl WH Leptonic
-
VBF loose, low pTjj VH LeptonicLoose
H 2J BSM
ggH 2J HIGH VH Hadronic
99
ggH 2J MED VH MET
ggH 2J LOW
ggH 1J BSM
ggH 1J HIGH
ggH 1J MED
ggH 1J LOW
ggH 0J FWD

ggH 0J CEN

0O 01 02 03 04 05 06 07 08 09 1
Fraction of Signal Process / Category

CMS Preliminary H# ""
B ooH B veF [ aH

- WH hadronic

VW y(Z)
H<
fy

VAVAVAVAVARN

Large ggF contamination in VBF category

CMS-PAS-HIG-16-040

- WH leptonic

35.9 fb™ (13 TeV)
Bl s/(s+B)

45.8 expected events
480.6 expected events
670.4 expected events
610.1 expected events
10.0 expected events
8.6 expected events

27.8 expected events

5.8 expected events '

3.8 expected events

0.5 expected events
36 expected events
2.8 expected events
9.7 expected events

4.2 expected eyents

10 20 30 40

Signal Fraction (%)

02 03 04 05 0€

S/I(S+B)inx!

ff
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-045/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-020/index.html

H—Z7"—4 leptons categorization

Q@ Despite small BR(H—41)=1.24x10 (I=e,p) for Mu=125GeV, very clean signal S/B>2.

Q@ Events are categorized in ggF, VBF, VH and ttH production modes. W,Z
@ Categorized in # of jets, b-jets and additional leptons. H
RUN-2 Large ggF contamination in VBF category
/ CMS-PAS-HIG-16-041 W, Z
ATLAS-CONF-2017-043
- e , CMS 35.9fb™ (13 TeV)
s , ) . W ggF-0j -VBF-ijT Low ' ' ' ; ; : - - : H
q8)3 ATLAS Simulation Prelimindiry gy 3§F-1}-p¢ Low E xE{_FF"F;EH'Qh Untagge 40.77 expected events = g/%p
IS H— ZZ* — 4l — 99':'11:'9; Med o VH-Lep B WH, W! X
o 13 TeV, 36.1 b B goF-1ipy High g tH VBF-ljet SV
o e J bbH tagged 9.69 expected events B WH, W! |
g 0 _ ZH, 7! X
‘3 1j p*-Low VBF-2jet 4.24 expected events ] Z_H’ Z_! 2l
S T tagged I ttH, tt! Ol+X
g tpyMed , : tiH, 1 2+X
L?:J 1 p“T'-High Higgg;%mc 2.08 expected events = tfH, tt1 2]+X

VBF-enriched pjT -Low
VBF-enriched pJT -High
VH-Had enriched
VH-Lep enriched

VH-leptonic
tagged
VH_Emiss
T
tagged

0.38 expected events

0.11 expected eve

ttH-enriched

0 01 02 03 04 05 06 07 08 09 1 ttH tagged [EUBSEMEMVET0(

Expected Composition 0 01 02 03 04 05 06 07 08 09 1
signal fraction

@ Active discussions in WG1/ggF subroup for new jet-bin uncertainty prescription including post YR-4.
@ Hot area after arrivals of ggF N3LO inclusive, NNLO H+0/1-jet exclusive calculations.
@ New prescriptions with STWZ, PLPTW, JVE, etc., including for Simplified Template XS.
@ Well documented recommendation for post YR-4 is crucial.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-043/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-041/index.html

3. Higgs boson coupling
measurements



LHC Higgs XS WG CERN Report 3

Higgs signal-strength

LO - framework | _ (' 8BR)(gg! H! ™) _ #y &t
_ ! &R {t(gg! H)aBR(H! ™ )}gy #3
" T aBR), L ! 215
gluon " w22 e = photon

"",Z", gg, t@ ce s®, pop’

{ - Measure with coupling
| scale factors ;.

{ - The coupling of SM

{ particles to Higgs boson
. scales with particle mass:

" Assumptions
| 1. narrow width approx. f
|1 &BR (ii! H! 1)=ld ]
| 2. only 1 SM-like Higgs
t 3. SM tensor structure

i (spin 0, CP-even)

t 4. on-shell production and |
| decay (no-sense for offshell);

top, bottom, top quark

charm quarks W boson

etc.
+ new particles

Higgs boson

© Am;g

_ _ oM}
gF_ V’gV_ZTV

| - Holds up to electroweak |
| effects of O(5-10%).

gluon - s=13TeV, My = 125GeV photon

121, 1 p, o) = 1.040' F 4 0.002! & + 0.00002! 2

12(Lw, o) ! |L.26lw " 0.27 (|7
| 0.038!¢!p! 0.005! (!¢ + 0.0004! ! ¢

Destructive interference in both gg—H (top-bottom) and H—yy (W-top) loops. 19


https://cds.cern.ch/record/1559921

Note on Coupling versus Mass relation

Discussions on quark mass (M. Spira)

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

Prescription for mass vs coupling plot

Yv

Post YR-3 activity.

https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWGSMInputParameter/Higgs_coupling.pdf

1. One can define quark mass for Yukawa coupling,

&% (Mu), 8 (Mq), g8

2. Though above are theoretically equivalent, running mass
evaluated at Higgs mass scale is better to avoid the offset
due to non-universal corrections in quarks and leptons,

(H! Q@) = @(Mu)oet 14 L0

16 a7 "ol )
mp(Mmyp) = A—igGeV My(Mp ) = 276GeV
3. Use pole mass for top quark (172.5 GeV).

4. Use PDG values for leptons and W/Z boson masses.

_ sy _ .My
B vl

>
S

VvV

F
Fv Of

ATLAS and CMS, JHEP 08 (2016) 045

T L roor T rTTTT L
1IF ATLAS and CMS
- LHC Run1
10!15— E
10!25— E
¢ ATLAS+CMS ]
wity &£ 0000 SM Higgs boson |
— [M, §] fit ]
[ ]68% CL
E%%CL
10 e » o E
10't 1 10 10°

Particle mass [GeV]

Mp(mp) =416GeV, mpy(My ) =276GeV

4.18

needs to update

2


https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGSMInputParameter
https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWGSMInputParameter/Higgs_coupling.pdf
http://link.springer.com/article/10.1007/JHEP08(2016)045

g “00000)

Updates of k-framework: ggF b.c.

Post YR-4 activity. Other processes in backup slides. g 900090/

>

@ Cross sections are calculated in N3LO QCD by ZYrich group (Note by ZYrich group).

@  QCD scales: p=pr=pr=Mn/2, PDF set; PDF4LHC15 nnlo_100
@ References: [Anastasiou:2014vaa,Anastasiou:2014lda,Anastasiou:2016cez, Anastasiou:2016him]

@ Numbers in bottom-quark related cross sections and corresponding ' coupling
modifiers have changed with respect to CERN Report 3 (see Eq. (111) and Table 38).

For Mh=125 GeV at (s=8 TeV,
CERN Report 3: kg% = 1.058«¢? + 0.007«p? - 0.065k1Kb
CERN Report 4: kg% = 1.042«? + 0.002kp? - 0.040«k1kp - 0.005k1ke + 0.0005xpkc + 0.00002kc?

@ The main origins of these differences are:

1. Due to change in central QCD scale from M, (CERN Report 3) to Mw/2 (CERN Report 4). This affects ! « but doesnOt affect mucH w or ! .
2. Due to inclusion of charm quark.
3. Due to change in quark-mass definition from on-shell mass in CERN Report 3 (M=172.5 GeV, My=4.84131 GeV)
to MSbar mass in CERN Report 4 (M((M)=162.7 GeV, My(Ms)=4.18 GeV and M(3 GeV)=0.986 GeV)
) In the MSbar scheme the light quark masses run to a significantly lower value (at scale of u ~ My/2 or M) than their pole masses.
) Hence there is an effect on the top-bottom interference and the bottom-bottom part (also for charm).
¥ It has been checked that HIGLU (M. Spira) and ZYrich calculations agree perfectly with the same input condition in on-shell mass scheme.

@  Some interest in charm-Yukawa coupling measurement via J/* +y, Hj [arXiv:1606.09253], VH(H—cc), etc.

13 TeV

My, [GeV] oOgw [pb] ot [Pb] O [PD]  Opp [PD] Ot [PD]  Ope [PD]  Occ [PD] Otot [PD] Oqcp [PP] K2 Kiky K2 KiKe  KpKc K 2

124.50 2.40 4835 -1.76 0.10 -0.22 0.02 0.0009 48.89 46.49 1.040 -0.038 0.002 -0.005 0.0004 0.00002
125.00 2.39 48.00 -1.74 0.10 -0.22 0.02 0.0009 48.55 46.16  1.040 -0.038 0.002 -0.005 0.0004 0.00002
125.09 2.39 4794 -1.73 0.10 -0.22 0.02 0.0009 48.50 46.11 1.040 -0.038 0.002 -0.005 0.0004 0.00002
125.50 2.39 4765 -1.72 0.10 -0.22 0.02 0.0009 48.22 4583 1.040 -0.038 0.002 -0.005 0.0004 0.00002
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https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG2KAPPA/inclusive_higgs_n3lo_ichep.pdf
http://www.sciencedirect.com/science/article/pii/S0370269314006443
http://link.springer.com/article/10.1007%2FJHEP03%282015%29091
http://link.springer.com/article/10.1007%2FJHEP05%282016%29058
http://link.springer.com/article/10.1007%2FJHEP09%282016%29037
https://cds.cern.ch/record/1559921
https://arxiv.org/abs/1610.07922
https://arxiv.org/abs/1606.09253

Couplings (kv, kr) in H—>yy and H->Z7"—4l

@ Slope due to negative interference between top @ Mostly sensitive to «v, but can constrain on «r
and W-boson in H—vyy decay with associated productions in VBF and VH.
I too large kr means small BR=I"zz/I"iot where
120w, 1) ! 1260w " 02712 (¢ too larg °
Cwi o W d Tt is dominated by H—bb).

9 g BTOD v(2)
! Lvv VAV
slope: —— 1 4.7 Lep e BR(H! VV) = +—=, |
dl v : tot it vy
8.0000 Y I " 3:1 (dominated by ! 4)

O I vv
CMS-PAS-HIG-16-040 RUN-2
CMS Preliminary 35.9 fb* (13 TeV) e ATLAS-CONF-2017-043
_"—3 g 10:}_ M|_,_ t||||||||||||||||||i|lll-_r
> 3.5 ATLAS Preliminary * BestFit -
2:5 N u x Al meee 68% CL Obs.
g O - H— 272" - 4l . ]
5 313 TeV, 36.1 b — 95% CL Obs. ]
- * SM
2.5
1.5 5 :
1 2:—
0.5 4 1.5
0 1=
2 :
"0.5 @ 0.5
n ]:— | | | | | | | |
JO 02 04 06 08 1 12 14 16 18 2 0 OO 0.5 1 1.5



http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-040/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-043/

Go beyond «k-framework

LHC Higgs XS WG CERN Report 4

The Onion of WG2
@ Various frameworks exist:!

Fiducial Cross Section ! SM EFT !
with D=6 operators

Simplibed Template Cross Section!

Pseudo-Observables! Higgs | -formalism
Characterization

Higgs E$ective Field Theory!
LO SM EFT

Higgs Characterization (did in RUN-1)!
kappa-framework (did in RUN-1)!

2 T A

Simplified template x-sec

Fiducial x-sec

I x-framework remains as an option in RUN-2 !

Q@ References [LHCHXSWG-2012-001] [CERN Yellow Report 3]!

Q@ «-framework is aimed to Odetect the deviation from the SMO, not Omeasuring the
coupling itself for precision physics" .!
@ Extensive discussions in WG2 of the LHC Higgs Cross Section Working Group!
@ Experiments provide Fiducial XS and Simplibed Template XS. !
@ Measurements in Pseudo-Observables !

@ Interpretation in the E$ective Field theory (eventual combination with EWPD, discussion started)!

@ Recommendations from WG2 are eagerly waited on Higgs EFT in particular. !
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https://arxiv.org/abs/1209.0040
https://cds.cern.ch/record/1559921
https://arxiv.org/abs/1610.07922

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

Challenge s beyond YR-4

ggF

>

@ N3NLO differential d #/dY
@ $s uncertainty reduction
@ Reduction of ggF in VBF category

Differential NNLO

@ NNLO QCD effect in fiducial XS, ex VBF
@ NNLO QCD + NLO EW pp%VV and MC
(include offshell, ex Z*Z*)

(N)NLO MC

@ NNLO QCD + NLO EW MC for 2%1 process
@ NLO EW in MC

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

@ H+3-jets NLO MC for CIV O
@ &' jin H+2-jets MC gluon Q

SM Backgrounds
@ tthar+V/HF+jets

Jet-veto

gluon @ N3O inclusive + NNLO H+0/1-jet comb.

@ Correlation with Higgs p 1
@ H-+2-jet bin uncertainty beyond NLO

W/Z
top/bottom
Higgs
Higgsp T
@ Higgs p rin BSM W)z

@ NLO EW effect
@ Dynamical scale
@ Quark mass effect

Higgs Decay

@ Separation of THU and PU
@ NLO EW differential

_

(Prophecy4f/Hto4l)

—_—

PDF
@ N3LO PDF

@ Dalitz decay common def.

@ PDF and $s correlations between Higgs and SM bkg.



Clickable Link

Tools for Higgs AnalysiS, .

ggF
HIGLU (NNLO QCD+NLO EW) POWHEG-BOX MINLO
iHixs (NNLO QCD+NLO EW) B MadGraph5 aMC@NLO
FeHiPro (NNLO QCD+NLO aw,\ — SHERPA MEPS@NLO
HNNLO, HRes (NNLO+NNLEGCD / —— —  PYTHIA8 UNLOPS
RGHiggs (NNLO+NNNLL QCD) '\/ HERWIG-++ Matchbox
SusHi  (NNNLO QCD)
ggHiggs (NNNLO QCD) NLO ME/Automated NLO
TROLL (NNNLO+NNNLL QCD) MCFM, MG5_aMC@NLO
VBE Jet-veto BlackHat, GoSam, HELAC,
VV2H  (NLO QCD) gluon (NNLO+NNLL)x ~ 2Pentoops., etc
VBENLO (NLO QCD) * NLO+NNLL in differential WiZ
HAWK  (NLO QCD+EW)
VBE@NNLO (NNLO QCD) top/bottom
Higgs Decay
WH/ZH e _ HDECAY (NLO++)
V2HV  (NLO QCD) Higas Prophecy4f (NLO QCD+EW)
HAWK ~ (NLO QCD+EW) 99 Hto4l (NLO QCD+EW)
VH@NNLO (NNLO)
“H Higgsp T
HaT/HRes (NLO+NNLL) W/Z
HQOQ (LO QCD) S Higgs Properti
POWHEL (NLO QCD) gluon ‘ ResBos  (NLO+NNLL) IggsS Froperties
MG5_aMC@NLO (NLO QCD) CuTe (NLO+NNLL)
PeTeR (NLO+NS3LL)
bbH MoRe-SusHi (MSSM,2HDM)
bbh@NNLO (NNLO QCD) HEFT
MG5_aMC@NLO (NLO QCD)
bbhFONLL (NLO+NNLL QCD / —~
bbX (NLO+NNLL QCD) -
_ | MSSM/2HDM
U PDF: MSTW/MMHT, CTEQ, NNPDF, xFitter , PDF4LHC,... FeynHiggs . CPSuperH

HPAIR (NLO QCD)
MG5 aMC@NLO (NLO QCD)

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

SusHi +2HDMC
HIGLU+HDECAY

DiffTop

+ private codes

Compiled by R. Tanaka, May 2017


http://tiger.web.psi.ch/higlu/
http://www.phys.ethz.ch/~pheno/ihixs/
http://www.phys.ethz.ch/~pheno/fehipro/
http://theory.fi.infn.it/grazzini/codes.html
http://theory.fi.infn.it/grazzini/codes.html
http://rghiggs.hepforge.org
http://sushi.hepforge.org/
http://www.ge.infn.it/~bonvini/higgs/
http://www.ge.infn.it/~bonvini/troll/
http://tiger.web.psi.ch/vv2h/
http://www.itp.kit.edu/~vbfnloweb/wiki/doku.php?id=overview
http://omnibus.uni-freiburg.de/~sd565/programs/hawk/hawk.html
http://vbf-nnlo.phys.ucl.ac.be/vbf.html
http://tiger.web.psi.ch/v2hv
http://omnibus.uni-freiburg.de/~sd565/programs/hawk/hawk.html
http://particle.uni-wuppertal.de/harlander/software/vh@nnlo/
http://tiger.web.psi.ch/hqq/
http://www.grid.kfki.hu/twiki/bin/view/DbTheory/TthProd
https://launchpad.net/madgraph5
http://particle.uni-wuppertal.de/harlander/software/bbh@nnlo/
https://launchpad.net/madgraph5
http://bbhfonll.hepforge.org
https://www.ge.infn.it/~bonvini/bbh/
http://tiger.web.psi.ch/hpair/
https://launchpad.net/madgraph5
http://jetvheto.hepforge.org
http://theory.fi.infn.it/grazzini/codes.html
http://theory.fi.infn.it/grazzini/codes.html
http://hep.pa.msu.edu/resum/
http://cute.hepforge.org
http://peter.hepforge.org
http://sushi.hepforge.org/moresushi.html
http://mstwpdf.hepforge.org
http://www.hep.ucl.ac.uk/mmht/
http://users.phys.psu.edu/~cteq/
http://nnpdf.hepforge.org
https://www.xfitter.org/
https://metapdf.hepforge.org
https://lhapdf.hepforge.org
http://hoppet.hepforge.org
http://apfel.hepforge.org
http://tiger.web.psi.ch/hdecay
http://omnibus.uni-freiburg.de/~sd565/programs/prophecy4f/prophecy4f.html
http://www2.pv.infn.it/~hepcomplex/hto4l.html
http://powhegbox.mib.infn.it
https://launchpad.net/madgraph5
http://www.sherpa-mc.de
http://home.thep.lu.se/~torbjorn/pythia81html/Welcome.html
http://herwig.hepforge.org
http://mcfm.fnal.gov
https://launchpad.net/madgraph5
http://gosam.hepforge.org/
http://helac-phegas.web.cern.ch/helac-phegas/
https://openloops.hepforge.org
http://www.pha.jhu.edu/spin/index.html
http://mekd.ihepa.ufl.edu
http://lpsc.in2p3.fr/projects-th/lilith/
http://higgsbounds.hepforge.org/
http://feynrules.irmp.ucl.ac.be/wiki/HiggsCharacterisation
http://www-itp.particle.uni-karlsruhe.de/~maggie/eHDECAY/
http://www.feynhiggs.de
http://www.hep.man.ac.uk/u/jslee/CPsuperH.html
http://sushi.hepforge.org
http://2hdmc.hepforge.org
http://tiger.web.psi.ch/higlu/
http://tiger.web.psi.ch/hdecay
http://mcfm.fnal.gov
https://launchpad.net/madgraph5
http://vvamp.hepforge.org
http://gg2vv.hepforge.org
http://difftop.hepforge.org/

Clickable Link

Tools for Higgs AnalysiS, .

ggF

HIGLU (NNLO QCD+NLO EW) POWHEG-BOX MINLO
iHixs (NNLO QCD+NLO EW) MadGraph5 aMC@NLO
FeHiPro (NNLO QCD+NLO . SHERPA MEPS@NLO
HNNLO, HRes (NNLO+NNL P - PYTHIAS UNLOPS

RGHiggs (NNLO+NNNLL QCD)
SusHi  (NNNLO QCD)

ggHiggs (NNNLO QCD)
TROLL (NNNLO+NNNLL QCD)

MERWIG++ Matchbox

QQ NLO ME/Automated NLO
(> MCEM, MG5_aMC@NLO
VBE Jet-veto \l;\Q BlackHat, GoSam, HELAC,
VV2H  (NLO QCD) &\ ANLL)* OpenLoops , etc.
VBFNLO (NLO QCD) W/Z

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

Higgs Decay

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

WH/ZH

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

ttH ‘ QQ(O

HoT/HRes (NLO+NNLL) W/Z

HOQ (LO QCD) N " |

don Iggs Properties
POWHEL (NLO QCD) \2\ ~d —EeiBOS ('mtgmmtt) 99s Frop
MG5_aMC@NLO (NLO QCD) CuTe (NLO+ )

PeTeR (NLO+N3LL)

bbH MoRe-SusHI (MSSM,2HDM)

bbh@NNLO (NNLO QCD> HEFT
MG5_aMC@NLO (NLC
bbhFONLL (NLO+N \g\ "~ _
bbX (NLO+NNLL G —

| - MSSM/2HDM
HH PDF: MSTW/MMHT, CTEQ, NNPDF, xFitter , PDF4LHC,... FeynHiggs . CPSuperH
HPAIR (NLO QCD) SusHi+2HDMC
MG5_aMC@NLO (NLO QCD) SM: MCFM, MG5_aMC@NLO, VVamp, gg2VV, HIGLU+HDECAY

+ private codes DiffTo Compiled by R. Tanaka, May 2017


http://tiger.web.psi.ch/higlu/
http://www.phys.ethz.ch/~pheno/ihixs/
http://www.phys.ethz.ch/~pheno/fehipro/
http://theory.fi.infn.it/grazzini/codes.html
http://theory.fi.infn.it/grazzini/codes.html
http://rghiggs.hepforge.org
http://sushi.hepforge.org/
http://www.ge.infn.it/~bonvini/higgs/
http://www.ge.infn.it/~bonvini/troll/
http://tiger.web.psi.ch/vv2h/
http://www.itp.kit.edu/~vbfnloweb/wiki/doku.php?id=overview
http://omnibus.uni-freiburg.de/~sd565/programs/hawk/hawk.html
http://vbf-nnlo.phys.ucl.ac.be/vbf.html
http://tiger.web.psi.ch/v2hv
http://omnibus.uni-freiburg.de/~sd565/programs/hawk/hawk.html
http://particle.uni-wuppertal.de/harlander/software/vh@nnlo/
http://tiger.web.psi.ch/hqq/
http://www.grid.kfki.hu/twiki/bin/view/DbTheory/TthProd
https://launchpad.net/madgraph5
http://particle.uni-wuppertal.de/harlander/software/bbh@nnlo/
https://launchpad.net/madgraph5
http://bbhfonll.hepforge.org
https://www.ge.infn.it/~bonvini/bbh/
http://tiger.web.psi.ch/hpair/
https://launchpad.net/madgraph5
http://jetvheto.hepforge.org
http://theory.fi.infn.it/grazzini/codes.html
http://theory.fi.infn.it/grazzini/codes.html
http://hep.pa.msu.edu/resum/
http://cute.hepforge.org
http://peter.hepforge.org
http://sushi.hepforge.org/moresushi.html
http://mstwpdf.hepforge.org
http://www.hep.ucl.ac.uk/mmht/
http://users.phys.psu.edu/~cteq/
http://nnpdf.hepforge.org
https://www.xfitter.org/
https://metapdf.hepforge.org
https://lhapdf.hepforge.org
http://hoppet.hepforge.org
http://apfel.hepforge.org
http://tiger.web.psi.ch/hdecay
http://omnibus.uni-freiburg.de/~sd565/programs/prophecy4f/prophecy4f.html
http://www2.pv.infn.it/~hepcomplex/hto4l.html
http://powhegbox.mib.infn.it
https://launchpad.net/madgraph5
http://www.sherpa-mc.de
http://home.thep.lu.se/~torbjorn/pythia81html/Welcome.html
http://herwig.hepforge.org
http://mcfm.fnal.gov
https://launchpad.net/madgraph5
http://gosam.hepforge.org/
http://helac-phegas.web.cern.ch/helac-phegas/
https://openloops.hepforge.org
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Summary

@ CERN Report 4 completed after many years of works !!!
@ Experiments should be able to survive for a while at least for RUN-2.

@ Experimental status as of today
@ We know Mg, T, spin/CP and couplings but not much yet for direct

Yukawa, Higgs potential and BSM sector !
Experiments are starting the precision measurements in Higgs-gauge sector with
H—vyy, ZZ channels. H-WW, to come.

VH(bb), ttH(bb).

Q
Q@ We still know little about Higgs-Yukawa sector. Analyses are very difficult in H—x,
Q@ Rare decays such as H—Zy, up are important in view 2nd generation.

Q Post YR-4

@ Experimental analyses are more and more differential. Crucial for Higgs pr and jet-
bin uncertainties, in particular VBF H+2-jets category.
@ Conversations among ATLAS, CMS and TH community is vital as was in RUN-1 !
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Discussion 1tems (selected topics)

# Higgs XS!
# Scale uncertainty (THU), PDF+9% correlations among Higgs and SM backgrounds!
# Higgs decay!
# BR uncertainty correlation (THU,PU). Decay kinematics, ex. h->4l with Prophecy4f, H4l!
# Higgs pT!
# MC Higgs pT reweighing? Uncertainty in high pT (dynamical scale, mg e$ect)!
# Jet-binning!
# S&T, advanced S&T, JetVHeto, etc. N3LO and NNLO in H+0/1-jet. H+>2-jets category?!

# Needs improvements in ggF contamination in VBF and VH channels.!

# MC!

# NLO EW reweighing? NLO EW implementation ?!
# Coupling, Tensor Structure measurements!

# kappa-framework, Higgs EFT vs PO!
# MSSM !

# bbh 4FS vs 5FS!
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VBF .

@ Cross sections are calculated in NNLO QCD with VBF@NNLO program (CERN
Report 4, Appendix).
@ QCD scales: p=pr=pr=Mw, PDF set: PDF4LHC15 nnlo_30 pdfas
@  References: [Bolzoni:2010xr,Bolzoni:2011cu]
Q@ «w?:xz2" 3:1 at LHC (largely opposite for VBF in e*e- collider)

@ CERN Report 3: ! ww = 0.938 (1.210) pb and ! zz = 0.321 (0.417) pb for (s = 7(8) TeV
For Mh=125 GeV at (s=7(8) TeV,
CERN Report 3: kw?= 0.745 (0.744) and «z2 = 0.255 (0.256)
CERN Report 4: xw?= 0.740 (0.738) and kz2 = 0.260 (0.262)

<z Consistent results between CERN Report 3 & 4 and sz and K22 are constant wrt centre-of-mass energies.

Mh [GeV] oww [Pb] ozz[pb] K,2 K2 oww [Pb] 0zz [pb] Kk,2 K2 K2 oww [Pb] 0zz [pb] Kk,2 K2
120.0 0.993 0.349 0.740 0.260 1.278 0.452 0.739 0.261 3.001 1.091 0.733 0.267 3.392 1.238 0.733 0.267
125.0 0.946 0.333 0.740 0.260 1.220 0.432 0.738 0.262 2.882 1.049 0.733 0.267 3.260 1.191 0.732 0.268
130.0 0.902 0.318 0.740 0.260 1.166 0.413 0.738 0.262 2770 1.009 0.733 0.267 3.135 1.146 0.732 0.268
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.105.011801
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.035002
https://cds.cern.ch/record/1559921
https://arxiv.org/abs/1610.07922

oo—/H

t,b

@ Cross sections are calculated in LO QCD with VH@NNLO program.

@ QCD scales: p=pr=pr=Mzn, PDF set: PDF4LHC15_nnlo_mc

Q@ References: [Brein:2012ne,Harlander:2013mla] for VH@NNLO.

@  For Mh=125.09 GeV at (s=8 TeV,
CERN-EP-2016-100: 2.27xz? + 0.37¢ - 1.64xikz
CERN Report 4: 2.46Kxz2 + 0.46k¢ - 1.90kikz
* slight change in coefficients due to inclusion of b ?

d! /dpr p [fb/10 GeV]

0.

©
[EEN

0.01 H
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= ~., trianglesonly - - - 1
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b L'}
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i
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b S
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prh [GeV]

13 TeV

Mn [GeV] o2[fb] o, 2[fb] 0,2[b] oG [fb] 007 [fb] 0u07[fb] O(ZZ—ZH) [fb]

12450 2347 0.021 126.80 0.14 -98.07 -0.58 51.75
125.00 2345 0.021 126.34 0.14 -97.87 -0.58 51.47
125.09 2344 0.021 126.26 0.14 -97.83 -0.58 51.42
125.50 2342 0.020 125.88 0.14 -97.66 -0.57 51.19

2
Kt

0.454
0.456
0.456
0.457

2
Kb

0.0004
0.0004
0.0004
0.0004

K22 KitKp KiKz KpKz

2.450 0.003 -1.895 -0.011
2455 0.003 -1.902 -0.0M1
2456 0.003 -1.903 -0.011
2459 0.003 -1.908 -0.011
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q t b ot & oooo—e—*
- S H \\\ H
RS W A
tH (t-ch >Mv?“< %
q b q— — d b i W
(a) s-channel (b) t-channel (c) W-associated

@ s-ch, t-ch and W-associated productions (s-ch cross section is small)
@  For M\=125.09 GeV at (s=13 TeV, o(s-ch)=2.875 fb, o(t-ch)=74.26 tb, 5(tHW)~16 fb

@ Possibility for resolving the degeneracy in «r with interference in tH

@ t-ch production ( qb—tHq) —
@ Cross sections are calculated in NLO QCD with MG5_aMC@NLO program.

Q References: [Demartin:2015uha] for tH process

g For Mr=125.09 GeVat (5:8 TeV, ATLAS PLB 740 (2015) 222
CERN-EP-2016-100: 3.40k? + 3.56xw? - 5.96kcw = 10°F Ty
CERN Report 4: to be calculated. T e e :
= R BR(H # "")
S - BRgy(H # ")
I S
:
My [GeV] o2[fb] o,2[b] cowlfb] k2 Kk,2 Kikw u% ol v N T

12500 1955 2657 -387.0 2.633 3.578 -5.211 ATLAS

107
14 TeV ) i
(TH, H #
Mh [GeV] Ctz [fb] OWZ [fb] Oiow [fb] Kt2 KW2 KKy 10—3 i

s =8 TeV, m,, = 125.4 GeV

125.00 2326 3188 -461.3 2.582 3.538 -5.120

3 I DR R R N | P R
107 =75 0 2 ) 6 )

=
o

—+
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https://arxiv.org/abs/1610.07922
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tH (tHW)

@ W-associated production ( gb—tHW)

@ Due to large interference effect between ttH(WbWbbb) and tWH(WbWbb) (also between ttbar and tW),
official XS for tHW has not been provided in Yellow Report 4.

@ New calculations presented last summer by F. Maltoni et al. (arXiv:1607.05862)
@ ODR20 (Diagram Removal with interference effect)
Q@  Consider only single-top and interference between single&doubly resonant diagrams.

@ Do not touch ttH cross section.

A pra = [A1e|* + 2Re(A,A5,)

@ Interference effect is large DR2(with interf.)/DR1(no interf.): -25% and kinematics dependent.

@  For Mh=125GeV at (s=13 TeV in NLO QCD in 5FS

No cuts Fiducial cuts Fiducial cuts + top reco.

oNLO £6° +68r  onLo 0 +6%pr  eff.  onvLo 67 +6%pr  eff.
ttH 485.0(9) T3 +1.8  21.5(2) F29+27  0.04 21.5(2) FZo+27  0.04
twH DR1 (20.72(2))5 0430  1212(2)F27 425 058 11.18(2) F22125  0.54
tWH DR2 ((15.68(3)) co+27  11.43(2) 2 %+24 073 11.04(2) 135 +24  0.70
tWH DS1  19.11(3) T23 42,9  11.79(2) 25 +25 062 11.02(2) 727 +25  0.58
tWH DS2  15.31(3) T3 7 +25  11.37(2) ToS+24 074 11.05(2) T 5 +24  0.72

Interference effect less signibcant after Pducial cuts.

@  For Mh=125.09 GeV at (s=8 TeV,
CERN-EP-2016-100; 1.84x2 + 1.57xw? - 2.41kkw

1000 F

" [fb]

10 +

100

F. Demartin et al., arXiv:1607.05862

tWH at the LHC13 —— oo
5FS NLO — DR2 e DR1
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https://arxiv.org/abs/1607.05862
http://link.springer.com/article/10.1007%2FJHEP08%282016%29045
https://arxiv.org/abs/1607.05862

be AFS 5FS

@ Pros and Cons in 4FS vs 5FS
@ 4FS: NLO QCD, massive b, b-tag well defined
@ 5FS: NNLO QCD, massless b, resummed In(my/Q)
@ Santander matching to combine 4FS+5FS

. T, b
@ New Santander matching agreed ! tb
@ top/bottom Yukawa vs ggF 59385
Q@ 4Fs:y, andyy, terms \ e o rwg™ e
9 I( ytyb) IS O('lO%) Of I( yb ), |I( ytyb)|<|( CCh) —n , 2 5FS (NNLO)
: 5N «ww 4FS (NLO)
@ 5Fs:y,° term only (interf. bbh and ggF vanishes ) 1| santander

4FS 0 1 4 2 2 2 5
Thhg = ﬁyf‘f A +af (vi AL +upy ALY, ) +a (v Ag(/ﬁ) +uu AL, +0(d).

—~—

=0 o =0 /aS

ohig = h (A9 +as 8% +a3 A +afaY + 0(a))).

@ MC with MadGraph5 aMC@NLO iy G -
@ separate generation for yb2 and term .y, term ' \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

‘ WSFS(NNLO)

@ kinematical distributions very similar Wiesemann:2014i0a] °, |  somemer

50 100 150 200 250 300 350 400 450 500

@ bbh contribution becomes different with b-jet veto (4FS) ! e 34
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