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hh Searches

non-resonant hh production (e.g. ATLAS runl)  [ATLAS, PRD 92,092004 (2015)]

Analysis yybb yyWw bbrt bbbb Combined
Upper limit on the cross section [pb]
Expected 1.0 6.7 1.3 0.62 0.47
Observed 2.2 11 1.6 0.62 0.69
Upper limit on the cross section relative to the SM prediction
Expected 100 680 130 63 48
Observed 220 1150 160 63 70

resonant hh production
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95% CL limit on o(pp— X*"° — HH) (fb)
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I [ATLAS. PRD 92, 092004 (2015)]
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hh x-Subgroup Taks

recommendations for precise SM gluon fusion hh production cross
sections and differential distributions

recommendations for SM cross sections for addittonal subdominant
production modes

recommendations for new physics searches in the hh final state

resonant: simple
and transparent

non-resonant: EET




Total SM Cross Sections: Gluon Fusion

* finite top mass eflects crucial already at LLO
[Glover, van der Bij " 88] [Plehn, Spira, Zerwas " 96] [Djouadi etal *99] ...
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Total SM Cross Sections: Gluon Fusion

* finite top mass eflects crucial already at LLO
[Glover, van der Bij " 88] [Plehn, Spira, Zerwas " 96] [Djouadi etal *99] ...

* (QCD corrections dominated by soft radiation: use m; — o0
[Dawson, Dittmaier, Spira * 98] [de Florian, Mazzitelli * 13]

* recent developments

 NNLO+NNLL in m; — oo limit (normalised to exact 1.O)
@ [de Florian, Mazzitelli * 13, " 15]

* my expansion of NNLO cross section
|Grigo, Hoff, Melnikov, Steinhauser ™ 13]

» exact my forreal emission & LO reweighted virtuals
[Frederix etal * 14] [Maltoni, Vryonidou, Zaro ~ 14]

* progress towards full m; dependence at NLO

— Stephen Jones’ talk
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Total SM Cross Sections: Gluon Fusion

* currently we can only estimate NLO m; uncertainties by comparing
different approximations

Lxample
NLO QCD rewelghted by | Dawson, Dittmaier, Spira * 93]
exact LO |[de Florian, Mazzitelli * 13]
my (GeV) | \/s=T7TeV | /s=8TeV | /s=13TeV | /s =14 TeV
% 5% 2% %
125 6.415%70%, | 93187100 | 31.81F 50 3779 sy

exact my for real emission &

virtual reweighting at NLO by LO e

[Maltoni, Vryonidou, Zaro * 14]

my, (GeV) Vs =T7TeV Vs =8 TeV Vs =13 TeV Vs =14 TeV
125 6.12F 1700 +4.0% | 8.871 1190 4+ 3.6% | 29.761 1550 +2.7% | 35317 1210 + 2.6%
Recommendation:

ASS1 b uncertainty to unknown m; eftects: largest uncertain
on 10% tainty to unkn ffects: largest tainty
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mvariant Higes

pair mass Gluon Fusion: QCD and Scales

e =

14TeV , 11p=Q il 14TeV . _ de Florian, Mazzitelli

L S

/Less differences between\
FO and RES for Q/2

- [ |

5_9, 30 - aps Use Q/2 for FO predictions
S
O
Almost no difference
O between Q and Q/2 at NNLL
20 - ? s L
® 11 Great stability of the
\ resummed NNLL XS /

oL ENL A NNL oL ENL 4o NNL
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[de Florian, Mazzitelli * 13, 15] Gluon Fusion: SM Cross Section

Recommended Values https:/ / twiki.cern.ch / twiki /bin/ view / LHCPhysics / LHCHXSWGHH
my, = 124.5 GeV | onnrr(fb) Scale Unc. (%) PDF Unc. (%) PDF+a, Unc. (%)
Vs =T7TeV .77 +4.0 — 5.7 +3.4 +4.4
Vs =8TeV 11.3 +4.1 - 5.7 +3.0 +4.0
Vs =13 TeV 38.2 +4.3 — 6.0 +2.1 +3.1
Vs =14 TeV 45.3 +4.4 —-6.0 +2.1 +3.0
Vs = 100 TeV 1760 +5.0 — 6.7 +1.7 +2.7
myp = 125 GeV' | onnrr(fb) Scale Unc. (%) PDF Unc. (%) PDF+a, Unc. (%)
Vs =T7TeV 7.72 +4.0 — 5.7 +3.4 +4.4
/5 =8 TeV 11.2 4157 +3.1 +4.0
Vs =13 TeV 38.0 +4.3 — 6.0 +2.1 +3.1
Vs =14 TeV 45.1 +4.4 —-6.0 +2.1 +3.0
\/g = 100 TeV 1749 +5.1 — 6.6 +1.7 +2.7
= 125.09 GeV | onynrr(fb) Scale Unc. (%) PDF Unc. (%) PDF+a; Unc. (%)
\/5 =7 TeV 7.71 +4.0 — 5.7 +3.4 +4.4
/5 =8 TeV 11.2 4157 +3.1 +4.0
Vs =13 TeV 37.9 +4.3 — 6.0 +2.1 +3.1
Vs =14 TeV 45.0 +4.4 —-6.0 +2.1 +3.0
\[ = 100 TeV 1748 +5.0 — 6.5 +1.7 +2.6
= 125.5 GeV | onnrr(fb) Scale Unc. (%) PDF Unc. (%) PDF+a, Unc. (%)
\/5 =7 TeV 7.66 +4.0 — 5.7 +3.4 +4.4
po = Mnr/2 (+ conservative =10% top mass uncertainty)



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

[de Florian, Mazzitelli * 13, " 15]

ONNLL
e —
ONLO
= g TN — 00
OLO

po = Mhnn/2

Vs=TTeV /s=8TeV /s=13TeV /s=14TeV /s=100TeV

K 1.203 1.200 1.193 1.192 1.195
K’ 2.299 2.296 2.301 2.304 2.472
o = Mpn
Vs=TTeV Js=8TeV /s=13TeV /s=14TeV /s=100TeV
K 1.426 1.413 1.378 1.373 1.305
K’ 2.987 2.949 2.847 2.835 2.699

Gluon Fusion: K Factors




Gluon Fusion: Differenual Distributions

based on Born-improved mHH

13 TeV, Up=ug=myy/2 mHH LO —

HEFT NLO approximation et

NLO s arlatlon -
NLO PDF

using merged MG5 + Pythia 8
* full m¢ < oo forreals

* m; < ooreweighting based
on LO of my; — 00 virtuals

MadGraph5 aMCE@NLO

differential uncertainties from

scale and pdfs is O(30%)

500 1000 1500 2000 2500 3000

[Frederix etal * 14]
[Maltoni, Vryonidou, Zaro * 14]
Hespel, Vryonidou, Zaro
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Gluon Fusion: Differenual Distributions

* based on Born-improved
1/0’ dO‘/thh

HEFT NLO approximation o

using merged MG5 + Pythia 8
e full m; < oo for reals
: : 107 . :
* m; < ooreweighting based | matching vs merging
onlLOof 1m; — ocowirtuals | s:f | | | _
§ }iHmme— - —
3 i Sl 300 400 500 600 700 800
* differental uncertainties from M, [GeV]
scale and pde 1S 0(30%) Maltoni, Papaefstathiou, Vryonidou, Zaro

* comparison with MLM-matched Herwig calculation: hh system
stable in comparison, shower systematics remain

Recommendation: under discussion
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Other Production Cross Sections

HH production at pp colliders at NLO in QCD
" Mp=125 GeV, MSTW2008 NLO pdf (68%cl)

J O
14
4 32
T
1 O
=
1
1
4 <
18
-2_ _
10 3 &
1 O
4 @©
1=
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Vs[TeV] [Frederix etal * 14]
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[Frederix etal * 14]

[Maltoni, Vryonidou, Zaro * 14]

Other Processes: N1LO Recommendations

'\

Hespel, Vryonidou, Zaro
my, (GeV) Vs =T7TeV Vs =8 TeV Vs =13 TeV Vs =14 TeV Vs = 100 TeV
124.5 0.320732% £ 2.7% | 0.470724% £2.6% | 1.65722% £ 2.3% | 1.97723% £ 2.3% | 81.9702% +1.8%
hh ] ] (WBF) 125 0.316437% £ 2.7% | 0.46825% +2.6% | 1.64720% +2.3% | 1.94723% +2.3% | 80.370°% + 1.7%
125.09 0.313732% £ 2.6% | 0459732 £2.6% | 1.62725% £2.3% | 1.95715% £2.4% | 80.8%0%% +1.8%
s —=Vl /2 125.5 0.312736% £ 2.7% | 0.458729% £2.6% | 1.63729% £ 2.3% | 1.94713% +2.3% | 80.7107% + 1.8%
my, (GeV) Vs =TTeV Vs =8 TeV Vs =13 TeV Vs =14 TeV Vs =100 TeV
1) 124.5 0.112735% £ 4.2% | 0.1767377%, £3.9% | 0.786733% £ 3.2% | 0.9687 7% £ 3.1% | 87.2F7 9% + 1.6%
tthh 125 0.110735% £ 4.2% | 0.174739% £3.9% | 0.775735% £ 3.2% | 0.94971 7% £ 3.1% | 82.1779% + 1.6%
125.09 0.109735% 1+ 4.2% | 0.174725% £3.9% | 0.7721 17 £3.2% | 0.9497 5% £3.2% | 82.1733% £ 1.6%
=Nl 125.5 0.107133% 1+ 4.2% | 0.172722% £4.0% | 0.7627 3% +£3.2% | 0.9377 5% £3.1% | 81.9732% £ 1.6%
my (GeV) | /s=TTeV | /s =8TeV Vs =13 TeV Vs =14 TeV Vs =100 TeV
: 124.5 o \NNBO0R51 0% 1+ 5.8% | 0.02807047 £ 4.6% | 0.0365H4% £ 4.7% | 4.44752 £+ 2.3%
hht J 125 AW ] 0.00538 5% +5.6% | 0.0289755% + 4.7% | 0.0367112 + 4.6% 4.27t5i-0% ﬁﬁ\ﬁ%
125.093 %% } 0.005407 547 £ 5.6% | 0028153 +4.5% | 00864737 =4.7% | (\N
o=y 2 125.5 0.00521735% £+ 5.8% | 0.0279751% 4+ 6.4% | 0.0359135% éﬁ’ﬁ%
Lo Vs =T7TeV Vs =8 TeV Vs =13 TeV Vs =14 TeV Vs =100 TeV
hhh (GF) Mppn/2 | 12157098 £5.2% | 18411110 £ 4.8% | 75.27 1550 £3.3% | 89.27 1557 £3.2% | 48197757 £ 1.8%
Mppn | 10071950 £5.2% | 1537370 £4.7% | 63.87152¢ £ 3.3% | 76.97152¢ & 3.2% | 43007 155¢ 4 1.8%
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Hespel, Vryonidou, Zaro Other Processes: NLO Recommendations
my, (GeV) Vs =TTeV Vs =8 TeV Vs =13 TeV Vs = 14 TeV Vs =100 TeV
124.5 0.103725% £ 2.7% | 0.135128% +£2.4% | 0323720 £ 1.8% | 0.364729% £ 1.7% | 5.3373%% £ 1.9%
hhZ7 125 0.102¥28% 4+ 2.7% | 0.133+24% £ 2.4% | 0.319+%1% + 1.8% | 0.358721% + 1.7% | 5.28735% + 1.9%
125.09 0.102727% £ 2.7% | 0.132¥27% £ 2.4% | 0316771 £1.8% | 0.35775% £ 1.7% | 5.2472% £ 1.9%
Uy = e 125.5 0.101725% +2.7% | 0.131725% +24% | 0.314728% £ 1.8% | 0.355722% £ 1.7% | 5.2339% +1.9%
my, (GeV) Vs =17 TeV Vs =8 TeV Vs =13 TeV Vs = 14 TeV Vs = 100 TeV
124.5 0.0531%2%% +£3.4% | 0.0714720% £3.1% | 0.1801] %% £2.3% | 0.2057 9% £ 2.2% | 3.357 20 £ 2.0%
5% 9% 9% 0% 1%
h hW_ 125 0.0527550% £+ 3.4% | 0.069715 50 +3.1% | 0.177 190 £2.3% | 0.202720% +2.2% | 3.32%5 4 +2.0%
125.09 0.0524727% £ 3.4% | 0.0698727% £3.1% | 0.177722% £2.3% | 0.20112 1% £ 2.2% | 3.33720% £ 2.0%
T = / 2 125.5 0.0515725% £ 3.4% | 0.0691725% £3.1% | 0.175723% £ 2.3% | 0.199719% £ 2.2% | 3.2573 7% £ 2.0%
my, (GeV) Vs =7 TeV Vs =8 TeV Vs =13 TeV Vs = 14 TeV Vs = 100 TeV
124.5 0.117F25% £ 2.8% | 0.149725% £ 2.6% | 0.333713¢ £2.1% | 0.371729% £2.0% | 4.57722% £ 1.9%
2.5% 2.4% 1.9% 2.1% 4.1%
h hv[f—|— 125 0.116725% +2.8% | 0.149720% £ 2.6% | 0.33011 %% £2.0% | 0.3672 18 £2.0% | 4.47721% £1.9%
125.09 0.115725% £2.8% | 0.147727% £2.6% | 0.329119% £2.1% | 0.368721% £2.0% | 4.47712% £ 1.9%
to = Mpp, /2 125.5 0.114725% £ 2.8% | 0.146725% £ 2.6% | 0.327723% £ 2.1% | 0.3657 15 £2.0% | 4.44735% £ 1.9%

[Frederix etal * 14] [Maltoni, Vryonidou, Zaro * 14]

.. will be updated to NNLO for YR4 with different scale choice

14
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BSM: Effectve Field Theory

dominant GP-even interactions gluon fusion (WG 2]
h (e E e 7
= LSM"‘( U—I_CQQQUZ) G G 4 _;Zfzimfi[5yf]ififi
h2

——ZfZZ-mfi [y](?)]zﬁfz == (5)\3h3 4

» production not sensitive to bottom Yukawa, relevant parameters
Cgs Cggy 5yt7 2)7 5)\3
* phenomenological fit to (isomorphic to W(G2 parametrisation)

1 - [Dall’Osso etal. " 15]
L' = Z0,hd"h - %h? e

a2 (v + rh + @hh) (%LtR - h.c.) s (clgh —~ Cﬁhh) G 6=
(V)

v 127w 2V

|details available in separate LHCXSWG-INT-2015-007]

1S



BSM: Effectve Field Theory

* NLO QCD corrections available and flat [Grober, Miihliciter, Spira, Streicher * 15]

;}?% — s A ok (A A4c§)/£§\ + A5C%g + (Agey + Arkyry) ke [HPair]
+(A8/£tli>\ =t AgCgK,)\)CQ 2 Al()CQCQg = (AHCQK/)\ ot Algcgg)lﬁ)?
+(Aizkacy + Aracag)kirkix + ArsCyCaghin - :
recommendations
Vs 8 TeV 13 TeV 14 TeV 100 TeV Benchmark | fox Ko cy Cy o
A 0.86 0.82 0.81 0.72 1 75 1.0 -1.0 0.0 0.0
AY 0.32 0.29 0.29 0.22 2 1.0 1.0 05 -08 0.6
A -4.86 -4.82 -4.81 -4.72 3 1.0 1.0 -1.5 00 -0.8
AH 8.92 8.76 8.73 8.38 4 -3.5 155 -3.0 0.0 0.0
AH -3.24 -3.04 -3.01 -2.60 5 1.0 1.0 00 08 -1
Al -5.68 -5.70 -5.69 -5.78 6 24 1.0 0.0 0.2 -0.2
A 9.91 10.16 10.19 11.27 7 50 1.0 0.0 0.2 -0.2
Af 14.41 14.27 14.24 14.08 8 150 1.0 0.0 -1 1
AH -3.05 -2.88 -2.85 -2.51 9 1.0 10 1.0 -0.6 0.6
AL _95E-02 -8.7E-02 -8.6E-02 -6.1E-02 10 100 1.5 -1.0 0.0 0.0
AR 82E-03 9.3E-03 9.4E-03 2.0E-02 11 24 1.0 0.0 1 -1
AL -3.3E-02 -3.0E-02 -3.0E-02 -2.4E-02 12 150 1.0 1.0 0.0 0.0
AL 82E04 7.3E-04 T7.2E-04 5.5E-04 SM 1.0 1.0 0.0 0.0 0.0
A¥ 42E-03 4.0E-03 4.0E-03 3.8E-03
AR 17E-03  24E-03 25E-03  3.1E-03 [Dall’Osso etal. " 15]
AL 78E-02 -7.1E-02 -7.1E-02 -5.8E-02 ~ ~
AL 9.7E-02 88E-02 8.7E-02  6.8E-02 : . LHCXSWG-INT-2015-007
AL 027 0.25 0.24 0.18 nggs Basis
A% 0.13 0.12 0.12 0.10 Dorigo, Goertz, Tosi, Gouzevich, Oliveira
A

0.43 0.41 0.41 0.36 L HCXSWC-INT-2015-007 16




BSM: Effectve Field Theory

* NLO QCD corrections available and flat [Grober, Miihliciter, Spira, Streicher * 15]

Ohh

SM
OLh

‘|—(A8/£tli>\ S AgCgK,)\)CQ ik Al()CQCQg = (Allcg/ﬂ))\ = Algcgg)lﬁ)?

+(Ai3kacy + AraCog)kekin + A15C,Cogk) -

* particularly relevant: Higgs selfcoupling
K* factors for NNLO+NNLL available

UNNLL/UNNLL,SM(5)\3)
5)\3/>\5M -2 =15 -1 =05 1
\/§ =7TeV | 417 3.12 224 1.53 0.452
Vs=8TeV |4.09 3.06 221 1.52 0.455

s=13TeV | 3.85 292 213 1.49 0.466
\/5 =14 TeV | 3.82 290 2.12 1.49 0.467
\/§ =100 TeV | 3.39 2.62 197 1.43 0.492

de Florian, Mazzitelli

— s A ok (A A4c§)/£§\ + A5cgg + (Agey + Arkyry) ke

|HPair]
recommendations
Benchmark | &) Ky Co Cg  Cg
1 7.5 1.0 -1.0 0.0 0.0
2 1.0 1.0 0.5 -0.8 0.6
3 1.0 1.0 -1.5 0.0 -0.8
4 3.5 1.5 -3.0 0.0 0.0
5 1.0 1.0 0.0 0.8 -1
6 2.4 1.0 0.0 0.2 -0.2
7 5.0 1.0 0.0 0.2 -0.2
8 15.0 1.0 0.0 -1 1
9 1.0 1.0 1.0 -06 0.6
10 10,0 1.5 -1.0 0.0 0.0
11 2.4 1.0 0.0 1 -1
12 15.0 1.0 1.0 0.0 0.0
SM 1.0 1.0 0.0 0.0 0.0
[Dall’Osso et al. " 15]

LHCXSWG-INT-2015-007
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BSM: hh Resonances

* mulu-Higgs phenomenology most transparently reflected in
singlet extension scenario

V= —m?®'® — 1252 + X, (OT®)% + X5 + X3 0T05?

h= cosa®y+sina s

H=—sina¢y+ cosas

s = A Gl Wil (C0 @ U i 0= A&

F(h — XSMXSM)
F(H =7 XSMXSM) SiIl2CkF(H == XSMXSM)SM
e — SiIlQOzFH’SM(MH) = F(H =7 hh)
L'

COS2 QY F(h 2 XSMXSM)SM

cos® a Ty gar(mp)
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BSM: hh Resonances

* mulu-Higgs phenomenology most transparently reflected in

singlet extension, NLO QCD corrections available
[Dawson, Lewis " 15]

pp—hh (Singlet Model), VS = 13 TeV

tan § =0.5,cos 6 =0.96, Mhh/2 <u<?2 Mhh

a1 ' ot -ttt ] .
107 M, =300GeV §  Cross sections to be
02k ‘f _; included in YR4
S :
D) _
3 :
O
2
- NLO E
> e e
= i N —
,8 :’u;.: LO H _____ E
107 3 ;’ 3
- ! ]
10—7 | | | | | | | | | | | | | ] ] 1 | | | l
300 400 500 600 700 300

M (GeV)



Summary

* in YR4 (link to internal note)

* latest recommendations for gluon fusion Higgs pair
production as well as for subdominant channels

» recommendation for gluon fusion distributions

* transparent and phenomenologically relevant BSM
extension recommendations for hh final states

* final meeting for YR4 : February 1st at 4.30pm CERN ame

1 hanks for contributions go to

J. Adelman, A. Apyan, J. Baglio, A. Carvalho, D. de Florian, M. Dall’Osso, T. Dorigo,
F. Goertz, C. Gottardo, J. Grigo, R. Grober, P. Hebda, G. Heinrich, B. Hespel, S.
Jones, M. Kerner, N. Konstantinidis, I. Lewis, J. Mazzitelli, M. Mihlleitner, N. Styles,

A. Papaefstathiou, J. Rojo, M. Spannowsky, M. Spira, M. Tosi, C. Vernieri,

E. Vryonidou, M. Zaro, T. Zirke.
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https://svnweb.cern.ch/cern/wsvn/lhchiggsxs/documents/internal/LHCHXSWG-INT-2015-003/

Beyond YRA4.....

further imvestgate NLO finite top mass eflects in gluon fusion

[Borowka, Greiner, Heinrich, Jones, Kerner, Schlenk, Schubert, Zirke]

[first details to be publicised in separate LHCXSWG note]

shower systematics

NNLO GF difterenual distributions and NLO differential distribution

recommendations for subdominant production modes

supplement additional subdominant production cross sections at NLO
* gluon fusion + 2 jets (similar to gluon fusion hh)

* gluon fusion induced hhZ production, VVhh...

specific model-dependent benchmarking of (exotic) mulu-Higgs final
states in light of improved single Higgs results: (N)MSSM, 2HDM, ...
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