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NEW PHYSI(N @ LHC
* How to get hints of new physics at the LHC ?

» Compare data with the “known/old” physics (=Standard Model)

* Observe the deviations at a good confidence.
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NEW PHYSI(N @ LHC
* How to get hints of new physics at the LHC ?

» Compare data with the “known/old” physics (=Standard Model)

* Observe the deviations at a good confidence.

Ex: diphoton excess !!!

CMS Preliminary 261" (13 TeV) + 19.7 6" (8 TeV)
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NEW PHYSI(N @ LHC
* How to get hints of new physics at the LHC ?

» Compare data with the “known/old” physics (=Standard Model)
* Observe the deviations at a good confidence.

* The possible new physics if the deviation is observed

- Fitting deviation by new physics signals and reinterpretation

* Most of the time, leading order Monte Carlo simulation is enough

Big Questions -
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Snowmass new physics working group report
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NEW PHYSI(N @ LHC
* How to get hints of new physics at the LHC ?

» Compare data with the “known/old” physics (=Standard Model)
* Observe the deviations at a good confidence.

* The possible new physics if the deviation is observed

- Fitting deviation by new physics signals and reinterpretation

* Most of the time, leading order Monte Carlo simulation is enough

* Precision measurements of the model parameters

* Reliable theoretical interpretation and hints of undiscovered new physics

» The most precise simulations are mandatory
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FeyRules
+MadLoop

ERC MINIWORKSHOP
Sunday, July 3, 16

General CTs (UV&R2);
Fermion-flow violation;
Majorana particles;
Non-renormalized opt;
Spin-2 particles;
Finite renormalization;

Complex-Mass Scheme;
Corrections other than
QCD;
Four-fermion operators;
General color repres;
Spin-3/2 particle; others ?

General Soft CTs;
Restricted Coll. CTs;
Restricted MC CTs;
Color can be 1,3,8;

Reweighting for as;

On-shell subtraction;
General Coll./MC CTs;
General color;
General Reweighting;
Corrections other than

QCD; others ?
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BSM (NLO) PROCESS OVERVIEW IN MG5AMC ()

» Colored particle production

* Colored scalar pair production  Degrande, Fuks, Hirschi, Proudom, HSS (PRD’15)
° Supersymmetrlc QCD Degrande, Fuks, Hirschi, Proudom, HSS (PLB’16)

® Vector_like quark Pa_'r Production Les Houches 2015 (1605.02684) ; Fuks, HSS (to appear)
° MSSM Degrande, Fuks, Goncalves-Netto, Hirschi, Lopez-Val, Mawatari, Pagani, Proudom, HSS, Zaro (in preparation)

- BSM Higgs production

Artoisenet et al. (JHEP’| 3); Maltoni, Mawatari, Zaro (EPJC’[4);
o nggs Characte risation model Demartin, Maltoni, Mawatari, Page, Zaro (EPJC’14); Demartin, Maltoni,

Mawatari, Zaro (EPJC’I5)
o TWO-HiggS'DOUblet Model Degrande (CPC’15); Degrande, Ubiali,Wiesemann, Zaro (JHEP’I5)
. Georgi_MaChacek model Degrande, Hartling, Logan, Peterson, Zaro (PRD’|6)

g Spin-2 Particle PI‘OdUCtiOI‘\ Das, Degrande, Hirschi, Maltoni, HSS (1605.09359)

* Dark matter collider production (see also Antony Martini’s talk)

* s-channel mediator
* spin 0 or | mediator

° Spin 2 mediator Das, Degrande, Hirschi, Maltoni, Mawatari, HSS (in preparation)
o t_channel mediatOr Fuks, Hirschi, Mattelaer et al. (in preparation)

Mattelaer Vryonidou (EPJC’15); Backovic, Kramer, Maltoni, Martini, Mawatari, Pellen
(EPJC’15); Neubert,Wang, Zhang (JHEP’|6); Arina et al. (1605.09242)
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BSM (NLO) PROCESS OVERVIEW IN MG5AMC ()

* SM effective field thEOI")’ (see also EleniVryonidou and Celine Degrande’s talks)

Degrande, Maltoni,Wang, Zhang (PRD’15);
° TOP FCNC Processes Durieux, Maltoni, Zhang (PRD’ I 5)

» ttbarZ/gamma production Bylund, Maltoni, Tsinikos, Vryonidou, Zhang (JHEP'16)
* Single-top production Zhang (PRL'16)

» Top pair production via chromomagnetic dipole momenta  Franzosi, Zhang (15)

* Other colorless particle production

* Heavy neutrino production  pegrande, Mattelaer, Ruiz, Tumer (1602.06957)
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BSM (NLO) PROCESS OVERVIEW IN MG5AMC ()

* SM effective field thEOI")’ (see also EleniVryonidou and Celine Degrande’s talks)

Degrande, Maltoni,Wang, Zhang (PRD’15);
° TOP FCNC Processes Durieux, Maltoni, Zhang (PRD’ I 5)

» ttbarZ/gamma production Bylund, Maltoni, Tsinikos, Vryonidou, Zhang (JHEP'16)
* Single-top production Zhang (PRL'16)
» Top pair production via chromomagnetic dipole momenta  Franzosi, Zhang (15)

* Other colorless particle production

* Heavy neutrino production  pegrande, Mattelaer, Ruiz, Tumer (1602.06957)
Number of BSM NLO paper

| | | | |
MadGraph5 aMC@NLO

Number of paper

MadGraph5_aMC@NLO paper

NLOCT paper
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SUPERSYMMETRIC QCD

Degrande, Fuks, Hirschi, Proudom, HSS (PLB’16)

4 SUSY QCD: Production of gluino-pair
1

Lsqcp = DquDMQL + DMQRDMQR + = ngg — m~ Q}:q — 7723,{51%51'}2 5777@551

2
+ V20, ~ G, T(aPra) + (aPed)Tin +bc] - % [dTan - 3 Tar| [ahTdr — 4} T

< Besides new UV and R2 (I will not listed here), we also need some special counter terms
< Mixing angle renormalization (mass and wavefunction)

?ZL _ fL -I-l ~5Z£,, 0Z LR %L
tr tr 2 OZf.RL 5Ztn tr

SLogt = —0mZ o (T ER + ThiL)

< SUSY restoring counter terms
g ~ a _ ~a -~
Lscr = \/593—[ qu (9°Prq) + (@PL3%)Tadr + h.c.]
< L i t pa b1~ 4 ~t frra by~
" %SZ_ [QL{TaaTb}QR + qz{TaaTb}qL] : [qR{T Thar + AT T }QL]

gs
2 4r
4 Decay of glumo

2}, Tugr — @} Tudr | |dhT"ar — ) T |

1

Liecay = xdx = 5N+ V2 V24 [ i1 Y, (xPLq) + (qPLx)Yqdr +h.c.]

ERC MINIWORKSHOP HUA-SHENG SHAO
Sunday, July 3, 16



SUPERSYMMETRIC QCD

Degrande, Fuks, Hirschi, Proudom, HSS (PLB’16)
Majorana: feriij)n-flow violation

4 SUSY QCD: Production of gluino-pair
o~ |
Lsqep = D,d) D*Gr, + D,y D dr + - 5903 —mZ, 41G —m, Ghir — 5™M399

2
+ V20, ~ G, T(aPra) + (aPed)Tin +bc] - % [dTan - 3 Tar| [ahTdr — 4} T

< Besides new UV and R2 (I will not listed here), we also need some special counter terms
< Mixing angle renormalization (mass and wavefunction)

?L _ {L _{_l ~5Z£,, 5Z{LR %L
tr tr 2 OZE,RL 5Ztn tr

SLogt = —0mZ o (T ER + ThiL)
< SUSY restoring counter terms
g ~ a _ ~a -~
Lscr = \/593—[ qu (9°Prq) + (@PL3%)Tadr + h.c.]
s N N - ~T a ~ ~ a ~
* %3— [q}{{Taa Tb}QR + qz{Ta: Tb}qL] . [qR{T ’ Tb}QR T qL{T ’Tb}QL]

gs
2 4r
4 Decay of gluino

2}, Tugr — @} Tudr | |dhT"ar — ) T |

1

Edoca\ — _\dX — 5772\ XX + \/_g [ TY (XPL(]) (QPLX)YQQR. + h-C-]
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SUPERSYMMETRIC QCD

Degrande, Fuks, Hirschi, Proudom, HSS (PLB’16)
Majorana: ferii:)n-flow violation

4 SUSY QCD: Production of gluino-pair
1
~T ~

Lsqcp = DquD“qL — DuqRD“qR + — ngg — m~ q}iq ngqRqR §m§§§

2
+ V20, ~ G, T(aPra) + (aPed)Tin +bc] - % [dTan - 3 Tar| [ahTdr — 4} T

% Besides new UV and R2 (I will not listed here) we also need some special counter terms

0. KNA* - 1 Ie o / 1 . \

Physics case: gluino searches in the multijet pair+tMET channel

+ 2222 |G {To, Tobar + G (T, To}ae | X SRt 54 JaR T 4107517301

9s
——[ i Tair — qLTaqL] [qRT ir — 4, T° QL]

4 Decay of gluino
1

Ldeca’» — _de - §7n\XX + \/_g [ TY (XPLQ) (QPLX)YQQR. + h.C.]
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SUPERSYMMETRIC QCD

Degrande, Fuks, Hirschi, Proudom, HSS (PLB’16)

4 Total rates at 8 TeV and 13 TeV Spl |"|:"t| I’]g SUSY

my |GeV]| a“© [pb] o™O [pb]

) 2 +30.3% +14.0% +10.8% +1.8%
200 104 710‘ 14.0% 3183 11.6% —1.8%

[ ‘l lqr’ ) ( *l*pr(‘ f1 (
500 15.467 34 7% +19.5% 24.90+12.5% +3.7%
rd "P()(‘_)‘F ) ('+‘l‘ D(+PDI'DO{
750 1.2067335% “35 55 009+13-5% +3.5%

1000 1,608 - 10~ 17363 0'+26.4% 2.743 - 107 4 T %

24 .8% —26.4% i

—3+36.2% +29.4% —2+16.1%+11.3%
1500 6.264 - 10~3 130202047 1.056 - 1072 F |0 1 o
¢ —4+35.¢ 29.8¢ D brd —4+1 17.8%
2000 4.217 - 1074 S T 2 e 6.327 - 10~ 0T

< NNPDF3.0; scales set to the HT/2; uncertainties evaluated as for the stop case

¢ Validation with PROSPINO 2. 1
¢ Sizeable reduction of the scale uncertainties

(m,,m )= (1000, 50) GeV —_LO+Pythia 8

JJJ_- NLO+Pythia 8
LLLL o 4 Differential distributions at NLO
% Test case: 1000/2000 GeV gluino; |13 TeV collisions
% Gluino decays: MadSpin
% Shower: PYTHIA 8.2 [ Sjostrand, Mrenna & Skands
% Jet reconstruction: anti-kt & FASTJET
[ Cacciari, Salam & Soyez (JHEP’08, EPJC’12) ]

< Analysis & figure: MADANALYSIS 5

[ Conte, BF, Serret

-
L.

T IIII1I][ 1 ]Ilnf.-]

T -TIIII’

ha aMC@NILO

§ MadGrap
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SUPERSYMMETRIC QCD

Degrande, Fuks, Hirschi, Proudom, HSS (PLB’16)

4 Total rates at 8 TeV and 13 TeV Spl |"|:"t| I’]g SUSY

my |GeV]| a“© [pb] o™O [pb]

9 ) +30.3% +14.0% +10.8% +1.8%
200 104750 55 " 13- 0% 3183+10-8% +1.8%

[ ‘l lqr’ ) ( *l*pr(‘ f1 (
500 15.467 34 7% +19.5% 24.90+12.5% +3.7%
rd "P()(‘_)‘F ) ('+‘l‘ D(+PDI'DO{
750 1.2067 35 9% a5 009+13-5% +3.5%

—l-—;() +’() 4% - —1414.4% +7.3%
1000 1.608 - 10 204% 2.743 - 10~ 1 H144%17.30

—24. .*w i

1500 6.264 . 10— 3136.2 :+29_4‘:{ 1.056 . 10-2+16-1%+11.3%

—24.7 29.4% —15.8% —11.3%

200() 4 )l' 10_1°i;(:(,+’93 o 6-52- 10—1-11 T%+17. b;'.;

29 8% 16.6% —17.8%

< NNPDF3.0; scales set to the HT/2; uncertainties evaluated as for the stop case

¢ Validation with PROSPINO 2. 1
¢ Sizeable reduction of the scale uncertainties

—— LO+Pythia 8
NLO+Pythia 8

~INLO <4 Differential distributions at NLO

=15 ToF % Test case: 1000/2000 GeV gluino; |3 TeV collisions
% Gluino decays: MadSpin
% Shower: PYTHIA 8.2 [ Sjostrand, Mrenna & Skands

L mym) - (1000, 50) GeV % Jet reconstruction: anti-kt & FASTJET
[ Cacciari, Salam & Soyez (JHEP’08, EP]C’12) ]
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< Analysis & figure: MADANALYSIS 5

:'; [ Conte, BF, Serret
- (m_,m )= (2000,50) GeV '":_,
Yy i
b, e L 1]

0 30 100 3 300 330 400 450
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E MadGraphs_aMC@NLO
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SUPERSYMMETRIC QCD

Degrande, Fuks, Hirschi, Proudom, HSS (PLB’16)

4 Total rates at 8 TeV and 13 TeV Spl|t‘t| ﬂg SUSY

my (GeV] o [pb] oNLO [pb)
200 )104*1()z{+|s()f 3183+ 10.8% +1.8%

’10‘ 14.0% 11.6% —1.8%
500 15467

+19.5% )4 909 12.5% +3.7%
d +35.9% + 23. 59 L 13.5 5%
750 1.2067 - ~23.5¢ 2.0097 5% f,’ .',f

’1 1" —19, '”( 13. 3“ — .TFL
24.6% 14.1%

1000 1.608 - 10~ 1363 +'-’“.“i?.'é 2.743 - 10~ 114-4%+7.5%

24. '*‘"’ 26.4% 14.8% —7.3%

1500 ()2()4 10_ ;’ 36.2 - :+29.~I(;’( 1 U-)() 10_ 24+16.1%+11.3%

2 29.4% —15 %L—ll 3%

2000 4.217 - 10—‘"":(,*’9‘“ 6.327 - 1074 +17-7% +17.8%

20 8% 16.6% —17.8%

< NNPDF3.0; scales set to the HT/2; uncertainties evaluated as for the stop case

< Validation with PROSPINO 2. |
%% Sizeable reduction of the sc;

— LO+Pythia 8
—— NLO+Pythia 8

_!-_J__'_i

m, = 1000 GeV

<4 Differential distributions at NLO
% Test case: 1000/2000 GeV gluino; |13 TeV collisions
% Gluino decays: MadSpin
% Shower: PYTHIA 8.2 [ Sjostrand, Mrenna & Skands
% Jet reconstruction: anti-kt & FASTJET
[ Cacciari, Salam & Soyez (JHEP’08, EPJC’12) ]

< Analysis & figure: MADANALYSIS 5

[ Conte, BF, Serret
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DIHIGGS IN VECTOR-LIKE QUARK

Les Houches 2015: New Physics Working Group Report (1605.02684)
- Small diHiggs production cross section in SM

* Potentially it can be enhanced by new physics
* Vector-like quark model(s) can be an example

Direct production Feeddown production

. Zim}

Total cross sections for pp —» hh

kg —nitiated Born process anly |
i

—
\
\

1500
my [GeV]
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SPIN-2 PARTICLE PRODUCTION )

Das, Degrande, Hirschi, Maltoni, HSS (1605.09359
* Many theories predict spin-2 particles

* e.g. graviton in warped extra dimension
* Interpret new excess at the LHC (present and future)
- MG5aMC: the only simulation tool for spin 2 at NLO

* (Kq,%0)=(1,1) ® (kq,%5)=(1,0) ® (xq,x2)=(0,1)

* [pb] (i)

aMC@NLO

¢ N
a

' |
] * O E ¢ ]
my =750 GeV

13 TeV LHC.A=1 TeV ©

| 1
| I |

MadGraphb

- i; o §§
_§I.¢ ?J%‘ #ﬂ&%Ly ég«m»iéé m»}j@‘ &
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SPIN-2 PARTICLE PRODUCTION =)

\
Das, Degrande, Hirschi, Maltoni, HSS (|605.09359\
Many theories predict spin-2 particles

e.g. graviton in warped extra dimension

Interpret new excess at the LHC (present and future)

MGS5aMC: the only simulation tool for spin 2 at NLO

10°

10° E

750 GeV spin-2 particle Y, production at 13 TeV LHC ; 750 GeV spin-2 particle Y, production at 13 TeV LHC
2 NLO+Pythia8 Y, . YW 10° & NLO+Pythia8 Y,
10 Y z+H: loop-induced+Pythigg, vz ‘.. F Youh: Yo —— Y,z Yooy
SR = =T " loop-induced+Pythia8 ° : .
Yool — Youw?* YoiH x10%) —— 10! Yo — YW —— YeH(x10%) ——

Youff Yo+ W

NIC
o

'Y
o

o per bin [pb]
raph5_aMCENLO

o per bin[pb]
=

MadG

.

S
n
-

universal couplings 5 universal couplings ;
(xy/A,Kk,/A)=(1,1) TeV’ (ky/Ax/A)=(1.1) TeV'

100 200 300 400 500 600 700 800 900 1000
pt(Y2) [GeV]

n(Yyz)
(a) Transverse momentum distribution

(b) Pseudorapidity distribution
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SPIN-2 PARTICLE PRODUCTION

Das, Degrande, Hirschi, Maltoni, HSS (1605.09359

* Many theories predict spin-2 particles

imension
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DARK MATTER PRODUCTION AT THE LHC
* Mono-X DM searches at the LHC

* Mono-X = X + missing energy

» X is one or more reconstructable objects: X=jet, top, ttbar,V, Higgs...
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DARK MATTER PRODUCTION AT THE LHC
* Mono-X DM searches at the LHC

* Mono-X = X + missing energy
» X is one or more reconstructable objects: X=jet, top, ttbar,V, Higgs...

* Focus on s-channel mediator only

*
k4
L4
*
@
A
-
-
-

s-channel mediator \,
spin 0, 1,2
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DARK MATTER PRODUCTION AT THE LHC
* Mono-X DM searches at the LHC

* Mono-X = X + missing energy
» X is one or more reconstructable objects: X=jet, top, ttbar,V, Higgs...

* Focus on s-channel mediator only
» Simplified DM models (cf. DM EFT)

Lyector = 8q Z Z,’.‘?’Y"q T gXZ;’lX—rYﬂX
q=u,d,s,cb,t

Lovial—vector =89 3 Zydv" v’ a+ s&xZ X' r'x
q=ud,s,c,b,t

K v
Egraviton — _KYQM (T/ﬁ + ng/ + TEI/P)
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DARK MATTER PRODUCTION AT THE LHC
* Mono-X DM searches at the LHC

* Mono-X = X + missing energy

» X is one or more reconstructable objects: X=jet, top, ttbar,V, Higgs...
* Focus on s-channel mediator only
» Simplified DM models (cf. DM EFT)

 The signal is determined by the mediator type, the DM and mediator

masses and the couplings
CMS PAS EXO-15-003
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DARK MATTER PRODUCTION AT THE LHC
* Mono-X DM searches at the LHC

* Mono-X = X + missing energy

» X is one or more reconstructable objects: X=jet, top, ttbar,V, Higgs...
* Focus on s-channel mediator only
» Simplified DM models (cf. DM EFT)

 The signal is determined by the mediator type, the DM and mediator
masses and the couplings

* Pushing at NLO
* Mono-jet, ttbar+MET via spin-0,| s-channel mediator

Backovic, Kramer, Maltoni, Martini, Mawatari, Pellen (EPJC’|5)

* Mono-Z via spin-0,| s-channel mediator
Neubert,Wang, Zhang (JHEP’16)

* Mono-jet, ttbar+MET, Mono-V via spin-2 s-channel mediator
Das, Degrande, Hirschi, Maltoni, Mawatari, HSS (in prep)
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DARK MATTER PRODUCTION AT THE LHC ')

 Let us take mono-jet as an example

Backovic, Kramer, Maltoni, Martini, Mawatari, Pellen (EPJC’|5)
Das, Degrande, Hirschi, Maltoni, Mawatari, HSS (in prep)

‘ my= 1 GeV my = 50 GeV my = 500 GeV
- pp— XX+ . ® MET> 150 GeV

) 103 . rrllxpij GeVI o My, = 50 GeV . My, = 500 GeV

E ETTTT '_""."'I T "":"I 3 E rorTTTT LLELARL 3

he LICL3 1 1 f  XpXptietproducton 3 F @ MET > 150 GeV ]

i at the LHUILS 1 F a4 MET> 300 GeV 27 1T 11 y
: i F I | L at13TeVLHC | L a i
' 1 r @ MET > 500 GeV 1 O [ ] MET > 300 GeV
A : 3 1 1 i 1 1 tm MET>500 GeV 1

10|

3
L

o 1
Al

i 0 [
ok I 107 ¢

] 1 e :
N - spin-2 mediator

t vector mediator

Fox, 9s)=(1,0.25){ [ (/A Ky /A) = (1,1) TeV']

MadGraph5 aMC@NLO

" A

sl Ll Ll

MAAALLS 8 S AL o

— — F ' 3 E 3 F
2 O 1 E 1k
. b . E 3 - . = E
.-4 - . E 7 E 3 E
vl = Eiinn L TERETI -

K factor

| “l,o:“;q“;z;a 10" 102 10% 10" 10? 10°
ny |Ge mY2 [GeV]

Spin | Spin 2

- Strong dependence on the mass spectrum and the kinematical regions

« Sizable reduction of the scale and PDF uncertainties
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DARK MATTER PRODUCTION AT THE LHC )

 Let us take mono-jet as an example

Backovic, Kramer, Maltoni, Martini, Mawatari, Pellen (EPJC’|5)
Das, Degrande, Hirschi, Maltoni, Mawatari, HSS (in prep)

0
107 F— ’ ] T T T T T T T 3
E oD XX LO+PS —
PR AR LIGTS NLOI PS — XpXg+iet production at 13 TeV LHC
[ NLO + Pymia8 1 r] %Iled order via spin-2 mediator
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@ per bin [pb]
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Spin | Spin 2
- Strong dependence on the mass spectrum and the kinematical regions

« Sizable reduction of the scale and PDF uncertainties
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NLO QD SIMULATIONS FOR NEW PHYSICS (&)

* The automation of accuracy simulations at NLO QCD for new
physics is now feasible

» Via a joint use of FeynRules and MadGraph5_aMC@NLO

* A few models are publicly available (more to come soon)

Available models

FeynRules

Description Contact Reference model files

UFO libraries Validation material
Dark matter simplified models K. »arXiv:1508.00564 , =»arXiv: 1508.05327 ,

i - Msir FO.2.
(more details) Mawatari ~»arXiv: 1509.05785 OMsimp_UFO.2.zip

Gluino pair production (SUSY-
QCD)

Higgs characterisation (more K. rarXiv:1311.1829 , > arXiv:1407.5089 ,
details) Mawatari arXiv: 1504.00611

B. Fuks »arXiv:1510.00391 susyqcd_ufo.tgz All figures available from the arxiv

HC_NLO_XO0_UFO.zip

; sgluons_validation.pdf ;
Inclusive sgluon pair production  B. Fuks  arXiv:1412.5589 sgluons. fr sgluons_ufo.tgz S s #

sgluons_validation_root.tgz

i -> i i - r S - 1’ ‘ t . ;

Stop palr tthar + missing B. Fuks rarXiv:1412.5589 stop_ttmet.fr stop_ttmet_ufo.tgz R \alydag on.pat ;
energy stop_ttmet_validation_root.tgz

Two-Higgs-Doublet Model (more C

details) Degrande rarXiv:1406.3030 - 2HDM NLO -

Top FCNC Model (more details) C. Zhang iv:1412.5594 TopEFTFCNC.fr TopFCNC UFO

A

GM (more details) Péterson

v:1512.01243 - GM_NLO UFO

Heavy Neutrino (more details) R. Ruiz - heavyN.fr HeavyN NLO UFO

C

Spin-2 (more details) D.egrande

yhttp://arxiv.orq/abs/1605.09359 dm_s spin2.fr SMspin2 NLO UFO

ERC MINIWORKSHOP HUA-SHENG SHAO

Sunday, July 3, 16



