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Discovered a Higgs Boson-Remarkably Standard Model
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Future Measurements
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@ Thoroughly testing mechanism of electroweak symmetry breaking.
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Single Higgs Production

gg - hratewithin d of SM predicition
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@ Assume new physics heavy and parameterize as effective coupling:
L=—% ( L) ih+x, (12 ) GMYGAR

@ Degeneracy in Higgs production rate.
@ Need to break degeneracy: tth or exploit different energy scalings between the SM and
new physics contributoins to the loop.
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Higgs Plus Jet

@ High energy jet pr 2 myp can resolve physics inside of loop.

@ Much work trying to study this possiblity. Try to resolve if new physics is from shift in
Yukawa coupling or new particles in 100p. Grojean er al JHEP (2014) 1405:022; Azatov, Paul JHEP (2014)
1401:014; Buschmann ez al PRD90 (2014) 013010; Buschmann er a/l JHEP 1502 (2015) 038; Schlaffer er al EPJ C74 2014 3120;
Banfi, Martin, Sanz JHEP (2014) 1408:053

@ Bounds on new heavy particles quite high, try to simplify life and use EFT.
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Higgs Plus Jet EFT

@ EFT and SM contributions scale different with energy.

@ Simple to keep single Higgs rate SM-like: &; + &, = 1.

@ Allows more model independent approach: don’t have to assume what new colored
physics is giving new operator.

ALY Os \ A A
L= (2 ) th+, (o) GV Gh
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Higgs Plus Jet EFT

%‘ g — (c,kg)=(0.5,0.5)
E (c.kg)=(0.7, 0.3)
8 10* 3 (CE,K:)=(O.9, 0.1)
3 T k9=, 0)
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= 10 - (Ck)=(13, -0.3)
E‘ — (c,k9=(15,-0.5)
g 10°F
-8 F @ Impose ¥; + K, = 1.
10F @ Can see some deviation in tail.
. @ Direction of deviation determines
1 direction that relevant couplings change
10% - relative to the Standard Model.
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Schlaffer, Spannowsky, Takeuchi, Weiler, Wymant, Eur.Phys.J C74

(2014) 10, 3120
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Effectiveness of EFT

e D WL I
—

@ Previous results calculated using a Dimension-5 operator.
A ~A UV
hG G o

@ Coefficient calculated by taking exact loop and expanding in 1/ m? and keeping LO in the
expansion.
@ How well does this EFT work.

@ Can calculate higher order, dimension-7, operators using next order in expansion.
@ Give an overview of the operator basis.
@ First present results in the SM, then exotic new physics.
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Dimension 7 Operators

@ Have Lagrangian:
me\ -
L= Lo+ (1) (—7) fth+ Ls+ L7
@ Dimension 5 operator:
Ls= 6101 = CA']GﬁVG’uV"Ah
@ Four independent Dimension-7 operators relevant for Higgs production:

L1=Y,2345C0;

02 = DG\, DG4 h 03 = fapcGe "Gy GS%h
) iy
O4 = T, VT WV ¥ Ty Os=gih Y GaD' W' Ty
i,j=1
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Dimension 7 Operators

@ Equations of motion can relate fermion operators to operators involving gluons only:

ny
Oy = &h Y, T Wiy Ty, — DG DyG**Vh
ij=1
ny
0s = ghY GAD'NA'T'y; — Ga,D'DPGy°h
ij=1

@ Another useful operator is
06 = —DP Dy (G G = m; 0,
@ Using Jacobi identities:
Og = m201 = =20, +4g,03 + 405
@ Finally, choose basis Og = m,%Ol ,03,04, 05, and the effective Lagrangian is
Lepr =C101 +(C303+C404 +C505)

@ Since Oy involves 4 light fermions, contributes to Higgs+jet starting at NLO.
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LO Relative Contributions

gg, Vs =14 TeV, LO qg, Vs =14 TeV, LO qq, Vs =14 TeV, LO
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@ Operators matched onto SM.
@ Os only contributes to gg — gh: O5 = gshZ?ljf:l G’;}VD”WZ-YVTA%

@ 05 only contributes to gg — gh: O3 = f4pcGa* Gg"ng"Gh

@ gg production important in tail, O5 more important to total distribution.
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LO Relative Contributions

Vs =14 TeV, LO
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@ Operators matched onto SM with m; — o
@ O3 makes little difference.
@ Os important in tail of distribution, helps convergence.
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Relative Contributions

Vs=14TeV, LO
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@ Operators matched onto SM.

@ Higher order terms help convergence for pr 2 150GeV .
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Higher order corrections

@ Higher order corrections have been calculated with dimension-5 operator.
@ Used for SM Higgs production at NNLO Harlander, Kilgore, PRL8S (2002) 201801; Ravindran, Smith,
van Neerven, NPB665 (2003) 325; Anastasiou, Melnikov NPB646 (2002) 220
@ Used for SM Higgs pr distrbition Anastasiou, Melnikov, Petriello NPB724 (2005) 197; Catani, Grazzini
PRLI98 (2007) 222002; Ravindran, Smith, van Neerven, NPB634 (2002) 247
o SM nggS production to I\I3 LO Anastasiou, Duhr, Dulat, Herzong, Mistlberger PRL114 (2015) 212001
@ Hiiggs+jet at NNLO Boughezal, Caola, Melnikov, Petriello, Schulze, arXiv:1504.07922

@ New operators could make a difference to in QCD corrections.

@ Different operators have different structures.
@ Could effect K-factors.
@ Most important in Higgs production with jets.

@ Will present the numerical results for NLO Higgs+jet production with Wilson Coefficient
matched onto SM.

@ Can find equations for virtual corrections with arbitrary coefficients in Dawson, IL, Zeng, PRDI0
(2014), 034016
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NLO by operator

Vs =14 TeV, NLO
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@ O is still dominant contribution.
® Os more important in the tail.

@ (O3 smallest contribution.
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NLO by channel

\/—::14 TeV, NLO, gg \/?:14 TeV, NLO, qg
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@ Operators matched onto SM.
@ Os5 now makes subdominant contribution to gg initial state.

@ (O3 now makes subdominant contribution to gg initial state.
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K-factor by Operator
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@ Flat K-factor for O5 and O.

@ Increasing K-factor for O3.




K-factor by Channel
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24 7 —a0
22 6 22 50,
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@ New operators effect K-factor for py = 150 GeV.

@ K-factor for gg initial state separates from other intial states for pr 2 150 GeV.




New Physics

@ Add new physics, including higher dimensional operators.
@ Test conclusions from SM in more exotic scenarios.
@ Keep SM to exactly, perform comparison at LO in QCD.
@ Consider two models:

@ Singlet top partner:

my _ . My -
L =-— {cos2 GL—ttLtRh—i-sm2 GL—TTLTRh
v v

M _ . _
+2—T sin(ZGL)tLTRh+ % sm(ZGL)TLtRH +H.C.}
v 1%

@ Colored scalar:

V = Vsu (H) +m?o] o; + %¢,T¢iHTH — N (0] 0r)?
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New Physics

@ Besides Standard Model, can check validity of EFT in New physics.
@ Matched singlet top partner and colored scalar models onto Dim-7 EFT.

Dirac Fermion SU(3) Triplet Scalar SU(3) Octet Scalar
oL Kp Tm? 2m? 2m?
Ci(A) | By {1 + 120rZ§J 967:M2 Ch {1 + 151l;§J 16an Ch {1 + 15A;§J
_ _8sOKF 8% 850
G3(A) 360mvm’ 1440M4 Ch 240M4 Ch
11xpoy
Cs(A) 360nIvm§ 3601tM4 Cn 601:M4 Cn

@ Kk =sin?0y, 0y is left-handed mixing angle between top and top partner.

@ Cj, =3mg is the scalar-scalar-Higgs boson triple coupling.
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Triplet Scalar and Top Partner Results
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@ EFT error is relative deviation from exact LO QCD calculation.
@ Dimension 5 works well for pr < new physics scale..

@ Results with a few percent of exact result.

@ Top quark contribution included exactly.




Triplet Scalar By Channel

gg EFT error, \/?=14 TeV, M;=500 GeV
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@ gg channel

@ Dimension 7 operators make mild
difference.
@ Help convergence for pr < Ms.

Error

qg EFT error, | s =14 TeV, M,=500 GeV
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@ gg channel

@ Dimension 7 operators, help
convergence.




Distributions

Differential pr distribution Inclusive cross section with a pr cut
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@ New physics makes little contribution to the differential or incluside distribution.

@ Inclusive distribution defined as:
*© dc
o(pr > Preut) :/ dPTd—
Preut PT

@ How big of a new physics effect is needed to make appreciable difference?
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Scaling Operators

a/osm (Pr>pr,,)

Inclusive cross section with pr cut Inclusive cross section with pr cut
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@ Kept single Higgs rate SM like.

@ Scale operators by factor of 25 w.r.t. 500 GeV scalar triplet.
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Conclusions

@ Investigated how higher order operators effect Higgs+jet production.

@ Standard Model:

@ Dimension-7 operators important and help convergence for pr 2 150 GeV.

@ Main effect came from Os which effects gg initial state.

@ Reproduces exact LO pr distribution within 10% for pr < 300 GeV

@ At NLO, dimension-7 operators effect K-factor by a few to 10 percent for
pr 2 150 GeV.

@ Mainly because of K-factor for gg channel.
@ New physics:

@ Investigated singlet top partner and color triplet scalar extensions of SM,
specifically how important dimension-7 operators are to the rate.

@ Kept exact LO result from SM top quark.

@ Dimension-7 operators made little difference to pr distribution for p7 below heavy
particle’s mass.

@ To make considerable contribution to pr distributions need very large rescaling of
dimension-7 operators.
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Higgs Plus Jet with Top Partner

B = F
£ 10y - s L L,
= £ — M;=600 GeV, sin’6, = 0.4 — —— M,=600 GeV, sin’6, = 0.4
o F —— M;=1000 GeV, sin’d, = 0.4 Q'_ —— M;=1000 GeV, sin’d, = 0.4
g 1k —— M;=2000 GeV, slnzeR =04 g 8 —— M;=2000 GeV, smzeR =04
° E M;=600 GeV, sin6,, = 0.1 S 10°F M, =600 GeV, sin6,, = 0.1
F M,=1000 GeV, sir?g, = 0.1 F M;=1000 GeV, sing, = 0.1
el ; —— M;=2000 GeV, sin’f, =0.1 L —— M;=2000 GeV, sin’f, = 0.1
107 i
10%F 107k
E Vs=8TeV L Vs=8TeV
r Ho =M, =my L Ho =M, =my
10° ¢ i
E MSTW2008NNLO [ MSTW2008NNLO
Lo L P I EI N P oo L e b L e
200 400 600 800 1000 500 600 700 800 900 1000
p,, (GeV) p, (GeV)

Banfi, Martin, Sanz. JHEP 1408 (2014) 053

@ Standard Model: Blue
@ For pr < mr, see overall deviation insensitive to absolute scale of new physics.
@ For pr 2 mr, deviation changes.

@ With current top partner limits ~ 700 — 800 GeV, suggests using an EFT.
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