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Why BSM?
Why Effective Field Theory?
Why Higgs pT spectra?



Cosmological phenomena which need explanation:
Baryogenesis
Dark Matter

Neutrino masses,
some anomalies from
flavour physics

Hierarchy problem

Why BSM?
Why Effective Field Theory?
Why Higgs pT spectra?

Many, many models
proposed to explain all

or some of this problems
...but no new particles seen so far!

Maybe they will not be in reach of LHC



Theory consistent

Allows for systematic Model independent

improvements from Well suited to parametrise
theoretical side small deviations from SM

Why BSM?
Why Effective Field Theory?
Why Higgs pT spectra?

Complementary to

direct searches Can be used to store

Proved to work in what LHC measured

flavour physics

Can link many measurements



More information than single number:
Shape
Normalisation

Maximum position Enable to disentangle

properties hidden Iin total rates:
eg. Higgs-gluon coupling

For the scalar particle
production and decay

factorise Why BSM?
Why Effective Field Theory?
Why Higgs pT spectra?

First data from ATLAS & CMS
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What is Effective Field Theory?

Top-down:

From UV complete model heavy
degrees of freedom are integrated
Out.

L = Liow + Lhigh + L™

ASs a conseqguence an Iinfinite
ladder of new operators build from
light fields will appear.

-(k)

L= £5:\Z/+ZZ /\(k 4)

k=4 |

Bottom-up:

We take the renormalizable theory
(e.g. SM).

From its fields we build the
operators of higher dimensions
obeying the Lorentz and gauge
iInvariance to account for the small
deviations from the theory.

(5) (6)

L=Lgn+ —0(5)+Z

(6)
A + ...




What is Effective Field Theory?

Top-down:

Explicit integrating out of heavy states:
Gorbahn et al ‘15

From UV complete model heavy Chiang et al ‘15

degrees of freedom are integrated ~ 5099aetaic |
Covariant Derivative Expansion:

Out. o e

, enning et al '"14-'16

E — £IOW + Ehlgh + L:Int Drozd et al '15

del Aguila et al ‘16

/hang '16

How analysis differs: explicit model vs eft
Drozd et al ‘15

ASs a conseqguence an Iinfinite
ladder of new operators build from
light fields will appear.

-(k)

£$:3v + ZZ /\(k 4)

k=4 |




What is Effective Field Theory?

Dimension 5, 6, 7, ... operators:

Weinberg ‘80
Buchmuller et al ‘86
Grzadkowski ‘10
Lehman ‘14

Different basis of dm ©6:

Contino etal ‘13
Falkowski et al "15

ZHDMEFR T

Crivelin et al '16
Radiative corrections and

renormalisation:

Passarino et al '12-16
Jenkins et al '13-'14

How to use it in LHC:

HXSWG Yellow Report 4:
Section 2 (and 3.1)

INclusion IN the observables,
Fits to the available data. ..

Bottom-up:

We take the renormalizable theory
(e.g. SM).

From its fields we build the
operators of higher dimensions
obeying the Lorentz and gauge
iInvariance to account for the small
deviations from the theory.

c(5) c\®
_ 1) “% __»(6)
L=Lsy+ -0 +§z: O



How to get Higgs boson in LHC?

—
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Gluon fusion is the most efficient Higgs boson
production channel in LHC

(pp  H+X) [pb)

Due to the dominance of gluon pdf
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Gluon fusion is the most efficient Higgs boson
production channel in LHC

(pp  H+X) [pb)

Due to the dominance of gluon pdf e
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Gluon fusion is the most efficient Higgs boson
production channel in LHC

(pp  H+X) [pb)

Due to the dominance of gluon pdf

M, =125 GeV |

. ‘ 7 é }.9 10 1" 12 13 1;
\s[TeV]

m?> ~--- Even though it is loop induced process
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Top mass > Higgs mass: Heavy Top Limit (HTL) trick in calculations:
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How to get Higgs boson in LHC?
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Gluon fusion is the most efficient Higgs boson
production channel in LHC

(pp  H+X) [pd]

Due to the dominance of gluon pdf

0000000000
> Even though it is loop induced process

Top mass > Higgs mass: Heavy Top Limit (HTL) trick in calculations:

“OO00000000

> EFT .
0000000000 '
Known up to N3LO QCD
Known up 10 NLO QCD Anastasiou, Duhr, Mistlberger et al/13-"15
Ellis, Hinchliffe et al.'88; Baur, Glover '90; and NNLO QCD

Spira et al.91, “95; Dawson ’91| Harlander, Kilgore '02; Anastasiou, Melnikov '02;
and NLO EW corrections Ravindran, Smith, Van Neerven '03

Aglietti et al’04; Degrassi, Maltoni '04; Wwith approximate top mass effects

Fassarino et al 08 Marzani et al/08: Harlander et al/09.'10:
Steinhauser et al.’09



Why and how we care about Higgs pT?

All Higgs bosons measured in LHC have nonzero pT!



Why and how we care about Higgs pT?

All Higgs bosons measured in LHC have nonzero pT!

We need additional parton to recoil Higgs
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Why and how we care about Higgs pT?

All Higgs bosons measured in LHC have nonzero pT!

We need additional parton to recoil Higgs

ooooao\v - - TOOOOO\——— —— -
m:\%oomw OO0 ———— DT

L O known:
Ellis, Hinchliffe et al.’88: Baur, Glover '90

NLO first partial results:

Bonciani ‘16

R - = — - B
HTL: - o - l
0 - OO0 (6@666 R

NNLO results:

Boughezal et al’13; Chen et al'14

NLO known:

de Florian, Grazzini, Kunszt '99; Glosser, Schmidt '02:
Ravindran, Smith, VVan Neerven '02

with approximate top mass effects:
Mantler, Wiesemann'12; Grazzini, Sargsyan '13



Why and how we care about Higgs pT?

All Higgs bosons measured in LHC have nonzero pT!

We need additional parton to recoil Higgs

“000000\——— -~ -

TR — = — - ‘
( %% - -
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6~ gy,
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NNLO results:

Boughezal et al’13; Chen et al'14

L O known:
Ellis, Hinchliffe et al.’88: Baur, Glover '90

. . NLO known:
NLO ﬂ!’St pamal results; de Florian, Grazzini, Kunszt '99; Glosser, Schmidt '02;
Bonciani 16 Ravindran, Smith, VVan Neerven '02

with approximate top mass effects:
Mantler, Wiesemann'12; Grazzini, Sargsyan '13

“New Physics sits in the tails of distributions”

but there is a problem at low pT...



Problems at low pT? Resummation!

Singular behaviour at pT<mH

do/dpf [pb] .-

002 1
SR z
0015 - % =
- L — fixed order -
- ' —— resummed i
001 - .

0.005 ©

See Hayk’s talk in few minutes!



Problems at low pT? Resummation!

Technically, the perturbative

Singular behaviour at pT<mH expansion is affected by large
: logarithms of a form ln"(%)

do/dpi [pb] .+

002 - ‘ T : 1 1 \ T R '\. T T
- ‘ . ]
0.015 - :
7 L fixed order -
- t —— resummed .
001 ;* i

0.005 ©

See Hayk’s talk in few minutes!



Problems at low pT? Resummation!

Technically, the perturbative

Singular behaviour at pT<mH expansion is affected by large
: logarithms of a form In"(:—z”)

doldp [pb] "
0.02 - ‘ \::w — ‘..,“ —

S They can be systematically
R N resummed working in the impact

- — resummed | paArameter b space to all orders
001 - :

Collins, Soper,Sterman ‘85
0.005 Then the resummed and fixed
order spectra need to be properly

o 20 4 6 80 oo Matched at intermediate pT
pt [GeV] Bozzi, Catani, de Florian, Grazzini ‘05

See Hayk’s talk in few minutes!



Problems at low pT? Resummation!

Technically, the perturbative

Singular behaviour at pT<mH expansion is affected by large
: logarithms of a form ln"(%)

doldp [pb] "
002 - ‘ ‘::\ — ‘..,“ —
S They can be systematically
0.015 ¢ : 7 . . :
S cdomee | Fesummed working in the impact
- — resummed | paArameter b space to all orders
001 ¢ .

Collins, Soper,Sterman ‘85

0,005 Then the resummed and fixed

order spectra need to be properly

o 20 4 6 80 oo Matched at intermediate pT
Pt [GeV] Bozzi, Catani, de Florian, Grazzini ‘05
The matched spectrum satisfies do do dor(res) do 1)
the unitarity condition: [E] - [R]f B l dp% ]f ’ [ dp? ]

area below graph corresponds to

the total cross section . .
See Hayk’s talk in few minutes!



Our setup for Higgs production and pT spectrum
including EFT effects

Our SMEFT operators

O, =|H QGZUG“’”V

Oy = |H|*QH ug + h.c.

O3 = |H|*QrHdg + h.c.

Oy = QLH(I“”T"URGZV + h.c.




Our setup for Higgs production and pT spectrum
including EFT effects

Our SMEFT operators
O, = |H 2Ga GlaHv %CQhGZUGa”W e aS HTI_ Iﬂ SM

1 = w

- ya c e — .

O, =|H QQLH ugp + h.c. Tcthtt LRSI modified top/bottom
Os = |H Hdgr + h.c. e -
03 o HciiuTaR J— ?cbhbb PR Yukawa coupling

4 = WL URG .C.




Our setup for Higgs production and pT spectrum
including EFT effects

Our SMEFT operators

as a ALV e oo oo I
O, = |H|*G%,G¥" 7EcgthG SR as HTL in SM

02 = |H ZQLHCUR + h.c.
O3 = |H 2Q_LHdR + h.c.
04 — QLHO'“VTG’U,RGZV -1- h.c.

modified top/bottom
Yukawa coupling

can be bounded from the tth production



Our setup for Higgs production and pT spectrum

O, = |H|*G2, G
02 = |H ZQLHCUR + h.c.
O3 = |H 2Q_LHdR + h.c.

04 — QLHO'“VTG’U,RGZV -1- h.c.

including EFT effects
Our SMEFT operators

=8 ¢,hGe, o <----as HTL in SM

U

ot modified top/bottom
@ Py o Yukawa coupling
Ctg QQSZ}% (v+ h)G},(tLo™ TR + h.c)

can be bounded from the h->blb decay (and bbh production)



Our setup for Higgs production and pT spectrum
including EFT effects

Our SMEFT operators

O,=|H 2GZ,,G“”“’

Oy = |H|*QH ug + h.c.

O3 = |H|*QrHdg + h.c.

Oy = QLHo" T*urGs, + h.c.

=8 ¢,hGe, o <----as HTL in SM

U

o Chtt - modiified top/bottom
?Cbh% PRTSIELEY Yukawa coupling
5T a (f . pvra
stt (v + h)GY,, (tLo™ TR + h.c)

can be bounded from the tt production



Our SMEFT operators
O, = |H[*G;,G**

02 = |H ZQLHCUR + h.c.
O3 = |H 2Q_LHdR + h.c.

04 = QLHO'“VTG’U,RGZV -1 h.c.

Our setup for Higgs production and pT spectrum

including EFT effects

°°°°°° as HTL in SM

modified top/bottom
Yukawa coupling

Easiest to bound from the Higgs pT spectrum



Our setup for Higgs production and pT spectrum
including EFT effects

Our SMEFT operators
O PG Gon “ephGy, 6o +---as HTL in SM
1 = v
2 A c my T .
Oz = |H["QrH"up + h.c. —chit - modified top/bottom
2 A L hoA T :
03 — _H QLHdR + hC. @cbhl—)b PRSTEA YUkawa Coup“ng
04 = QLH()'NVT“’U,RGZU + h.c. () -
tg ggsvst (v+ h)G},(tLo™ TR + h.c)

Previous studies including dimension 6 and dimension 8 operators

Grojean, Salvioni et al.'13;
Azatov, Paul 13,
Langenegger, Spira et al.’ 15
Maltoni, Vryonidou, Zhang ‘16

Harlander, Neumann'13,
Dawson, Lewis, Zeng' 14

e (mostly) did not include chromomagnetic operator
* (mostly) only valid for high pT - no resummation included



Higgs production at LO
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Higgs production at LO
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Higgs production at LO

RO )

M (g(p1) +9(p2) = H) = 2371"()61“62” [plpz (p1p2)g"”| F(T)

P(r) =@R(7) + @) Polr) + Eele) ot Fy(r)

Fi(r) = 571+ (1= 7)f(7)]

Fy(r) = 12,

_F3(7')=3(1—7'f('r)—2g(7')+21nm2t)
¢ ( , 1
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Higgs production at LO

IR =

M (g(p1) + g(p2) = H) _7'37rv€1u62u (PP — (p1p2)g"”| F(7)

m; Calculations published
—= F. L
@Fl(T) +“ r)Fa () +F3( ) ¥--.. with contradictory results

3 > Choudhury et al *12
Fi(r) = 57' 1+ (1 —7)f(7)], Degranderyet al 12
Fy(r) = 12,

12 ~Formally higher order of vt
,Fg(r)=3(1—Tf(7)—29(r)+21nn7> Y /
t

, ( 1
v/7 — 1 arcsin L 721 arcsin® —— r21
g(1) = 4 | \/&IT f(7) =9 vr 2
\/ﬁ[ln + T—in] <1 1 14+vV1—7 |
\ —vier iMoo T

HTI__ Fl(T) — 1 N FQ(T) — 12, F3(T) — 6 (ln —2 —_ 1)
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Higgs transverse momentum spectrum

Based on the HgT programme, cross-checked for f.0. part with
HNNLQO and HIGLU programmes
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We included three of SMEFT operators:
e top Yukawa modification

bottom Yukawa modification
* ggh point-like coupling
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* ggh point-like coupling



Higgs transverse momentum spectrum

Based on the HgT programme, cross-checked for f.0. part with
HNNLQO and HIGLU programmes

We included three of SMEFT operators:
* top Yukawa modification

bottom Yukawa modification > RERREEE Can re-use the SM calculations
* ggh point-like coupling

The values used for eff. coupling were inspired by currently available fits

Dumont et al '13
Falkowski '15
Butter et al '16



Higgs transverse momentum spectrum

Based on the HgT programme, cross-checked for f.0. part with
HNNLQO and HIGLU programmes

We included three of SMEFT operators:
* top Yukawa modification
bottom Yukawa modification S RRRERER Can re-use the SM calculations

* ggh point-like coupling

The values used for eff. coupling were inspired by currently available fits

Highest known with full Dumont etal 113
Falkowski "15

top mass dependence Stter of al 16

Calculations performed on the(NLL+NLQO) level of accuracy



Higgs transverse momentum spectrum

Based on the HgT programme, cross-checked for f.0. part with
HNNLQO and HIGLU programmes

We included three of SMEFT operators:
* top Yukawa modification

bottom Yukawa modification > RERREEE Can re-use the SM calculations
* ggh point-like coupling

The values used for eff. coupling were inspired by currently available fits

Highest known with full Dumont et al 113

Falkowski 15
top mass dependence Stter of al 16

Calculations performed on the(NLL+NLQO) level of accuracy

Renormalisation and factorisation scales: ur = pr = o = \/p> + m? /2

Three scales of resummation: Q:=mu/2 Q, =4mp Qine = VQ: Qp
Parton distribution functions: NLO set from PDF4LHC2015



Separate contributions of dim 6 operators

do/dp+(H) [pb/GeV]
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= ggH@LHC 13 TeV NLL+NLO — M
I Mh=125 GeV . c:;O:Q
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pr(H) [GeV]

SM scale variation /:1{ S A L A

e Kept within 20% from SM total cross
section

e Not exceeding (much) the SM uncertainty

e ffects in different regions of the
spectrum

103 do/dp;(H) [pb/GeV]
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Mixed contributions of ct and cg

do/dp+(H) [pb/GeV]

= ggH@LHC 13 TeV NLL+NLO M
[ Mp=125 GeV L 6=05.00=0.042

T I T T T

T I T T T T I T T T T
—— SM

______ Ct=1 5,Cg='0042 —
ci=2.0,C4=-0.083

50 100 150 200 250 300 350 400
pr(H) [GeV]

2E ]
effect caused by dominance of cg2 Y S e T S

¢ More dramatic shape effects with same
total rate
o =~ |12¢; + ct|?ospm
e At high pT clearly visible effect of point-
like coupling

do/dp(H) [pb/GeV]

....... €=0.1,c4=0.075
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Mixed contributions of ct and cb

do/dp+(H) [pb/GeV]

1 01 E T T T T T T T T I T T T T I T T T T I T T T T T T T I T T T T I T T T T
= ggH@LHC 13 TeV NLL+NLO — M
L aammaas +=0.9,Cp=-7.
L Mp=125 GeV - --- ¢=0.8,c,=-3.67
100 2o ——— ¢=0.9,c,=-1.79
Q ¢=1.1,c,=3.79
N oo c=1.2,0,=4.67

300 350 400

100

150 200 25
pr(H) [GeV]

No shape distortion compared to SM
top loop dominance

e [For ct >1 hard to balance with real cb

e At low pT clearly visible effect of
modification of bottom Yukawa

e For pT>150 GeV governed by the ct
modification

103 do/dp;(H) [pb/GeV]
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100 n, ——— ci=1.3,0,=-0.85,c,=-0.03

Mixed contributions of all three operators

1 do/dp+(H) [pb/GeV]
O T [ DL AL L AL B 3
= ggH@LHC 13 TeV NLL+NLO — SM ; L
- M=125Gev T solaem298e-008 1 e Scenario with top Yukawa enhanced,

T I T T T T I T T T T

---- ¢=1.4,c,=3.31,c4=-0.03

osassera—o0s 1 in first CMS and ATLAS results

ct=1.5,c,=1.88,c4=-0.04

e=150=1796=005 3 o | gads to the softer spectrum
1 e Combination of all previous effects

Z,\ o1 303340004 inspired by the higher than SM rate of ttH

e
N
~

~
~
e

103 do/dp;(H) [pb/GeV]
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Outlook

Combine our results with state-of-art SM: NNLL+NNLO (in HTL)



Outlook

Combine our results with state-of-art SM: NNLL+NNLO (in HTL)

Calculate the NLO with the chromomagnetic operator to include also in
the transverse momentum spectrum

e 39 diagrams a priori for gggh case

e different tensor structure of
operator than the SM TN AN P

» work in progress. .. & Y & 0

——— D — — -



Summary

Bottom-up Effective Field Theory for Standard Model (SMEFT) is a
model independent framework to study high scale BSM physics and
also to store LHC precision measurements

Measurement of Higgs transverse momentum spectrum would be
useful In determining its properties

We studied the impact of set of relevant SMEFT operators on the Higgs
production and its pT spectrum

The effect of different operators is manifested in different regions of
spectrum: cg at high and cb at low pT

Calculations are available on NLL+NLO level, i.e. allowing access to low
pl region
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Bottom-up Effective Field Theory for Standard Model (SMEFT) is a
model independent framework to study high scale BSM physics and
also to store LHC precision measurements

Measurement of Higgs transverse momentum spectrum would be

useful In determining its properties

We studied the impact of set of relevant SMEFT operators on the Higgs

production and its pT spectrum

The effect of different operators is manifested in different regions of

spectrum: cg at high and cb at low

oll

Calculations are available on NLL+N
pl region

LO level, i.e. allowing access to low

Thank you for the attention!



