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Motivation

S — —

@my L=4.6-5.1(7 TeV)+12-21(8 TeV) fb"!, 68% CL: ATLAS + CMS

Moriond 2013

SM
| @ SMexp. = 14A,) |
1 = data 9x = 9 ( X)
4 data (+A,)

@ Run | tells that we are seeing the SM
(with large error bars and several degeneracies in the fits) *~ |

0
@ We expect a big improvement in the current Run: *jjg

More data and energy 05 |

And very importantly more distributions 9 1% %99 %999 %L,

@ If there is new physics a the the TeV scale it is most likely to be sitting on “the tail”
of some distributions

== Boosted

== Off-Shell

Experimentally: clean measurement (leptonic final state)
Theoretically: allows to probe the operator structures at different energy scales

m===) Might help to overcome our limited understanding of y.
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Motivation

T — —
. . Seter L=4.6-5.1(7 TeV)+12-21(8 TeV) fbo', 68% CL: ATLAS + CMS
@ Higgs—gauge couplings - extracted from T e sven o oM (1ea)
1 . . = data X 9X X\
precise tree—level information = data (A
0.5
@ Higgs-fermions couplings - largely relies on :
loop—induced couplings ot
m==p Limited and model-dependent 05 |

== ttH measurement challenging: y. at 20% needs ~3ab™' % 9 ¢

(Moretti, Petrov, Pozzorini, Spannowsky)

@ In general a“loop” is not a fixed number./QCD corrections are dynamic I

K 7 2 | g ]

| @0 | E WQOQ; | | oy ¥
@ Boosted Higgs: F I N |y b
L g Pry | Pry | 9 |
7 ' 9"~ ;9&99 9
. | ? : | ”% /fz
@ Off-shell Higgs: iy — — y[>'{
| My :
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Off-Shell Higgs Production

@ Just recently, we start to recognize the importance of the Off-Shell Higgs

mem) since 'y /mpy ~ 3 x 107° one naively expects very small off-shell rates
Y €Xp Y

a.u./0.5 GeV

0.06

0.04

0.02

Narrow Width Approximation fails spectacularly - unitarizing property of Higgs
=== |Interference with background: gg—>H"—ZZ with gg—ZZ ;

wey //Z Threshold;

_ ATLAS Simulation Preliminary

® m,, = 130 GeV
— gaussian fit

H-ZZ-4p

o= (1.98 £ 0.03) GeV
fraction outside * 2¢: 0.15

8

0 90 100 110 120 130 140 15
My, [GEV]

@ However, at least 15% of the cross-section comes from m4>300 GeV

===) and top mass effects change our naive expectation
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Theoretical ingredients

———

@ Signal and background components:
q Z g VA 9
qjiz :ﬁx g

(2) (b) (c)

a|? - Background component: generated already at tree level (large) known at NNLO
(Cascioli et. al. 2014)

b|? - Continuum background known at LO only. Internal masses make it a non-
trivial multi-scale problem; Big uncertainties;Very important calculation for Run |

c|? - signal (loop-induced) known at NNLO

b*c - Signal/background interference. Large and destructive at large invariant mass.

c|2 and b*c present similar perturbative QCD enhancement: K2\.2C ~ KY€

Bonvini, Caola, Forte, Melnikov, Ridolfi (2013)
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Theoretical ingredients

@ Signal and background components:

q Z 9

>
-
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= 4—lepton production, CMS cuts, Vs=8 TeV =
107 - qq - 4leptons —
= gg » h - 4leptons =
- - gg - 4leptons(cont) _
10'3? gg - 4leptons(total) =
I~y - -
S o3[ l
\é: 10 :? ?:
EI ' _/_'_‘_I_ ' ' i -
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N : : =
o) — 1 ] -
u . . _
lo-sg— 1 1 ] =
= 1 1 1 =
N 1 1 1 _

-8 1 1 1

10 'E_ 1 1 ]

- 1 1 1
— 1 1 1 L™
10771 1 | r' | LI | | 4 N

100 ¢ 200 1 500 1000 2000
my[GeV]

Campbell, Ellis, Williams 2013
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Theoretical ingredients

@ Signal and background components:

q

>
-

q

e SN T

~ -
-------

=== Top mass effects in Higgs production

2 2
@ M0 M op? m4e ith >
+ og with mye > my £ My, my

2m?, m?
00 m; 2 M

@ M0~ -t log* & with mgy > m; 2 my .
2m?2 m
VA 1

===) Full top mass: destructive interference

=) The Higgs does what he is expected to do! (Quigg, Lee, Thacker 1977)

Dorival Goncalves HEFT - 4th November 2015



Framework

@ Higgs production: Is the y: responsible for the ggH coupling or are there BSM contributions?

Relevant CP-even dimé operators to GF:

Azatov, Paul (2014)

Schlaffer, Spannowsky, Takeuchi, Weiler, Wymant (2014)
Banfi, Martin, Sanz (2013)

Grojean, Salvioni, Schlaffer Weiler (2013)

Hjj:

‘1 a Buschmann, Englert, DG, Plehn,Spannowsky (2014)

2 Yt = _ 1 2 2
09 1271_02 IHI GZUG(”W Oy — v_2|H|2QLHt1{ On = 202 M’H| 8'UJ|I—I|
C i:

Guua |

127r v M

Ty
;HAC ggH =2 —Iit‘?tth'Flig

H+jets with NLO Merging+...:

Buschmann, DG, Krauss, Kuttimalai, Schonherr, Plehn

M = kM + KgMy

| — P

@ «K:and Kk, need to satisfy Higgs total rate 0 ~ |K¢ + Kg|2 = K¢ + Ky = |
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Framework

@ Higgs production: Is the y: responsible for the ggH coupling or are there BSM contributions?

Relevant CP-even dimé operators to GF:
1

2 v Yt = & _ 2 2
O!) - 127TU2|H| (WZVGGM Oy - E|H|2QI,H{/R On = 22 M’H| a,u|H|
C

s h

127r v M

Guua |

-
ﬂﬁggH D) —KltTtthﬂ' g
| | |

@ Top partners - Prototype model inducing this degeneracy )
= —yQrtrH — MTT — YrQr.TrH

=) Heavy fermion loops generate kg and mixing modifies y: (kt) *
Dawson, Furlan (2014); Chen, Dawson, Lewis (2014)
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Framework

® Higgs decays - the dimé operators give rise to the following Higgs interactions:

LYY = 912 2 20 + 9y H 2 2 + 9y y 2 H 2, 2"

The additional operators Z,,, Z"0" and HZ,, Z"" affect the longitudinal Z polarisation

So they lead to similar my; kinematics as the SM HZ,Z*
(3) Gainer, Matchev, Mrenna, Park (2014)

We consider only 977 in our analysis Azatov, Grojean, Paul, Salvioni (2014)

On-Shell H>ZZ Nelson angles provide a better probe to the decays than off-shell measurement.
More data and better kinematic sensitivity. Off-shell mostly probes the energy growth
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Off-Shell Higgs Production

@ Carries information on the Higgs couplings at different energy scales
q Z 9 Z 9
(I;EZ ;ﬁz )

@ qq— ZZ generated already at tree level. We generate it @NLO

@ gg— ZZ only known @QLO

@ Since signal and signal-background interference have very similar QCD enhancements
Bonvini, Caola, Forte, Melnikov, Ridolfi (2013)

mum) |Include QCD effects by equal K-factor for signal, signal-background interference & background
m==) We include these effects through a differential NLO reweighing obtained from the signal
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Off-Shell Higgs Production

@ Carries information on the Higgs couplings at different energy scales
Mzz = keMy + K'gMg + M,

= ¢
dmae  dmay dmay Y dmay dmay T dmuay 9 dmayg

9 ;' T 'J“-' L L L L L I IR L L '|77 10_1 I L L e e L |
E gy o [ ] w2z 3 -
- :ogg o . .
A IT,=Iy i i
107 E =
10_3 gé ..... 7; _E
e _E
I:' ] T T T T T T = 'T;

3 E

E LOK,‘;,.=(1,0) E

2r 0, 0y

iF ——
o T : o _
100 200 300 400 500 600 700 800 ?ng?[de%o] 100 200 300 400 500 600 700 800 900 1000

41

@ qq— ZZ generated already at tree level. Much larger than gg = ZZ

@ Enhancement on the tail for low-energy limit and suppression of the full top mass result

Buschmann, DG, Krauss, Kuttimalai, Schonherr, Plehn (2014)
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Off-Shell Higgs Production

@ Carries information on the Higgs couplings at different energy scales

q VA g VA
q g Z
I e D | L
107 do [ E 107
E e dmy, [GeV] pp— 22 3 -
— : 88 M 7] B
L Ir,=I'; B T
10_2 =B = 10-2 =n
I H b I : : :
10° g 10° 1| o I
d = LI 1 K, ,=(1,0)
- ] 1
I ' | n =" ---'-
A e T DAL T
19 S B 10745 / ' Kpg=(0,1) "
- Ha| o 1
B ILRL '
e mald,
3 E 3
- LOK,ng(],O) 7 -
2 - LO, 1) E 2
1E __“‘_'_'_‘——-_.1 . 1:
%00 200 300 400 500 600 700 800 9001000 oF
m,, [GeV] 100 200 300 400 500 600 700 800 ?nalo[deOVO]O

Buschmann, DG, Krauss, Kuttimalai, Schonherr, Plehn (2014)
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Nelson angles

@ Signal only: info on HZZ operator

- Cabibbo and Maksymowicz (1965) Gao, Gritsan, Guo, Melnikov, Schulze, Tran (2010)

(/ Dell’Aquila and Nelson (1986) Englert, DG, Mawatari, Plehn (2012)
' Englert, DG, Nail, Spannowsky (2013)

€ 0. v/ é | . .
e A¢ Z>\p \ Djouadi, Godbole, Mellado, Mohan (2013)
8*

@ Signal-background interference gets spin correlation:

==) info on the Higgs production and decay operators

suppress the background and distinguish the S|gnal hypothesis
I e st e T D) T T T ko
| T L L S R Sy 1 | o | [ vamm mn o
T R Y “ow 4 1 4
| | 04k’ T 7 0.8;— - 2
03 4 osp . 1.52
02 1 o4 B 1
o1 - 02~ - o.5§
\ \ \ C - ’ -
- o ° o COS(G*)1 ’ ‘_0'_5 6 OI5 cos(0,) 0 | :'3 T es cos(d,)

Buschmann, DG, Krauss, Kuttlmalal Schonherr, Plehn (2014)
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Log-likelihood analysis

@ CMS cut flow analysis for the off-shell H—ZZ measurement plus:

1) Suppress the qq—ZZ background by requiring that |cos@"| < 0.7
2) 2D CLs analysis - (cosBe,ma).

mmm) Exclusion of our BSM hypothesis need a few inverse attobarns

0.01F

0.001

N gg = ZZ
- kz=(0.7,0.3)

Exclusion plot based on cos6, and m,,
1o

mm20
— expected 95% CL

1000 1500 2000 2500 3000
L [fo"]

There is a room for significant improvement: E.g., MEM

Buschmann, DG, Krauss, Kuttimalai, Schonherr, Plehn (2014)
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Off-Shell Measurements: Sfitter results

® Full coupling fit to the ATLAS+CMS Run | data:
L= Lsv +Aw gmwH WHFW, + Ay —mzH ZVZ, — Y Ag —H(fRfL +h.c.)

T,b,t
H
+ A FG GFWG Y+ A FA A,UJI,A"“W
On-SheII On+Off-Shell

4 321 01 2 3,4 4 3 2 -1 01 2 3,4

The Run | CMS results present an excess of events in the off-shell tail

Atlas sees the opposite, however it has much less statistics for this measurement

This gives a slight preference to the negative solutions in our fit

More on the dim6 fits with Run-I results: see talk by Oscar Eboli
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Higgs width measurement

@ SM prediction 'y ~ 4MeV

==) Best limit from direct measurement H @ ZZ [ < 3.4 GeV

@ New idea: combine on-shell & off-shell rates to break the &-degeneracy

2 2
- 9; (mu)gs(mu)
OS] X T gig(mn) =€&6Xf (mu), Tw=€'Tx

==) Sub-leading dependence on [y in the off-shell regime

Caola, Melnikov (2013)

agjﬁbil)lf X gf(\/§)g]%(\/§) Kauer, Passarino (2012)
Campbell, Ellis, Williams (2014)

@ While interesting idea, it is not a model independent width measurement
Englert, Spannowsky (2014)
Englert, Soreq, Spannowsky (2014)
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Higgs width measurement

@ Model dependency ultimately reflect the non-trivial ggH momentum running

This framework is a prime example of it:

2 2 .
On-Shell 29591 (MH) 95127 (M) ) . & ke factorize
Ogg—+H—22Z X (K’t + Kg) 'y
- 2 2 _ . .
agqﬂ_)sfl;gll_)zz  (ktggqr (Mae) + keGgarr (Mu))? 9% 27(Mae) ===) non-trivial k; & ks dependence

Buschmann, DG, Krauss, Kuttimalai, Schonherr, Plehn (2014)
4 M ’ ’ ’ ’ ’
@ Example: €'=25 - Ty =25y

L R I S S A I I I RN 10"
10 § i do_ [ﬁ p—> 77 §
= 10
= 10° 4
Signal strength still | S I
a4l " -4 |
10 = Ki=(00) E 10 -
Hon-shell = | ] i
T T T n
3 - 3k 3
C LOKL#:(,,O) - LO, _10)
2_ LOKI 0,1) B 2__ LO o) ]
OT I I I I I I I I 1] I_ ............................................. 7
100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000

m, [GeV] m, [GeV]
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Higgs width measurement

| e—

® Leaving the Higgs width as a free parameter in the SFitter setup:

Total width measurement - combination of Off+On-Shell measurements.
But now accounting for the full m4 profile
L= Lsu+Aw gmwHW*W, +Ag o —mzH 2"Z, — Y Ay =L H (fafy +h.c.)
w T,b,t
H . H o
+ Ay Fg . G G" + AFa . A, A" + invisible decays 4 unobservable decays
— IRuln I.LHIC_.AT.LA.S"'QMS|

10—
I A(-2InL) ;?37,-,,9, SM+dime6 -

y/TEM

For T'y/TSM » | Higgs production and decay rates scale like gx#/T

As expected, for I'y/TSM =30 ~2.34 we have AZ~1.3
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Higgs width measurement

| e—

® Leaving the Higgs width as a free parameter in the SFitter setup:

Total width measurement - combination of Off+On-Shell measurements.
But now accounting for the full m4 profile
L= Lsv+Aw gmwH WHFW, + Ag —mzH ZhZ, — Y Ag —H(fRfL +h.c.)

T,b,t

H H
+AgFe — GG + A Fy — A, A" + invisible decays + unobservable decays
g v H g o
10r— . RunILHC- ATLAS+CMS
A(-2In L) ::J?)itter SM+dimé

95% CL

4t .

o\ 68% CL,

G S 0 : | | | | | | | | | | | |_

05 0 05 1 15 2 0 10 20 30

Az /Y
[y < 9.3MNM at 68% CL.While our width constraint was obtained considering possible BSM operators,

our bound is still cofmpetltlve to other analysis that account only to SM-like interactions
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Complementary approaches

+ ° o 1 __' T T T d' T 1':b' L B II{-}-IOjImeI ' '_:

@® H+jets CKKW merging : - [32] o
e | — H+2/10,

10 % — H+jets LOtmt %

—

8

""" H+jets LO

----- — e | 1 % |
9 t pT'H a'—Q. pT'H ‘9"999 )%9 " §_ _§
104 & —— ;
12_ I I I Pt I ]
i Sherpa+OpenlLoops
==) How many jets do we need to i

0.8F
account for? :

O.Gf
As many as we can add!

0.4F

- P RS U E R S R S R —
0'20 100 200 300 400 500 600
p, ,, [GeV]

Buschmann, DG, Krauss, Kuttimalai, Schonherr, Plehn (2014)
=== Top mass effects fundamental for boosted H: correction of O(4) at prn~600 GeV

=== Each jet multiplicity has approximately same top mass correction
== Consequently the same happens for the merged result
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Complementary approaches

@ The merged distributions capture the info from the first and second jet bin

=== Better constraints for the merged sample:
Hijj H+jets MEPS@NLO merging

; | Exclusilon plot basled onp_.7] ; Exclusion plot based on njets’ Pry
C 1 i - 1
- [ 2(:5 - - [ ] 2%
= — expected 95% CL - - — expected 95% CL
0.1 = 0.1
d [-----N - - SO, S )
0.01 E 0.01
L H—ww - - H—> WW
" kg=(0.7.0.3) | - k=(0.7,0.3)
0.001——— I5(|)OI - 1|0|0(I) - 1|500 2000 2500 3000 0.001"+ \A 4~
1 ) 200 400 600 800 1000 1200 1400 1600 1800 2000
L [fo] L]
Buschman, DG, Krauss, Kuttimalai, Schonherr, Plehn (2015)
Azatov, Paul (2014)
‘ CLS uses (n]et, PTH) to maximizes the SenSItIVIt)’. Schlaffer, Spannowsky, Takeuchi, Weiler, Wymant (2014)
Only possible/reliable via multijet merging Banfi, Martin, Sanz (2013)

Grojean, Salvioni, Schlaffer Weiler (2013)

More on boosted H+jets: see talk by lan Lewis Buschman, Englert, DG, Plehn,spannowsky (2014)

Dawson, Lewis, Zeng (2014) ...
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Complementary approaches

@ Higgs-Strahlung: H(bb)Z(ll) via jet-substructure

g - z M = kM + Ky My
[ Y do do do do
5 = ? i + KtKy i %/ i
, S u dpry dprH dpry dprH

@ Boosted kinematics enhances loop-induced component

0.7

e F>F) | Most of Run | LHC analysis neglect this component

n—jet incl miss
o\vEpsento (BT *°>Eo) -

0.6

== onuse | Note that this might change:
" | === The invisible bounds from Z(Il)H
m==) And y, from Z(Il)H(bb)

0.5}

04 t+

0.3

" -
01 | s Hespel, Maltoni, Vryonidou (2015)
Sherpa+OpenLoops DG, Krauss, Kuttimalai, Maierhoefer (2015)
0.0 1 1 1 1 1 Englert, McCullough, Spannowsky (2014)
100 200 300 400 50%() Gev] 600 Altenkamp, Dittmaier, Harlander, Rzehak, Zirke (2013)
DG, Krauss, Kuttimalai, Maierhoefer (2015) Craig, Farina, McCullough, Perelstein (2014)
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q

[ gev ]

do
BDRS
TH

dp

103

104 =

10°

(o]

10
2.5

ocooo =
NBRD®OL

Complementary approaches

Y

---0-jet excl

---0-jet excl

______

—_—
— MEPS@NLO HZ+0,1j

— MEPS®@Loop? HZ+0,1j

Sherpa+OpenLoops -,
I ‘ ‘ ‘ | ) ‘I_ _ N | .
MEPS@Loop*/Loop?+PS
———
jet-veto/incl
= Jé __________ ; ------------- 6— e ‘
00 00
pBERS [GeV]

<

@ Higgs-Strahlung: H(bb)Z(ll) via jet-substructure

? Merging up to one jet (Sherpa+OpenlLoops):
MEPS@NLO - DY
MEPS@Loop2 - GF
BDRS

me) GF changes prpy and my; profiles

m==) Relevant constraints for the y;

Sherpa+OpenlLoops
| L L L

' MEPS@NLO HZ+0,1j -
— MEPS@Loop?® HZ+0,1j

Exclusion plot based on prRS b

1o
mm20
— expected 95% CL

0.18 C,/C,

| . . . | . . . | . . .
'MEPS@Loop?/MEPS@NLO

Jll:|l“|'l“|“'|L||||||||IIII |||||| ‘||

. t t t t t | K, —
| jet-veté/incl 0.01 =

..I...I...Ir1||||||||||| |||||| al

20 40 60 80 100 120 140

L[fb"]
DG, Krauss, Kuttimalai, Maierhoefer (2015)

Dorival Goncalves

HEFT - 4th November 2015



Summary

S —

® LHC Run Il will give very energetic Higgses with significant statistics

® Off-shell, boosted (H+jets, HZ+jets...) will be very important to further explore
the TeV scale

@ Higher order calculation accounting for heavy quark mass effects are becoming even

more important

® We should go beyond the total rate information. Distribution profiles significantly
improve our constraints and should be added to the coupling fits
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Top mass effects: H+jets MEPS@NLO merging

. . . : . (n) |./\/1(n)(’mt)|2
@ Reweighting HEFT amplitudes with Openloops ME: ;7 = M (my — 00) 2

\| L D n T
doS-Mc@NLo _ g (™) [B +V+ / d®, D] (A(to) + / d®; A(t)) +d®pyq [r§ TR — gl )D]

[ o [ T | TN,
- dp_ , LGeV — H+IjNLO, 3
107 —alo, | m— MEPS@NLO need to take into account the
= - H+jets - = R
T T e, e Hejers NLO, heavy quark mass effects at the boosted regime

102

103

104

=S .= ™= Similarly to LO merging the top mass effects

o factorise at NLO merging for each jet bin

1 Sherpa+OpenlLoops :

0.8

0.6 (NJLO,
0.4 WO, .

v e
0'20 100 200 300 400 500 600

P [GeV]
M. Buschman, DG, F. Krauss, S. Kuttimalai, M. Schonherr, T. Plehn (2014)

Dorival Goncalves HEFT - 4th November 2015



