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Introduction to the topic
Aim

© Measure accurately the Higgs self-coupling A

O Understand the BEH mechanism
© Check BSM alternatives of A

Current status and sensitivity at the LHC

O Studies focus on gluon gluon fusion (dominant) HH production

See references [11-39] for theoretical studies and [40-46] for experimental searches in [arXiv:1807.09736]

o Different ggF channels considered (th. and exp.): bbbb, bbyy, bbrz...
O Current sensitivity: exp. global analysis constrains A € [-5.0,12.1] Asm at 95% C.L.

[ATLAS-CONF-2018-043]

Future prospects at linear colliders

O ete- linear colliders (ILC, CLIC) will allow for most precise Asym measurements

[Abramowicz et al, Eur. Phys. J. C77 (2017) 475 ] A)\/)\, — 40% at \/E — 14 TeV,
O Still far (and/or unknown) in the future!! ALJA = 22% at /5 = 3 TeV.
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VBS to access A at the LHC

ggF: gg — HH VBS: 919, — HHqyq,

_-.-/-l(:
“w P

1-loop + Top mass + scale choice + sizeable NLO Tree level + No top + small scale unc. + small NLO

Less specific kinematics Very characteristic kinematics

Only sensitive to HHH coupling ViLVL—HH probes ®4 at high energy

ggF: gg¢ — HHjj ?

[Dolan et al, Phys. Rev. Lett. 112 (2014) 101802]
[Dolan et al, Eur. Phys. J. C75 (2015) 387]

ol (14 TeV,k = Aldgy = 1) ~ 5.5 fb

Contributes to our signal: same final state & sensitive to 4

VBS selection cuts reduce cross section below pure VBS one

Not taken into account in the present work
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Detining our signal @ the LHC: pp — HHj

Signal: prediction of g1g92 @ HHQgsg4 events for given A

We study A € [-10,10] Asm

n=0

Extra jets identify VBS configurations
. among all contributing diagrams

e J n=% Two opposite-side forward/backward
. | et jets with large pseudorapidity gap required
0 —rh ” 0

| Amg; | = [ag;, — |

V with large invariant masses

]WJ..

Defining VBS selection cuts

| An;;| > 4 pp — HHjj
VBS-dominated !!

M > 500 GeV

Basic detection cuts: p7,>20 GeV, |5 <5, AR;>04, [ny] <25
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1st signal after Higgs decays: pp — HHjj — bbbbjj

¢) Highest rates : BR(H — bb) ~ 60 %

@ Large backgrounds

multijet QCD pp— bbbbjj =mated WA lE®

O Dominant background by many orders of magnitude
O Additional selection cuts apart from VBS required?

tt - bW*bW-— bEbEii
@ CKM suppressed

© Radically different kinematics respect to VBS
@ Under control

pp — ZZjj — bbbbjj & pp — ZHjj — bbbbjj

© Take place in part through VBS configurations
© Additional selection cuts apart from VBS required?
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Signal and QCD background kinematics

Signal & QCD bkg populate different kinematical regions

In VBS variables In bb variables

10— : 300 T
[} [ .
[ \le\z : o QCD points
o &::th o 5c | . L © b | e lAnyl> 45 My > 500 GeV
TR R | 250 - T
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HH candidate identification and cut efficiency

O HH candidate cuts (inspired in ATLAS [arXiv: 1804.06174] and CMS [CMS-PAS-HIG-16-026])

pr, > 35 GeV
0.2 < ARy, < +0.475; 0.2 < ARy; <

— Small angular separation between

653 875

Higgs decay products

. 4 GeV My
ARy, =

Pr, = pr > My/2 —103GeV; pp > My, /3 —73GeV

GeV

02< AR, <1; 02 < ARy, <1, M, > 1250 GeV

+0.35, M,;, < 1250 GeV

XHH

*ijb>20 GeV; || <5;

O Efficiency of Basic* + VBS + HH candidate cuts

%l _ mH>2 . <Mbbs _ mH>2 -, [Mob1, Mbb2] ~[MH,MH]

|7, <2.5; AR; ;> 045 AR,, > 0.2

Cut oqep [PP]  ozmjjzzjj [PP] Osignak=1 [Pb]
Basic only 602.72 0.028 5.1-:10~4
Basic + VBS + HH 6.8-1073 5.5-106 4.1-107°

Very reduced backgrounds!!!
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2nd signal after Higgs decays: pp — HHjj — bbyyijj

¢ Small and controlable backgrounds
€} Lower statistics: BR(H = yy) ~ 0.2 %

mixed QCDEW pp— bbyyijj

© Dominant background but easy to control + ...
O Additional selection cuts apart from VBS required?

s

O(x - ag)
PP — ZHj) — bbyyj
© Take place in part through VBS configurations A X
© Additional selection cuts apart from VBS required? Qf:
O(a?® - ay)

Selection cuts

M, —m 2 M — My ?
VBS cuts + HH candidate  p; /M, > 13; p; /M, > U4y = <O”f)5mH> +(Of65m ) <1
VERY REDUCED BACKGROUNDS!

Basic detection cuts: ij’b > 20 GeV; pTy > 18 GeV ; |77j| <5; |77b,y| <2.5; ARjj,jb,yy,yb,yj >04; ARbb > 0'2’pTy1
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Results of pp — bbbbijj: M4y, distributions

do/dM (pp — bbbb jj)[pb/50 GeV]

Signal = 9192 = HHqsqs — bbbbgsgs (sensitive to A)

t SM Background = multijet QCD + ZHjj + ZZjj leading to bbbbijj

O Clear deviations respect the background and the Asm prediction

Vs =14 TeV

10'3§
107
107°E

1076

1077
250 500

© Some predictions (k =-10) even above backgrounds!
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Results of pp — bbyyijj: M2n2y distributions

t Signal = q1q2 — HHqsqs — bbyyqgsqs (sensitive to A)

SM Background = mixed QCDEW + ZHjj events leading to bbyyijj

@ Similar results as in pp — bbbbjj varying k with smaller rates

© Again clear deviations respect the background and the Asm prediction

— 1073 4 — 1079 — SM background =
> — SM background 2 — =0 ]
O Vs =14 Tev I O Vs =14 Tev A=—sy
S — A=Agm 1 9 —A=—2-Agm
~ ~
o 1076 — A=2-Asm 4 © 107t —A=—52Asm =
o, 1 & E
— —A=5-Asm 1 = — A==10-Asm ]
S — A=10-Agy S
(B (B
= 1077 = 1077
T T
= =
'% 1078 % 10°8
~ ~
o) o)
S S
107 107
250 500 750 1000 1250 1500 250 500 750 1000 1250 1500

bl;y)/ bl;yy

O Very reduced and steeper backgrounds

O All tested values of A above background!
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Results: Sensitivity to A in bbbbjj & bbyyijj

Statistical significance for different _ Ny
¥ Squ=_|-2 (NS+NB)log< Y )+NS

A values and different luminosities

bEbE'! ) bbyyijj

High sensitivity to BSM A Modest sensitivity to BSM A,
even for the lowest luminosity smaller rates but cleaner
10%F e More than 1 event = e More than 1 event
B . Less than 1 event ] a Less than 1 event
= ESIL: *
BN i 1
= 10 S
) - 1=
1 I i) 1 -
N e \/ :::/ i ] ]
5| \_// - L =3000fb7! | = f L= 3000 fb~! | 1
% s = L=1000fb~ || .2 , 1| e L= 1000 fb~1 |_
. 10'1101\/ - L=300fb~! | 710 10-1\/ —L=300fb! |-
: 05 1 15 2 25 = L=501b"" E 0.5 1 15 2 25 = L=50fb"" :
o -
» 10°F 1w 108
Z 102k v < 17
" 110
= I R R H T N R A R A T AT M R A R O A R AT MR AR R R T T R =200 e b e e e b b e e b b 1]
~10-9-8-7-6-5-4-3-2-10 1 2 3 4 5 6 7 8 9 10 10 09 -8-76-5-4-3-2-10 123 4567 8 910
K=A/AsMm k=A/Asm
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Results: Accesible BSM A in bbbbjj & bbyyijj

Which A intervals can we probe through VBS?

bBbEJJ Very promising and competitive
36 (50) intervals

L [t~ 50 300 1000 3000

k>0 k> 5.4 (7.0) k> 4.3 (4.8) k>37(42) k>32(3.7)
k<0 | k<—=24(-38) k< —-10(-1.7) k< —=03(—-0.8) k<0(—-0.2)

O Very broad intervals probed even for low luminosities!

O HL-LHC: able to test small deviations and be sensitive to all A <0 values

bb—Wij_ Modest, require High Luminosity

36 (50) intervals

L [t~ 50 300 1000 3000

k>0 | k>09(142)  k>64(84)  k>46(60)  r>3.8(47)
k<0 | K<—067(-100) kK< —=27(-46) k<—-11(-23) k< -=0.2(-1.0)

*"WARNING!': Naive results. Hadronization and detector not taken into account
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First look at beyond parton level

Additional considerations might affect results...

More to come!
We are improving
these results!

O b -tagging (70%) and vy identification efficiencies (95%)
© More up-to-date Higgs mass reconstruction efficiency (10%)

O Detector effects
© NLO corrections

102§

L=1000fb"!

"

pp - bEbE]]
)

—
o
N
T
|

— Parton level (y gy (5%))
— Parton level (yyg (10%)) + b — tagging
+ y — identification + smearing

"

pp - bbyyjj
=

8 1 SRV 12 .
B || i g L= 100"
1 0_1 i + b — tagging + smearing | 1 0_1 i ]
T10-9 876543210123 45678 910 C10-9 876543210123 45678 910
K=A/AsMm K=A[Asm
... but not much!
Signal Original With additional considerations
For benchmark L =1000 fb-!  » bbbbjj K> 3.7(4.2) K> 6.2(7.7)
~\mmwmwwwffxbmwj k> 4.6 (6.0) k> 7.7(9.4)
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Conclusions

VBS is an efficient channel to test large BSM A values at the LHC!

O We find competitive sensitivities in VBS to A in two decay channels after
VBS and HH candidate selection

e pp — bbbbjj: large rates but large backgrounds

High and promising sensitivities already for 1, = 50 fb~'

HL-LHC could probe small deviations: A ~ (3 - 5) Asm (Even better for A <0)

© pp — bbyyijj: small rates but very controlled backgrounds

Modest but interesting sensitivities. Need to go to 1. > 300 b~

HL-LHC could probe small deviations very efficiently

O Taking into account tagging and identification efficiencies, up-to-date Higgs
mass reconstruction, detector effects and NLO corrections does not change
predictions much!

O Promising results deserve further study!!!
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Conclusions THANK YOU!!! ;)

VBS is an efficient channel to test large BSM A values at the LHC!

O We find competitive sensitivities in VBS to A in two decay channels after
VBS and HH candidate selection

e pp — bbbbjj: large rates but large backgrounds

High and promising sensitivities already for 1, = 50 fb~'

HL-LHC could probe small deviations: A ~ (3 - 5) Asm (Even better for A <0)

© pp — bbyyijj: small rates but very controlled backgrounds

Modest but interesting sensitivities. Need togo to 1. > 300 b~

HL-LHC could probe small deviations very efficiently

O Taking into account tagging and identification efficiencies, up-to-date Higgs
mass reconstruction, detector effects and NLO corrections does not change
predictions much!

O Promising results deserve further study!!!
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Back up slides

Claudia Garcia-Garcia (IFT, Madrid) Red LHC Workshop, Madrid, May 6th-8th, 2019



Learning from SM subprocess VV—HH

Diagrams that contribute:

Reminder of main facts in the SM

o A presentonlyin s-channel

o Cross section dominated by V. V. - HH

o A contribution subleading in SM

—_ contact

: o Main c+t+u cancellations lead to
o | ¢ flatness at high V's

1 E —_— C+t+u
r — Total

A=ty o Negative interference between
| | | — A diagram and the rest only relevant

1500 2000 2500 3000

JF Gev) near HH threshold

oc(W*W~ - HH)(pb)

10_1§

500 1000
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Learning from SM subprocess VV—HH

Diagrams that contribute:

Reminder of main facts in the SM

o A presentonlyin s-channel

T T T T T ]
HH production at 14 TeV LHC at (N)LO in QCD 1
M,;=125 GeV, MSTW2008 (N)LO pdf (68%cl) |

et [
SRS
Sl |

o Cross section dominated by V. V. - HH

o A contribution subleading in SM

Sl LT

o Main c+t+u cancellations lead to
¢ flatness at high Vs

\E/ o Negative interference between

_______

S

5 aMC@NLO

1L ' \)‘ - S .
i pp- 2t o 1 A diagram and the rest only relevant
" [Frederix et al, Phys. Lett. B732 (2014)1427] 12
2 8 2 . '1 . : p near HH threshold

Migm
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BSM distortions varying k = A/Asm

O We study A € [-10,10] Asm

© Energy and angular behavior change when varying A

—_
e
o N
Q{ N\
= Sy
= T
s 7
T |
| =
= +
: =
= =
Z , yo! .
b -===negative ~— -===negative
S
1 i o
L 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1
500 1000 1500 2000 2500 3000
Vs (GeV) N

O A #Asm leads to sizable (exp. observable) deviations from the SM

O Largest deviations near HH production threshold
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Features of sensitivity to A at different Vs

Interplay between diagrams

O A > 0: negative interference

103:““““‘\“‘\“‘\“‘\“‘\“‘\“‘
@ A <0: positive interference : U o= 137 - 13144330

—_—0=175-99k+ 1.9 «?

%: i —0=140-33k+0.5«
5 102k — 0=12.5- 0.5k + 0.06 k> -
Sensitivity to 1 > 0 and to A < 0 different! = ]
Tk |
|
o = 105 | __ /s =260 GeV E
Better sensitivity for A <Oforsame | A| L | _ \f-s0cev ]
T [ |—4/s =1000GeV
(L |— 5 =3000Gev ]
Cancellations and analytical sensitivity
-10 -8 -6 -4 =2 0 2 4 6 8 10

to A depend on energy and A value

Highest sensitivity outside the interval around minimum

Largest cross section and sensitivity near the HH threshold
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pp — HHjj characterization

How VBS-dominated is our signal?

© VERYI

T T T
pr, > 20 GeV
|7]1| <5

AR; > 0.4
[7ul < 2.5

10’2:*

1074F

do/dAn (p p > H H j j) [pb/0.5]

10-5k Vs =14 Tev i
i ! L ! ! ! ! ! ! ! ]
0 1 2 3 4 5 6 7 8 9 10
| A77.1'/' |
T T T T
1072; pr, > 20 GeV 4
E <5 Vs =14 Tev
v AR; > 0.4
S Inal < 2.5
S
=107k E
2V —
T
< T
A 7 I_I_|_|—|_I
A<0 .
S 1074 | =0 E
=< - —_— A=
= S— I — A=—2sm
3 —A=—2-Asm
— A=—5-dgy
1075k — A==10-Asm ]
! L ! ! ! ! ! ! ! L !
0 1 2 3 4 5 6 7 8 9 10
| An i |
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do/dM (p p - H H j j) [pb/40 GeV]

do/dM (p p - H H j j) [pb/40 GeV]

55-75% of g192— HHqsqg4 events occur through VBS

,_
o
&

1074F

107H

1076

I ]
pr, > 20 GeV |
|77_/'| <5

Il < 2.5

1500 2000

M;j (GeV)

-5
10 pr. > 20 GeV
— A=—Agm | /| 5
—A=-2-Agy <
AR; > 04
A=—5dy J
1065 —A=—10-Agm [7ul < 2.5 ]
C I [ I I I | I I | I I | I I | I I
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Varying x at the LHC in pp — HH)j

© pp — HHjj VBS-dominated ——pPp direct translation form subprocess results

o Visible deviations respect to the SM!!!

1072 pr;>20GeV. 5 107%¢ pr,>20GeV -
5 f =0 Injl <5 1 2 F =0 Il <5 ]
g L AR; > 0.4 g : —A=—sm AR; > 0.4
I 1073 nul <2.5 4 JT 107 —A=—2-Asm Inul <2.5 E
o C ] o C ]
= = —5-Asm
= i = i —10-Asm
107 E 1074 E
= F T F ;
T T
T i N i
-5 -5

= 107 M, > 500 GeV = 107 M, > 500 GeV
_8 107 E —8 10762 E

i i s =14 TeV

10—7 1 1 1 1 ‘ 1 1 1 1 10—7 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 1 1 1 1 1
0 2500 3000 0 500 1000 1500 2000 2500 3000
MHH (GGV) MHH (GCV)

O Different sensitivity to A > 0 and to A <0 remains

O Largest sensitivity still near HH production threshold
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Sensitivity at the LHC vs subprocess

Does interference play the same role in pp — HHjj?

O Minimum appears in different place?

O LHC cross section dominated by region close to HH threshold

O Applying VBS cuts moves minimum

O VBS selection improves sensitivity away from minimum

107" 107
: =
=) RS
& )
\
~ o
™~ 1072 Sy
m - m 10¢
Su :
T i
T .
= 1073 S
B . VBS cuts . VBS cuts
\g L — With VBS cuts ij > 500 GeV b % i — Wlth VBS cuts ij > 500 GeV
— Without VBS cuts An ;| > 4 b | — Without VBS cuts An ;| > 4
T T T T T S S T ST A N T H NSRS S NN ENY N S N R :\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
-10 -8 -6 -4 -2 0 2 4 6 8 10 -10 -8 -6 -4 -2 0 2 4 6 8 10
A/ Asm A/ Asm
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Study of VBS cuts in pp — bbbbj;

O We analyze the fraction of events that satisfy different sets of VBS cuts -~

Acceptance &

O Signal dominated by VBS topologies

Set of VBS cuts AQCD ) _ASignal;/ﬁ::l

VBS VBS
Anii| >4, Mj; > 500 GV 0.08  0.631
Anjj > 4, M]] > 600 GeV  0.066 0.597
Anjjl >4, Mj; > 700 GeV 0054 0.558
Amjjl >3, M;; > 500 GeV 0098 0.669
Anjj > 3, M]’j > 600 GeV  0.071 0.626
Amjjl >3, My; > 700 GeV 0057 0.580

O Different sets give similar results

—pPp  We stick to:

Basic detection cuts: pr, > 20 GeV ; |77j| <5; || <25; ARjj,jb > 04; AR, > 0.2

Claudia Garcia-Garcia (IFT, Madrid)
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Efficiency of the selection cuts
Combined HH candidate and VBS cuts

O Signal mildly reduced

Cut oQcp IPP] ozmjizzii PPl OSignalk=1 [PP]
Basic detection cuts 602.72 0.028 5.1-10~%
pr, > 35 GeV 98.31 0.01 3.0-107*
ARy, 33.80 6.3-1073 1.1-10™%
pr,, 29.77 581077 9.0-107°
Y <1, 7.9 - 1072 3.6-10° 9.0-10~
~ VBS cuts in 6.8 1075 5.5:107" 107"

Cuts subsequently applied

@ Very reduced backgrounds!!!
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(No) Unitarity violation problems

O Definition of unitarity violation: absolute value of Jth (angular momentum) partial

wave of VV - HH becomes 1

|aJ|:

64 |

1
J dcos0 A(VV - HH) P,(cos0)| > 1
1

© We have checked that all our partial waves for A € [-10,10] Asm are below 0.1

O No unitarity violation in this channel

T ‘ T T T T ‘ T T T T
Unitarity Violation

107!

10 ¢

|a0(WLWL — h h)| (S)

—A=0
— A:ASM

— A=24sm --==negative
= —AZSASM
_AZIOASM
T T N N S Y I Y T N SO N I M Y N
500 1000 1500 2000 2500 3000 3500
Vs (GeV)

O Other channels such as HH HH might violate unitarity for k ~7 values at low energies

Claudia Garcia-Garcia (IFT, Madrid)

[Di Luzio et al, Eur.Phys.J. C77 (2017) no.11, 788]
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“Pollution” from ggF HHjj production?

O Initial cross section twice as big as pure VBS

O After [Dolan et al, Eur. Phys. J. C75 (2015) 387] selection cuts based on Anj;
ggF amounts to 1/3 of VBS

O They also impose cuts on low MyH masses near threshold where most of VBS
signal lies

O More sophisticated VBS cuts, such as our Mj;, will improve this rate favoring VBS!!

;1 0.1 - 1T T 1 L [ I | B B | I L | | I /: T T i
¥ 009 E_ mmm GFEFT (A =1-Agy) - pr; > 20 GeV ]
O - — J- 7l <5
A T ceee GF (1 =0-Agy) =] mi<2s
=07 E | : GF (A = 2 Agy) T | |
= 0.06 — 1 i =
E - }.o. .--. '\10 lf E
L 0.05 M= ¥ - = i :
= E o e % | FES < i i
0.04 == ¢ . ! 7 i _
0.03 ?—" ’ I ; 0t | o T e E
0.02 - % i — &=2Asm il e - ) ]
VL — = - — =22 - oL
001 F= z*' ™ mimy |l % ,_g u . SA::/I/[ VS—= 14 TeV 1
| | [ 1% o e—— e e e e o ole s 1085 . STy .
L1 11 [ | [ B | ‘ | | | | | | N
0 100 200 300 400 500 600 0 500 000 1500 2000 2500 3000
[Dolan et al, Eur. Phys. J. C75 (2015) 387] mjj [GeV] M (GeV)
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Comment on tagging efficiencies effects

O Results modified taking into account b and y tagging efficiencies

Current values: b-tagging eff. ~ 70% Y-tagging eff. ~ 95% )
Number of events reduction Significance reduction

bbbbijj Neri/N ~ 0.25 SesflS ~ 0.5

bbYij Nerf/N ~ 0.5 SefflS ~ 0.7

O Examples of accesible values of A for L = 3000 fb-1 with and without efficiencies

k>0 k > 0 (eff) k<O k < 0 (eff)

bbbbjj | k>3.2(3.7) | x>3.8(8.7) k<0(-0.2) | k<-0.6(-1.0)
bbyyj | k>3.8(4.7) | x>4.7(5.4) || k<-0.2(-1.0)| k<-0.9 (-2.3)

O These efficiencies might improve! Easy way to apply the new ones!
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Detector effects

O We simulate detector effects applying a gaussian smearing to all final state
particle energies

E'=E+1/\2r0-e % /%)  5=005E;,

O This changes the distribution of events in the relevant variables and thus the cut

efficiencies
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Higgs mass reconstruction & detector effects

O We study different Higgs mass reconstruction efficiencies
_ Mbbl — Mg
XHH = N

O Also including detector effect through gaussian smearing
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O In original events: factor 0.4 reduction from AE=0.05to AE=0.3

O From upper green to upper purple: factor 0.4 reduction as well
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