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Vector Boson Fusion

Higgs boson production mode:
 Vector bosons radiate from quarks, the quarks in turn result in very forward, high-pT jets
« Bosons collide, resulting in a hard interaction yielding a central Higgs boson

Advantages:
Forward jets, reduced hadronic activity in central region - Unique signature!
Second largest production mode - More signal events than VH, ttH, bbH

Disadvantage: 1

Still an order of magnitude smaller than ggF production
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGCrossSectionsFigures
http://arxiv.org/abs/arXiv:1807.08639

Standard Model VBF di-Higgs
Production

Northern Illinois



SM VBF di-Higgs Production

Effective Lagrangian
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With

cv (hVV coupling)
cov (hhVV coupling) (all values normalized to 1 in SM)

cs (Higgs trilinear coupling, A) h’,—m

c4 (Higgs quartic coupling)
cv (Higgs coupling to fermions
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SM VBF di-Higgs Production

di-Higgs production has generally very small cross sections
Underscores need for investigating channels other than ggF to improve sensitivity

di-Higgs searches motivated by sensitivity to the Higgs trilinear coupling

- Gives insight into electroweak symmetry breaking

- di-Higgs is the only channel with direct sensitivity to this coupling

VBF production is also sensitive to the trilinear coupling!

- Parton level study by Arganda, Garcia-Garcia, Herrero projects VBF production to have
similar sensitivity to A as ggF, even at current luminosities [arxiv:1807.09736]

Gives access to additional coupling cav

If di-Higgs production is observed, provides additional tests of the Standard Model
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https://arxiv.org/pdf/1807.09736.pdf

SM VBF HH |n bbTT Channel

.‘t\i. - ] §0009 - T T I T I T I 1T ] 7T ] T TT l T TT l ]
= o5 = GF (A = Asw) - S bl === GF (A = Asy) :
2 e aimis WBF (A = Agy) i S 0008 |- 4  mies WBF (A = Agpm) ]
g tth + ZZjj + Zhjj + ZWWjj N S tth + ZZjj + Zhjj + ZWWjj 7
~ - -t - ~ 0007 }— 1 el 11 —
B — | — . ]
=R 04 i ' : ]
3 p—— - 0.006 | . —
— = - X I ]
B 7 E_ ' N
0'3 !-l-. BRIm — 0.005 E : ——
L . 2 :
- - ?I-' : _ 0.004 __
- “ : LS n F : 4
0.2 — - - — s --- .
- . : . 0.003 " —
B : : ] S T g .
qime- - :: "ICREEE ]
. . ™ imim 0.002 r— L} " -
0.1 — u LI LAL) " — Hmim Rec®®miminm

B ;' u B [ . ]
" == -y e 0.001 f— - I . —
L JLY = 3 % seses W TEEEEMimim - .
I - : mmw e RLRLELE I a N

fo) l[lll lo | b 4 it fo) 1 I| IIIIIII .J-hthl—__J_l.L.l.J_L | e el e o b o

(o} 1 7 300 400 500 600 700 800 900 1000

8- . 9
AM(j1, j2) iy [GeV]

Hadron-level analysis (in Rivet) performed to optimize signal to background looking at bbtt
final state
- Requirement of central b-tagged jets and central taus near Higgs mass applied

Due to low production rate, need careful optimization cuts to retain sensitivity

However, the unique VBF topology makes this manageable:

Targeting VBF only: require mnn = 400 GeV and An(j1, j2) = 5 Dolan, Englert, et al.
Phys.J. C75 (201 8,38

- Reduces background by factor of ~300 Eur.Phys.d. & (2015) no 8, 367

- Si/B ~ 0.8 "
o

Interesting study - encourage taking a look! [arxiv:1506.08008] Northern Illinois
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https://arxiv.org/pdf/1506.08008.pdf
http://inspirehep.net/record/1379975/

VBF HH at the LHC

So far, only the CMS yybb analysis has considered VBF as a signal model in their published
analysis, though no dedicated VBF categories to-date

Mass spectra from the analysis shown - VBF contributions in pink (normalized to 10° times
Its cross section)
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https://cds.cern.ch/record/2621190/files/1806.00408.pdf

VBF HH at the LHC

Signal events are chosen via a BDT, which is trained on
ggHH samples.
- Efficiency times acceptance is 13% for SM-like VBF
HH due to training on ggHH (30% for ggHH)
- 10% in high-mass region (> 350 GeV)
- 3% in low-mass region (< 350 GeV)
Including VBF production improves sensitivity by 1.3%

Future:
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»

Introduce an independent VBF category, select signal via 102%

cuts on distinct VBF variables, or even a dedicated MVA
trained on VBF events

- Ongoing investigations in ATLAS toward dedicated
VBF categories in full Run-2 HH analyses for several
channels
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https://cds.cern.ch/record/2621190/files/1806.00408.pdf

BSM Non-Resonant VBF
di-Higgs Production
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SM VBF di-Higgs Production

Effective Lagrangian

% 550,07 = V() + S Tr(DE DD +2cy 2t epy
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With

1 1 [/ 3m} 1 [ 3m?
V(h) = —m2h>+c; "R+ e, "\ht 4
2 6 24

% y2

cv (hVV coupling) All values normalized to 1 in SM, but can probe BSM

czv (hhVV coupling) models where these vary from SM value

cs (Higgs trilinear coupling, ) - Composite Higgs model where Higgs is a pseudo- I%I
cs4 (Higgs quartic coupling) Nambu-Goldstone Boson N
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BSM Non-Resonant Production

o(pp = hhjj)o(pp = hhjj)sy,
S
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LHC /s =14 TeV

Cov - Cov sMm
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o (from SM)

Bishara, Contino, Rojo
Eur. Phys. J. C 77 (2017) 481

VBF di-Higgs cross section as a function of cay
and c3 from the SM value

Solid: Acceptance cuts (study on 4b events)
- plj=25GeV
- plo =25 GeV
- [nl<4.5
- |nol = 4.5

Dashed: Analysis cuts
- |Ayjl = 5
- m;j= 700 GeV
- Central jet veto: pTjz < 45 GeV for jz lying
between the VBF jets in n

Even small deviations from the SM on vector boson couplings to the Higgs can result
In very large changes in production rate
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http://dx.doi.org/10.1140/epjc/s10052-017-5037-9

BSM Non-Resonant Production

Given the drastic effects of varying the vector boson couplings, one can parametrize
over/OggrF , VBF becoming the dominant production mode when > 1

(Kx = MAsm = C3)
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Anamika Aggarwal
(Masters Thesis) and
Alexandra Carvalho

This underscores the parameter space still to be studied
In many of those regimes, VBF HH production contributes significantly
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BSM Non-Resonant Production

Current Experimental Constraints:

cv - Limits from mono-Higgs production

cs - Best limits from ATLAS combination

cov - No existing experimental limits. Mono-Higgs searches do not probe this vertex
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Untouched parameter space with potential for interesting physics! ﬂg;

N

Northern Illinois
13 University


http://cdsweb.cern.ch/record/2629412

BSM Non-Resonant Production

Bishara, Contino, Rojo
Eur. Phys. J. C 77 (2017) 481
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If no resonances, cov can be constrained to 45% of it’'s SM value at 300 fb-1 before
the HL-LHC - motivates VBF analysis even before HL-LHC dataset

Better sensitivity at higher mnn I%I
- Important to study using channels with high mass sensitivity (bbbb, bbTT) o
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http://dx.doi.org/10.1140/epjc/s10052-017-5037-9

Couplings to Probe

Grid of coupling variations to be investigated by
ATLAS shown

Motivation:

- Want set of variations for interpolation, focus
on czv due to largest sensitivity

- Less sensitive to c3, so fewer points for
interpolation, but include both c3 and coy to
check correlation

- cy already fairly constrained, but want to
check for cov dependence

In any case, should harmonize approach between

experiments and theoretical motivation
- Discussion section afterwards
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BSM Resonant VBF di-Higgs
Production

Northern Illinois



BSM Resonant Production

g

q

Similar to ongoing ggF searches, can also imagine a BSM scenario with a resonance
that couples to the vector bosons

However, not particularly well studied:

- CMS-PAS-FTR-18-003 study of Xjj — hhjj — bbbbjj, projects 2-4c for bulk graviton
with full HL-LHC 3 ab-1, assuming cross section of 1 fb

- Not much other work out there out there - worth thinking about, but concerns whether
signals in these models are practically viable ﬁ—'ﬂ

N

Northern Illinois
17 University



http://inspirehep.net/record/1681213

BSM Resonant Production

ATLAS work-in-progress, conducted at truth level in the yybb channel

) ]
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VBF jets kinematically very similar to non-resonant VBF production, so similar An cuts
can be used to target resonant and non-resonant production

Planned resonance mass simulation grid (GeV): 260, 280, 300, 350, 400, 450, 500, IW!_"(I
600, 700, 800, 900, 1000 ey
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BSM Resonant Production

ATLAS works-in-progress, conducted at truth level in the yybb channel
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Higgs kinematics sensitive to resonant mass as expected, so
same analysis approach as ggF production can be taken with resonant VBF

Experimental work on resonant production just getting started! Plenty to think £
about, certainly worth discussion going forward
Northern Illinois
19 University



Conclusion

VBF topology has a unique signature that is easy to target
- Very pure signal regions possible with just a few cuts
- Adding a VBF category to HH analyses can increase sensitivity

Provides insight into interesting couplings

- cov (hhVV coupling) is interesting and currently has no limits set on it

- Sensitive to c3 (Higgs trilinear coupling), which provides insight into EWSB, makes di-Higgs
uniquely interesting

BSM scenarios make VBF HH already interesting
- Deviations on vector boson couplings will already be interesting with current LHC data, due
to the drastic increase in production rate for small variations of cov

Much to be gained from starting to look at VBF HH production!
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Thank You!
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qModeIs ancgl Constraint;s.

Composite Higgs theories where Higgs interactions controlled by & = \/2/]‘"2 g
- v =veyv, f = pNGB decay constant

- Minimal SO(5)/SO(4) models predict cyv and cov relations

Cy=1-2¢
Trilinear coupling depends on how the Higgs potential is generated b J
- e.g. in MCHMS model, trilinear coupling is predicted as cov/cy 1 —2&
- So model-independent limits on c2y can provide constraints on various | 3 ~ m
BSM scenarios

Correlations in these couplings exist for various models, e.qg.
- Higgs belongs to an EW doublet (0, = 256%)

O0.=c,—1
- Higgs plays no role in EWSB, e.g. Light Dilation Scenario (6. = ( = cv ) ﬁg—!ﬂ
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